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FOREWORD

The continuing successful operation of nuclear power plants depends on
safe and sufficient capability to manage the spent fuel as it is discharged.
The Third International Spent Fuel Storage Technology Symposium/Workshop was
organized to promote information exchange in this important area on an inter-
national scale. The meeting in Seattle followed prior meetings in this series:

1. Workshop on Spent Fuel/Cladding Reaction During Dry Storage,
Gaithersburg, Maryland, USA, August 17-18, 1983, sponsored by the
U.S. Nuclear Regulatory Commission, Office of Regulatory Research.

2. Irradiated Fuel Storage Operating Experience and Development
Programs—International Workshop, Toronto, Ontario, Canada, October
17-18, 1984, sponsored by Ontario Hydro, assisted by the Electric
Power Research Institute.

The scope of the Seattle meeting comprised dry storage and rod consolida-
tion, emphasizing programs on water reactor fuel with zirconium alloy cladding.
The Seattle meeting complemented an IAEA committee meeting on wet storage, held
in Leningrad, USSR, May 26-30, 1986.

There were 207 attendees at the Seattle meeting from 14 countries:
Austria (IAEA), Canada, Federal Republic of Germany, France, India, Italy,
Japan, Republic of Korea, Spain, Switzerland, Taiwan, The Netherlands, United
Kingdom, and the United States. The OECD Nuclear Energy Agency also was
represented.

The papers for these proceedings are published in their entirety in
this document. Volume 1 contains the symposium papers, together with the
question/answer sessions that followed the presentations. Volume 2 contains
the papers from the poster session and workshops that were conducted during the
meeting. In general, this material has been reproduced exactly as submitted by
the authors, from the best copies available. In some cases, minor editorial
and typographical changes have been made to the original submissions.

Special thanks to the sponsor, the U.S. Department of Energy's Office of
Civilian Radioactive Waste Management and the Richland Operations Office; to
the organizing committee; and to the PNL staff who assisted with the meeting
and publication of these proceedings.

Conference Chairvu::,
A. B. Johnson, Jr.
Pacific Northwest Laboratory
Richland, Washington



INTERNATIONAL COOPERATION IN SPENT FUEL STORAGE:
A BRIEF HISTORICAL REVIEW

A. B. Johnson, Jr.
Pacific Northwest Laboratory

Conference Chairman

On behalf of the organizing committee, it is a pleasure to welcome you to
this three-day meeting on spent fuel storage.

Mike Lawrence, manager of DOE's Richland Operations Office, who is known
to many of you, wanted very much to attend this conference and had planned to
speak at the banquet. Recently, a meeting was scheduled in Washington, D.C.,
that Mike is required to attend. Instead, Roger Hi 1 ley, associate director for
DOE's Office of Storage and Transportation Systems, has kindly agreed to speaic
at the banquet.

International cooperation has been an important element in the emergence
of spent fuel storage technologies. Numerous international forums and inter-
actions have been held over the past decade. These include:

• Regional Fuel Cycle Center, 1976-1977

• International Spent Fuel Management (ISFM), 1977-1982

• IAEA-NRC Storage Workshop, Bethesda, Maryland, February 1978

• INFCE Working Group No. 6, 1978-1980

• B E F A S T ^ Working Group under OECD/NEA, 1978-1979; Coordinated
Research Program under IAEA, 1980-1985 (Phase I); 1986-1991 (Phase
ID

• OECD/NEA Storage Seminars, Madrid, Spain, 1979 and 1982

• IAEA Spent Fuel Storage Seminar, Las Vegas, Nevada, 1980; Helsinki,
Finland, 1985

• World Survey of Wet Storage Experience (IAEA, OECD/NEA) IAEA Special
Technical Publication 218, 1982; updated for wet and dry storage,
1986

• Pacific Basin Study, 1982

• IAEA Advisory Group on Spent Fuel Management (periodic)

(a) J3Ehavior of Riel lAssemblies in Extended STorage.
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• Current series: Gaithersburg, Maryland, August 1983 (NRC); Toronto,
Canada, October 1984 (Ontario Hydro/EPRI); Seattle, Washington, April
1986 (OCRWM, PNL, DWK, EPRI, Ontario Hydro, and IAEA)

• U.S./FRG Spent Fuel Storage Information Exchange

• NWPA Section 223, relating to U.S. cooperation.

I have been personally involved in several of these international activi-
ties. My observation is that there has been a valuable interchange of tech-
nical information in the international spent fuel storage arena. Perhaps
equally important, in a world too often divided, spent fuel has had a small but
significant role in fostering a spirit of international cooperation and under-
standing. On that note I want to bid our international guests a warm welcome.



Third International Spent Fuel Storage
Technology Symposium/Workshop

April8-10,1986-Seattle, Washington, USA
Sponsored by the U.S. Department of Energy's

Office of Civilian Radioactive Waste Management & Richland Operations Office

Schedule of Events
Monday. April 7,1986

3pm-7pm Registration

Tuesday, April 8,1986

7:30am Registration
8:30 Symposium
9.30-10:30 Spouse Orientation
12:001:45pm Lunch Break
12:00-1:45 Poster Session

1:45-5:30 Symposium

6:00-7:00 Wine-tasting Reception

Wednesday, April 9,1986

8:30am Symposium
11:45-1:45pm Lunch Break
11:45-1 -.45 Poster Session
1:45-4:30 Symposium
7:00 Banquet

Thursday, April 10 ,1986

9am Workshops
12-lpm Lunch Break
1 -4pm Workshops
Meeting Adjourned

Final Program
Monday, April 7
3:00-7:00pm Registration (Grand Ballroom Foyer)
Tuesday, April 8
7:30am Registration (Grand Ballroom Foyer)

8:30 Symposium (Grand Ballroom II & III)
Welcome - J. Roger Hilley, Honorary Chairman
A. Burtron Johnson, Jr., Conference Chairman

Session 1: Dry Storage System Tests, Demonstrations & Analyses
Session Co-Chairmen: D. Newman (PNLAJSA) and R. Kuniia (CP&1AJSA)

1. Dry Storage Demonstrations of CASTOR 1 and TN-1300 Casks (H. Spilker and
J. Fleisch, DWK/FRG)

2. CASTOR-V/21 PWR Cask Performance Testing:
a) Test Results (J.M. Creer, PNUUSA)
b) Slide Presentation (D.H. Schoonen, INELKJSA)
c) Basket. Cracking Evaluation (R.T. Anderson, GNSI/IJSA)

3. REA-2023 BWR Cask Performance Test
(M.A. McKinnon, J.E. Tanner, R.J. Guenther, and J.M. Creer,PNL; J.W. Doman and
C.E. King, GE/VSA)

4. Transport/Storage of NFS Spent Fuel in TN-BRP and TN-REG Casks
(F.J. Williams and K. Goldmann, TN/VSA)

5. HYDRA and COBRA-SFS Temperature Calculations for the CASTOR-1C, REA-2023,
C ASTOR-V/21, and TN-24P Casks
(C.L. Wheeler, R.A. McCann, N.J. Lombardo, D.R. Rector, and T.E. Michener, PNUUSA)

9:30-10:30 Spouse Orientation (St. Helens Room)

12:00-l:45pm Lunch Break



12:00-1:45 Poster Session (Grand Ballroom I)

1:45-5:30 Symposium (Grand Ballroom II & III)

Session 2: At-Reactor & Central Storage Facilities
Session Co-Chairmen: K. Einfeld (DWK/FRG) and L. Rouse (NRC/USA)
1. Dry Storage Systems Using Casks for Long Term Storage in an AFR and Repository

(K. Einfeld and W. Popp, DWK/FRG)

2. Safety-Related Aspects of Interim Dry Spent Fuel Storage in the Scope of the Atomic
Licensing Procedure
(A. Mueller and G. Vogel, TUV/FRG)

3. Canadian Experience Storing Irradiated CANDU Fuel in Concrete Canisters
(D.W. Patterson and D. See Hoye, AECL/Canada)

4. Lessons Learned During Start-Up of a Facility for Storing Spent LWBR Fuel in Dry Wells
at the Idaho Chemical Processing Facility
(A.B. Christensen, K.D. Fielding, andD.R. Teuscher, WINCO/USA)

5. Spent Fuel Storage Activities at the Surry Power Station
(M.L. Smith, H.S. McKay, and D.P. Batalo, VP/USA)

6. Monitored Retrievable Storage (MRS) Facility Surge Storage Systems
(W.D. Woods, Parsons; andR. Unterzuber, WEC/USA)

7. Progress in Dry Spent Fuel Storage Licensing and Rulemaking
(J.P. Roberts, NRC/USA)

6:00-7:00 Wine-tasting Reception (Fifth Avenue Room)

Wednesday, April 9

8:30am Symposium (Grand Ballroom II & III)

Session 3: Dry Storage Integrity
Session Co-Chairmen: K. Simpson (CEGB/England) and R. Williams (EPRI/USA)

1. Spent Fuel Dry Storage Performance in Inert Atmosphere
(M. Peehs and R. Bokelmann, KWU; andJ. Fleisch, DWK/FRG)

2. Examination of Intact and Defective Irradiated CANDU Fuel Bundles Stored up to 30
Months in Moist Air at 150 ° C
(KM. Wasywich and J.D. Chen, AECL; J. Freire-Canosa and S.J. Naqvi, OH/Canada)

3. Analysis of Spent Fuel Beha/ior in Dry Storage Cask Demonstrations in the FRG
(J. Fleisch, DWK/FRG)

4. Behavior of Spent LWR Fuel in Nitrogen and in Air
(E.R. Gilbert, C.A. Knox, andG.D. White, PNL/USA)

5. Predictions of the Dry Storage Behavior of Zircaloy-Clad Spent Fuel Rods Using
Deformation and Fracture Map Analyses
(J.C.L. Tarn, N.H. Madsen, andB.A. Chin, Auburn Univ./USA)

6. Experimentally Based Spent Fuel Storage Performance Criteria and Its Application for
Performance Test Evaluation
(M. Peehs, G. Kasper, E. Steinberg, KWU/FRG)

11:45-1:45 pm Lunch Break

vii



11:45-1:45 Poster Session (Grand Ballroom I)

1:45-4:30 Symposium (Grand Ballroom II & III)

Session 4: Rod Consolidation Technology & Demonstrations
Session Co-Chairmen: D. Shelor (DOE/USA) and R. Isakson (NUSCO/USA)

1. Duke Power Perspective of Rod Consolidation
(R. W. Rasmussen, Duke Power/USA)

2. Packaging Techniques for Different Types of Spent Fuel with Respect to Long Term
Storage and Final Disposal
(H.A. Pirk and K. Einfeld, NUKEM-DWK/FRG)

3. Rod Consolidation of Ginna Fuel
(C.B. Woodhall, NAC/USA)

4. NUSCO Rod Consolidation
(M. Kupinski, G. Betancourt, and R. Bireley, NUSCOAJSA)

5. Cask Consolidated Spent Fuel Thermal Analyses Using the COBRA-SFS Code
(D.R. Rector, J.M. Cuta, andJ.M. Creer, PNL/USA)

7:00 Banquet (Fifth Avenue Room)

Poster Session

1. Development of the Universal Fuel Rod Consolidation Machine Tool
(VT 1. Wachter, UST&D/USA)

2. Experience with the Brown Boveri Failed Fuel Rod Ultrasonic Detection System
(B.J. Snyder, BBC/USA)

3. Fuel Assembly Consolidation at West Valley
(C.R. Johnson, NAC/USA)

4. The Addition of Air-Cooled Dry Vault Storage Facilities to Operating Nuclear Power
Plants
(B.R. Cundill and D. Deacon, GEC; and R.O. Barratt, FWEA/England)

5. Spent Fuel Consolidation System by Single Rod Transfer
(D.J. Hallahan. PPC/USA)

6. Realization of Economical Dry Storage for Irradiated Fuels
(P. Guay. CEA/France)

Dry Storage of Spent Nuclear Fuel
(L. BaillifandM. Anniel, SGN/France)

7. Destructive Consolidation System
(R.W. Watts, WEC/USA)

8. ICPP Dry Storage Capabilities for Spent Fuel
(C.P. Gertz, and R.D. Denney, DOE-WINCO/USA)

9. Wind Effects on a Natural Convection Cooled Dry Fuel Store
(J.E. Fackrell and G.A. Brown, CEGB; N. Bradley, NNC/England)

10. Concrete Casks for Storage, Transportation and Disposal of Irradiated Fuel
(J. Freire-Canosa andJ.A. Sato. OH/Canada)
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11. Dry Storage Technology from the TN Group
(C. Pennington and K. Goldmann, TNAJSA)

12. Design of a Horizontal Concrete Module and a Dry Shielded Canister for Use in an
Irradiated Fuel Storage System
(J. V. Massey and J.M. Rosa, NUTECH/USA)

13. Robatel RS 24 Packaging
(M. Robatel and C. Bochard, RobateUFrance)

14. Dry Storage Cask-DIORIT - Swiss Experience
(C. Ospina, EIR/Switzerland)

15. Cask Storage ofMOX Spent Fuel
(H. Kaneko/Japan)

16. LWR Spent Fuel Rod Behavior During Long-Term Dry Fuel Storage Conditions
(C.S. Olsen, EG&G/USA)

17. Behavior 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, H.G. Delaney, F. Doern, A.M. Duclos, and
D. Owen, AECL/Canada)

18. Comparison of the Oxidation Behavior of CEGB, ORNL, ana ; "ML UO2 Pellets
(G.D. White and E.R. Gilbert, PNL/USA)

19. Spent Fuel Oxidation Testing Under Simulated Dry Storage Conditions
(C.A. Knoxand T.K. Campbell, PNL/USA)

Thursday, April 10

9:00am Workshops (Concurrent)
{Vashon, Cascade I, St. Helens, Grand Crescent)

"Specific workshop locations will be announced during the symposium."

12:00-1:00pm Lunch Break

l:00-4:00pm Workshops

Meeting Adjourned

Organizing Committee
Honorary Chairman
J.R. (Roger) Hilley, Associate Director,
Office of Storage and Transportation Systems,
U.S. Department of Energy

Chairman
A.B. (Burt) Johnson. Jr.,
Pacific Northwest Laboratory

Co-Chairman
K. (Klaus) Einfeld,
DWK, Federal Republic of Germany

Symposium Coordinator
J.M. (Jim) Creer,
Pacific Northwest Laboratory

Workshop Coordinator
R.W. (Ray) Lambert,
Electric Power Research Institute

Poster Session Coordinator
S.J. (Sayed) Naqvi,
Ontario Hydro

Arrangements Coordinator
N.R. (Ruth) Dollar,
Pacific Northwest Laboratory

International Liaison
A.F. (Alesandre) Nechaev,
International Atomic Energy Agency
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Dry Storage Demonstrations of

Castor I and TN-1300 Casks

H. Spilker, J. Fleisch

Deutsche Gesellschaft fur Wiederauf-

arbeitung von Kernbrennstoffen mbH

Post Office Box 1407, D-3000 Hannover 1

FRG

1. Introduction

For several years now the dry storage of fuel elements has been used world-

vide on a technical scale. In order to increase German know-how on dry

interim storage of LWR fuel elements (FE's) in transport- and storage-casks a

handling and measuring programme, using 3 small Castor I series casks and a

large TN-1300 cask, was performed by DWK in cooperacion with the German

nuclear power station operators.

Figure 1, "Technical Demonstration of Casks Storage," gives a general view of

the different cask types, the type of fuel used, mean burn-up, the decay time

of the inserted FE's and the operating time of the test programmes.

The main aim of these test programmes was the creation of a reliable data

base for large scale applications, required for the German atomic licensing

procedure•

In detail the measuring programme was designed for:

- verification of cask-specific design data, e.g. shielding and heat

dissipation

- expanding fuel element behaviour data base for dry storage

- testing and optimizing cask handling

- function tests on casks, components and special loading equipment and

training in handling for a new generation of transport and storage casks

Figure 2 shows the cask test programme flow chart.

S-l



2. Tested cask types

The design concept of the Castor series casks used in the measurement

programme is identical for all types. The basic design and the main dimen-

sions for the Caster I types are shown in Figure 3.

The basic design of the tested large TN-1300 cask is shown in Figure 4.

3. FE types and FE data

The FE types used per cask and respective burn-up data are already shown in

Figure 1. By way of example, the FE data, the burn-up development and the

different core positions of FE's used for Castor Ib shall be explained in

detail in the next rigures.

Figure 5 shows the burn-up development.

Figure 6 shows the different core positions for each cycle of the selected

FE's.

Figure 7 shows the axial distribution of neutron emission for a dry FE.

4. Modifications of the lid system

Since the standard lid system could not be used in the measuring programme,

a modified lid system had to be designed with the necessary openings for

thermocouples, pressure transducers and gas sample taking.

Two different methods were used for thermocouple positioning:

1. In the Castor Ic measurement programme each individual thermocouple was

inserted through an angled drill hole in the primary lid. The

principle is shown in Figure 8. The thermocouples were directly

clipped to the BUR fuel element cladding.

2. In all the other programmes so-called measuring lances were used.

These are positioned in the PWR FE control rod guides. The principle

is shown in Figure 9. Using this kind of measuring lance , no direct

measurement of the fuel rod surface temperature was possible, since the

thermocouples are located inside the control rod guide. The basic

thermocouple layout of the measuring lance is shown in Figure 10.

Because no direct measurements of the fuel rod surface temperature can

be made, using this method, the temperature deviation was computed.

The results showed that only very slight temperature deviations can

occur under stationary conditions.

S-2



The measuring lance method has the following advantages:

- handling a small number of single thermocouples

- quick installation and hence minimization of exposure to

radiation by the staff

- safe realization of leakage prevention criteria for the thermocouple

lift perforations

5. Thermocouple test point layout

To verify the development of the temperature distribution within the fuel

element bundle, the thermocouples were arranged in axial and radial planes

inside and outside the cask, as shown in Figure 11.

6. Cask dewaterinq and vacuum drying

To ensure the specified dewatering conditions the internal volume of the cask

must be virtually completely dried in a vacuum drying process. The pressure

and time development of such a vacuum drying procedure is shown in Figure 12.

Dewatering and vacuum drying procedure:

First the water is pumped out of the cask by means of a suction pump. This is

followed by vacuum drying. A radioactive aerosol particle retention filter is

installed in the suction line of the drying plant. The vacuum drying process

is continued until a pressure of p = 2 mbar is achieved and the pressure

increase of Ap = 2 mbar is maintained in the subsequent pressure resistance

test for a period of 10 to 20 minutes.

The vacuum drying criteria were achieved for all casks, sometimes after a

number of trials.

Regarding the cask vacuum drying procedure it can be said that the Castor

basket made of stainless and boron steel shows a little more favourable drying

characteristics than the TN 1300 full body aluminium basket.

7. Measurement results

The temperature developments during vacuum drying, whereby the fuel rod

surface maximum temperature is achieved for a short period, are presented in

Figures 13 to 16. Figure 17 shows, by way of example, the axial fuel rod

temperature distribution for the Castor Ib cask in both evacuated and helium

filled conditions. The axial burn-up distribution is a IF.'-- shown.

S-3



Figure 18 shows the TN 1300 FE axial temperature distribution shortly after

loading.

Figure 19 shows the Castor Ib axial surface temperature distribution.

Figure 20 that of TN 1300.

Figure 21 to 23 show the measured axial dose rate profile for tested casks.

Figure 24 shows the measured actual received radiation doses by staff.

Figure 25 and 26 show a sumramary of the most important results.

8. Mobile cask cooling unit

After completion of the measurement programme the FE's were cooled down to

virtual pool temperature before reloading into reactor pool. The cooling was

performed by means of a mobile cask cooling unit designed to dissipate the

residual thermal output of max. 60 ktf of the fuel elements. This enables

temperature lowering to virtual pool temperature by means of controlled

cooling flow rates. Figure 27 shows a schematic diagram of the cask cooling

unit.

Figure 28 shows the temperature development during the Castor Ic recooling

process.

9. Summary

The programme results could be summarized as follows:

- In-pool loading and unloading of transport- and storage-casks

have been suces- xly demonstrated.

- Cask design parameters have been verified in practice.

- Radiation levels to operators are extremely low.

- No rods have failed due to dry storage even for a wide

temperature range.
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QUESTIONS/ANSWERS

Questioner: Burt Johnson
Organization/Country: Pacific Northwest Lab/USA

Question: Which fuel examinations from the FRG cask demonstrations have been
completed and when will the remaining examinations be completed?

Answer: The CASTOR Ic, CASTOR Ib, and TN-1300 fuel examinations have been
completed. The CASTOR la test program will be completed in August 1986.

Questioner: C. Wheeler
Organization/Country: Pacific Northwest Lab/USA

Question: What is the maximum temperature difference found between the guide
tube thermocouple and the surface of the hot rod?

Answer: For steady state conditions, the thermocouple temperature was about
5°C lower than the real surface of the hot rod.
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CASTOR-V/21 PWR SPENT FUEL STORAGE
CASK PERFORMANCE TEST

J. M. Creer
Pacific Northwest Laboratory
Rich!and, Washington 99352

D. H. Schoonen
EG&G Idaho,Inc.

Idaho Falls, Idaho 83415

ABSTRACT

Performance testing of a CASTOR-V/21 PWR spent fuel storage cask manu-
factured by Gesellschaft fur Nuklear Service (GNS) was performed as part of a
cooperative program between Virginia Power and the U.S. Department of Energy.
The performance test consisted of obtaining cask handling experience and heat
transfer, shielding, and limited fuel integrity data. Five heat transfer test
runs were performed with 21 Surry reactor spent fuel assemblies generating
approximately 28 kW. Test runs were performed with vacuum, nitrogen, and helium
backfill environments with the cask in both vertical and horizontal orien-
tations. Cask exterior surface gamma and neutron dose rates were measured
with the cask fully loaded. Gas samples were obtained at the beginning and
end of each run with nitrogen or helium environments to verify fuel integrity.

The heat transfer performance of the CASTOR-V/21 cask was exceptionally
good. Peak clad temperatures with helium and nitrogen environments with the
cask in a vertical orientation and with helium with the cask in a horizontal
orientation were less than 380°C. Vertical vacuum and horizontal nitrogen
test runs resulted 1n peak clad temperatures over 380c, but the temperatures
were not excessively high «425°C). The shielding performance of the cask
met the design goal of less than 200 fnrem/hr. Cask surface dose rates of
<75 mrem/hr can easily be established with minor gamma shielding design refine-
ments if desired. Gas samples obtained during testing Indicated no leaking
fuel rods were present in the cask. It was concluded that the cask performed
satisfactorily from heat transfer and shielding perspectives.
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INTRODUCTION

Implementation of spent fuel dry storage systems may be required in the
late 1980s because several at reactor storage basins will attain maximum capa-
city (1). The Nuclear Waste Policy Act of 1982 (NWPA) assigns the U.S. Depart-
ment oT Energy (DOE) the responsibility for assisting utilities with their spent
fuel storage problems. An additional provision of the NWPA is that DOE shall
enter into demonstration programs, in cooperation with the private sector, of
spent fuel dry storage systems at nuclear reactor sites. The objective of
the cooperative demonstrations is to establish one or more storage technologies
that the Nuclear Regulatory Commission (NRC) may, by rule, approve for use at
civilian reactor sites without the need for additional site-specific approvals
by the NRC. In addition, the NWPA authorizes DOE to establish a research and
development (R&D) program at Federal Government facilities as part of the
cooperative demonstrations for the purpose of collecting necessary test data
to assist utilities in their licensing activities.

In May 1983, a solicitation for Cooperative Agreement Proposal (SCAP)
was issued to the private sector by DOE-Richland (DOE-RL) and proposals were
received in August 1983. Virginia Power proposed that pressurized water reactor
(PWR) spent fuel storage cask performance testing be conducted at a federal
site in support of their at-reactor licensed demonstration. Virginia Power
and DOE signed a Cooperative Agreement in March 1984, and Virginia Power signed
a separate agreement with the Electric Power Research Institute (EPRI) which
essentially established a three party cooperative agreement. In August 1984,
the Idaho National Engineering Laboratory near Idaho Falls, Idaho was selected
as the federal test site.

The primary objectives of PWR spent fuel storage cask performance testing
are to obtain heat transfer and shielding data and limited spent fuel integrity
data needed to support Virginia Power's at-reactor licensing efforts at their
twin Surry reactors. The technical baseline for- cask performance testing at
the Test Area North (TAN) facility at the Idaho National Engineering Laboratory
(INEL) is to test three casks with unconsolidated spent fuel and two of the same
three casks with consolidated fuel. Casks from at least two vendors are to be
used and spent fuel with decay heat generation rates near cask design limits
is to be used when practical. Other objectives of the testing effort are to
provide data to other utilities; gain cask handling experience; identify candi-
date cask design improvements; and obtain heat transfer and shielding data
for computer code evaluations.

Cask testing with unconsolidated fuel was started in 1985 and will continue
through 1986, and consolidated fuel testing is planned in 1987 and 1988. This
paper documents the first cask performance test using a CASTOR-V/21 cask de-
signed and manufactured by Gesellschaft fur Nuclear Service (GNS) of the Federal
Republic of Germany using unconsolidated Surry reactor spent fuel. The follow-
ing sections discuss the CASTOR-V/21 cask, Surry reactor spent fuel, TAN cask
testing facility, cask handling experience, and heat transfer, shielding, and
fuel integrity data obtained during performance testing. A detailed report
will be published during 1986.
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CASTOR-V/21 PWR SPENT FUEL STORAGE CASK

The CASTOR-V/21 PWR spent fuel storage cask consists of a nodular cast Iron
body shown In Figures 1 and 2 (2). The cast iron/graphite material exhibits
good strength and ductility and provides effective gamma shielding. Overall
dimensions of the cask are 4.9 m (16 ft) long and 2.4 m (8 ft) in diameter
and the cask weighs over 100 tons loaded with unconsolidated PWR spent fuel.
Two concentric rows of polyethylene rods are incorporated 1n the wall of the
cask to provide neutron shielding (Figure 2). The external surface consists
of heat transfer fins which are circumferentially oriented around the cask
surface (Figure 1). The fuel basket within the cask is configured to hold 21
PWR spent fuel assemblies and 1s constructed of stainless steel and borated
stainless steel for critical1ty control. The cask 1s closed with two lids
having both elastomer and metallic 0-rings to seal the cask cavity from the en-
vironment. The outer, secondary lid was not used during the cask performance
test because fuel assembly instrumentation which passed through the primary
lid could not be accommodated with the secondary lid in place.

Primary Ud

Fuel Basket

Fins

Moderator Rods Trunnion Nodular Cast Iron Body

Figure 1. CASTOR-V/21 PWR Spent Fuel Storage Cask
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Mark

Drain Pipe

270°

Fuel Basket Cask Body

Moderatoi
Rods

180"

Figure 2. CASTOR-V/21 Cask Cross Section

SURRY REACTOR PWR SPENT FUEL

Surry PWR spent fuel assemblies used during performance testing were of
a standard Westinghouse 15 x 15 rod design (Figures 3 and 4). Based on pretest
0RI6EN2 predictions, fuel assembly decay heat generation rates totaled approxi-
mately 28 kW at the start of testing and 27 kW at the end of testing (Table
I). Thirteen of the twenty-one fuel assemblies had decay heat rates near 1
kW and the remaining eight assemblies had decay heat rates of approximately
1.8 kW at the start of the month long test. The fuel assemblies were loaded
in the cask with the hot assemblies in the outer regions of each quadrant as
seen in Figure 2. Pretest heat transfer predictions using the HYDRA computer
program (3) indicated that peak clad temperatures in nitrogen and helium with
the cask in a vertical orientation would be below or near the 380°C allowable
temperature (4). The selected fuel loading pattern was predicted to create a
relatively flat radial temperature profile across the basket during testing.
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TABLE I

Surry PWR Spent Fuel Characteristics

Assembly

V04, V08,

V05

T03, T07,
Til, T12,

Vll, V13f

V01, V09,

V12, V24

T08, T09
T13, T16

V14, V15

V25, V27

Burnup
(GWd/MTU)

31.1

31.5

35.7

29.8

30.2

Cooling Time
(Months)

46

46

46

26

26

Enrichment
(wt%)

2.91

2.91

3.11

2.91

2.91

Total

Sept.
Decay
Start

1.00

1.02

1.11

1.79

1.83

28.4

1985 Pred
Heat (kWl

End

0.98

0.99

1.09

1.72

1.75

27.5

Control rod
guide

Top f

NozzleL

3657

, Instrument
/ ihimble

-3658 Active Length
- Grid spacer 1 Bottom

Nozzle

Figure 3. Surry 15 x 15 Rod PWR Spent Fuel Assembly
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Figure 5 shows the predicted axial decay heat profile assumed for each
of the Surry assemblies. Measured axial power profiles for the Surry assemblies
were not available as data for predicting axial decay heat profiles of the
assemblies used 1n the CASTOR-V/21 cask performance test. Axial gamma radiation
scans previously obtained on Turkey Point reactor fuel assemblies were used
to produce an assembly axial burnup distribution (5). The Turkey Point and
Surry reactors and spent fuel are Westinghouse PWR designs and essentially
the same. 0RIGEN2 was used with the assembly axial burnup distribution and
the Surry operating history to determine the axial decay heat profile shown
in Figure 5. The dips in the decay heat profile are due to grid spacers.
Axial decay heat profiles are important because they strongly affect shapes of
measured axial fuel temperature profiles, especially in vacuum and in a hori-
zontal orientation where convection heat transfer is minimized.

The Surry PWR spent fuel assemblies were characterized using in-basin
ultrasonic examinations and video prior to shipment to TAN, During testing,
gas samples were obtained to verify fuel assembly integrity. After testing,
selected fuel assemblies were videoed and photographed, and smear samples
collected. The results of the examinations and gas samples revealed no indi-
cation of any failed fuel before, during, or after the CASTOR-V/21 cask perform-
ance test.
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Figure 5. Measured Gamma and Predicted Decay Heat Axial Profiles

INSTRUMENTATION

The outer surface of the CASTOR-V/21 cask was instrumented with 35 thermo-
couples (TC), 6 TCs on the primary I1d# 23 TCs on the barrel, and 6 TCs on
the bottom (horizontal cask only). The locations are shown 1n Figures 6 and
7 and were selected based on HYDRA pretest predictions (3).

Sixty TCs contained 1n ten lances (tubes) were inserted through the primary
lid into selected fuel assembly guide tubes (Figures 8 and 9). Of the ten TC
lances, eight with six TCs each were inserted Into fuel assembly guide tubes,
and two with six TCs each were positioned in basket void spaces as shown in
Figure 9.

Dose rate sensors (dosimeters) were attached to the surface of the cask
at locations shown 1n Figures 10 and 11. Of the 69 total gamma dose rate
sensors (thermoluminescent dosimeters), 17 were attached to the top, 40 were
located on the barrel, and 12 were put on the bottom when the cask was in a
horizontal orientation. Sixty-nine neutron dose rate sensors (track etch
dosimeters) were attached to the cask surface at TLD (thermoluminescent dosi-
meter) locations.

Standard portable radiation survey instruments were also used to obtain
cask surface dose rates. Readings were obtained at each TLD and TED location.
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Figure 6. Cask Surface TC Locations
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Figure 7. Cask Top and Bottom TC Locations
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Figure 11. Cask Top and Bottom TLD and TED Locations
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TAN CASK TESTING FACILITY AND CASK HANDLING EXPERIENCE

The CASTOR-V/21 cask was received at INEL on a rail car (Figure 12) and
off loaded onto a heavy haul truck using a large gantry crane. The cask was
transported (Figure 13) approximately 32 kilometers (20 miles) to the TAN cask
testing facility and off loaded in the hot shop. The cask was loaded with
fuel shipped from the Surry reactor 1n TN-8L transportation casks in the hot
shop and TC lances were Installed (Figures 14 and 15). The cask was moved to
the warm shop for testing (Figure 16). Dry runs of receiving, handling, load-
Ing, and testing activities were performed prior to loading and testing with
actual spent fuel assemblies.

Even though the CASTOR-V/21 cask Is relatively large and weighs over 100
tons loaded with fuel, It was reasonably easy to handle and remotely load dry
with spent fuel. Experienced gained during the performance test led to the
following:

. The cask Information required by the operator prior to handling a cask
should Include cask design drawings and specifications, operating and
maintenance manuals, procedures, and spare parts.

. Dry runs of the cask and associated equipment should be performed for
all phases of cask handling and loading Including backfilling the cask
with a cover gas and gas sampling. Cask vendor representatives should
be in attendance for operational and functional checkouts of the cask.

. The cover gas system used to evacuate, backfill, monitor, and obtain gas
samples should be carefully designed. The difficulty associated with
backfilling the cask with a pure (>99%) cover gas and obtaining gas samples
without Introducing air should not be underestimated. The cask should
be pumped down and backfilled a minimum of two times to ensure purity of
the final cover gas (>99%).

. It required approximately 1 hour to pump the cask down to 1 mbar and
backfill with gas to 600 mbar. During a double pump down/backfill oper-
ation, measured guide tube temperatures Increase by <20°C during a 2
hour period. It 1s anticipated that evacuating and backfilling the cask
after loading 1n a water basin will require a longer period.

. When loading dry, sealing surface protectors are required to ensure crud
or particles do not lodge on these surfaces and result 1n blemishes or
scratches which could compromise the integrity of the sealing surfaces.

. High quality gaskets which can withstand repetitive use are desirable
for incremental loading. The duel elastomer/metallic 0-r1ng sealing tech-
nique used on the CASTOR-V/21 cask performed exceptionally well.
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Figure 12. CASTOR-V/21 Cask on Rail Car at Gantry Crane

Figure 13. CASTOR-V/21 Cask on Heavy Haul Transporter
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Figure 14. Loading of Surry Reactor PWR Spent Fuel In CASTOR-V/21 Cask

Figure 15. TC Lance Insertion
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Figure 16. CASTOR-V/21 Cask During Horizontal Testing

CASK PERFORMANCE TEST MATRIX

The cask performance test matrix included assessments of performance
with a full load of spent fuel (21 assemblies), vertical and horizontal cask
orientations, and vacuum, nitrogen, and helium backfill environments. The
test matrix and corresponding measured peak guide tube temperatures and esti-
mated peak clad temperatures are presented in Table II. Peak clad temperatures
were estimated by using calculated guide tube-to-hot rod temperature differences
from the HYDRA computer program (3).

TABLE II

CASTOR-V/21 Cask Test Matrix and Peak Temperatures

un #

1

2

3

4

Loading

Full

Full

Full

Full

Full

Orientation

Vert.

Vert.

Vert.

Horiz.

Horiz.

Backfill

He

N

Vac

He

N

Cask
Load,

28

28

28

28

28

Heat
kW

Ambient
Temp. °C

27

24

25

24

24

Meas.
Guide Tube
Temp, °C

347

358

414

360

395

Est.
Peak Clad
Temp, °C

352

368

424

365

405
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HEAT TRANSFER PERFORMANCE

Data presented 1n Table II Indicate that in a vertical orientation with
nitrogen and helium backfills, peak clad temperatures were less than the 380°C
allowable (4). This was also the case for the horizontal helium run. The
vertical vacuum and horizonal nitrogen runs resulted In peak clad temperatures
over 380°C, but the temperatures were not excessively high «425°C). None of
the peak temperatures occurred in the high decay heat (1.8 kW) outer assemblies
(Figure 2). In general, the cask heat transfer performance was concluded to
be exceptionally good because the peak temperature in helium, when the cask
was dissipating approximately 28 kW, was less than that specified for the
cask operating limit of 21 kW in the cask topical safety analysis report (2).

Axial and radial temperature profiles for the five test runs are shown in
Figures 17 and 18. Attention should only be given to data points because their
corresponding lines are provided for clarity and in no way are intended to
represent actual profiles. The axial profiles are for the hot center assem-
bly and the radial profiles are for the axial location at which the temperatures
peak in a vacuum and in a horizontal orientation (242 cm). The axial profiles
vividly show the effects of convection in nitrogen and helium in a vertical
orientation where peak temperatures are skewed towards the top of the cask
(322 cm). Both the nitrogen and helium axial profiles show about the same
degree of convection. This is surprising because the density and viscosity
of helium are not condusive to convection, i.e., buoyancy forces in helium
are normally substantially less than in nitrogen. Note that the peak temper-
ature in the vertical helium run is not significantly lower than the peak
temperature in nitrogen. This 1s an indication that convection in nitrogen
nearly makes up for the relatively high thermal conductivity (four times that
of nitrogen) of helium. The Indication of significant convection in the CASTOR-
V/21 cask implies that the basket is designed to support convection which is
apparent from the relatively "open" design indicated in Figure 2.

Symmetry over the length of the fuel assemblies in the vertical vacuum
and all horizontal axial temperature prof 1.1 es shown in Figure 17 indicates
the absence of convection 1n these runs. These profiles are similar to the
axial gamma and decay heat profiles previously presented in Figure 5. The
lack of axial convection in vacuum and horizontal runs is reasonable because
significant density gradients cannot develop in a vacuum or an orientation
with low axial gravitational forces.

Radial temperature profiles for the five test runs shown in Figure 18
indicate relatively flat profiles across the basket and fuel assemblies, and
steep gradients from the basket to the cask outer wall. Predictions from the
HYDRA heat transfer code Indicate the major parts of the steep gradients occur
between the basket and inner cask wall (3). Steep gradients across the basket-
to-inner wall gap Indicate the gap is Important to the heat transfer design
of the cask. Temperature gradients from assemblies Al and A4 to the gas ad-
jacent to their fuel tubes are seen to be greater in vertical helium and
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nitrogen test runs than vertical vacuum or horizontal test runs. This indi-
cates that significant gas flow occurred outside the assembly fuel tubes in a
vertical orientation (convection heat transfer 1s significant) and that in
vacuum and all horizontal runs, axial gas flow was relatively low (heat transfer
by radiation and/or conduction was dominant).

SHIELDING PERFORMANCE

Dose rates on the top, side, and bottom of the cask obtained with TLDs and
TEDs are shown in Figures 19, 20, and 21. Only data points should be con-
sidered because the corresponding lines are provided for clarity and do not
represent actual profiles. The radiation source strength was higher for the
test fuel than fuel considered in the cask topical safety analysis report
(2). A peak gamma dose rate of 43 mrem/hr was measured on the top of the
primary lid at 45 degrees (the outer I1d was not used during testing) (Figure
19). The total dose rate (gammas plus neutrons) was approximately 85 mrem/hr
at the center of the primary lid. When the secondary lid (90 mm, 3.5 in.
thick) 1s used on the cask during normal operation, these dose rates should
be substantially reduced.

The total dose rates along most of the cask side are less than 50 mrem/hr
(Figure 20). There are localized peaks In the gamma and neutron dose rates
of up to 140 mrem/hr and 21 mrem/hr, respectively. The neutron dose rate
peaks are relatively low, but the gamma peaks are substantial. The localized
peaks occurred at locations adjacent to fuel assembly end fittings. However,
minor refinements in the gamma shielding design at locations corresponding to
the peaks should reduce the gamma peaks, if desirable.

1OO
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21 AtwmMti
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O Nautron
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120

Figure 19. Gamma and Neutron Dose Rates on Cask Primary Lid
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Dose rates on the bottom of the cask (Figure 21) peak at the center (65
mrem/hr total), but are relatively low and uniform on the remainder of the
surface. These relatively low dose rates are not of concern when the cask 1s
oriented horizontally.

The overall shielding performance of the CASTOR-V/21 cask was good and
met the Intended design goal of £200 mrem/hr even though the test fuel had a
higher source strength than fuel considered 1n the topical safety analysis
report (2). With a very minor refinement In the gamma shielding design, total
dose rates can easily be reduced to less than 75 mrem/hr if lower dose rates
are desirable.

BASKET CRACKING INDICATIONS

After cask testing was completed, selected fuel assemblies were videoed,
photographed, and smear samples taken. No unusual anomalies were observed on
any of the selected assemblies; however, eight Indications of cracking were
observed In the CASTOR-V/21 basket. Figure 22 Identifies the locations of
the crack Indications and Figure 23 shows a photograph of a typical crack In
joint type J2.

Joint Type J2,

Joint TypaJI

270

180s

I Locations of Crack Indications

Figure 22. CASTOR-V/21 Basket Cracking Indications
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Figure 23. Crack Near Joint Type J2

The test basket was designed to have a relatively tight fit to permit
the TC lances to pass through the primary lid and into fuel assembly guide
tubes. GNS performed a thermal stress analysis of the basket and concluded
that the basket expanded and came in contact with the inner wall of the cask
(Gap 2). Also, the fuel tubes containing the outer assemblies adjacent to
the bisector of each quadrant came in contact with the basket barrel (Gap 1).
An examination of the measured temperatures, HYDRA temperature predictions
(3), and associated differential thermal expansion between the basket and
cask body substantiates the GNS analysis.

The observed indications had no affect on the ability to remove or reinsert
fuel assemblies in the basket. The cracks in the basket welds did not result
in adverse safety implications because the cracked welds have minimal struc-
tural requirements. It is highly unlikely that any member could completely
fracture free from the basket assembly and present a criticalitv problem
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CONCLUSIONS AND RECOMMENDATIONS

The cask performance test demonstrated that the CASTOR-V/21 cask could be
satisfactorily handled and loaded dry. It was concluded that the heat transfer
performance of the cask was exceptionally good. Peak clad temperatures with
helium and nitrogen backfills in a vertical orientation were less than 380°C
with a total cask heat load of 28 kW. The shielding performance of the cask
met design expectations (£200 mrem/hr), and cask surface dose rates of <75
mrem/hr can easily be established with minor gamma shielding design refinements,
If desired. The cask 1s ready to be Implemented for storage, with minor Im-
provements, from heat transfer and shielding perspectives.
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QUESTIONS/ANSWERS

Questioner: Aran Brown
Organization/Country: Central Electricity Generating Board/UK

Question: What was the helium and nitrogen pressure in the CASTOR-V/21 cask
during tests and was it varied? Please say whether gauge or absolute.

Answer: The pressure with helium and nitrogen backfill gases was 600 mbar ±
100 mbar (absolute). The pressure with vacuum was 1 to 3 mbar (absolute).
The pressure was not varied during testing.

Question: Heat transfer temperature predictions seem to be very close to
measured temperatures. Are we reaching a stage where theory is robust enough
to avoid elaborate heat transfer tests?

Answer: After unconsolidated spent fuel cask testing is completed at INEL
(CASTOR-V/21, TN-24P, and MC-10), temperatures with the HYDRA and COBRA-SFS
computer codes should routinely be predicted within 25 or 30°C. However,
predictions from other codes have been as much as 130°C from test data. Also,
comparisons of predictions with consolidated fuel have not been compared to
cask data because no data presently exist. Therefore, we are very close with
unconsolidated fuel, but have a ways to go with consolidated fuel.

Question: All heat transfer work and tests have been done with nitrogen,
helium, or vacuum. Does the cask concept take into account air ingress into
the cask and what work is being done to predict the thermal performance?

Answer: Most cask concepts assume helium leak tight seals, which has been
proven to be the case with the CAST0R-1C, REA-2023, CASTOR-V/21, and TN-24P
casks, so air ingress is not assumed to be possible. The reason nitrogen is
being used is because it has essentially identical heat transfer characteristics
as does air, and it appears to be a good candidate for dry storage.

Questioner: John Carr
Organization/Country: Battelle Columbus Labs/USA

Question: Are there any plans to utilize the test data to benchmark and
validate heat transfer and radiation codes in accordance with code requirements
by NRC, such that the codes might be used in licensing actions for this cask,
other cask designs, or for such items as wasts packages for geologic disposal?

Answer: The cask test heat transfer and shielding data are being used to
evaluate the HYDRA and COBRA-SFS heat transfer codes and the DOT and QAD
shielding codes. The data will be provided to the public for evaluation of
other codes. The heat transfer code documentation is being prepared using
NUREG-0856, so, hopefully, the codes can be used for waste package thermal
analyses once they are documented.

Questioner: J.M. McKenzie
Organization/Country: Sand1a National Lab/USA

Question: Could I scan across the I1d of a cesk and count the number of
assemblies within the cask using a col Unrated gamma or neutron detector?
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Answer: It is possible that a collimated gamma detector could be used on the
surface of the top of a cask to identify locations of fuel assemblies. Gamma
dose rate peaks are created by the cobalt-60 dose rates in the upper assembly
end fittings.

Questioner: K. Einfeld
Organization/Country: DWK/Federal Republic of Germany

Question: What is the ratio of convective to conductive heat transfer in the
CASTOR-V/21 cask based on the nitrogen and helium axial temperature distribution
and results of theoretical analysis?

Answer: The quantitative fractions of heat transfer by conduction, convection,
and radiation cannot be determined from the data, but were inherently calculated
before the test with the HYDRA heat transfer code. However, the exact fractions
of each mode are very difficult to extract from the code since one affects
the other. What can be said, though, is that radiation is dominant in vacuum,
convection is significant in nitrogen, and conduction is important in helium.

Questioner: B. Droste
Organization/Country: BAM/Federal Republic of Germany

Question: You mentioned that the metal gaskets for sealing the cask lid had
been used repetitively. Did you perform helium-leakage testing after each
use? What leakage rates did you find after repetitive use of metal gaskets?

Answer: Yes, following loading and each testing phase, the cask was leak
tested. Finally, prior to preparation for short-term monitoring and pad
storage, the cask was pumped down (twice) and then backfilled with helium to
obtain the desired purity (>99%). The leakage criteria specified by the cask
manufacturer was met on each occasion. This value is ?specified in the topical
report and in the INEL procedures, (approximately 10 cc/sec).

Questioner: Allan Christensen
Organization/Country: Westinghouse Idaho/USA

Question: At Idaho, nuclear poisons used for criticality safety must be
monitored regularly. How can this be done with a filled CASTOR cask?

Answer: As part of the quality assurance measures taken during cask
fabrication, chemical composition of the borated stainless steel is verified
to meet safety analysis assumptions. The adequacy of this poison level for
the cask lifetime can be shown by analysis for the design fuel loading, and no
monitoring requirements have been imposed by government regulations.

The requirements for periodic monitoring are not germane for the cask testing
demonstration. The analysis identified above provides the basis for assured
safety for the lifetime of the cask—assuming dry storage and cask monitoring
conditions are maintained as specified in the R&D program.
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POST-TEST FUEL BASKET EVALUATIONS OF THE CASTOR-V/21 CASK

R.T. Anderson and K.R. Kingsley
General Nuclear Services Inc. (GNSI)

ABSTRACT

Following an extensive testing program of the CASTOR-V/21 cask at INEL, eight
symmetrically positioned indications were observed on the fuel basket. Since
the presence of fuel in the cask permitted only remote visual inspection, it
could not be conclusively determined if the indications represented material
failure. The cask was not functionally limited since vertical movement of
various fuel assemblies was possible and the structure remained intact. The
basket is a redundant structure and criticality safety is maintained by flux-
trap boxes which were not in affected regions of the basket. The indications
were observed at plate joints, which are stitch-welded for basket-manufacturing
purposes.

An extensive analysis was made of the basket design, manufacture, and test
sequence to determine the possible cause and nature of the indications. This
test cask had been tested under stringent thermal operating conditions. The
cask was held at a power level 45% over rated conditions (28.5 kW vs. 21 kW).
Also, the cask was held for two days with a vacuum in the cavity rather than
helium (a conductive, inert gas), which is used during fuel storage. An
evaluation was performed which included the following considerations: history
under similar conditions, unique aspects of the test, basket construction
techniques, fatigue, metallurgy and welding, and thermal stress. The consensus
of several experts was that high thermal stress due to constrained thermal
expansion of the fuel basket components caused the indications. This situation
was remedied for future baskets by ensuring that certain manufacturing
tolerances be measured and controlled. These limiting dimensions were
established to permit sufficient space for thermal expansion. An extensive
stress analysis was performed to define the dimensional requirements and
demonstrate that the resulting basket stresses are acceptably low.

(FULL PAPER UNAVAILABLE UPON PUBLICATION OF THE PROCEEDINGS)

QUESTIONS/ANSWERS

Questioner: C.R. Johnson
Organization/Country: Nuclear Assurance Corp/USA

Question: Is the borated steel basket of the GNS cask required for dry loading
and storage, or Is it only required for wet loading?

Answer: Under dry conditions the basket loaded with design basis fuel is
under-moderated and therefore does not require neutron poison. The presence
of borated stainless steel is provided to meet the regulatory requirement to
assume optimum moderation with pure water.
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Questioner: J.M. McKenzie
Organization/Country: Sandia National Lab/USA

Question; What do you consider are the radiation effects on cracking of your
baskets?

Answer; The elapsed time between commencement of cask loading and completion
of the thermal test when the basket indications were noticed is only a few
months (2-3 months). During this short time, the cumulative effect of radiation
to the basket materials is negligible compared to threshold levels required
to affect material properties. This phenomenon is also considered insignificant
over the lifetime of the cask.

Questioner: Roger Hi 11ey
Organization/Country: Department of Energy/USA

Question: Does your analysis indicate that the basket would have cracked at
19kW (the design loading) as it did at 27kW actual?

Answer; At the design heat load (19kW plus 10% power peaking factor) with an
inert cover gas, the basket indication probably would not have occurred at
INEL. However, under the design basis licensing conditions including solar
heat load and high ambient temperature (54°C), the as-built gap for the INEL
test cask basket is too small to demonstrate acceptable thermal stresses at
affected joints. Therefore, for future fabrications, the conservatively
calculated gap size will be incorporated.

Questioner: Gordon Beeman
Organization/Country: Pacific Northwest Lab/USA

Question; The test of the GNS V/21 cask at INEL used 28kW of heat load and
achieved a peak clad temperature of 370°C. What temperature did GNS predict;
in their topical report for the 21kW case they analyzed?

Answer: The licensing design basis calculation for the TSAR using a 21kW
fuel heat load predicts a peak clad temperature of 369°C. This includes
conservative assumptions such as solar heat load and 54°C ambient temperatures
and takes no credit for internal convection cooling, which was shown to be
significant during INEL testing with nitrogen or helium cover gases.
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REA-2023 BWR CASK PERFORMANCE TEST

M. A. McKinnon, J. E. Tanner,
R. J. Guenther, and J. M. Creer
Pacific Northwest Laboratory

Richiand, Washington 99352 U.S.A.

J. W. Doman
General Electric-Morris Operations

Morris, Illinois 60450 U.S.A.

C. E. King
General Electric Company

San Jose, California 95125 U.S.A.

ABSTRACT

A performance test of a REA 2023 spent fuel storage cask sponsored
by the Department of Energy was conducted at GE Morris Operation
during the winter of 1984/85. The cask was configured for BWR spent
fuel storage. The performance test matrix included 14 runs consisting
of two loadings, two cask orientations, and three fill conditions.
The first five test runs were conducted with a partially loaded cask
so that temperatures and radiation dose rates could be better approx-
imated for the fully loaded cask. The next six test runs were con-
ducted with a fully loaded cask. The final three test runs included
insulation of the neutron shield to raise the surface temperature of
the cask to more nearly reflect what it would have been in the summer.
The maximum recorded temperature in the cask was 241°C for an evacuated
fully loaded insulated cask. Its surface temperature was 95°C. The
maximum surface dose rate on the cask was about 200 mrem/hr at an
anomaly on the bottom of the cask. Cisewhere the dose rate on the
top and bottom of the cask did not exceed about 100 mr/hr. The average
dose rate on the side of the cask was about 20 mr/hr with spike reach-
ing 40 mr/hr in areas near the top and bottom of the cask.

Prior to conducting the performance tests, dry runs were conducted
of the cask handling procedures and the Cooper spent fuel assemblies
were characterized by calorimetry and radiation scans. Each fuel
assembly was inspected to assure that no failed fuel was put into
the cask. Sipping results (pre- and post-test), gas sampling, and
visual inspection of the fuel did not identify any degradation of
the fuel during the performance tests.
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INTRODUCTION

The U.S. Department of Energy (DOE) Commercial Spent Fuel Manage-
ment (CSFM) Program and operators of commercial nuclear power reactors
have identified metal storage casks as one of the leading candidates
among available dry storage concepts for interim spent fuel storage.
It is anticipated that licensing of large, multi-assembly storage
casks will be attempted. The number of casks needed could be very
large, representing a substantial investment. Economics is, therefore,
an important consideration, and every effort should be made to ensure
that the chosen interim storage system provides the minimum cost
commensurate with environmental and safety considerations. Therefore,
performance tests are needed to 1) provide experimental data to support
licensing efforts, 2) determine cask operating limits, 3) gain cask
handling and decontamination experience, 4) identify candidate cask
design improvements, and 5) evaluate computer codes required to perform
future design and licensing analyses.

This paper documents a heat transfer and shielding performance
test conducted on a Ridihalgh, Eggers & Associates REA 2023 boiling
water reactor (BWR) spent fuel storage cask (McKinnon et al. 1986).
The experimental work was conducted for the U.S. Department of Energy's
(DOE) Commercial Spent Fuel Management Program by the Pacific Northwest
Laboratory (PNL) and General Electric at the latter's Morris Operation
(GE-MO). The testing effort consisted of three parts: pretest prepar-
ations, performance testing, and post-test activities. Pretest prepar-
ations included conducting cask handling dry runs and characterizing
BWR spent fuel assemblies from Nebraska Public Power District's Cooper
Nuclear Station. The performance test matrix included 14 runs con-
sisting of two loadings, two cask orientations, and three backfill
environments. Post-test activities included calorimetry and axial
radiation scans of selected fuel assemblies, in-basin sipping of
each assembly, crud collection, video and photographic scans, and de-
contamination of the cask interior and exterior.

CASK HANDLING

The REA 2023 spent fuel storage cask (REA 1983), Figure 1, con-
sists of a double containment design with silicone rubber 0-rings
for sealing the primary lid of the inner cavity and a welded final
closure on the secondary cover. The cask has a smooth, painted,
stainless steel outer skin; a lead/stainless steel gamma shield; and
a water/glycol neutron shield. The loaded cask is approximately 5 m
tall and 2.25 m in diameter, and weighs approximately 100 tons. The
fuel basket. Figure 2, is constructed of stainless steel clad Boral
for criticality control, copper plates to conduct heat to the cask
wall, and stainless steel for structural strength. The basket is
configured to hold 52 BWR spent fuel assemblies. The test fuel assem-
blies were of the General Electric 7 x 7 rod design. The REA 2023
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BWR spent fuel storage cask design and manufacturing rights have
been acquired by Mitsubishi of Japan, and the cask model designation
has been changed to MSF IV.

Dry runs of cask handling were performed prior to fuel being
loaded in the cask and concurrent with fuel calorimetry. The objec-
tives of the dry runs were to gain cask handling and loading experience
and to finalize procedures. Each dry run was conducted successfully
without significant problems. During the dry runs, minor modifications
were required to make the lifting yoke, yoke alignment guide, impact
limiter, primary head bolts, neutron shield rupture disk, and the
cask pressurizing device more functional. The cask can be satis-
factorily handled in many reactor facilities with only minor modifica-
tions to the supplied handling equipment and procedures. At General
Electric-Morris Operation the cask was found to be awkward to rotate
from a vertical to a horizontal orientation or vice versa. The cask
exterior can be decontaminated using soap and water in a manner similar
to that used for transportation casks. Smear surveys taken during
testing demonstrated that the painted cask surface does not leach
smearable or otherwise detectable radioactive particles after long
periods. Finally, significant amounts of crud were not found in the
cask after the fuel was unloaded.

SPENT FUEL CHARACTERIZATION

The Cooper spent fuel assemblies shown schematically in Figure
3 were characterized using in-basin sipping, calorimetry, axial radi-
ation scans, video scans, and 35-mm photography. The results of
these methods revealed no indication of any failed fuel before or
after the performance test. Gas sampling during testing showed krypton
which indicated a leak in a fuel rod after the cask was fully loaded.
The krypton release rate was approximately linear during the 2 to 3
months of testing and the total krypton released was less than that
available in a single fjel rod. The leak was calculated to be ex-
tremely small, so small that its source was not identifiable by post-
test sipping activities, video scans, or photography.

Decay heat rates were measured with an in-basin calorimeter at
General Electric-Morris Operations (Judson et al. 1982). Based on
pretest calorimetry, fuel assembly decay heat rates averaged 310
W/assembly to produce a total initial heat load in the cask of 15
kW (Table I). Assembly decay heat rates ranged from 250 W to 390 W.
The hotter fuel assemblies were located in the center of the basket,
and the cooler assemblies were in the outer basket locations as shown
in Figure 4.

A radiation scan was made of each fuel assembly using Los Alamos
I0N-1 spent fuel radiation measurement equipment (Halbig 1985).
Figures 5 and 6 show representative measured gamma and neutron axial
profiles for the Cooper fuel assemblies. The profiles are typical
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TABLE I

Cooper Spent Fuel Assembly Characteristics and Decay Heat Rates

Number of
Assemblies

36
8
8

Burnup
Range,

GWd/MTU

25-28
24-25
26

Operating
cycles in

1.2,3,*,
1,2,*,*,
1.2,3,4,

History,
reactor*a'

*,6,7
5,6
5,6

Cooling
Time,

months

28
41
41

Average

Measured
Decay Heat,

W

265-390
280-290
250-280

310

(a) The * designates that the fuel assembly was out of the reactor for
this cycle.

of BWR assemblies, and indicate less activity in the upper region of
the assembly active length. Lower activity levels in the upper ends
of BWR fuel assemblies can be expected because steam-water voids in
the upper region of a BWR core result in lower fuel assembly burnup
values, which produce lower activity levels.

THERMAL PERFORMANCE

The cask test matrix included assessments of performance under
conditions of partial and full loadings (28 and 52 assemblies), ver-
tical and horizontal cask orientations, and three internal backfill
environments (vacuum, nitrogen, and helium). The final three test
runs were conducted with the neutron shield insulated to elevate
cask surface temperatures beyond those expected during summer months.
Results of the performance test runs for the various fill conditions
and cask orientations are summarized in Table II.

Measured peak cladding temperatures for a vertical, partially
loaded cask (28 assemblies) at similar ambient temperatures with
helium, nitrogen, and vacuum backfill environments were 86C, 118C,
and 170C, respectively. With the partially loaded cask oriented
horizontally, corresponding peak cladding temperatures with helium
and nitrogen backfills were 93C and 116C, respectively. Note that
each peak temperature corresponds to a different ambient temperature.

Measured peak cladding temperatures with the cask fully loaded
were higher than partial load temperatures. Vertical helium, nitrogen,
and vacuum peak cladding temperatures at similar ambient temperatures
*ere HOC, 146C, and 200C, respectively. Corresponding horizontal
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to53

Cask

Loading18'

Partial

Partial

Partial

Partial

Partial

Partial

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

Full

TABLE I]

Cask Performance n

Test Conditions

Orientation

Vertical

Vertical

Horizontal

Horizontal

Vertical

Vertical

Vertical

Vertical

Vertical

Vertical

Horizontal

Horizontal

Vertical

Vertical

Vertical

Vertical

Vertical

Backfill
Env1ronment

Vacuum

Nitrogen

Nitrogen

Helium

Helium

Helium*6)

Vacuum

Vacuum*6)

Nitrogen

Nitrogen*6)

Nitrogen

Helium

Helium

Helium*6)

Helium*0)

Nitrogen*0)

Vacuum*0)

Total
Decay Heat

kW
9.0

8.9

8.9

8.8

8.8

8.7

15.2

15.2

15.1

14.9

15.0

14.8

14.9

14.6

14.4

14.4

14.3

[.

Fest Run

Wind
, Speed,

m/sec
2.2

1.3

3.6

1.3

3.6

6.3

0.0

3.6

3.1

1.3

2.0

4.2

0.7

0.0

0.0

0.0

0.0

Summary

Solar
Insolation,

W
75

85

95

87

21

16

0

65

43
143

48

127

141

0

0

0

0

Ambient
Temp, °C

7

1
-10

5

-3

14

24

-10

-4
-17

-4

-8

-14
22
20

22

24

Average
Surface
Temp, °C

18

15

2
21

7

20

52

9

15

12

23

10

15

52

101

100

95

Maximum
Cladding
Temp, °C

170

118

116

93

86

97

227

200

151

146

164

113

110

144
185

209

241

(a) Partial load had 28 fuel assemblies, fu l l load had 52 fuel assemblies,
(h) Repeat run.
(c) Insulated run.



helium and nitrogen temperatures were 113C and 164C. respectively.
Insulation on the cask neutron shield resulted in vertical, full
load temperatures in helium, nitrogen, and vacuum of lobt, ^uyt, ana
241C, respectively.

The curves in Figure 7 show the effect of cask orientation and
fill gas on cask performance. Nondimensional temperatures in Figure
7 were established by subtracting average cask surface temperatures
from fuel cladding temperatures and dividing by differences between
maximum fuel temperatures and average surface temperatures. The
effect of convection in nitrogen and helium tends to shift peak clad
ding temparatures toward the top of the cask. This effect is more
apparent for nitrogen than for helium because the density of nitrogen
undergoes a larger change when heated than does helium, thereby pro-
ducing greater buoyancy effects. The axial temperature profile with
a vacuum backfill has a shape similar to the axial gamma curve pre-
sented in Figure 5, indicating the absence of convection. The hori-
zontal temperature profile was developed using temperature measurements
with all three backfill gases. The horizontal profile is similar to
the gamma and vacuum curves and also shows the lack of convection
due to the absence of an axial gravity head in the horizontal orien-
tation.

Average Profiles
Center Assembly 12 J)

A Horizontal

O Vertical Vacuum

O Vertical Nitrogen

O Vertical Helium

Figure 7.

O 0 2 0 4 0.6 08 10

Nondimensional Temperature / ' ' T M I \

Effects of Cask O r i e n t a t i o n and Fill Gas
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Figure 8 shows representative circumferential temperature profiles
on the surface of the cask. Two of the profiles represent surface
temperatures on the outer surface of the neutron shield, one for the
horizontal orientation and the other for the vertical orientation..
The remaining curve represents surface temperatures above the neutron
shield. The horizontal circumferential profile of the neutron shield
shows a significant decrease in temperature at 0 and 180 degrees
that do not appear in the vertical runs. The low temperature at 0
degrees may be caused by convective currents in the liquid neutron
shield or by an air bubble in the top of the neutron shield. The
low temperature at 180 degrees is probably caused by convective cur-
rents in the liquid neutron shield.

Comparisons of temperature profiles across the diameter for
vertical and horizontal cask orientations indicated a change in contact
resistance between the basket and the cask due to the effects of
gravity. This change in contact resistance resulted in higher temper-
atures in the upper quadrants and lower temperatures in the lower
quadrants of a horizontal cask as can be seen by examination of the
information in Table III.

10

Horizontal Runs
Neutron Shield

Above Neutron
Shield

a.

0)

Vertical Huns
Neutron Shield

•10

-15

Possible Bubble
— or Stagnation

Point

Liquid Neutroi
Shield

1 180°

Possible
135° Stagnation

Point
I

-45 45 90
Degrees

135 180

Figure 8. Circumferential Cask Surface Temperature Profiles
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TABLE III.

Symmetry of Temperature Measurements

1en

Run Condition
Vacuum-Vertical

Nitrogen
Vertical
Horizontal

Helium
Vertical
Horizontal

Surface Temp
Difference, °C*a>

Average
1

-1
1

0

2

Standard
Deviation

12

14

16

13

16

Outer Fuel Temp.
Difference, °C*D'

Average
10

4

29

5

17

Standard
Deviation

14

14

16

±2

14

Inner
Diffen

Average
5

1

10

1

4

Fuel Temp
ence, °C(c'

Standard
Deviation

12

12

13

11

12

/
A

/

\

e

*

c

•

N
V

/
T

(a) Surface temperature differences were determined from measurements at 0 degrees minus measurements
at 180 degrees (location V ) .

(b) Outer fuel temperature differences were determined from measurements in quadrant 1 minus those In
quadrant 2 (location 'a').

(c) Inner fuel temperature differences were determined from measurements in quadrant 4 minus those In
quadrant 2 (location 'c').



SHIELDING PERFORMANCE

Dose rate profiles on the surface of a fully loaded cask are shown
in Figures 9 through 11. On the primary lid of the cask (Figure 9),
gamma dose rates were generally 35 mrem/hr. A dose rate peak of
70 mrem/hr was measured near the edge of the lid where a small window
exists between the lead in the lid and the lead in the cask wall.
Neutron dose rates on the lid were less than 15 mrem/hr.

Dose rate profiles on the side of the cask shown in Figure 10
indicate peaks were measured near the top and bottom. A gamma dose
rate peak of 38 mrem/hr was measured near the top. A neutron dose
rate peak of 16 mrem/hr was measured near the bottom of the cask.
Gamma and neutron dose rates on the side were generally 15 mrem/hr
and 3 mrem/hr, respectively.

Combined gamma and neutron dose rates on the cask bottom (Figure
11) were <100 mrem/hr with the exception of one small region at a
radius of 0.5 m and an angle of 270 degrees where the dose rate was
measured at 190 mrem/hr (dose rate not shown in Figure 11). Post-
fabrication quality assurance inspections of the cask had previously
identified this region where a small anomaly apparently exists in
the lead gamma shielding. Other gamma dose rate peaks are 85 mrem/hr;
neutron dose rates varied from 35 mrem/hr to a few mrem/hr.

Radiation exposure of the 28 people who participated in the cask
performance test was relatively low, averaging 24 mrem per person over
the 4-1/2-month testing period. During the testing period, the cask
was loaded twice and rotated several times; gas sampling was routinely
conducted, and radiation and smear surveys were performed. Personnel
exposure at. a storage facility in which a cask is loaded once and
moved directly to a long-term storage facility will be considerably
lower.

Although the shielding performance of the cask did not meet design
expectations (20 m-em/hr), cask surface dose rates were manageable.
With minor shielding modifications, dose rates of <50 mrem/hr can be
established.

CONCLUSIONS

The performance test of the REA 2023 BWR spent fuel storage
cask was successfully conducted at GE-MO during the winter of 1984-85.
The test demonstrated that the cask could be satisfactorily handled
and decontaminated in a reactor-like facility, and demonstrated the
heat transfer and shielding performance of the cask when loaded with
52 BWR spent fuel assemblies. The heat transfer performance of the
cask was excellent, as indicated by relatively low (<250C) peak clad-
ding temperatures with a heat load of approximately 15 kW. Even
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though the shielding performance did not meet design expectations
(20mrem/hr), cask surface dose rates were manageable. With minor
shielding modifications, dose rates of <50 mrem/hr can be established.
Additional information on the performance test can be found in
(McKinnon et al. 1986).
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QUESTIONS/ANSWERS

Questioner: Ed Kuhn
Organization/Country: Stone & Webster/USA

uestion: 1) What 1s the commercial status of the REA-2023 cask? 2) What
id the REA-2023 topical report for BWR fuel indicate for thermal performance,

vertical vs. horizontal?

Answer: 1) The design and manufacturing rights to the REA-2023 cask have been
acquired by Mitsubishi Heavy Industries of Japan and the cask model designation
has been changed to MSF IV. 2) The REA topical report did not d tinguish
between horizontal and vertical orientations. It only applied the energy
equation (in the form of the TRUMP computer code) to a two-dimensional cross-
section of the cask.
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TRANSPORT/STORAGE OF NFS SPENT FUEL IN
TN-BRP AND TN-REG CASKS

by

F.J. Williams, Jr. and Kurt Goldmann

Transnuclear, Inc.
One North Broadway

White Plains, N.Y. 10601

INTRODUCTION

The Nuclear Fuel Services (NFS) reprocessing plant in West
Valley, New York was completed in February of 1966 and had
reprocessed over 600 metric tons of contained uranium in spent
fuel when it was shut down in 1972 for expansion and
modification. In 1976, NFS announced it would discontinue
reprocessing because upgrading the facility to be in compliance
with new and revised Federal regulations would make the venture
uneconomical. At that time approximately 200 metric tons of
spent fuel was in storage but had not yet been reprocessed.

In 1980 the U.S. Congress passed the West Valley Demonstration
Act which requires that the spent fuel storage pool be emptied so
that the area can be used for other purposes. All of the fuel
which is owned by utilities has been or is being shipped back to
the reactor plants where it originated.

However, NFS had acquired ownership of 26 MTU of fuel as a result
of special terms in reprocessing contracts with two utilities.
This NFS owned fuel consists of 85 assemblies from the Consumers
Power Company's Big Rock Point (BRP) nuclear power station and 40
assemblies from the Rochester Gas and Electric Company's R. E.
Ginna (REG) station.

In early 1984, NFS entered into a cost sharing contract with the
Idaho Operations Office of the U.S. Department of Energy (DOE) to
develop and demonstrate dual purpose shipping and storage casks
which would be used for transporting the NFS owned fuel from West
Valley to DOE's Test Area North (TAN) facility at the Idaho
National Engineering Laboratory (INEL) and for demonstrating
extended storage at that facility. The broader objectives of
this program are to:

° Demonstrate the feasibility of a large transportable
storage cask for aged spent fuel

° Provide a design and develop the manufacturing
techniques for such a cask

° Provide data and information useful in demonstrating dry
cask storage technology

° Provide verification of spent fuel integrity in
long-term dry storage.
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NFS selected Transnuclear, Inc. (TN) to provide two casks for
this purpose, one for the transport and storage of the BRP fuel
and the other for the REG fuel. The casks were designed by TN,
fabricated by Kobe Steel, Ltd (KSL) and delivered to the West
Valley site on July 23, 1985 and August 20, 1985, respectively -
both two weeks ahead of schedule. The total elapsed time batween
start of design and delivery of the first cask to West Valley was
less than 19 months. Fig. 1 shows the TN-BRP cask with impact
limiter; on the railcar after arrival at the West Valley sit*1,
The TN-REG cask is shown in Fig. 2.

The present paper describes the fuel, the casks and the licensing
requirements.

FUEL CHARACTERISTICS

Pertinent characteristics of the BRP and REG fuel are shown in
Table 1.

The boiling water reactor (BWR) fuel bundles for BRP are only
half as long as typical BWR bundles, while their cross section is
somewhat larger. The shorter length allows bundles to be stacked
on top of each other within the basket compartments of the TN-BRP
cask.

The pressurized water reactor (PWR) fuel assemblies for REG have
about the same length as typical PWR assemblies but their cross
section dimension is smaller.

For the BRP fuel the average burnup is 13,000 MWD/MTU and for
the REG fuel it is only 10,000 MWD/MTU. These low burnups result
in minimal neutron sources and allowed the casks to be designed
without neutron specific shielding.

Another common characteristic of the fuel is low decay heat. The
minimum decay time is in excess of thirteen years. This reduced
the heat transfer design requirements and allowed the casks to be
designed without extended external surfaces.
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BASIS FOR CASK DESIGN

The design of the TN-BRP and TN-REG casks is based on
Transnuclear's standard TN-24 storage cask design. This standard
cask design i s an evolution from the dry transport cask designs
which have been developed over the last two decades by the
worldwide Transnuclear Group.

The TN-BRP and TN-REG casks are the f i r s t casks which have been
designed to comply with the U.S. Nuclear Regulatory Commission's
(NRC s) transport regulations 1OCFR71 as well as the storage
regulations 1OCFR72. Of course, they are also designed to comply
with the U.S. Department of Transportation (DOT) regulations 49
CFR173. In addit ion, the NRC's Regulatory Guides, Series 7
served as a basis for the designs and preparation of the Safety
Analysis Reports {SAR's). The casks were designed, fabricated
and tested in compliance with TN's NRC approved Quality Assurance
Program.

Crane capacity at West Valley l im i ts the weight of a loaded cask
on the hook to 105 tons. This l i m i t had a major impact on
dictat ing the cask design, and precluded the possib i l i ty of using
a standard cask design such as the TN-24, or even the same cask
design for both batches of fue l .

Thus, while the two casks have many common features such as
materials and types of construction, their dimensions are
di f ferent to accomodate the specific fuel within the allowable
weight l i m i t . This led to completely separate sets of drawings,
calculations and SAR's for each cask.

Other l imi t ing parameters which had a signif icant impact on the
designs are:

Ke f f < 0 . 9 5
Maximum fuel temperature 375°C
Maximum dose rate at 2m, 10 mrem/hr
Storage design l i f e 20 years

CASK DESIGN

Figure 3 shows a longitudinal section of the TN-BRP cask. The
TN-REG is the same basic design. Principal dimensions of both
casks are given in Table 2.

The containment vessel consists of a body which is a
thick-walled, forged steel cylinder with an integrally-welded
forged bottom closure and a flanged and bolted forged top l i d .
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SA-350, Grade LF3 material was selected for the forgings on the
basis of its high fracture toughness at low service temperatures.

Four removable trunnions are provided for handling, tiedown and
rotation of the casks. The trunnions extend radially the same
distance from the center lines of the casks and have identical
longitudinal spacings to allow a single shipping frame to be used
for both casks. Each trunnion has two shoulders of different
diameters. The outer shoulder is used for lifting the cask,
while the inner one is used for rotation, tiedown and support
during transport.

The lid is attached to the body with 48 1-5/8 in. diameter, high
strength bolts. The lid closure is provided with two concentric
0-ring seals, one made of viton and the other being metallic.
Viton 0-rings have been successfully utilized by the Transnuclear
Group during many years of transport operations. The metallic
0-ring was selected as added protection against leakage over the
twenty year storage design life. The torquing requirements of
the closure bolts are governed by considerations of resistance to
inertia! loads rather than by seal compression. The lid contains
the TN-24 standard drain and vent port which are also provided
with double seal closures during transport. The interspaces
between double seals are utilized for leakage testing prior to
transport. At the beginning of the storage period the
interspaces are prepressurized to prevent gas out-leakage from
the cavity and to monitor the effectiveness of the seals.

At DOE's request, three openings have also been provided in the
shell. One of these, called the research instrumentation port,
is used for leadthroughs for basket thermocouples and for the
installation of a cavity pressure sensor. The other two, one
near the top and the other near the bottom of the cask, are used
for gas sampling to detect in leakage of oxygen or release of
radioactive gases from the fuel during storage. Nitrogen has
been selected as the fill gas for the cask cavity. The three
openings in the shell are provided with double seal closures
during transport.

As shown in Figs. 4 and 5, the basket consists of a multitiered
eggcrate assembly of interlocking flat plates which form square
fuel compartments over the full length of the cask cavity. The
basket plates are made of boron stainless steel to provide
structural support and criticality control during normal
operating and accident conditions, including water flooding
after a transport accident. The ends of several plates are
guided by axial rails which are fastened to the internal surface
of the shell to provide rotational stability. The basket design
relies on mechanical connections without welding.
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Impact limiters are installed at each end of the cask during
transport for energy absorption under accident conditions. The
impact limiters are made of redwood and balsa wood enclosed in a
welded steel container. The impact limiters for the TN-BRP and
the TN-REG casks are identical and, therefore, only one pair had
to be furnished for the program.

A protective cover is provided for weather protection during cask
storage. It is a flanged tori spherical head made of 3/8 in.
steel plate. Instrumentation penetrations are provided in the
cover for pressure monitoring. In the unlikely event of
excessive leakage from the cask cavity, the protective cover
could be seal welded to the cask body.

Transnuclear also supplied ancillary equipment including a
shipping frame, lifting equipment, vacuum drying and leak testing
systems and in-cask instrumentation.

Analysis methods and computer codes which were used to
demonstrate that the cask designs meet structural, thermal,
criticality and shielding requirements will be described during
the Work Shop on Storage System Modeling and Analysis of this
conference.

FABRICATION

TN selected KSL for fabrication of the casks primarily on the
basis of that company's proven record of successfully fabricating
similar units and delivering them on schedule. Timely delivery
was of utmost importance. KSL had previously fabricated more
than 40 TN-12 type transport casks of designs which required
similar fabrication processes.

KSL's quality assurance system was established to be fu l l y
compatible with TN's approved Quality Assurance Program. KSL is
an Authorized Manufacturer for ASME Boiler and Pressure Vessel
Code, Section Ill-Nuclear Components.

Although the casks were not N-Stamped, they were fabricated in
compliance with other requirements for Class 1 or 2 Components.
This included the u t i l i za t ion of a National Board cer t i f ied
Authorized Nuclear Inspector (AND who performed a l l the
functions normally associated with such a project. Additionally,
TN personnel performed audits, released selected hold points and
witnessed acceptance tests to verify that the casks were
fabricated and would perform as intended.
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The basket plates were manufactured by two specialty steel
companies who had extensive prior experience in the fabrication
of boron stainless steel plates. Both of these companies also
established quality assurance systems which were in full
conformance with TN's quality assurance requirements. TN
approved manufacturing and test procedures to assure that the
basket plates would have properties at least as good as specified
in the design criteria. TN personnel also audited, released hold
points and witnessed material tests to verify compliance with
quality assurance requirements. The plates were delivered to L3L
where they were assembled into the baskets and installed into the
cavities of the casks.

Because of the expected dependence of the crushing strength of
redwood on density, strength tests were performed on
statistically selected samples from the batch of redwood which
was purchased for use in the impact limiters. The tests clearly
demonstrated a linear dependence of crushing strength vs. density
over the acceptable range of crushing strength for the impact
limiters. Only wood within the acceptable range was used.

LICENSING

I t was intended original ly to perform the transports of the BRP
and SEG fuel under cert i f icates issued by DOE. Oak Ridge
National Laboratory (ORNL) was the organization designated by DOE
to review and approve the SAR's prepared by TN.

I t was clear at the outset that time did not permit adhering to
the normal chronology of f i r s t developing a complete cask design,
followed by preparation of a complete SAR prior to the f i r s t
submittal. I t was therefore agreed that TN would submit sections
of the SAR as they were completed and ORNL would start their
review prior to having the complete SAR available. This approach
saved schedule time, especially in tha few instances in which
ORNL's review pointed to the need for design changes which could
be made prior to f inal iz ing other aspects of the design.

In a l l other respects, ORNL's review ut i l ized the same approaches
as used by the NRC. The adequacy of the designs was judged by
fu l l compliance with federal regulations and the requirements of
NRC's Regulatory Guides. Questions and comments were formally
documented by ORNL and led to controlled revisions of the SAR's
by TN. The final revisions served as a basis for ORNL's
recommendation to DOE to issue cert i f icates for the transports.
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In August 1985, a decision was made by DOE to perform the
transports under NRC Certificates of Compliance (COC's), rather
than under DOE cert i f icates and TN was instructed to apply for
COC's at NRC. TN made relat ively minor changes to the SAR's in
format to fac i l i t a te NRC's review and submitted the TN-BRP SAR to
NRC in mid September 1985 and the TN-REG SAR one month later.
Since then, several meetings were held with NRC on questions and
comments related to the TN-BRP cask and basket designs. The
questions and comments were formally documented by NRC in a
le t ter dated February 12, 1986. TN presented approaches for
resolution of comments at a subsequent meeting on March 5 and 6,
1986. Because of the simi lar i ty between the two casks, i t is
expected that a successful resolution of the NRC comments on the
TN-BRP SAR w i l l also lead to acceptability of the TN-REG cask.
The principal NRC concerns relate to the performance of the
impact l imiters and the use of boron stainless steel as a
structural material for the basket.
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SUMMARY

Two s i m i l a r , but separate, cask designs have been
developed f o r the t ranspor t and extended storage of 85
BRP and 40 REG spent fue l assemblies.

The casks were designed, fab r i ca ted and tes ted w i t h i n an
extremely t i g h t 20 month t ime frame. Both un i t s were
de l ivered 2 weeks ahead of schedule.

ORNL's review of the SAR's led to a recommendation to
DOE to l i cense the casks f o r t ranspor t of the fue l from
West Va l ley , N.Y. t o DOE's TAN f a c i l i t y a t INEL.

At the request of DOE, TN submitted ar app l i ca t ion fo r
C e r t i f i c a t e s o f Compliance f o r the casks to the NRC i n
September and October, 1985. The app l ica t ions are s t i l l
under review.
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TABLE 1

FUEL CHARACTERISTICS

TYPE

INITIAL ENRICHMENT, %U-235

CROSS SECTION,

LENGTH, IN.

WEIGHT, LB.

NOMINAL BURNUP

DECAY TIME,

IN.

, MWD/MTU

YEARS

BIG ROCK POINT

7x7, 9x9 and 11x11 BWR

4.5 max rod

(3 .5 assy average)

6.516x6.516

84.2

465

13,000

> 13

R.E. GINNA

14x14 PWR

3.5 max.

7.766x7.766

160

1271

10,000

.•>• 1 3
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TABLE 2

CASK PARAMETERS

TN-BRP TN-REG

CAVITY I.D., IN.

CAVITY LENGTH, IN.

WALL THICKNESS, IN.

CASK O.D., IN.

BOTTOM THICKNESS, IN.

LID THICKNESS, IN.

OVERALL LENGTH, IN.

-w/o IMPACT LIMITERS

-WITH IMPACT LIMITERS

SPACING BETWEEN TRUNNIONS, IN.

64.00

171.00

9.62

83.25

9.75

9.75

190.50

244.50

106.00

71.75

163.25

9.25

90.25

8.25

8.50

180.00

234.00

106.00

NUMBER OF FUEL ASSEMBLIES 85 BWR 40 PWR

DECAY HEAT LOAD, KW
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QUESTIONS/ANSWERS

Questioner: Bob Isakson
Organization/Country: NUSCO/USA

Question: What is the principal design consideration that could begin to
adversely affect cask performance after its use for a 20-year period, which
we have been led to understand is the storage design lifetime?

Answer: Selection of appropriate 0-ring seals is the principal design
consideration for extending design life beyond 20 years.

Question: Has Transnuclear proposed a surveillance program to monitor those
seals that could have an adverse impact on the useful storage lifetime of the
casks? If so, please indicate the proposed frequency of surveillance.

Answer: All lid closures are provided with double seals which permit
prepressurization of the seal interspaces at the beginning of storage. The
proposed surveillance program consists of monitoring the decay of seal
interspace pressure on a continuous or intermittent basis. If intermittent,
the frequency of pressure readings would be established after observing the
actual initial rate of pressure decay.
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HYDRA AND COBRA-SFS TEMPERATURE CALCULATIONS
FOR CASTOR-1C, REA-2023, CASTOR-V/21, AND TN-24P CASKS

C. L. Wheeler, R. A. McCann, N. J. Lombardo,
D. R. Rector, and T. E. Michener

Pacific Northwest Laboratory
Richland, Washington 99352 U.S.A.

ABSTRACT

The COBRA-SFS and HYDRA thermal analysis computer codes were used
to perform "pretest" or "prelook" calculations on the CASTOR-1C, REA-2023,
CASTOR-V/21 and TN-24P spent fuel storage casks. HYDRA results were
compared to 2\ different test runs, while COBRA-SFS results were compared
to 25 runs. These comparisons included tests with three different fill
media, vacuum (low-pressure nitrogen), helium, and nitrogen, in both
horizontal and vertical casks. The mean difference in peak clad
temperature for of all comparisons was +10°C for HYDRA and +3°C for
COBRA-SFS. Their respective standard deviations were *10°C and ±11°C.
These comparisons have demonstrated that even with the limited amount
of experience in modeling the thermal characteristics of casks, both
codes do an excellent job of predicting peak clad temperatures for a
wide variety of cask configurations.
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INTRODUCTION

As part of the procedure to implement spent fuel dry storage systems,
the PNL heat transfer codes, COBRA-SFS and HYDRA, were chosen to support
the heat transfer testing and demonstration activities associated with
the implementation of the Nuclear Waste Policy Act (NWPA) of 1982. The
general purpose of this activity is to use these codes to aid 1n the
design of the cask performance tests and to then evaluate the code's
predictive ability by comparing pretest calculations to the measured
test data. This paper summarizes the status of the evaluation process
by presenting selected comparisons of pretest or preiook temperature
calculations with their respective measured temperatures.

Comparisons for both HYDRA and COBRA-SFS are presented for the REA-
2023 and the CAST0R-1C casks with BWR fuel. The CASTOR-V/21 cask with
PWR fuel was analyzed using HYDRA. The TN-24P cask with PWR fuel was
analyzed using COBRA-SFS. The evaluation included three fill ga?es,
nitrogen, helium, and vacuum (low-pressure nitrogen), with casks in
vertical and horizontal orientations.

CODE DESCRIPTION

Both COBRA-SFS and HYDRA use a finite-difference formulation to
solve the mass, momentum, and energy conservation equations to determine
pressure, temperature, and velocity fields in a storage cask. Both
codes also consider fluid-fluid conduction, solid-solid conduction,
surface-to-surface radiation, and convection when solving the energy
equations. The difference between the codes is in the problem
nodalization and in the approach used to solve the conservation equations.

HYDRA is a fully three-dimensional hydrothermal computer program
which solves the time-dependent conservation equations for compressible
fluids. It uses a Cartesian coordinate system for the computational
mesh in the interior of casks and a cylindrical coordinate system when
calculating the temperature field iii the solid exterior cask body.
Since the formulation 1s fully three dimensional, the solution of
buoyancy-driven flows for horizontal casks is easily accomplished simply
by switching the direction of the gravity vector.

COBRA-SFS uses the steady-state, subchannel formulation that has
been well established in U s predecessors, COBRA-IIIC,u; COBRA-IV-I,
and COBRA-WC* ' In the subchannel approach, the problem 1s divided
Into a number of flow channels that are Interconnected by means of thermal
conduction and diversion crossflow. This gives the user a large degree
of freedom 1n nodalization and allows for easily modeling of very complex
geometries. However, gravity is allowed to function only in the axial
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direction; therefore the modeling of horizontal casks is approximated
by assuming that the fluid velocity is zero everywhere within the cask.

CASTOR-1C CASK ANALYSIS

The CASTOR-1C cask, described in References 4 and 5, is designed to
store 16 BWR spent fuel assemblies of either the 7x7 or 8x8 design. It
has a nodular cast iron body with an overall length of 5.5 m, a maximum
O.D. of 1.7 m, and a cavity width of 6.7 m. In the CASTOR-1C
demonstration test, the cask, shown in Figure 1, contained eight 8x8
and eight 7x7 assemblies. The parameters used in the analysis common
to both codes are given in Table I.

n nnifsn n n

7x7 ASSEMBLIES 8x8 ASSEMBLIES

HELIUM BACKFILL INSTRUMENTED ASSEMBLIES

Figure 1. CASTOR-IC Cask Cross Section
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TABLE I

CAST0R-1C Cask Analysis Assumptions

® helium cover gas

« emissivities

- rods 0.8
- basket 0.4
- inner wall 0.25
- fins 0.93

• ambient temperature: 27°C (80°F)

« vertical orientation

« decay heat rate/assembly (three separate runs)

-0.84 kW
-0.45 kW
-0.37 kW

The COBRA-SFS model used a 1/2-symmetry model of the cask in which
each axial plane contained 548 fluid channels, 170 wall nodes, and 452
rod nodes (7 per rod). The model used 18 axial levels to define the cask.

The HYDRA model also used a 1/2-symmetry model in which each axial
plane contained 656 interior cells and 531 cask body cells. The model
incorporated 32 axial levels. The maximum calculated clad temperature
of the "prelook"^ ' calculations are compared to the measured maximum
temperatures in Figure 2 for HYDRA and Figure 3 for COBRA for each of
the three decay heat level tests. The bar graphs shown in these figures
represent the difference in temperature between the maximum measured or
calculated temperature (top of bar) and the ambient (bottom of bar).
Both codes show the same general trend in that the calculated and measured
maximum temperatures are with 10°C of each other.

The axial temperature distribution calculated by each code for the
0.84 kW/assembly run is compared to the measured temperature distribution
in Figures 4 and 5. These figures indicate that for the prelook

(a)The original calculations are labeled "prelook" because the
calculations were made after the tests were run, but before the analyst
had access to the test results.
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Figure 2. Measured and HYDRA-Predicted Prelook Peak Clad Temperature
in the CAS10R-1C Cask
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Figure 3. Measured and COBRA-SFS-Predicted PreLook Peak Clad
Temperature in the CAST0R-1C Cask
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calculations, the maximum temperatures occur at approximately the same
location, and both codes overpredict the measured temperature 1n the
lower half of the cask and tend toward underprediction in the top half.
It is believed that the difference in the shape between the measured
and predicted distribution results from the use of an erroneous axial
decay heat profile for the prelook calculations. The initial axial
decay heat curve (burnup curve) provided for the Wurgassen spent fuel
is shown in Figure 6. The curve peaked 1n the lower half of the
assemblies and, as a result of the prelook heat transfer analyses, 1t
was decided that the initial axial decay heat profile might not represent
that from the fuel assemblies used in the CASTOR-1C cask performance
test. This conclusion resulted from the observation that the Wurgassen
reactor went through a 100-day coastdown. This created a higher liquid
fraction in the upper region of the reactor core which resulted in higher
burnup in the upper regions of the fuel assemblies. The given initial
axial decay heat curve did not indicate the effects of the long coastdown.

To provide a best-estimate axial decay heat profile for the thermal
analyses, data from in-reactor gamma activity measurements were made
AD?riMolB)f°r t ! ) e f 1 n aI 3 months of cy c l e 5- These data were used in
ORIGEN2V to obtain the average axial burnup values for 14 axial assembly
regions at the end of cycle 5.

As shown in Figure 6, this final axial profile peaks near the core
horizontal midplane. The use of this profile in the thermal calculations
shows excellent agreement between the calculated and measured axial
temperature distributions as demonstrated by the curve labeled oost-
test in Figures 4 and 5.

O 05 10 IS
Normaliied Decay Healing Rale

Figure 6. CASTOR-1C Pre- and Post-test Decay Heat Profiles
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REA 2023 BWR CASK ANALYSIS

The REA 2023 spent fuel storage cask described in References 7 and
8 consists of a double containment design with sill cone rubber 0-rings
for sealing the primary lid of the inner cavity and a welded final closure
on the secondary cover. As shown in Figure 7, the cask has a smooth,
painted, stainless steel outer skin; a lead/stainless steel gamma shield;
and a water/glycol neutron shield. The fuel basket is constructed of
stainless steel clad Boral for criticality control, copper plates to
conduct heat to the cask wall, and stainless steel for structural
strength. The loaded cask is approximately 5 m long and 2.25 m in
diameter, and weighs approximately 100 tons loaded with unconsolidated
spent fuel. The basket is configured to hold 52 BWR spent fuel
assemblies.

The parameters used in modeling this cask which are common to both
codes are summarized in Table II.

The COBRA model was a l/8th section of symmetry of the cask. It
consisted of 24 axial nodes, each of which contained 20 nodes in the cask

Stainless
Steel

Basket v -

7x7 kW BWR
Assemblies

• • • • • • • I • • •
• • • • • • • M l * • •

Figure 7. REA-2023 BWR Cask Cross Section
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TABLE II

REA Cask Analysis Assumptions

cover gas

- helium/nitrogen/vacuum (nitrogen properties)

orientation

- vertical/horizontal

emissivities

- fuel rods>
- fuel tubes
- stainless steel
- copper
- lead
- cask outer surface
unpainted
painted

0.8
0.2
0.2
0.5
0.6

0.3
0.78

(measured)

(measured)

ambient temperature

- as measured

decay heat rate

0.265 - 0.390 kW/assembly

body, 2915 rod nodes (7 nodes per rod), 84 basket nodes, and 275 fluid
nodes. The HYDRA model utilized 143 Cartesian nodes in the cask cavity
and 126 polar nodes in the cask body to model a quarter-section of
symmetry. The axial discretization consisted of 23 nodes. In making
the "prelook" calculation for the cask, the analyst had no information
about the results of a given test run, but were given the measured ambient
temperature that the cask experienced during the run. Also, calculations
for all runs were completed before measured data were supplied for any
of the tests runs.

As shown in Figures 8 and 9, both codes did an excellent job of
predicting the measured peak clad temperature for the 16 test runs which
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Figure 8. Measured and HYDRA-Predicted Prelook Peak Clad Temperature
in the REA-2023 Cask
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Figure 9. Measured and COBRA-SFS-Predicted Prelook Peak Clad Temperature
in the CAST0R-1C Cask
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covered two loadings, two orientations, three backfill medias, and, as
indicated by the bottom of the bars, a wide range of ambient temperatures.
The largest error in prediction for both HYDRA and COBRA-SFS occurred
in run #3, which is a horizontal partial load run with nitrogen backfill.
Both codes overpredicted the measured peak temperature by approximately
35 C. This overprediction is a result of not including the effect of
increased contact between components due to shifting of the basket and
assemblies in the horizontal position. This effect is also observed to
a lesser degree in run #9, which is a full load horizontal run in
nitrogen. Also, as demonstrated in Figures 10 and 11, both codes also
predicted the shape of the axial temperature distribution for the three
different fill media. A complete description of the noding and pre-
and post-test results from both codes for this cask is given in
Reference 9.
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Full Load
Run Backfill COBRA-SFS Data

£fi

Fuel
Tube

Fuel
Assembly

Active
Region

Cask Q,
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-50 0 50 100 150 200 250
Temperature (°C)

Figure 10. Measured and HYDRA-Predicted Prelook Axial Temperature
Distributions in the REA-2023 Cask
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Figure 11. Measured and COBRA-SFS-Predicted Prelook Axial Temperature
Distributions in the REA-2023 Cask

CASTOR-V/21 CASK ANALYSIS

The CASTOR-V/21 PWR spent fuel storage cask, as documented in
References 10 and 11, consists of a nodular cast iron body having
dimensions of 4.9 no in length and 2.4 m in diameter, as shown in
Figure 12. It is designed to hold 21 PWR assemblies. The test was run
using Surry spent fuel of the standard Westinghouse 15x15 rod design.
The parameters describing the calculation are given in Table III.

HYDRA was used to make the prelook calculations for this cask. The
cask model used 31 axial planes, each of which contained 1193 nodes to
describe the cask interior and 516 nodes in the cask body.

The calculated "prelook" maximum temperatures for all six test runs
are compared to the measured maximums in Figure 13. As shown in this
figure, the largest discrepancies between predicted and measured maximum
temperature occur for the vertical vacuum and horizontal nitrogen runs
where the code overpredicts the data by 48°C and 42°C respectively.
This discrepancy is caused by assuming that there is a 1.5 mm gap between
the basket assembly and the Inner cask wall. In the actual test, thermal
expansion
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Drain Pipe
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1.8 kW

270°

Fuel Basket
Cask Body

Moderate
Rods

180°

Figure 12. CASTOR-V/21 Cask Cross Section

caused the gap to close, significantly reducing the thermal resistance
between the basket and the cask body.

The axial profiles given in Figure 14 for the vertical orientation
and Figure 15 for the horizontal orientation show excellent agreement
in the shape of the measured and predicted temperature profiles; however,
they also show the effect of the assumed 1.5-mm gap on the magnitude of
the predicted peak temperature. Reduction of the 1.5 mm gap to 0.01 mm
in the post-test analysis reduced the difference between measured and
predicted maximum temperature to less than 5°C for all five runs.
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TABLE III

CASTOR-V/21 Cask Analysis Assumption

• cover gas

- helium/nitrogen/vacuum

• orientation

- vertical/horizontal

• emissivities

- fuel cladding
- fuel basket
- cast iron (nickel plated)
- cast iron (smooth)
- cast iron (painted fins)
- stainless steel

• decay heat rate/assembly

- 13 at 1 kW
- 8 at 1.8 kW

0.8
0.4
0.85
0.3
0.92
0.2

o 500

Vertical
Helium

Vertical
Nitrogen

Vertical
Vacuum

(Nitrogen)

Horizontal
Helium

Horizontal
Nitrogen

Figure 13. Measured and HYDRA-Predicted Prelook Peak Clad Temperature
1n the CASTOR-V/21 Cask
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Figure 14. Measured and HYDRA-Predicted Prelook Axial Temperature
Distributions for the CASTOR-V/21 Cask in the Vertical
Orientation

500

4001

300 k

200 H

1001

Horizontal, 28kW
Canter Assembly
D Helium

• Nitrogen

HYDRA

HE

400 500

Figure 15. Measured and HYDttA-Predicted Prelook Axial Temperature
Distributions for the CASTOR-V/21 Cask in the Horizontal
Orientation
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TN-24P ANALYSIS

The TN-?4P cask has a forged steel body surrounded by a resin layer
which 1s enclosed in a smooth steel outer shell. The cask is similar
to that described 1n Reference 12 and is approximately 4.9 m long, 2.3
m in diameter, and weighs 100 tons. The cask, shown in Figure 16,
contains 24 intact PWR fuel assemblies of the standard Westinghouse
15x15 design. The basket is made up of 0.4-in.-thick by 6.3-in.-high
anodized aluminum interlocking plates which are stacked one on top of
the other for the full length of the cask.

The assumptions used for the pretest test analysis are listed in
Table IV.

The TN-24P analysis was performed with the COBRA-SFS code. The cask
was modeled using a half section of symmetry with discretization of 18
axial nodes, each containing 51 structural nodes, 950 rod nodes (2 nodes
per rod), and 386 fluid nodes. As shown in Figure 17, the model predicted
the measured maximum temperature for all six runs with a maximum
difference of 19°C.

The axial temperature profiles for the hottest measurement locations
are given in Figures 18, 19, and 20 for the three fill medias of vacuum,
helium, and nitrogen, respectively. The calculated profiles tend to be
flatter in the center regions than the measured. This resulted from
modeling assumptions that neglected axial conduction in the basket. This

sumption was made because the basket is stacked plate approximately 6
-:!. in height, and it was possible that misalignment or uneven surfaces
could seriously degrade the axial heat transfer at the interfaces of
the basket plates. Without prior information on the basket performance
it was thought better to neglect axial heat transfer in the baskets when
making the pretest calculation.

These curves also demonstrate that the code properly predicted the
effect of cask orientation. The predictions and measurements show that
the cask operates at a lower peak clad temperature when in the horizontal
position. This results from the shifting of the basket and fuel within
the cask and fuel tubes, respectively,
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Figure 16. TN-24P Cask Cross Section

TABLE IV

TN-?4P Cask Analysis Pretest Assumptions

• cover gas

- helium/nitrogen/vacuum

• orientation

- vertical/horizontal

• emissivities

- fuel cladding
- fuel basket
- coated surface inside cask
- painted surfaces outside cask

• decay heat rate

0.8 - 0.9 kW/assembly

0.8
0.8
0.9
0.88
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Figure 19. Measured and COBRA-SFS-Predicted (Pretest) Axial Temperature
Distributions in the TN-24P Cask with Helium Backfill
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The largest disagreement between the calculated and measured
temperature occurs in the bottom half of the vertical nitrogen run.
This difference resulted from a misunderstanding by the analyst as to how
cask and rail car are connected. In the pretest COBRA-SFS model there
is a large resistance between the bottom of the cask and the ambient,
when in reality the rail car acts as a large fin which efficiently
transfers energy from the bottom of the cask. The effect of basket axial
conduction and improved heat transfer from the bottom of the cask is
being studied during the post-test portion of this task.

CONCLUSIONS

The models and procedures used by HYDRA and COBRA-SFS have been
evaluated by making "prelook" or "pretest" calculations against four
different cask/basket designs for three different fill media in both
vertical and horizontal orientations. These calculations were made
without prior knowledge of the as-built cask thermal performance, so
that there was very little experimental information on thermal resistance
between the cask components. Despite this lack of experimentally derived
input, both codes have demonstrated excellent predictive performance.
The overall mean difference on predicted peak clad temperature for HYDRA
after 24 data comparisons was +10°C with a standard deviation of *10°C.
The mean difference for COBRA-SFS for 25 comparisons is +3°C, with a
standard deviation of *11°C. As more information on each cask's
characteristics is developed, this relatively small error should decrease
even further.
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QUESTIONS/ANSWERS

Questioner: Aran Brown
Organization/Country: Central Electricity Generating Board/UK

Question: The COBRA and HYDRA codes use a figure of 0.8 for fuel rod
emissivity. Has any sensitivity analysis been done to determine how variations
in emissivity might affect temperatures?

Answer: A mini-study on the REA cask showed that a change in rod emissivity
from 0.8 to 0.6 results in a <15°C temperature change.

Questioner: B.A. Chin
Organization/Country: Auburn University/USA

Question: You have shown results comparing four different cask designs and
measured profiles, showing in all cases excellent correlation. What do you
anticipate the accuracy of your codes to be in predicting temperatures in a
new (unanalyzed) cask design? If you had to choose only one code, which would
you recommend—HYDRA or COBRA?

Answer: The TN-24P cask was essentially a new cask. The calculations were
pretest and no previous analysis had been done on the cask. Therefore I believe
that our predictions can be within 25°C, if we have a good definition of the
as-buiit geometry. I personally would use COBRA-SFS because I am more familiar
with it.

Questioner: R.F. Williams
Organization/Country: Electric Power Research Institute/USA

Question: When will the COBRA-SFS and HYDRA thermal analysis computer codes
be released and available for use by utilities and cask manufacturers?

Answer: The goal is to release COBRA-SFS by the end of fiscal year 1986
(September) and HYDRA by mid-1987 (April).
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DRY STORAGE SYSTEMS USING CASKS

FOR LONG TERM STORAGE

IN AN AFR AND REPOSITORY
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Deutsche Gesellschaft fur Wiederaufarbeitung

von Kernbrennstoffen mbH (DWK),

Hannover, W. Germany

STATUS OF TRANSPORT/STORAGE CASKS IN FRG

Interim Storage of spent fuel is an important and necessary step in closing

the back end of the nuclear fuel cycle in the FRG.

Dry Cask Storage has been selected as the basis for AFR-facilities in the FRG.

The AFR facility at Gorleben has been constructed and licenced, the others, at

Ahaus and Wackersdorf (entrance storage for a reprocessing plant) are under

construction.

Based on experience with multiple transport casks several types of transport

/storage casks have been developed and manufactured.

2 competent suppliers, GNS and TN, are selling these casks.

DWK as owner/operator of storage facilities has tested several casks and

conducted the licensing procedure

The results on dry storage demonstrations of casks and the spent fuel

behaviour - reported in this meeting - confirm the maturity of this

technology, so that further cask development will concentrate on optimization,

which is a task of cask suppliers so that DWK test programms will phase out.

DEVELOPMENT OF FINAL DISPOSAL CASKS AND EVALUATION OF THE DIRECT DISPOSAL OF

SPENT FUEL IN FRG

Spent fuel disposal without reprocessing has been under investigation in the

FRG since 1979. These investigations were conducted to a large extent in the
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project PAE "Project for Alternative Disposal Techniques" - an R&D-programme

of the German Ministery of Research and Technology (BMFT) - and had been

coordinated by the Karlsruhe Research Centre (1).

Within this programme NUKEM/DWK had the task to develop the concept of a

production scale Conditioning Plant and to design Final Disposal Casks for

spent fuel.

Within the framework of this R&D-programme a safety related comparison of the

two waste management options with and without reprocessing has been performed,

the results of which show that direct disposal of spent fuel has no

significant advantage in comparison to reprocessing. The evaluation formed the

basis for a decision of the Federal Government in January 1985 in regard to

future development of Direct Disposal. It was stated that spent fuel disposal

without reprocessing should be developed to technical maturity for those fuel

elements for which reprocessing is neither technically feasible or

economically justifiable.

In February 1985 DWK, a company jointly owned by all German Utilities

operating nuclear power reactors, decided in accordance with the evaluation of

the Federal government and the rules of the German Atomic Law to build a

commercial reprocessing plant at Wackersdorf/Bavaria with an annual maximum

throughput of 500 Mg spent fuel. In the meantime, the first construction

permit has been granted and site preparatory work has started.

CASK DEVELOPMENT WITHIN THE PROJECT PAE (1980-1984)

On the basis of the design criteria listed in table 1 the final disposal cask

development has been carried out.
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T A B L E 1

CASK DESIGN CRITERIA WITHIN THE PROJECT PAE (198Q-1984)

Nuclear Data

° Reference fuel assembly

° Burn up

° Decay time before

conditioning and final disposal

Biblis Type

PVR 16 x 16

40 GWD/TU

10 years

Specific Repository Data

° Host rock for final storage

° Reference disposal

configuration

° Cask lifetime in final storage

salt

in horizontal

galleries

500 years

Mechanical Data
0 Transport weight (3 PWR-FA)

° Pressure in rock

55 tons

300 bars

Radiation Shielding

° Upper dose rate at 1 m distance 0,1 MSV/h

Transport

° Not type B(U), transport in structural overpack

As a result of the development work a multilayer construction with independer

technical barriers has been selected. The basic design for final disposal

casks is outlined in figure 1 and table 2 (2).
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T A B L E 2

SELECTED MULTISHELL STRUCTURE CASK WITHIM THE PROJECT PAE

° Dry storage canister

° Final Disposal cask made of steel with an anticorrosive coating

consisting of

* Hastelloy C4* cladding

* Hastelloy C4 resurfacing by welding

* Hastelloy C4 resurfacing by welding and glass ceramic

° Final disposal cask made by composite casting with

electrochemical protection

° Radiation protection by shielding overpack (lost shielding)

*Hastelloy C4 is a trademark of Union Carbide Corp., New York, NY.

THE POLLUX CASK SYSTEM (DWK-PROJECT)

In following the objective of developing the Direct Disposal Technology for

spent fuel not suitable for reprocessing eg fuel with recycled fissile

material (WAU), DWK is carrying out the conceptual design for a pilot plant

suitable for conditioning and encapsulating of all types of spent fuel. Though

the plant design is flexible to accommodate different cask types a reference

case for a final disposal cask system had to be established. This is the

POLLUX Cask System which is based on the PAE cask development by NUKEM/DWK and

was continued by DWK on their own. This Pollux Cask System offers in addition

to the repository application a long term storage capability for spent fuel in

AFR and AR.

Taking into account the transport criteria for final disposal casks in a

repository - where licencing procedures envisage final disposal cask system

which can meet type B(U) criteria - and the interim storage requirements, the

objectives for the disposal techniques were derived as listed in table 3.
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T A B L E 3

OBJECTIVES OP DISPOSAL TECHNIQUES

PAE DWK

° Spent fuel

° Cask-concept

PWR

direct disposal

only

(one way)

PWR, BWR, HTR

direct disposal

optionally

* long term storage

* transport (repository)

* reprocessing or final

after storage

cask inventory unconsolidated

fuel assemblies

consolidated

fuel assemblies

transport transport cask in

addition

Type B(U) criteria

The Pollux system allows the selection of the Pollux Cask concept as shown in

figure 2.

The POLLUX-Cask-System is defined by

the waste form

- the final disposal cask closed by a screwed primary lid and a welded

secondary lid

- the anticorrosive coating to assure final disposal in a geological

repository

- the overpack to assure shielding, handling and transport.

The design of the resulting POLLUX package depends on:

- specification and structure of the waste form

loading techniques

required net volume
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- concept of final disposal

(availability and formation of geological repository, final disposal in

galleries or boreholes)

- option of reopening after long term storage.

These criteria and the safety guidelines lead to a specific design and

construction of the POLLUX final disposal package.

The POLLUX containment concept shown in figure 3 and 4 is built up by multiple

barriers with regard to specific design criteria.

The Final Disposal Cask assures

- gas tightness by means of a screwed primary lid and a welded

secondary lid

- protection against mechanical loads and impacts.

The dominant mechnical load is given by the pressure in the geological

repository

- protection against corrosion during final storage in the geological

repository. The protection against corrosion can be realized with

Haste Hoy C4 resurfacing by welding

The shielding Overpack assures

- shielding of gamma- and neutron-radiation under transport, storage and

corresponding accidental conditions

- mechanical protection under operational and Type B(U) test conditions, and

shock absorber function for the inner final disposal cask

(no gas tightness function necessary because this is already guaranteed by

the steel containment of the final disposal cask)

Material Concept

The containment concept is based on specific materials for the steel

containment (finals disposal cask) and the shielding overpack.
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Essential parameters for the Final Disposal Cask are

sufficient ductility of steel containment (for instance steel grade 15 Pin

Ni 6.3 or CG2) during all operational conditions within a wide temperature

range

low level stresses during normal operation and in final storage

conservative limitation of mechanical loads under Type B(U) criteria

minimization of peak stresses

application of conventional fabrication technologies especially concerning

welding techniques

Essential parameters for the Shielding Overpack are

- radiation shielding

- safe handling in plant and final storage

integral shock absorber function under Type B(U) test conditions

The POLLUX loading and closing procedure is characterized by the following

steps as shown in figure 5

- transport of empty POLLUX into Hot Cell

- loading waste form into POLLUX

- closing final disposal cask by srewing in primary lid inside Hot Cell

- transport of POLLUX out of Hot Cell to Welding Gantry with Shielding

Overpack, closed by a temporary shielding lid

- closing steel containment of Final Disposal Cask by welding

secondary lid in direct operation mode, using welding gantry

- closing anticorrosive coating in direct operation mode, using welding gantry

- closing Shielding Overpack by screwing in shielding lid

As an example the resulting POLLUX System Design for consolidated PWR fuel

assemblies and storage in galleries of a repository is shown in figure 6.

The total weight amounts to 64 Mg for fuel with a 3 year decay time and a

radiation dose level of 20 mrera/h at the surface.
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The fuel rods are enclosed in canisters forming a hollow cylinder, so that

temperature peaks in the centre are avoided. This space is used to accommodate

the compacted skeletons of the fuel assemblies.

Examples of the hardware work, which has been carried out, are shown in the

following figures:

fig. 7 Coating of final disposal cask with Hastelloy C4 resurfacing by

welding performed in the Pfaudler Workshops at Schwetzingen FRG.

fig. 8 Closing of final disposal cask by welding of secondary lid

fig. 9 Structure of welded secondary lid.

The destructive examinations show, that the materials properties

of the welding correspond to the base material values.

Conclusion

In conclusion it can be stated that two basic routes with respect to spent

fuel storage casks are feasible.

One is the Multiple Transport Cask, which with certain modifications can be

upgraded to meet the criteria for intermediate storage. Its status is

characterized by the licensing of several types of Castor Casks for an

intermediate storage period of 40 years in the APR Storage Facility of DWK at

Gorleben in the FRG.

The other one is the Final Disposal (Repository) Cask, which can be made

suitable for long term storage before a final decision with respect to a

repository application is taken. The licencing procedure for a Pilot

Conditioning Facility with the Pollux Cask System as reference case will be

initiated by DWK in the near future.

Under the assumption that in addition to the present Multiple

Transport/Storage Casks a licence for a Final Disposal Cask with respect to

long term storage is available, the relative merits of different cask storage

systems would have to be evaluated.
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The Final Disposal Casks Pollux show a potential advantage for long terra

surface storage. Important perameters in an evaluation are

- costs of casks and writing off period

- number and costs of transports

- costs of storages

- final storage concept

- specific situation in a country with respect to licencing, atomic law, back

and fuel cycle strategy etc.

The repository cask is not the only system combining long term storage and

repository functions. Concepts, eg the universal canister concept, described

by different organizations in the USA, are an interesting example of other

spent fuel storage options. Only an evaluation taking into account the

specific situation which will naturally differ between countries can provide

an answer to the relative merits of different spent fuel storage strategies

and applied cask storage systems. For such a decision a broad technological

basis provides the necessary means in regard to optimization of fuel storage

strategies.
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QUESTIONS/ANSWERS

Questioner: J.M. Markowitz
Organization/Country: Westinghouse Electric Co/USA

Question; Have you had any experimental experience with the welding process
described for the corrosion-resistant intermediate cask, and have you considered
the possible need for stress-relief of the finished weld?

Answer; Prototype casks with a coating of Hastelloy C4 have been manufactured
using the resurfacing welding process. Plasma hot wire welding has been used.
Closing of the steel containment of the final disposal cask by welding the
secondary lid has been demonstrated and fully qualified. The need for stress
relief can be met by the use of appropriate materials.
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SAFETY-RELATED ASPECTS OF INTERIM DRY SPENT
FUEL STORAGE IN THE SCOPE OF ATOMIC

LICENSING PROCEDURES

A. Mtiller
Technischer Oberwachungs-Verein (TOV) Hannover e.V.

Hannover, Federal Republic of Germany (F.R.G.)

ABSTRACT

Within the scope of licensing procedures for dry spent

fuel storage facilities in the F.R.G., safety analyses were

performed. Based on the knowledge gained from these analy-

ses, the general safety requirements on dry spent fuel

storage as well as some proofs to meet these requirements

will be reported. It can be summarized that the dry

storage concept discussed in this paper is qualified for the

safe storage of spent fuel.
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INTRODUCTION

An interim dry spent fuel storage concept has been under

development in the FRG for about 10 years, and atomic

licensing procedures are now in the advanced stages. The

first dry spent fuel storage facility at the Gorleben

site/ with a capacitiy of 1,500 tons of fuel, is ready

for service, and a storage licence has been granted by the

Physikalisch-Technische Bundesanstalt (PTB) as the

competent authority. A second storage facility of the

same kind is going to be constructed at nearby Ahaus. In

both licensing procedures the TUV Hannover, an acknowledged

expert organization was active by order of PTB, accord-

ing to the German Atomic Law, to check the nuclear safety

aspects of dry spent fuel storage and to give a safety

evaluation on the concept, the construction and the

operation of the projected storage facilities.

The general safety requirements on dry spent fuel stor-

age are: to exclude criticality events, to ensure decay

heat removal, to shield the nuclear radiation of the

spent fuel and to guarantee the safe enclosure of the

radioactive materials. The first point will not be dis-

cussed here; in general the criticality safety aspects

are the same as for fuel element transportation from

nuclear power plants. The other safety requirements

include special and novel aspects due to the dry storage

concept, and therefore, they were of particular

interest in the licensing procedures.
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PRY SPENT FUEL STORAGE CONCEPT

In the following,the dry storage concept is described,

as was developed and applied for by the Deutsche Gesell-

schaft fiir Wiederaufarbeitung von Kernbrennstoffen nbH

(DWK) and was realized in the Gorleben fuel element stor-

age facility.

The spent fuel elements are loaded in fuel element casks

(e.g. type CASTOR) qualified for long-term storage after

a cooling period of about one year or more in the nuclear

power plant. Table I shows typical fuel element data

specified for the Gorleben facility to the present.

TABLE I

Specified Fuel Element Data

PWR

BWR

U 235-
Enrichment

3.2 %

2.8 %

Fuel Element
Burn-up

35r000 MWd/t

33,000 MWd/t

Minimum
Cooling Time

0.8 a

1.0 a

The fuel element casks consist of a ferritic nodular

cast-iron body (wall thickness of about 40 cm) with

cooling fins at the outer surface. They are equipped

with a double lid and sealing system (two-barrier-

principle) to ensure long-term tightness. After loading,

drying and filling with an inert gas,the casks are

transported to the external dry storage facility.
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Before the fuel element casks are stored in the storage

facility, some contamination and radiation dose rate

measurements are performed, the lid and sealing system

is equipped with a tightness-control system and tested

for leaktightness. The casks are then transported by

crane to their storage positions. The assigned storage

time is up to 40 years.

The storage building is constructed as a large hall of rein-

forced concrete (length/width/height about 200 m/38 m/

20 m ) . The storage capacity is specified to 1,500 tons

of fuel corresponding to 420 cask storage positions. The

safety-related functions of the storage building are the

cooling of the fuel element casks by natural air convec-

tion and the radiation shielding to a reasonably achiev-

able dose level in the environment. It should be pointed

out, that the building itself is not designed as a bar-

rier against escape of radioactive materials, because

these safety requirements should exclusively be guaran-

teed by the cask properties.

SPECIAL SAFETY-RELATED ASPECTS

Decay Heat Removal

As for dry spent fuel storage the decay heat is removed

from the fuel elements to the cask and from the cask

to the environment by different heat transfer

mechanisms (radiation, conduction, convection). The

use of natural air convection in the storage building

for cooling the fuel element casks is an important in-
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herent safety feature. Requirements on the heat removal

result essentially from the fact that a temperature-

induced systematic failure of fuel rod claddings should

be avoided. Based on knowledge about the creep rate

of Zircaloy claddings,a maximum allowable cladding tem-

perature of about 400 *C was derived.

The aim was to predetermine the maximum cladding tempe-

rature for the range of fuel elements to be stored.

Therefore, the thermal behavior of the cask prototypes

was investigated by the applicants in different heating

experiments by using electrically heated dummies as well

as real spent fuel elements. Computational proofs were

developed and verified on the measured fuel rod and cask

temperature distributions.

50-

Figure 1; Radial Temperature Profile in a CASTOR Ic
Cask at a Total Decay Power of 16 kW
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Pig. 1 shows a typical radial temperature profile at the
mid-plane of the cask type CASTOR Ic, which was loaded
with 16 BWR spent fuel elements with a mean decay power
of about 1.0 kW, each. The maximum fuel rod
temperature is mainly dependent on the gap between the
inner cask surface and the outer row of fuel rods and on
the fuel rod arrangement in the cask. With respect to
calculational proofs of the cladding temperature, special
attention must be paid to these effects.

J
250

150

/

/
/

/V
//

AJ-10*

S2t=57.

10 20 30 50kW 60

Figure 2: Maximum Cladding Temperature in a TN 1300
Cask (12 PWR Elements) as a Function of
Decay Power
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In Pig. 2 the maximum cladding temperature is shown as a

function of decay power. In this example, measurements

were performed by the applicants using a TN 1300 cask with

an electrically heated PWR fuel element dummy (16 x 16

rod matrix) of original size. It should be noted that

the axial power distribution of real spent fuel elements

was not simulated in this experiment. However, the local

power peaks influence the maximum fuel rod temperatures

significantly and, therefore, they must be taken into

account. The curve in Fig. 2 was calculated under con-

sideration of an axial power peaking factor of 1.12, a

typical value for PWR spent fuel elements. Details of

the calculational methods of heat transfer and of fur-

ther aspects to be considered (e.g. radiation emission

coefficients) are reported in /I/. Finally, Fig. 2 was

confirmed by comparing with measured temperatures of

real spent fuel elements in the same cask.

In the same way as shown here,similar curves like Fig. 2

could also be obtained for other cask types. These

curves can be used, then, to assure under the scope of the

licensing procedure, that the maximum allowable fuel rod

temperatures would not be exceeded under the assigned

conditions.

Gamma and Neutron Radiation Shielding

In the first place, the massive fuel element cask of

ferritic nodular cast iron with embedded neutron shield-

ing material is an effective radiation shield augmented by

the storage building of reinforced concrete.
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Radiation protection requirements must be observed with

respect to the workers in the facility and to

the general public. This results in limitations of the

cask surface dose rate and of local dose rates in the

environment.

The gamma and neutron radiation dose rates at the cask

surface were both specified in the safety reports

to about 0.1 mSv/h. The shielding efficiency of the

fuel element casks was verified by shielding calcula-

tions and by measurements performed at some loaded test

casks. The assigned cask dose limitations could be con-

firmed as mean values on the cask surface of the proved

casks. It should be noted that these surface dose rate

limitations are stricter than the known limits in the

international transportation regulations.

The off-site radiation dose rate caused by the dry spent

fuel storage facilities is specified in the safety re-

ports to be in the order of 0.1 mSv/a. In our opinion/

this radiation dose level is sufficiently low with re-

spect to the German radiation protection regulation

including the ALARA principle.

Off-site dose rates had to be quantified by shielding

calculations, because operational know-how was not yet

available. For this purpose simplified models were

developed considering the different physical mechanisms

of transport and attenuation of gamma and neutron radi-

ation.
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concrete shielding (building)

iron shielding (f.e. cask)

point of
exposure

Figure 3; Schematic Shielding Principle of Dry Spent
Fuel Storage

The shielding principle and the different contributions

to the off-site dose rate are shown schematically in

Fig. 3.

The calculational models and procedures used in the

earlier stage of the safety analyses were described in

another paper elsewhere /2/. In these analyses, the

extended radiation sources on the surfaces of the stor-

age building were transformed into an equivalent lattice

of fictive gamma and neutron point sources, to simplify

the skyshine calculations. The question, whether this

transformation leads to correct results, was investi-

gated in complementary advanced shielding calculations

later. Therefore, the radiation transport code DOT 3.5

/3/ was used in combination with the (jf, H ) -cross-sec-

tion data CASK E /A/ to compute the skyshine effects. In
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a "bootstrap"-procedure, first the radiation energy and

angle distribution on the top of the building was deter-

mined. Secondly, the radiation energy and angle dis-

tribution was calculated in the air volume above the

building. Finally, the neutron and gamma flux distribu-

tion in the area around the building was computed, which

resulted from neutron and gamma scattering at air mole-

cules. The results of these skyshine dose rates are

shown in Fig. 4.

The dose rates are valid for the mid-line rectangular to

the length side of the storage building.

It must be emphasized that the earlier simplified sky-

shine calculations are in good agreement with the ad-

vanced and costly computations.
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Figure 4; Neutron and Gamma Skyshine Dose Rates as a
Function of Distance from the Storage
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Examples of results of the different radiation dose rate

contributions obtained for the Ahaus dry spent fuel storage

facility are listed in Table II. The dose

rates are valid for the point of maximum exposure at the

plant boundary in a distance of about 40 m from the

storage building.

TABLE II

Maximum Off-site Local Dose Rates, Calculated for
the Ahaus Dry Spent Fuel Storage Facility, in mSv/a

Dose Rate Contributions

Gammas Neutrons

Direct Radiation

Skyshine

Sum

0.059

0.015

0.074

0.008

0.075

0.083

The total local dose rate in the range of 0.1 mSv/a is

about one order of magnitude below the limit of the Ger-

man radiation protection regulation. According to this

it can be concluded that the radiation protection

requirements including the ALARA principle are met suf-

ficiently by the shielding concept of dry spsnt

fuel storage.

Safe Enclosure of the Radioactive Materials

As pointed out above, the fuel element casks for dry

storage must guarantee the safe enclosure of the radio-

active materials under normal operation and accident



conditions. High requirements result in quality and

leaktightness of the dry storage casks* which are

sealed by an effective double lid and sealing

system, including aging resistant metallic gaskets.

In the scope of the licensing procedure, the cask design

with the specified leakrates L ̂  10 abar x 1 x s

per barrier had to be verified in order to assure, that

activity release would be prevented in normal operation

and would be restricted sufficiently under accident con-

ditions. Because of a lack of practical experience on

activity release from fuel elements and from the cask

under long-term dry storage conditions,conservative

theoretical models were applied to describe the release

mechanisms of gaseous and volatile fission products.

Fission product release from spent fuel elements can

only occur in the case of cladding failures. Although a

systematic cladding failure could be excluded by the

temperature limitation to about 400 'C, a fuel rod

defect rate due to unsystematic influences could not

satisfactorily be quantified. For this reason a very

pessimistic 100 % fuel rod defect rate was postulated as

the worst case in the safety analysis.

At first, the mobile activity inventory of the gaseous

and volatile radionuclides (H 3, Kr 85, I 129, Cs 134,

Cs 137) was calculated, which could be released into the

cask atmosphere. In the model used for the gaseous prod-

ucts, a spontaneous release out of the gap and plenum of

defective fuel rods is considered as well as a long-term

release due to fission gas diffusion. The diffusion

mechanism is calculated using analytical solutions of

the diffusion equation. As far as possible, experiences

and experimental results of fission product release from
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LWR fuel elements were evaluated to quantify the needed

model parameters. These evaluations yielded the follow-

ing results:

H 3 Release Model

- A spontaneous release is not taken into account, because

the amount of H 3 in the gap and plenum of fuel rods was

found to be negligible /5/.

- The time- and temperature-dependent diffusion from the

fuel into the cask atmosphere can be calculated; the

diffusion coefficient was derived from measurements

reported by Scargill /6/.

- The release of H 3 from Zircaloy was neglected because

of the very low H 3 mobility in, Zircaloy at the tempe-

rature to be considered here.

Kr 85 and I 129 Release Model

- A spontaneous release fraction of 10 % is taken as a

conservative value based on many fission gas inventory

measurements in the gap and plenum of fuel rods.

- Additionally the diffusion-dependent release from the

fuel to the cask atmosphere is calculated in the same

way as for H 3; the Kr and I diffusion coefficients

were based on various experimental data being evalu-

ated in /!/.

With respect to the Cesium (Cs) release behavior in our

opinion,the existing release data were not applicable to

fuel elements under dry storage conditions. Therefore,

the chemical and thermodynamic properties of Cs were

considered and the Cs release was described theoretical-

ly by a vapor pressure formula. This resulted in the

following:
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Cs release model

- The Cs present in the fuel was assumed to be a contin-

ual vapor pressure source in the cask. The vapor pres-

sure of elemental Cs was conservatively applied be-

cause of its higher vapor pressure compared to pos-

sible Cs compounds.

- The temperature-dependent Cs vapor pressures and con-

centrations were calculated as a function of the time-

dependent gas temperature in the cask.

- The Cs 134 and Cs 137 fractions are given by the re-

spective Cs isotope composition.

The results of the calculated mobile activity inventory

in the CASTOR Ic cask atmosphere are shown in Fig. 5,

for example.
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Figure 5; Mobile Activity Inventory in a CASTOR Ic Cask
Atmosphere as a Function of Storage Time
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In the meantime, measurements of the activity release

from defective PWR fuel rods in a CASTOR cask are avail-

able. The Kr 85 concentrations measured in the cask

atmosphere are in good agreement with the diffusion

model calculations. The measured Cs activity is con-

siderable, but difficult to interpret and to compare

with release models.

Starting from the mobile activity inventories shown in

Fig. 5, the radionuclide transport mechanism through the

cask sealing system was considered in cooperation with

the Bundesanstalt fur Materialprufung (BAM) being re-

sponsible to the aspects of cask properties. In the

range of leakrates L * 10~ mbar x 1 x s~ , the

rules of molecular diffusion are valid. By use of this

formalism, release rates of the specific radionuclides

through the sealing system were calculated. Finally, the

maximum theoretical radionuclide emission of a dry stor-

age facility completely filled with 420 fuel element

casks was derived from the maximum of the calculated

cask release rates, respectively. The results are listed

in Table III.

TABLE III

Theoretical Radionuclide Emission of a Dry
Spent Fuel Storage Facility

Nuclide

H 3
Kr 85
I 129
Cs 134
Cs 137

Maximum Annual Emission in Bq/a

4.1 E + 7
1.3 E + 7
6.7 E + 1
3.3 E + 1
8.5 E + 1
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This calculated emission is extremely low and would lead

to a radiation exposure of people in the environment

lower than 10 mSv/a, which is several orders of mag-

nitude below the limits of the German radiation protec-

tion regulation. With respect to the conservatisms in

the theoretical approach, one can conclude, that in prac-

tice, no activity release from the dry spent fuel storage

facility would result from normal operation.

A major activity release from the fuel element casks can

only occur in severe accidental events affecting the

tightness of the sealing system. An earthquake leading

to a destruction of the building and an aircraft crash

were postulated and investigated as worst case events in

the licensing procedure. Meanwhile, the stability

of the storage building with respect to the earthquake

stresses was proved, so that in seismic events the building

destruction affecting the cask integrity can be excluded.

Activity release rates were estimated conservatively

based on volumetric leak rates of the CASTOR cask type,

for example, which were derived from special penetration

tests to simulate an aircraft crash. It was shown

that even in this extreme, hypothetical accident scen-

ario, the activity release from the casks can sufficient-

ly be restricted. The resulting radiation exposure of

people in the environment would not exceed the legal

limits of the German radiation protection regulation.
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FURTHER REMARKS

In addition to the aspects presented above, further

points were of interest with respect to the safety-

related valuation of the dry spent fuel storage as, for

instance: cask handling, occupational radiation protec-

tion within the plant, radiation monitoring, repair

measures in case of a sealing failure. All these points

were also considered in the safety expertise for the

licensing procedure.

Furthermore, the valuation of the operation manual was a

considerable point of view. In this manual a lot of

operational measures such as specific handling, working or

testing instructions, cask acceptance conditions etc.

are laid down with respect to safe plant operation.

Finally, operating and acceptance tests were performed

for all installations, systems and equipment of the

Gorleben dry storage facility.

The described theoretical valuations, as well as the

practical experiences and tests, were a main basis

that the dry spent fuel storage facility constructed at

Gorleben is ready fou service and that a storage licence

was given by the authority.
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CANADIAN EXPERIENCE STORING IRRADIATED
CANDU FUEL IN CONCRETE CANISTERS
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Atomic Energy of Canada Limited
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Atomic Energy of Canada Limited
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ABSTRACT

The Whiteshell Nuclear Research Establishment (WNRE) initiated
dry storage of irradiated CANDU™ fuel in concrete canisters in
1975. Over the past decade, WNRE has placed 17 Mg of fuel into
canister storage. In 1985, a WNRE canister design was licensed by the
Atomic Energy Control Board for the on-site storage of Gentilly-1 power
reactor fuel.

This paper describes various aspects of this interim fuel storage
method, including current and potential applications, safety analyses,
and licensing issues.
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INTRODUCTION

This paper reviews Canadian experience with dry storage of
CANDU™ fuel in concrete canisters. A review of the canister
concept developed at the Whiteshell Nuclear Research Establishment
(VOE) with respect to the design, licensing, and current and future
applications at WNRE is included.

This paper also describes storage of fuel from the Gentilly-1
commercial power reactor in the Province of Quebec, the first Canadian
commercial use of concrete canisters for dry fuel storage. The
rationale for selecting concrete canisters for interim storage, the
canister and storage area design, the licensing procedures, the
International Atomic Energy Agency (IAEA) safeguards requirements and
the cost of storing this fuel i*re discussed.

THE CONCEPT

WNRE is using the concrete canister design shown in Figure 1 to
store used CANDU fuel [1]. The basic geometry of CANDU fuel is a
cylindrical bundle 80 or 100 mm in diameter, 500 mm long and containing
18, 19, 26, 36 or 37 fuel elements (pins) depending on the specific
design. The canister concept provides two engineered barriers against
the release of radioactive materials to the biosphere from these fuel
bundles.

The first barrier is a seal-welded fuel storage basket that
contains the fuel bundles. After the fuel is placed in the storage
basket, the lid is seal welded into position and the welds are
inspected. The inspection is to ensure the integrity of the first
barrier.

The second barrier is the steel canister liner. When the
canister is filled, the canister lid is positioned and seal welded to
the liner, completing the second barrier. The cavity containing the
storage baskets has sample lines that penetrate the biological shield.
This permits sampling of the cavity for such things as moistura and
radioactive material. Moisture would indicate a leak in the liner,
while materials with an above-background radioactivity would indicate a
defected basket(s) containing defected fuel.

The ordinary concrete surrounding the liner is the biological
shield. This concrete shielding is a monolithic structure and is not
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FIGURE 1 . WNRE Production Concrete Canister
Used fo r Storage of WR-1 Driver Fuel
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considered a structural member. Reinforcing steel within the concrete
is designed to limit thermal and mechanical stresses in the concrete,
to control cracking of the biological shield to within acceptable
1imits.

The WNRE canister concept is adaptable and can be readily
engineered to store a variety of CANDU and Light Water Reactor (LWR)
fuels. It can be used for storing fuel either at a nuclear power
station or off site at a central storage facility.

WNRE EXPERIENCE

Demonstration Program

In early 1974, the Committee Assessing Fuel Storage (CAFS)
recommended that Canada develop an alternative to water-pool storage,
which is a worldwide-accepted, trouble-free storage method that has
been used in Canada since the inception of our nuclear program.
However, the pools require maintenance and generate secondary wastes,
primarily from the water purification system. It was felt that dry
storage of irradiated fuel would eliminate these problems.

From 1975 through 1977, WNRE conducted a demonstration program to
prove the feasibility of storing fuel in concrete canisters. This
program examined canister design and fuel transfer methodology. The
details of the demonstration programs have beer presented previously
[1,2].

The program successfully proved the feasibility of the concrete
canister concept for interim dry storage of irradiated fuel. The
original cylindrical and square demonstration canisters fuelled with
138 bundles of fuel from the WR-1 research reactor and 360 bundles from
the Douglas Point Nuclear Generating Station, respectively, are still
in use. These canisters are prominently displayed at WNRE.

Waste Management Canister Storage Area

The success of the demonstration program resulted in cancellation
of a planned expansion of the WR-1 water-pool storage bay. In 1977, a
canister storage site was established in our Waste Management Area
(WMA) (See Figure 2). Since that time, WNRE has routinely placed WR-1
fuel into dry storage in concrete canisters.
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FIGURE 2. WNRE Canister Storage Area Used for
Interim Storage of Irradiated Fuel

As a result of the demonstration program, the original canister
design was modified to the production form currently in use in the WMA
(Figure 1). The square canister design was dropped because it was
more expensive to build than the cylindrical design and the fuel
packing density it allowed was not needed. The amount of WR-1 fuel
that can be placed in a canister without the use of poisons is
criticality, not spatially, limited.
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A major design change to the cylindrical canister was the removal
of the lead shielding around the steel liner. To compensate for this
shielding loss, the thickness of the concrete was increased by roughly
150 mm. In addition, the asphalt roofing compound used on the
demonstration units was replaced by the metal weather cap shown on the
top of the canisters in Figure 2. This cap needs less maintenance and
is more effective in preventing rain water or snow from collecting on
the top of the canister.

WNRE is licensed to store two types of WR-1 driver fuel under the
conditions shown in Table I. The production canisters are licensed to
a maximum thermal rating of 4.4 kW, compared with 2 kW for the
demonstration canisters and can hold up to 6000 kg U, depending on the
fuel enrichment. Our current canister inventory in the WMA consists of
ten production and three experimental canisters. The latter canisters
are being used for continuing studies of the effect of dry storage on
fuel and fuel cladding [3],

Future Applications

In the future, WNRE will be placing some Fast Neutron (FN) fuel
(5 wt.% ?35|j) and a limited amount of high-level vitrified waste
into canister storage. Eventually, the entire fuel inventory of the
now shutdown WR-1 reactor will be removed-from the fuel bay and placed
into interim storage in concrete canisters.

In 1984 January, Atomic Energy of Canada Limited (AECL) signed an
agreement with Nuclear Packaging Inc. of Federal Way, Washington,
giving them a soTe license to market AECL's concrete-canister
technology for LWR fuel storage in the United States. Under this
agreement, NuPac provides the engineering and marketing effort and AECL
supplies technical advice and assistance in development activities,
based on its experience with this dry storage concept.

LICENSING AND SAFEGUARDS AT WNRE

Licensing

The WNRE site is licensed by the Atomic Energy Control Board
(AECB) of Canada, through the Nuclear Safety Advisory Committee (NSAC)
which is an internal regulatory authority within AECL. The AECB has
two members on this committee and the committee must approve all major
nuclear facilities before the AECB will consider adding them to the
site license.
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TABLE I

Approved Parameter L i m i t s For Concrete Can is te r
Storage Of I r r a d i a t e d Fuel At WNRE

PARAMETER
FUEL TYPE

Phys ica l
Form

Enrichment

Burnup

Cooling
Time

Basket
Loading

Canister
Loading

Decay Heat
Loading per

Canister

STANDARD WELDED BASKET
UO?

(1) 18-element standard
WR-1 bundles

(2) Loose material i n
sealed s ta in less
stee l cans

2.4 wt.% 235U in t o t a l
U or less

5500 MWd/Mg U nominal

6 months minimum

(1) Maximum of 24
bundles or cans i n
a s ing le r i n g

(2) 37 bundles i n a
double r i n g ; 24 i n
outer ring with
enrichment of 1.8 wt%
235IJ or less, 13 in
inner ring with en-
richment of 1.2 wt%
235u o r i e s s

6 baskets or less

4.4 kW maximum

UC

(1) 14-element standard
WR-1 bundles

(2) Loose material in
sealed stainless
steel cans

2.25 wt.% 235U in
tota l U of less

11500 MWd/Mg U maximum
8600 MWd/Mg U average

18 months minimum

Maximum of 24 bundles
or cans in a single
ring

6 baskets or less

4.4 kW maximum
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A Preliminary Safety Analysis Report (PSAR) must be submitted to
NSAC to obtain approval to use concrete canisters to store irradiated
fuel. The PSAR is reviewed, and the person(s) responsible for the
submission have to respond to questions by NSAC. This process is
iterative, and is similar to an Nuclear Regulatory Commission review of
a topical report. When NSAC's questions have been answered to their
satisfaction, construction approval is granted.

The submission and approval of the PSAR are followed by a Final
Safety Analysis Report (FSAR). The submission of an FSAR is needed to
obtain approval to commission and operate the facility. The approval
process is similar to that for the PSAR. When the NSAC is satisfied,
it recommends to the AECB that the facility be listed in the site
license. Once listed by the AECB, the operator may proceed with
nuclear commissioning and operation.

Both the PSAR and FSAR deal with topics such as

design concepts and considerations,
overall system description,
detailed description of components necessary for safe
operation,
method of operation, and
assessment of safety under normal and abnormal conditions.

After commissioning an updated FSAR is submitted to NSAC. This
document incorporates any changes made in the system or operating
procedures as a result of commissioning and accumulated operating
experience.

Initially WNRE was licensed to store only WR-1 UO2 driver fuel
(2.4 wt.% 2 3 5 U ) . To obtain approval from NSAC to store other types
of fuel required the submission of an addendum to the FSAR. The review
procedure was the same as described previously.

Safeguards

Canada observes the requirements of the International Atomic
Energy Agency (IAEA) with respect to the control of special fissionable
material. An Agency representative is present to observe the loading
of the storage baskets in the hot cells and to verify the documentation
taken during loading. In addition, an Agency representative observes
the fuel transfer from the hot cells to the WMA and the loading of the
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canister. When the basket is in place the representative will install
an IAEA seal in the fixture provided on the canister. This procedure
is followed for each basket loaded into the canister.

GENTILLY-1 CANISTER STORAGE PROGRAM

Gentiily-1 (G-l) was a prototype CANDU-Boiling Light Water (BLW)
reactor, located at Gentilly in the Province of Quebec. The reactor is
owned by AECL and was operated from 1972 to 1979, when it was shut down
permanently. Owing to the success of the CANDU Pressured Heavy Water
Reactor (PHWR) and economic considerations, it was decided to
decommission the G-l station rather than to make extensive
modifications to the reactor, to upgrade it to meet the then existing
licensing requirements.

The total reactor thermal output was equivalent to 183 Effective
Full Power Days (EFPD). This was accummulated during commissioning
tests and operation at various power levels.

The decommissioning objectives were to reduce the overall
operation and maintenance cost of the site, and clear the service
building where the irradiated fuel storage pool was located. The
cleared areas were to be transferred to Hydro-Quebec, to be upgraded
into office space and a full scope plant simulator. This necessitated
the removal of the fuel to either a permanent or interim storage
facility. Various storage options for the fuel were examined,
including off-site, on-site, dry and wet storage. After evaluating
existing technologies, it was concluded that on-site dry storage in
concrete canisters, using the technology and experience garnered at
WNRE, was a practical and economical solution.

An on-site canister facility was acceptable because the
decommissioning option selected for G-l was to place the station into a
"static state"*. The site will be monitored for 50 to 80 years before
final dismantling of the reactor, reactor systems and containment
building. By that time, a permanent Canadian fuel disposal site will
be available to accept the G-l fuel.

The term "static state" refers to a decommissioning strategy
adopted by AECL, in which the station is reduced to a safe
condition so that operations and upkeep are minimized. In the case
of G-l, this involved sealing the reactor building and
consolidating contaminated wastes in the turbine building.
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The fuel storage project was planned, designed and managed by
AECL CANDU Operations - Montreal (COM). WNRE provided technical
assistance in the areas of canister design, fuel transfer methodology
and general consulting during the life of the project. The approach
was to modify the WNRE design to suit local conditions and the
production rate needed to meet the project schedule.

G-l Fuel Design

The G-l fuel bundle has 18 elements arranged in two concentric
rings of 12 and 6 elements. The central position accommodates a
Central Structural Tube (CST), onto which 10 bundles are assembled to
form the fuel str ing for a fuel channel (pressure tube). The fuel
elements are Zircaloy-4 clad, sintered, natural uranium oxide pel lets.
The fuel bundle and the assembled fuel str ing are shown in Figure 3.

With minor exceptions, a l l the fuel was irradiated in the core
for the operating l i f e of the stat ion. A total of 3213 bundles
of fuel were stored in the s i te pool, or sl ight ly over one core loading
(3020 bundles). Of these, 46 were removed from the core during station
operations because of known defective fuel cladding. The discharged
fuel was stored in the pool mostly in an "as-received" condition, i . e . ,
assembled on their CSTs. Approximately 193 bundles had been
disassembled from the CSTs and stored on trays on the floor of the
pool.

The details of the fuel placed in interim dry storage are l is ted
in Table I I .

TABLE I I

Characteristics of G-l Fuel Bundles Placed in Storage

Characteristic

Bundle Diameter
Length

Average Bundle Weight
Weight of Uranium
Enrichment
Number of Bundles
Cooling Time
Average Burn-up
Maximum Burn-up
Average Decay Heat

Description

102 mm
500 mm
26.7 kg
20.98 kg
natural uranium
3213
7 years
2255 MWd/Mg U
4683 MWd/Mg U
1.4 W/bundle
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!. CENTRALIZING PADS
2. SPACERS
3. BEARING PADS
4. UO2 FUEL PELLETS
5. 2IRCAL0Y SHEATH
6. END CAP
7. END CAP

A. GENTILLY-1 FUEL BUNDLE

1. CENTRAL STRUCTURAL TUBE
2. KEY
3. FLUX SUPPRESSOR

4. FUEL BUNDLES
5. FUEL SUPPORT

ASSEMBLY

B. FUEL STRING ASSEMBLY

FIGURE 3. Fuel Bundle and Fuel Str ing Assembly
Used in G-l
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G-l CONCRETE CANISTER AND FUEL STORAGE BASKET

Concrete Canister

The G-l canister is a slightly modified version of the WNRE
production canister shown in Figure 1. The principal changes are
summarized below.

1. The internal cavity holds eight fuel baskets, rather than
six. This was achieved by increasing the overall height of
the canister by 0.7 m and lowering the bottom of the internal
cavity of the canister slightly.

2. The internal diameter of the canister has been increased by
50 mm to accommodate a larger diameter basket.

3. The canisters are be anchored to a base pad by the
reinforcement steel bars, (provision was made to allow for
severing the reinforcing bar, to facilitate future
dismantling of the site).

These changes did not greatly alter the design from the basic
WNRE canister design. By keeping as close as possible to the approved
design, the engineering effort required for design and licensing was
minimized. By maintaining the critical radial profile as closely as
possible, COM was able to use WNRE's accummulated experience over the
past decade in the safety assessment.

Fuel Storage Basket

Since the G-l fuel was to be dried prior to encapsulation, a
significant departure from the method used as WNRE was required in the
treatment of the fuel. This resulted in the basket design shown in
Figure 4. In this design, the sides are integral with the cover, to
facilitate draining and drying the fuel after loading the baskets
underwater. Each basket holds 38 fuel bundles. This compact array
could be used because the G-l fuel is natural uranium and, therefore,
criticality during storage was not a concern.

Siting

Eighty-four fuel baskets and eleven canisters were needed to
store the 3213 bundles. The extra space in the eleventh canister was

S-147



used to store some highly active structural elements from the fuel
string assemblies.

A full basket produces an on-contact radiation field of
10 to 20 Gy/h; however, once encased in the canisters, the typical
field at the canister surface is 3 to 5>c Gy/h. For a typical
canister, the decay heat load averages 426 W, well below the licensed
maximum of 4 400 W. This allowed an indoor area of 18 m x 16 m to be
used without having to do a detailed heating and cooling analysis.

The site was in the G-l Turbine Building auxiliary wing which had
once housed the standby generators. Since the WNRE canisters have
demonstrated the suitability of outdoor locations, site selection was
determined by factors other than technical, specifically by a good-
neighbour policy with the adjacent utility. The G-l project schedule
did not allow the time which the adjacent utility considered necessary
to obtain public acceptance of an outdoor site.

FUEL TRANSFER OPERATIONS

The fuel transfer operations from the storage pool into baskets
and finally into canisters were broken down into two phases, viz, "wet
operations" and "dry operations". The wet operations took place in the
pool and comprised destringing the fuel, loading the individual bundles
into the basket, and covering, but not sealing, the basket. The dry
operations comprised removing the basket from the pool, drying the
contents, welding the basket in a shielded station, and transferring
the basket to its canister.

Wet Operations

An empty basket was taken from storage and placed into the fuel
bay on a "loading platform" attached to a movable man-bridge. A fuel
string was then removed from the storage racks (vertical), tilted to
the horizontal position and disassembled. The individual bundles were
then placed on a rotator to bring them into a vertical position and
placed into the fuel basket. When the basket was full, it was moved to
an "inspection platform", where a photographic record was made of the
fuel bundle and basket serial numbers. The cover was introduced into
the pool and placed over the basket, and the covered basket stored at
the bottom of the pool. The cycle time for loading one basket was
approximately 2.5 h.
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FIGURE 4. Fuel Storage Basket
Used at G-l
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At the start of the program, an inventory of all existing tools
was made and reviewed against activities that were identified in the
process. Some of the additional tools and equipment designed by AECL
to accomplish these tasks were

(1) apparatus for rotating fuel bundles from horizontal to
vertical,

(2) bundle-lifting tool for placing the fuel bundles into the
fuel baskets, and

(3) grappling tools for manipulating loaded fuel baskets.

Because of the small amount of fuel involved, simple manual and
pneumatic tools were chosen and automation was not seriously
considered. In an application in which there is a significantly larger
quantity of fuel, such as an operating station on-site facility,
automation of certain functions may be more appropriate.

Dry Operations

A shielded station was selected for drying and sealing the fuel
storage basket. The shielded station had a gross weight of
approximately 70 Mg and was erected over one corner of the spent fuel
bay. The shielded station was designed to allow the following to be
performed on each basket:

(1) forced air drying of the basket interior, fuel bundles and
basket exterior,

(2) semi-automatic welding of the basket cover to the basket,
(3) inspection and repair of the welds, and
(4) loading the sealed basket into the transfer flask.

These operations were performed remotely from outside the shielded
station. Viewing ports and auxiliary tool ports were provided in case
external intervention was necessary. Fortunately these facilities were
not needed.

In the dry operations, a basket was selected from the pool bottom
and lifted into the shielded station, using a pneumatically powered
grapple. After allowing the basket to drain, it was placed onto a
welding turntable mounted on a carriage. The carriage was then
positioned at the drying equipment. The cover was lifted approximately
4 cm, and air supply and return connections were made. The basket and
its contents were dried for 30 min with hot forced air. After
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visually inspecting the basket for moisture, the cover was lowered, the
ducting disconnected, and the carriage moved into its welding
position.

At this point, two circumferential fillet welds were made, at the
top and bottom of the basket, using a Gas Metal Arc Welding process.
Upon satisfactory inspection using closed circuit television (and
videotape for record purposes), the basket was raised into the
transport flask for transfer to the canisters.

The flask was lifted off the top of the shielded room, placed
onto a trolley and hauled to the canister site by a tractor. A
travelling crane then lifted the transfer flask to the top of the
canister, where the basket was lowered into the canister. This
operation was repeated eight times for each canister, after which, the
shielding plug was seal welded in place and the IAEA safeguards seals
were applied.

The transfer operation to move a loaded fuel basket from the fuel
bay to a canister usually took slightly over 2 hrs. Therefore, three
baskets could be easily loaded into the canisters during an 8-h work
day. The G-l transfer operation took about six weeks.

LICENSING AND SAFEGUARDS AT G-l

Licensing

The storage of G-l fuel in concrete canisters was the first
commercial application of this dry storage technology in Canada. We
had been placing WR-1 reactor fuel into canisters at WNRE for a decade
and the technology is well proven, but it is licensed for a research
and development site rather than for a commercial site.

As G-l was a commercial application of the technology it needed
approval directly by the AECB. However, the licensing procedures
through NSAC or directly through the AECB are similar. A Preliminary
Safety Analysis Report (PSAR) is submitted to the AECB. A review
process then takes place and, upon satisfactory clearance, approval for
a specific operation is given.

For G-l, the AECB had deemed that the canister facility was to be
licensed as a Waste Storage Facility. Therefore COM needed the

S-151



approval of Environment Canada and Environment Quebec, in addition to
the AECB. Following review of the PSAR by these bodies, permission was
given for the following phase-by-phase execution of the project:

(1) the wet operations (basket loading),
(2) erection of the canisters, and
(3) the dry operations.

Prior to granting permission for erection, a Final Safety
Analysis Report was required, which addressed all issues raised during
the earlier review process.

Finally, a demonstration of the actual fuel transfer cycle (using
dummy fuel) was required before permission was granted to operate the
Waste Storage Facility.

Safeguards

All fuel storage operations conducted at G-l were subject to IAEA
inspections. To ensure that no diversion of fuel occurred, the IAEA
took the following steps:

(1) Prior to the wet operations, film cameras were installed
overlooking the fuel bay. Also the gamma field of randomly
selected fuel strings was measured before the baskets were
loaded.

(2) The fuel bundle and basket serial numbers for each basket
were recorded via written documentation and photographs.

(3) An IAEA inspector was posted at the site throughout the dry
operations. Seals were placed on the fuel bay service doors
so that these could only be opened in the inspector's
presence. Film cameras were also provided along the fuel
transfer route.

(4) An IAEA safeguard seal was applied to the canister once the
lid was welded in place.

Despite the above measures, there weren't any delays attributable
to safeguard precautions, and all difficulties were resolved with the
IAEA inspectors in a spirit of cooperation.
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In addition to the above, a comprehensive record/archive system
was instituted by AECL, including the use of photographic records, to
ensure all the fuel had been accounted for and was traceable.

FUEL STORAGE COSTS - G-l AND WNRE

The economic advantage of storage of G-l fuel in canisters was
determined by a comparison with other methods. In the comparison, a
major factor was that the pool area was to be decontaminated in order
to reuse the space. It was, therefore, necessary to relocate the fuel,
either on or off the site.

For applications such as at an operating station, where canisters
are being considered in lieu of a pool extension, the prevalent factors
at G-l may not be applicable. None the less, the actual incurred G-l
costs may be used to determine the economic benefit in these cases.

Because of the small quantity of fuel involved at G-l, the unit
cost of fuel stored ($/kg U) was higher than should be achievable for a
typical CANDU station. For example, the total fuel placed in canisters
at G-l (3213 bundles) is about half the irradiated fuel discharged
yearly from a typical CANDU-600 unit (approx. 6000 - 6500 bundles at
an 85% Gross Capacity Factor).

For the purpose of illustration, Table III is divided into fixed
and variable costs. The fixed cost portion includes 20% of all capital
and engineering expenditures on the G-l program, since it is planned to
re-use the equipment to process the fuel at the Douglas Point Nuclear
Generating Station. The cost ratio was based on the quantity of fuel
at each site.
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TABLE I I I

Genti l ly-1 Fuel Storage Cost Summary

Fixed Costs Per Canister

Tooling for pool operations
Welding Development and Equipment
Drying Tests
Shielded stat ion, including erection
Material Handling (Crane, f lask, etc)
Construction form work
Design Engineering and project management

overheads

Sub-total

Variable Costs Per Canister

Direct labour and supervision
Canisters, i nc l . si te preparation & erection
Fuel Baskets

Sub-total

Total cost per canister, loaded and sealed

Unit Cost, $/kg U

$k

5.7
2.3
1.1
8.3
4.1
0.5

40.0

62.0

$k

40.9
37.6
19.3

97.8

159.8

25.1

The unit cost for the G-l operation compares favourably with the
unit costs experienced at WNRE: 29.4 $/kg U for natural uranium fuel
and 47.6 $/kg U for enriched fuel |_4]. If this storage methodology i s
used at a power reactor station during i t s operating l i fe t ime, the unit
cost would be signif icantly less, because of the larger quantity of
fuel requiring storage.

CONCLUSION

The present WNRE concrete canister design is a pract ical,
passive, safe and economical interim dry fuel storage concept that has
fu l l y met a l l our predictions and expectations. We expect canisters
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will be used for the interim storage of irradiated Canadian power
reactor fuel in addition to their initial use at G-l. Also, we predict
that a variation of the concept will be developed in the very near
future as a practical and economical solution for the interim storage
of LWR used-fuel.
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QUESTIONS/ANSWERS

Questioner: Dave Schoonen
Organization/Country: EG&G Idaho Inc/USA

Question; How are the concrete canisters moved to the storage area? What is
the function of the large A-frame structure positioned over the canisters—
for moving work platforms from one cask to the next?

Answer: The concrete canisters are not moved but are fabricated onsite. The
fuel storage baskets are transported to the canisters using a fuel basket
transfer flask. The A-frame used at WNRE is used to 11ft the fuel basket
transfer flask onto the top of the canisters to permit loading of the storage
basket into the canister. Other lifting equipment 1s used to move the work
platforms from canister to canister.
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LESSONS LEARNED DURING START-UP OF A
FACILITY FOR STORING SPENT LWBR FUEL

IN DRY WELLS AT THE IDAHO CHEMICAL PROCESSING PLANT

A. B. Christensen
K. D. Fielding
L. W. Madsen
D. R. Teuscher

Westinghouse Idaho Nuclear Company, Inc. (WINCO),
Idaho Falls, Idaho 83403 U.S.A.

ABSTRACT

A new spent fuel storage dry well facility for LWBR fuel has begun
operation at the Idaho Chemical Processing Plant. The basis for the
facility design and operation was obtained by analyzing the performance
of dry wells operating for 15 years and the expected behavior of the
LWBR fuel . This paper compares the predicted operation of this new
faciVty to the actual operation. The lessons learned will be applied
to other new dry wells.
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INTRODUCTION

A new dry well facility for storing spent fuel at the Idaho Chemical
Processing Plant (ICPP) has begun operation. Spent Shippingport Light
Water Breeder Reactor (LWBR) fuel has been stored in this facility
since December 1985. This facility is an extension of an older dry
fuel storage facility which has been operational since 1971.
This paper evaluates the storage of spent LWBR fuel in dry wells. It
first describes the lessons learned in storing Peach Bottom fuel and
Fermi Reactor Blanket material. It then describes the design of the
LWBR facility and compares it to the actual operation.

PREVIOUS EXPERIENCE WITH STORING FUEL IN DRY WELLS

The ICPP mission is to manage spent nuclear reactor fuel. Most fuels
received at ICPP are dissolved and processed to recover the fissile
uranium. These fuels are stored underwater until they can be
processed. ICPP policy requires that fuels which cannot be processed
within five years of receipt must be placed into dry storage.

Such fuels are placed into carbon steel-lined holes called "dry
wells". A layout of ICPP showing the existing dry wells is shown in
Figure 1. Dry wells are used at ICPP because they provide two major
advantages for spent fuel storage. First, dry wells may be installed
as needed, minimizing the necessity to justify and build large storage
facilities. Second, dry wells may be built cheaply and quickly. At
ICPP, a dry well costs about $15,000, and design, procurement, and
construction time does not exceed 6 months. All the fuel stored in dry
wells at ICPP are handled using the Peach Bottom cask, thus simplifying
such tasks as safety analyses, procedures, and approvals.

Fuel has been stored in dry wells at ICPP since 1971. Properties of
these fuels are given in Table I. The Peach Bottom and Fermi fuels are
stored in canisters which are back-filled with helium and then sealed.
These fuels are stored in dry wells with cross-sections shown in part
(a) of Figure 2. Facility layout is shown in Figurs 3. These first
dry wells were not designed as a barrier for isolating the fuel from
the environment. The variation in dry well atmosphere humidities with
season, as shown in Figure 4, indicate the lack of isolation in these
wells. Moreover, the atmospheres of two dry wells purged with argon
were monitored, and showed a steady decreasing concentration indicating
leakage to the atmosphere. The argon concentration in these wells is
shown as a function of time in Figure 5.

Well atmosphere samples are taken through a single capped hole in the
well cover. Samples taken from 1971 to 1985, summarized in Table II,
reveal the presence of hydrogen and depletion of oxygen in some wells.
We felt this indicated corrosion attack within these wells. However,
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TABLE I

CHARACTERISTICS OF FUELS STORED IN DRY WELLS

DESCRIPTION

Fuel Type

Composition

Enrichment %

Burn-Up,
Megawatt-
Day/Metric
Tonne

Heat Generation,
Watts/Canister

Canister Contents

Number of
Canisters

Canister Maximum
Weight, lbs

Dry Well Spacing
(Center to
Center), ft.

Placed in
Storage

PEACH BOTTOM

HTGR

Thorium-uranium
Carbide

93.15 U-235

900

18 elements

46

3600

30 X 30

1971-1973

FERMI

LMFBR Blanket

Urani um-molybdenum
Metal

Depleted

100

47 Subassemblies

14

10,000

30 X 15

1975-1976

SHIPPINGPORT

LWBR

Thorium-uranium
Oxide

< 5.0 U-233

45,000

2000

1 Reactor Module

46

10,000

30 X 10

December 1985
and Continuing

there was no capability of determining the presence of water or of
removing it if found. Wells with persistent and potentially flammable
quantities of hydrogen were purged with argon. Purging proved
difficult through the single hole in the cover because of the inability
to circulate the purge gas through the well.

These wells suffered from other limitations also Temperature or
pressure instrumentation was not provided to monitor dry well
conditions. Furthermore, no special precautions were taken to minimize
damage to the fuel and canisters following an accidental drop.
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a. Peach Bottom/Fermi Dry Wells b. LWBR Dry Wells

Figure 2. Peach Bottom/Fermi and LWBR Dry Well Designs

TABLE II

PEACH BOTTOM AND FERMI DRYWELL ATMOSPHERE MONITORING RESULTS

COMMENTS

NUMBER
OF

WELLS

52

4

HYDROGEN
(Vol %)

Trace

4-10

(N2)/(02)

4

4

0

0

0

Trace

2-5

10

20

Persistent He trace in 3
dry wells

Hp found initially,
then declining to trace
Persistent He trace in 2
dry wells

Consistent lack of 0 2
indicates oxidation
reaction

0 Persistent H2
generation, probably from
an oxidation reaction

0 Purged with Ar

S-160



to

O

CO
I

cr>

o

-o

Lott Fuel Storage

to e 6 o'o 6 6 6 01 6 8 8 1

> 6 6 o 6 6 o 6 o o o o o o o o o o o o o o ii*5T!

n » » «'»' 0 0 0 0 0 0 o'o' 0 0 0 0 i T P
LWBR Irradiated Fuel Storage Area

la o o o"y5T*o 0 0 0 0 o"o 0 0 0 0 0 0 o"S o o ol

Fermi Blanket Storage Area
B..3 EL. 31 B..9 E-.y B..3 E..a E.J RJ

£1 £1 £1 £1 £1 £1 £1 £1

£3 £1 (?:i £3 £3 El £3 £.3
Peach Bottom Fuel Storage Area

&'] £1 £1 fell £1 £3 &3 !O

* * \

K.1 El £1

El ft'.] £1

K) £1 £3 £1 CO

£1 £3 £1 ID Kl

j a o o o o o o o o o o o o o o o o o o o o o p o o l
Fence

Future Expansion

D o o o o o o o o o o o o o o o o o o o o o 00

10 o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o l

PWR Fuel Storage Area

10 O O O O O O O O O O O O O O O O

* m x -



Dec Jan Fnb Wa' Apr Way Jun Jul Aug Sep! OCA NUV De

Figure 4. Typical Seasonal Humidities in Peach Bottom
and Fermi Dry Wells

1.00

0.98

f 0.96
Normalized

argon
concentration 0.94

0.92

0.90
4 6 8

Tims (days) —•
10 12

ICPP-S-11863

Figure 5. Peach Bottom and Fermi Fuel Dry Well
Atmosphere Change with Time
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In summary, very little about the conditions inside the loaded dry
wells could be determined. Conditions inferred by gas sampling
indicated that 1) these dry wells "breath", 2) high humidity is
present, and 3) some corrosion has occurred within the dry wells. On
the other hand, the fuel has been stored in dry wells at ICPP for 15
years with little expense and with no apparent reduction in canister
integrity.

DESIGN AND PLANNED OPERATION OF THE LWBR DRY WELLS

The Shippingport LWBR fuel storage facility began operation in
December 1985. The LWBR fuel properties are given in Table I. The
improvements in design of the LWBR dry wells resulting from Peach
Bottom and Fermi deficiencies are shown in Table III. A
cross-sectional view of the new well design is shown in part (b) of
Figure 2. LWBR fuel modules and storage canister design are shown in
Figure 6. The LWBR fuel was placed into these canisters underwater,
which were then sealed and the water pumped out. The canister was
then vacuum-dried to a vapor pressure of less than 10 millibar,
leak-tested to approximately 10"^ STP cnrVsec, and back-filled
with neon to 10 psia.

TABLE III

LWBR DRY WELL IMPROVEMENTS MADE AFTER EVALUATING
PEACH BOTTOM/FERMI WELL DEFICIENCIES

PEACH BOTTOM/FERMI DRYWELL PROBLEM LWBR DRYWELL

Dry wells not hermetically
sealed

Poor monitoring features

Cannot positively detect
or remove standing water

Possible canister damage
in accidental drop

Large site surface area
required

Uncontrolled exchange Seal dry wells and
of gases and water with coat internal walls
outside environment

Cannot accurately
monitor dry well
environment

Internal corrosion and
possible steam
formation

Add thermal wells,
pressure gauges and
sampling ports

Add sump with siphon
tube

Recovery of damaged Insert crush pads in
canister very difficult wells
Contamination Release
to Er "^onmant

Site surface area
wasted

Space dry wells
closer together
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Figure 6 LWBR Fuel Modules and Storage Canister

The dry wells are designed for use with the Beach Bottom cask, which is
snown in Figure 7. A dry well filling sequence is shown in Figure 8.
Fuel is unloaded by suspending the fuel canister from the top of the cask
with a lift rod and retaining collar, shown also in Figure 7. Using a
gantry crane, the cask is then placed upright on a pedestal located next
to the open well and the bottom cask cover is detached. The cask is
lifted up, leaving the bottom cover on the pedestal, and placed over the
dry well on a centering device. The centering device supports the cask
and provides shielding as the fuel is unloaded. Both pedestal and
centering device are shown in Figure 7. The lower lift rod is then
connected to a long lift rod, which is attached to the crane. The canister
is raised slightly, and the collar is removed. The fuel canister is then
lowered into the well. The entire rod is then removed, followed by the
cask and centering device. The shield plug is then inserted by a boom
crane and the well cover is bolted down.

In storage the heat generated by the LWBR fuel modules is carried from the
dry wells by natural conduction through the soil. A computer analysis was
performed to determine the temperatures expected within the dry well.
Excessive storage temperatures might reduce the integrity of the fuel
cladding, canisters, and dry wells, vaporize any water inside and
pressurize che well, and accelerate corrosion rates.
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Figure 7. Equipment Used with the LWBR Fuel Storage Dry Wells
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a. Prepare Cask b. Move Cask to Pedestal

c. Disconnect Bottom Cover d. Lift Cask from Pedestal

Figure 8. Procedure for Transferring Storage Canisters
from the Peach Bottom Cask into a Dry Well

(continued)
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e. Place Cask on Well f. Connect Upper Lift Rod

g. Lower Fuel Into Well h. Insert Shield Plug

Figure 8. Procedure for Transferring Storage Canisters
from the Peach Bottom Cask into a Dry Well
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A maximum allowed fuel storage temperature of 600F was specified to
protect the fuel canister metallic cover seal. The model assumed an
infinite square array of dry wells, a 2-1/2 year fuel cooling time, and a
constant soil thermal conductivity of 0.2 BTU/hr-ft-F determined from
previous studies. With these assumptions, the hottest fuel was found to
exceed the maximum allowed temperature. To improve the model, the soil
thermal conductivity was taken to vary with temperature and soil moisture
content2. The correlation used is given as:

eff = Function solid, soil void fraction

void void volume

Where all the k's are a function of temperature and are defined as:

keff = effective soil thermal conductivity

^void = soil void (water/air) thermal conductivity

^ = dry soil thermal conductivity

Estimated and experimental thermal conductivities for quartz sandas a
function of water content are shown in Figure 9. ̂  Solid containing 5
wt% water was assumed to dry out between 195 and 230F, yielding
temperature-dependent conductivities shown in Figure 10. These
conductivities reduced the estimated storage temperatures by about 100F,
as shown by Figure 11.

en
o

0.3

0.2

0.1

0.0

I 1

-

„

Experimental
Data -X*^

Correlation
Used
in Model

l i

Weight % Water in Sand ICPPS-12486
(11-85)

Figure 9. Estimated and Experimental Soil Thermal Conductivities
as a Function of Water Content
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FIGURE 11. Estimated Temperatures During Dry Well Storage
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Radiation doses were reduced to As Low As Reasonably Achievable (ALARA)
during fuel handling. Time and motion studies simulated actual fuel
transfers. Using a radiation hazard evaluation together with the
simulation studies, an estimate of the total radiation dose to personnel
was made. This identified critical steps in the fuel transfer procedure.
Table IV lists radiation doses expected during critical steps in the fuel
handling operation. There were some uncertainties in these estimates
because of the possibility of reflection and scatter. Tests were also
conducted to demonstrate fuel canister retrieval ' rom dry well to cask.

The worst accident considered during dry well storage was a fuel canister
accidently dropped down a drv well. Our estimate of such an occurence is
less than 1 in 100,000 lifts'*. Even so, the lack of radiological
barriers between the fuel and the environment required stainless steel
crush pads be inserted into each dry well prior to fuel loading to
eliminate canister damage should a drop occur. These pads must be
sufficiently soft to allow the canister to decelerate over a sufficient
distance to eliminate damage, but be hard enough to stop the canister
before being completely crushed. Some crush pads were tested, as shown in
Figure 12, to validate the design prior to use.

a. Intact. b. Crushed

Figure 12. Crush Pads Used in LWBR Fuel Dry Wells
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TABLE IV ESTIMATED AND A C T W - RADIATION HAZARDS DURING LWBR FUEL HANDLING

CO

1.

2.

3.

4.

5.

Activity

Remove plug in top cover
Insert lower lift rod and
retaining collar.

Transfer cask from
pedestal to centering
device

Attach upper lift rod a~d
remove collar

Lower fuel can into dry well

Remove empty cask and
centering device and inser
shield plug

Hazards

Direct radiation through 2-in
hole m top cover Estimate
Dose 50 Rem/hr to hands and
arms

1) Direction radiation through
cask bottom
2) Radiation scatters from soil
Estimated dose 103 fiern/hr

Direct radiation past lower
lift rod to hands

Fuel canister exposed by gap
cask and dry well

Direct radiation through open
dry well

To

1 operator

crane operator
1 heavy equip

operator

1 operator

crane operator

crane operator

Required
Time
Mm.

3

5

6

3

20

Precautions Taken

1) Hoist used to position rod/
collar for immediate insertion
after plug removed
2) Collar attached to rod prior
to insertion provides substantial
shielding

1) Guides an entering device
accelerate job
2) Proper positioning of pedestal
and centering device
3) Cask Kept close to ground
4) Exclusion area for non-
essential personnel

Operator positioned away from
hole.

1) centering device shielded
2) Exclusion area for personnel

1) Second crane inserts plug
immediately after centering
device removed
2) Shielded crane cab

Dose to Personnel
per operation mrem

Estima'ed

90

190

10

0

45

Actual

0

0

0

0

0

Total Dose Received per
operation, mrem 335 0

ICPPA-13025
(3-86)



Contamination is a serious potential hazard. Therefore each loaded cask
is first brought into the cask unloading area of our pool storage facility
where the cask is monitored for external contamination, and prepared for
the fuel transfer. The cask is then transferred to the dry well area,
placed onto the pedestal, and the bottom cover is removed. A metal pan is
constructed around the pedestal to contain any contaminated liquid
releases through the cask bottom. All tools or equipment used during a
fuel transfer are monitored and, if necessary, decontaminated after use.
The entire procedure is monitored continuously by a Health Physico
technician. Radiation dosimeters are issued to all personnel prior to
LWBR fuel handing so that accurate radiation records may be kept.

Once a dry well contains fuel, it is monitored for liquid water, purged
with nitrogen, leak-checked for 5 minutes at 5 psig, and gas sampled. The
purpose of these precautions are to detect and remove all agents which may
contribute to or accelerate corrosion and to ensure the tightness of the
dry well seal. A portable manifolding, shown in Figure 13, is used to
perform these tasks. Should routine analysis indicate the presence of
oxygen or water, the conditions permitting this must be identified and
eliminated.

Remove Sump Water. If Any
(Regulator Set at 18 PSIG)

Water o r y Well
Trap

Leak Test Dry Well
G PSIG (or 5 Minutes)

u

Purge Dry Well Atmosphere
(Regulator Set at 18 PSIG)

Dry Well

IV
Check Dry Well Atmosphere for O2

(Vent Excess Pressure Through
Sample Bomb)

Closed

D
—CXH©-CX]

Open Closed Closed

Dry Well Dry Well

Figure 13. Dry Well Monitoring Procedure
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EXPERIENCE WITH LWBR STORAGE

This section describes actual operation of the LWBR Storage Facility. The
subjects include experience with handling, radiation and contamination
control, and monitoring following storage.

Fuel Handling

Most of the handling problems occurred and were solved during mock-up
testing. Proper alignment of the trailer, crane, pedestal, and centering
device eliminated most of the problems. However fule handling operations
were clumsy using the gantry crane. The cask transport trailer could not
be used to brinq the cask up to the dry well because of space limitations,
but had to be unloaded at the end of the facility. The gantry was then
usea to carry the cask to the designated dry well. Also, the gantry
operator had to operate within the radiation exclusion area placed around
the dry well and cask, which required the cab to be shielded. Finally,
the surface of the dry well facility had to be compacted and asphalted to
use the gantry. This added to the fixed expense of the facility.

One problem occurred during the fifth fuel transfer, at the peak of the
spring thaw. One of the gantry wheels broke through the asphalt, as it
was moving the cask, and sank about 6 inches. Nothing else occurred.
Soil analyses indicated that the water content in the soil below the
broken asphalt contained 12 wt.% water, or twice the amount of the
surrounding soil. The problem originated from inadequate soil compaction
prior to asphalting, and poor drainage. Although drainage paths had been
provided alongside each row of dry wells, these had been blocked by
additional paving necessary to simplify gantry operations.

The time required to transfer fuel from cask to dry well decreased
considerably as experience was gained. The first few transfers required 7
hours to complete. Much of the delay resulted from problems coordinating
the job crafts; these being, 2 fuel handling operators, 2 heavy equipment
operators, 1 HP technician, and a supervisor. Experience now allows the
entire operation to be performed within 3 hours.

Radiation and Contamination

Calculated radiation hazards during fuel handling were vastly over
estimated. Although the total estimated penetrating radiation dose per
transfer was 330 mrem, the actual accumulated penetrating dose during 5
fuel transfers was 0 mrem. Some equipment did become contaminated during
the fuel handling, but the controls described earlier proved to be
effective in containing it.

Temperature Conditions

As with the radiation calculations, storage temperature estimates vastly
exceeded actual values. Figure 11 shows temperatures measured at the dry
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well wall with estimated dry well wall temperatures. The high calculated
temperatures are probably the result of conservatively chosen thermal
properties and model assumptions. Steps are being taken to instrument the
soil surrounding one of the dry wells, in order to better estimate
temperature gradients around the dry well.

Storage Conditions

So far, no water has been found in the wells. One well did show an oxygen
increase following purging, indicating leakage, which seemed to result
from a poorly fitting cover gasket. The 5 minute pressure test at 5 psig
seems inadequate to properly leak-test the wells. However, leaks not
detected by the pressure test are discovered during routine gas
monitoring.

Conclusions

Operation of the LWBR fuel storage dry wells at ICPP has proceeded safely
and smoothly. Predicted high radiation fields and storage temperatures
have not occurred. In both cases, the models used to estimate these
conditions were created by many conservative assumptions and values;
therefore leading to very conservative estimates. At ICPP, future
estimates will be influenced by actual data from existing dry wells.

Although some safety requirements specified for the LWBR fuel are
excessive, no changes will be made until integrated packaging and storage
criteria are developed. However, we feel that such criteria can best be
developed by examining the strengths and weaknesses of our existing dry
storage facilities.
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SPENT FUEL STORAGE ACTIVITIES
AT THE SURKY POKER STATION

M. L. Smith
H. S. McKay

D. P. Batalo
Virginia Power

ABSTRACT

Virginia Power has developed a comprehensive program to provide
interim storage of spent nuclear fuel being generated at its two nuclear power
stations. This program responds to the requirement of the Nuclear Waste Policy
Act that utilities provide capacity to store their own spent fuel until the
Federal Government begins accepting spent fuel in 1998. One major part of this
program involves a Cooperative Agreement Program between Virginia Power, the
Department of Energy, and the Electric Power Research Institute to demonstrate
dry storage of spent fuel in metal storage casks.

Testing of dry metal storage casks from two different vendors has been
completed successfully at the Idaho National Engineering Laboratory (INEL) with
unconsolidated spent fuel, and a storage facility has been constructed at the
Surry Power Station for a licensed demonstration of dry cask storage. A third
test with unconsolidated spent fuel is planned at INEL in 1986, with testing in
dry cask storage of consolidated spent fuel scheduled at INEL for 1987.
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INTRODUCTION

Virginia Electric and Power Company (Virginia Power) owns and operates
two nuclear power stations within its system the North Anna Power Station
located in Louisa County Virginia; and the Surry Power Station located in
Surry County, Virginia. Both of these power stations have two Westinghouse
three loop PWR operating units which share a common spent fuel pool. To comply
with the requirements of the Nuclear Waste Policy Act of 1982, Virginia Power
must provide storage capacity for all spent fuel generated at these units until
1998 when the Federal Government is obligated to begin accepting spent fuel.

Among many other programs, the Nuclear Waste Policy Act (NWPA) of 1982
provided that DOE should work with utilities to help demonstrate onsite spent
fuel storage alternatives. Under this NWPA Section 218 mandate, Virginia
Power, DOE and EPRI entered into a cooperative program in March, 1984 to
demonstrate various methods of dry cask storage of spent fuel. The Cooperative
Agreement Program between Virginia Power, EPRI and DOE is aptly named. This
program represents a successful program involving private enterprise, including
a utility and several suppliers of equipment and services, the electric Power
Research Institute and the Department of Energy. All of the parties to the
program have cooperated to produce a program that has proceeded successfully
and accomplished a number of major milestones in the first two years of the
project.

INTERIM SPENT FUEL STORAGE OPTIONS CONSIDERED

The dry cask storage Cooperative Agreement Program is one part of a
comprehensive program by Virginia Power to provide interim storage for spent
nuclear fuel until the Federal government begins accepting the spent fuel for
disposal. In developing this program, Virginia Power considered several
options for providing increased capacity for spent fuel storage including:
reracking the spent fuel pools with neutron absorbing spent fuel storage racks,
fuel consolidation, transshipment of spent fuel from Surry to North Anna, dry
spent fuel storage, and construction of new spent fuel pools. After evaluating
these options, Virginia Power developed and implemented its program to provide
interim "pent fuel storage at both Surry and North Anna.

In 1979, to solve a short-term spent fuel storage problem, which was
especially acute at the Surry Power Station, both spent fuel storage pools were
re-racked with high density, stainless steel storage racks. This bought time
to investigate long-term alternatives, for the Surry Power Station in
particular. This alternatives study, completed in 1980, identified several
potential options. First was a further re-racking with higher density neutron
absorbing racks. While this re-racking was possible at North Anna, this option
was not possible for the more acute Surry storage problem. Structural
constraints on the Surry storage pool would not allow this second re-racking.
Therefore, the North Anna re-racking was loosely coupled with the second option
of transshipment of Surry spent fuel to North Anna Units 1 and 2 initially, and
eventually to Unit 3, then under construction. However, Unit 3 was cancelled
in late 1981, forcing further refinement of our plans. Construction of an
additional storage pool at Surry was examined in the original 1980 study, but
was discarded as being too expensive and taking far too long to complete.
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By this time, now 1982, large scale dry storage was gaining
credibility in the U. S. Also, the Nuclear Waste Policy Act was beginning to
take a credible form, so our planning horizon for storage of spent fuel was
taking shape.

In mid-1982, we settled on the following program:

° Re-rack of the North Anna storage pool with neutron absorbing racks.
0 Dry storage at Surry, in metal storage casks.
0 Transshipment from Surry to North Anna to meet short-term storage
requirements, if necessary, before NRC licensing of dry cask
storage.

RE-RACK OF NORTH ANNA STORAGE POOL

In August 1982, Virginia Power applied to the NRC for permission to
re-rack the North Anna spent fuel storage pool for the second time with neutron
absorbing racks.

The NRC issued the Technical Specifications change to allow the
reracking in December, 1984. Virginia Power completed reracking at North Anna
with the new higher capacity racks in September, 1985. This reracking
increased the capacity of the fuel racks at North Anna from 966 fuel assemblies
to 1737 fuel assemblies. The costs for replacing the North Anna fuel racks was
approximately $5.4 million which represents a cost of approximately $16/Kg of
additional storage provided by the new neutron absorbing fuel racks.

These new fuel racks combined with consolidation can provide for
interim storage of North Anna spent fuel until after the projected availability
of the Federal Repository or Monitored Retrievable Storage.

TRANSSHIPMENT FROM SURRY TO HORTH ANNA

Virginia Power applied in July, 1982 for NRC authorization to
transship up to 5G0 spent fuel assemblies from the Surry Power Station to the
North Anna Power Station. Both Louisa County and Concerned Citizens of Louisa
County intervened against Virginia Power's request to transship spent fuel to
North Anna. Virginia Power reached an agreement with Louisa County to limit
transshipment of spent fuel to North Anna, and Louisa County withdrew its
intervention. However, CCLC continued as an intervenor against transshipment
and Atomic Safety Licensing Board hearings were held in June, 1985 on
transshipment.

The Atomic Safety and Licensing board reached a favorable decision on
Virginia Power's plans, but the final operating license amendment is still
forthcoming. Virginia Power will use transshipment only if the plans for dry
cask storage are delayed.

SURRY POWER STATIOK DRY CASK STORAGE

In October 1982, Virginia Power applied to the NRC for permission
under 10 CFR 72 to construct and operate an Independent Spent Fuel Storage
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Installation at Surry using metal storage casks (see Figure 1). This facility,
consisting of 3-foot thick reinforced concrete pads was sized to store spent
fuel discharged through the life of both Surry units. For Virginia Power, the
selection of metal casks was based on cost, safety and on their modular design,
which allows us to buy only what is needed. As part of the licensing process,
the NRC issued an Environmental Assessment on the Surry ISFSI in April 1985,
which reached a finding of No Significant Impact on the environment by either
the construction or operation of the Surry ISFSI. In May 1985 we requested,
and were granted, permission from the NRC to begin construction of the ISFSI.
This work began in July 1985 and is now essentially complete. The NRC license
which will be required to operate the ISFSI should be received soon.

The Surry ISFSI is but one part of the Virginia Power, DOE, EPRI
Cooperative Agreement Program. The Cooperative Program also provides for
testing of dry cask storage of unconsolidated and consolidated fuel at the
Idaho National Engineering Laboratory in addition to the licensed demonstration
of dry cask storage at the Surry Independent Spent Fuel Storage Installation
(ISFSI).

CASKS BEIN6 TESTPJ AT INEL

As part of the Cooperative Program, up to four storage casks are being
tested at INEL. The first was delivered to INEL in December, 1984, the second
in October, 1985 and the third cask in March, 1986. Each of these three casks
are different in design and materials used, and were purchased from GNSI,
Transnuclear and Westinghouse. The fourth cask for testing with consolidated
spent fuel at INEL will be purchased in 1986.

The GNSI CASTOR-V (Figure 2) cask is constructed from cast nodular
iron and is designed to hold 21 PWR fuel assemblies. The cask uses solid
neutron shield rods which are placed into holes drilled axially into the cast
iron wall. The cast iron provides the gamma shield and structural strength.
Two stainless steel lids are used with metallic seals to retain the helium gas
in the cask. The helium pressure in the space between lids is monitored to
determine if there is any leakage from the cask.

The Transnuclear TN-24P (Figure 3) cask body is constructed from
forged carbon steel and is designed to hold 24 PWR fuel assemblies. The cask
uses a solid polyester resin compound for neutron shielding which is placed
between the cask body and a thin outer shell. The forged carbon steel provides
the gamma shield and structural strength. A single carbon steel lid is used
with double metallic seals. The seal seating surfaces on the cask body and lid
are overlaid with stainless steel, and the volume between the seals is used for
leakage monitoring.

The Westinghouse MC-10 (Figure 4) cask is constructed using a carbon
steel shell and stainless steel inner and outer lids, which provide a double
seal for the helium atmosphere in the cask. The neutron shielding is provided
by use of a neutron shielding material, Bisco, outside the main carbon steel
shell. The outer surface of the cask is a thin stainless steel shell which
contains the Bisco material and provides a corrosion resistant cask exterior.
This cask is designed for storage of 24 assemblies with a ten year decay timt.
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A successful program has been completed on testing of unconsolidated
spent fuel storage in the GNSI CASTOR-V cask. The cask demonstrated excellent
thermal performance and good shielding performance which will be improved
further with a slight change in gamma shielding design. This test program is
described in detail in Reference 1.

Results of the test programs for the Transnuclear and Westinghouse
casks will be reported when the test programs for these casks are completed and
evaluated.

SHIPMENT OF SPENT FUEL FROM SURRY TO INEL

As part of the Cooperative Agreement Program, spent.fuel has been
shipped from Surry Power Station to INEL for testing of the dry storage casks.

Shipment of spent fuel from Surry to INEL for the GNSI cask was
completed in August, 1985 and testing of this cask has been completed.
Shipments of Surry spent fuel for the Transnuclear cask was completed in
December, 1985, and testing of this cask is underway. Shipments for the
Westinghouse cask will be made in the spring of 1986.

The shipments of spent fuel from Surry to INEL were successfully and
safely performed. DOE accepted title to the spent fuel at Surry ar.-1 shipped
the fuel in an NRC licensed transport cask. The shipments were completed by a
private carrier with DOE interacting with the States on the shipment routes.
The success of this program demonstrates that private industry and government
can work together in a cooperative effort.

CONSOLIDATION OF SPENT FUEL

As part of the Demonstration Program, plans have been made for
consolidation of spent fuel to be conducted at Surry and at INEL. Testing of
consolidated and unconsolidated fuel in various cover mediums will be conducted
at INEL in two casks. Based on the results of these tests, Vepco plans to file
an amendment to the dry cask storage facility license for Surry to allow
storage of consolidated spent fuel in casks at Surry. Consolidation in dry
storage casks will be economical if the fuel from the two storage casks can be
consolidated for less than the cost of the second storage cask.

Assuming successful demonstration of storing consolidated fuel at
INEL, Virginia Power will use dry storage of consolidated fuel at Surry to
provide storage until the repository or MRS is available. The estimated cost
to Virginia Power for onsite dry cask storage until 1998 will be approximately
$40 million.

SUMMARY OF SPENT FUEL STORAGE PROGRAM

In Summary, Virginia Power's plans for spent fuel storage have
developed as follows:

° North Anna has been re-racked with neutron absorbing racks that will
provide storage there through 1999.
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Testing at INEL is underway and is providing valuable test data on
fiv\j ract ctnvanodry cask storage.

o Construction on the Surry ISFSI is also underway, with completion
expected in April, 1986. Five CASTOR V/21 storage casks have been
ordered for the ISFSI.

0 Shipments of spent fuel from Surry to INEL for the federal site
testing program are helping to provide dry cask test data and these
shipments should provide sufficient additional storage space at
Surry until completion of the Surry ISFSI.

° Transshipments from Surry to North Anna will be maintained as an
option, if needed.

Virginia Power is also interested in exploring use of the dry storage
casks purchased in the future for the Surry ISFSI for the dual purpose of
storage and then transport to the MRS or repository.
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QUESTIONS/ANSWERS

Questioner: Dick Libby
Organization/Country: Battelle Washington Off1ce/USA

Question: What 1s the quantity of fuel planned to be stored under the $40
million cost estimate?

Answer: Approximately 400 to 500 MTU.
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MONITORED RETRIEVABLE STORAGE (MRS) FACILITY

SURGE STORAGE SYSTEMS
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ABSTRACT

The Monitored Retrievable Storage (MRS) Facility includes surge storage
for canistered commercial spent fuels and associated wastes. This
storage is provided by air-cooled vaults and passive-cooled concrete
storage casks. This paper, which was sponsored by the U.S. Department of
Enery,/, discusses the design and analysis for these storage systems.
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INTRODUCTION

The Monitored Retrievable Storage (MRS) Facility is a centralized
facili ty for the receipt, handling, packaging, and safe temporary
storage of all types of PWR and BUR spent fuels and prepackaged,
encapsulated, high-level wastes from the nation's commercial reactors.
The spent fuels are packaged in an inert atmosphere within a sealed,
12-in.-dia, stainless steel canister. Each canister contains either a
single PWR assembly, two BWR assemblies, or the consolidated
fuel-bearing components from three PWR or seven BWR assemblies. The
nonfuel-bearing components are packaged in 55-gal drums. The canistered
spent fuel or fuel-bearing components are temporarily stored in an
in-building, air-cooled vault or onsite in sealed storage casks. The
drummed nonfuel-beaHng components and prepackaged HLW are temporarily
stored onsite in sealed storage casks.

The characteristics of the majority of the spent fuels and reprocessed
waste packages for which the facility was designed are shown in Table I .
I t is not now planned to store HLW from reprocessing in the faci l i ty.

Table I
Heat Generation and Radiation Intensity

of Wastes Stored at an MRS Facility

Package

PWR assemblya

Consolidated PWR (3:1)

BWR assembly5

Consolidated BWR (7:1)

HLW canister
( I 1 d.x 10' to 15'1)C

HLW canister
(2.511 d x 15'1)C

Gamma Surface
Dose Rate

(R/hr)

2 x 10*

6 x 10*

1 x 10*

6 x 10*

1 x 105

1 x 105

Neutron
Emission
(n/sec)

2 x 108

6 x 108

1 x 108

6 x 108

5 x 108

5 x 108

Heat
Generation

(W)

550

1,650

180

1,260

2,200^0
3,300d

3,300d

?0.462 MT init ial U; 33,000 MWD/MTU; 10 years out of reactor.
b0.186 MT Initial U; 28,000 MWD/MTU; 10 years out of reactor.
C2.28 MT init ial U processed (60% PWR/40% BWR); 10 years out of

reactor.
dBased on a heat-generation rate of 220 W/ft length.
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The MRS Facility is required to provide an in-building lag storage (air-
cooled vault) capacity of 1,000 metric tons of uranium (MTU) and sealed
storage casks, with a total capacity of 15,000 MTU.

The design limits imposed to preclude detrimental effects to the fuel
rod cladding, the high-level waste matrix and package, and faci l i ty
containment structure are shown in Table I I .

Table I I
Design Limits

Item Temperature Limit

Fuel assemblies Cladding < 375°C ( inert atmosphere)
< 250°C (air atmosphere)

High-level waste Borosilicate glass < 500°C (centerline)
< 375°C (surface)

Structural concrete Maximum 93°C (without degradation)

IN-BUILDING LAG STORAGE

A total of six reinforced concrete storage vaults are provided in two
canyon areas within the Receiving and Handling (R&H) Building. Each
storage vault is divided into eight enclosed stainless steel
compartments. Each compartment is equipped with a rack system that
supports the spent-fuel canisters at the bottom and guides them at the
top to facilitate their storage and retrieval. In addition to the
operational considerations, the design of the vaults/compartments
considered the aspects of shielding, criticaiity, natural phenomena, and
thermal loadings.

The configuration of the vaults and compartments was established by (1)
determining an arrangement that prevents a critical ity event; (2) an
economical cooling concept and systems that will maintain the fuel
cladding and concrete temperature below design limits; (3) providing a
canister support system that will survive a seismic event; and (4)
providing for public and operating personnel safety.

The following assumptions were used for the criticality analysis:

(1) The vaults are fully loaded with canisters containing
unirradiated PWR fuel.
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(2) The compartment i s constructed of a minimum of 1/8-in. stainless
steel.

(3) The in ter ior of a l l canisters and the vaults are maintained in a
dry condition.

(4) Al l canisters contain consolidated fue l .

These assumptions and f ac i l i t y arrangements were used in conducting a
preliminary analysis to determine a preliminary canister spacing and,
need for , and location of, vault dividing walls for interaction
isolat ion. Based on this analysis, i t was determined that the canisters
should be spaced approximately 3 f t on center and each vault should be
arranged in an 8 by 16 canister array with 2- f t - th ick dividing walls.

The same assumptions and preliminary storage conf1«. nations were used to
conduct the f inal c r i t i c a l i t y analysis. The f on owing cases were
analyzed:

Case 1: In accordance with the above assumptions.

Case 2: The compartment is constructed of 1/4-in. stainless steel;
otherwise, same as Case 1 .

Case 3: Assumes that 6 i n , of decontamination solution is contained
on the cel l f loor ; otherwise, same as Case 1 .

Case 4: All canisters contain unconsolidated fuel and one canister
is f i l l e d with water; otherwise, same as Case 1 .

The K-eff values resulting from the analysis of these four cases are
shown in Table I I I .

Table I I I
In-Building Lag Storage K-eff Values

Case K-eff Average

x 0.513 ± 0.002
2 0.479 t 0.002
3 0.510 i 0.002
4 0.890 ± 0.014

Three cooling concepts (passive, active, and semiactive) were considered
for in-building lag storage. The passive concept makes use of the
natural convection of air through thermal radiation from the canister
array into the vault concrete structure. A1r is introduced into the
vault beneath the canister array and rises because of the buoyancy
generated by the heat load of the canisters. Although free convection
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wil l generate an upward thermal draft because of the thermal expansion
of the air , the amount of air exhausted depends on the pressure
resistance of the ductwork and f i l t rat ion arrangements. The theoretical
draft produced by free convection cooling of a canister was calculated
to be approximately 0.1 i n . of water. This is not sufficient to force
the exhaust air through the required sinjjle-stage exhaust air HEPA
f i l t e rs . In addition, i t was determined that natural convection cooling
would not provide sufficient cooling to maintain the concrete surface
temperature within allowable l imits.

The active concept makes use of forced convection of air and thermal
radiation from the canister array onto the vault-concrete structure. In
this concept, the driving force of the cooling medium is by an external
force. Depending on the cooling medium transfer channel design, the
driving force can be determined by evaluating the sum of flow resistance
in the supply and exhaust systems. Major factors governing the design
are (1) system pressure drop and (2) canister surface heat-transfer
coefficient. The f i rs t factor is a function of the HVAC equipment
( f i l te rs plus duct resistances); the second factor is a function of heat
removal rate from the canister.

Using the lag storage design configuration, air would be exhausted by a
fan. The amount of airflow and the velocity of air through the vault can
be designed to meet the canister cooling requirements. Use of higher air
velocity results in a larger heat-transfer coefficient, hence faster
heat removal from the canisters. The cooling system has a larger
pressure drop, however, and wil l require larger driving forces,
resulting in higher system capital and operating expenditures. By
directing some airflow to the vault concrete wall surfaces, temperature
of the concrete can be maintained within allowable l imits. This feature
is desirable, given the long-term exposure of the concrete to high heat
flux and the inaccessibility of the vault because of the high-radiation
environment.

The active cooling method can accommodate airflow control by providing a
larger pressure drop in portions of the distribution system.

Although an active cooling system can be designed to meet the
temperature requirements, i t wil l require higher capital and operating
expenditure than would a passive system.

A third analysis was performed to determine whether a combined active
and passive system could maintain canister and concrete temperature
l imits, thereby minimizing additional equipment and related faci l i ty
space. This system introduces air actively by a fan, but the airflow
rate is slow enough that heat is removed passively from the canister by
using the buoyancy force of natural convection. By using fans, airflow
into and out of the vault is designed to overcome the pressure drop of
the HVAC system, including f i l t e rs . Because of the external driving
force, the airflow distribution system can be designed to distribute the
airflows properly. The decay-heat load of the canisters is removed
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passively. The cooling system i s , therefore, smaller and less expensive
than an active cooling system.

Based on these analyses, a semiactive cooling system, which uses fans to
handle airflow into and out of the vault and uses the buoyancy of a i r to
remove heat from the stored canisters, was used for the in-building lag
storage area.

To provide proper airflow distr ibut ion, each vault is compartmented and
each compartment w i l l have i t s own air supply and exhaust. A compartment
wi l l house a 4 by 4 array of canisters. Air supply to a compartment is
through a plenum located 2 f t below the canister bottom. The plenum is
designed to properly distribute a i r f i tw to the canister storage
positions in a compartment. A separate side stream is directed toward
the concrete wall surface, which is adjacent to one or two sides of a
compartment. The cross section of a typical storage vault is shown in
Figure 1.

Figure 1 - Typical Storage Vault

Using the nodal acceleration of the canyon f loor determined from the
three-dimensional seismic analysis of the R&H Building, a conceptual
design of the canister compartments was developed. Each canister
compartment is constructed of structural steel with intermediate racks
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to support the spent-fuel canisters at the bottom and guide them at the
top. The exterior surface of each compartment is constructed of 1/4-in.
steel plate.

The canyon areas are surrounded by other uncontrolled or contingent
areas. Consequently, in accordance with DOE Order 5480.1A and DOE
EV-1830-T5, shielding is provided to conform to the 0.125-mrem/hr design
goal for the areas exterior to the canyon areas. The analysis assumed
that each vault is fully loaded with consolidated PWR canisters, which
require 5-1/2-ft-thick shielding walls.

SEALED STORAGE CASKS

The sealed storage casks are cylindrical, reinforced-concrete structures
with a stepped, carbon-steel-lined cavity for storing waste containers
and to provide radiation shielding. A cylindrical concrete shield plug
fits into the open top and a steel cover plate is seal welded to close
the cask. The heat from radioactive decay is conducted through the steel
and concrete, and removed by atmospheric convection and thermal
radiation. The cask and the enclosed storage canisters provide double
containment to withstand credible natural events. For details of the
spent-fuel and HLW storage casks, see Figures 2 and 3.

The sealed storage casks were configured to (1) preclude a criticality
event; (2) maintain the fuel cladding temperature below design limits;
(3) survive a natural phenomena event; and (4) provide for public and
operating personnel safety.

The following assumptions were used for the criticality analysis:

(1) All spent fuel is to be considered as unirradiated,
unconsolidated fuel assemblies.

(2) The casks are fully loaded with 12 canisters, of which 10
contain consolidated PWR fuel rods in a dry inert atmosphere and
two contain unconsolidated PWR assemblies in a waterflood
canister.

(3) The cask interior is dry air with 0.1% H20 content.

(4) The analysis excluded the rebar contained in the cask
construction.

(5) Neutronic coupling between adjacent casks, as well as neutronic
dependency of cask ambient environment, is negligible because of
the cask construction.

Using the above assumptions, the following cases were analyzed:

(1) The two waterflooded canisters are adjacent and centered in the
cask.
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(2) The two waterflooded canisters are adjacent and located along
the inter ior face of the cask.

(3) The two waterflooded canisters are located on opposite sides of
the inter ior face of the cask.

The K-eff values resulting from the analysis of these cases are shown in
Table IV.

Table IV
Sealed Storage Cask K-eff Values

Case K-eff Average

1 0.855 i 0.003
2 0.857 ± 0.004
3 0.871 ± 0.005

The thermal analysis of the sealed storage casks considered both the
thermal effects from consolidated spent fuel and those from canistered,
encapsulated, high-level waste (HLW).

The reference spent-fuel waste form consists of a bundle of PWR spent-
fuel rods (792) in a sealed, stainless steel canister. The spent-fuel
canister was assumed to have no internal part i t ions and the rods were
assumed to be in the form of a t ight bundle (the minimum average spacing
between adjacent rods is estimated at approximately 0.05 cm) and
arranged on a triangular p i tch. The HLW form considered was assumed to
consist of a borosilicate glass matrix containing the nuclear waste
material instal led in a stainless steel canister. Thermal performance
calculations for the reference waste form were also made for burn up/
cooling-period combinations of 33,000/5 and 55,000/10, corresponding to
heat-generation rates at dry storage emplacement time of 2,520 and 3,150
W per canister, respectively.

Using information from Radiative Heat Transfer in Arrays of Parallel
Cylinders, ORNL-5239 theoretical expression was developed that
relates the peak temperature in a bundle of heat-generating rods to the
temperature of the bundle perimeter, the rod emissivity, and certain
physical parameters of the individual rods and the bundle.

Because temperatures of interest occur separately in the cask wall and
in the heat-generation region, these were analyzed independently, using
the ANSYS finite-element transient thermal analysis program with two
analysis models: the overall cask model and the cask internal model. The
l iner separating the concrete cask wall and the heat-generation region
acts as the common boundary. The cask wall and l iner temperature
distributions were determined by treating the region containing the
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waste canisters as a single, homogeneous material with a heat-generation
rate determined by the heat output of the waste and the volume of the
designated heat-generation region. With the temperature distr ibut ions,
the dimensions of the cask, and the thermal properties of the materials
involved, i t was possible to determine the peak l iner temperatures as a
function of time.

The same cask model was used for the analysis of both spent-fuel and HLW
cask systems. Primary components of the cask model include the
heat-generation region, l i ne r , concrete cask wal l , support pad, and the
soil base. The l iner step and cask outer-diameter step were not modeled
because their impact on peak waste-form temperature predictions was
considered negligible.

The effect of various percentages of rebar and thickness of Uner, and
the carbon-steel f ins on the outer surface of the l iner , as used in th is
analysis, was then used to develop a radial-direct! on thermal
conductivity for the cask wal l . The model for that development assumed
parallel heat flow through concrete and carbon steel , with equal
temperature di f ferent ia ls imposed across the two paths. The resulting
conductivity was assumed to be constant with radius.

The ANSYS finite-element transient thermal analysis program was used to
predict temperatures in the inter ior of the spent-fuel and HLW casks.
Both models contain three major components: heat-generation regions,
conductive r ibs , and a i r - f i l l e d regions. Heat transfer in the a i r - f i l l e d
regions was simulated by an effective thermal conductivity model (with
appropriate temperature dependence) that represented the combined
effects of conduction, convection, and radiation.

Heat transfer from a waste canister to i t s surroundings in the cask
occurs primarily in the radial direction across an a i r - f i l l e d gap. In
deriving the effective conductivity, those surroundings were simulated
by a cyl indrical surface (concentric to the canister). The analysis
considered the three heat-transfer modes, with the resulting temperature
di f ferent ia ls used to derive effective thermal-conductivity values that
could be expressed as a function of the average temperature in the air
gap. This calculation was done by using the relationship for radial heat
conduction in the wall of a hollow cylinder.

Conduction and convection calculations across the radial gap considered
two concentric cyl indrical surfaces, separated by a gas and operating at
dif ferent temperatures. Heat transfer from one surface to the other
occurs by conduction through the gas and uy local convection. The gap is
assumed to be closed at each end, so there is zero net gas throughput.

In the thermal radiation calculation, an emission value of 0.5 was
assigned to stainless steel (canister material), oxidized carbon-steel
plate (cask l i n e r ) , and for aluminum (cask r ibs ) . The effective thermal
conductivity resulting from this analysis was input directly into the
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cask internal finite-element model to determine the effect on peak
cladding temperature of variations in the conductivity model.

Figures 4 and 5 show the spent-fuel and HLW cask external model results,
using various rebar percentages and internal r ib materials. Design
combinations with intersections below the allowable cladding and
canister temperature design l im i t are acceptable for the MRS sealed
storage cask design.

Figures 6 and 7 show the temperature gradient through the spent-fuel and
HLW casks, using a 2- in.-thick l iner , 4% radial rebar, and aluminum
internal r ibs .

The effects on the sealed storage cask of natural phenomena (seismic and
tornado) were investigated. Because of lack of subsurface information,
i t was assumed that the cask pads are bearing on an al luvial soil with
average physical properties. The bedrock accelerations were assumed to
be 0.25g horizontal and 0.167g ver t ica l , with a soil amplification
factor of 1.5 to obtain f ree- f ie ld ground acceleration at the surface.
Using the NRC response spectra, i t was concluded that the cask would
rock about i t s edges, but would not turn over or slide from i ts pad.

T>rnado winds wi l l have no effect on the casks. Tornado-generated
missiles, however, could result in spall ing of the exterior concrete
surface, but w i l l not penetrate the cask walls or cover. This spall ing
would result in localized loss of shielding, but would not result in a
r isk to the public.

The sealed storage cask configurations were designed to l im i t surface
dose rates to 10 mrem/hr on the top, 20 mrem/hr on the sides, and 200
mrem/hr on the bottom. Two modes of calculation were used: (1) direct
dose - l ine-of-s ight calculations for the majority of the evaluation and
(2) single scatter dose calculations for those configurations in which
the scattered dose rate was signif icant. The resulting surface dose
rates for the spent-fuel and HLW casks are shown in Figures 8 and 9.
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QUESTIONS/ANSWERS

Questioner: Dick Libby
Organization/Country: Battelle Washington Office/USA

Question: Do you have any cost estimates In dollars per kilogram for either
of your storage concepts?

Answer: No. However, the MRS cost estimate is presented in a format which
would allow these costs to be developed.

Questioner: Kevin Kingsley
Organization/Country: GNSI/USA

uestion: What is the planned disposition of the irradiated hardware resulting
rom the fuel consolidation?

Answer: The hardware will be volume-reduced, packaged in 55-gallon drums and
temporarily stored 1n sealed storage casks and shipped offsite as high activity
waste.

Questioner: Burt Johnson
Organization/Country: Pacific Northwest Lab/USA

Question: Please identify the source/basis for the proposed 250°C cladding
temperature limit for storage in air. For extended storage in air, where
cladding defects are present or suspected, current data suggest that 250°C is
not conservative. However, the interpretation must take into account the
temperature decay rate and the exposure time; for short times, the 250°C
temperature may be technically acceptable.

Answer: Based on data developed at INEL, the 250°C temperature limit is
reasonable for fuel with no defects and the anticipated 10-day exposure time.
Fuel received at the MRS which is suspect or with known defects will not be
consolidated and will be packaged Intact immediately.
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PROGRESS IN DRY SPENT FUEL STORAGE LICENSING
AND RULEMAKING

J. P. Roberts and F. C. Sturz
Advanced Fuel and Spent Fuel Licensing Branch
Division of Fuel Cycle and Material Safety

Office of Nuclear Material Safety and Safeguards
U.S. Nuclear Regulatory Commission

Washington, DC, 20555 U.S.A.

Spent fuel storage outside of reactor pools, which is licensed by
NRC under 10 CFR Part 72 is now dominated by developments in modular dry
storage designs for both interim and long-term storage. In response to
provisions of the Nuclear Waste Policy Act of 1982, NRC is developing
amendments to 10 CFR Part 72: 1) to accommodate licensing of monitored
retrievable storage, should it be authorized by Congress; and 2) to
develop a site independent or "generic" rule for dry spent storage in
metal casks.
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INTRODUCTION

All of you present are familiar with the Nuclear Waste Policy Act of
19821 (the Act) and its mandates regarding the Department of Energy (DOE)
and Nuclear Regulatory Commission (NRC) responsibilities concerning the
geologic repository and monitored retrievable storage (MRS). You also
know that interim storage of spent fuel was established as a responsibility
of those possessing that fuel, i.e., generally speaking utilities. So I
shall confine my discussion to updating NRC progress with respect to dry
storage licensing, including topical reports for dry cask and modular designs,
and dry storage rulemaking including the MRS and the nonsite-specific or
"generic" rule.

Since a paper by my co-author and me was presented recently on the
subjects mentioned above at the Institute of Nuclear Materials Management
Spent Fuel Storage Seminar in January of this year,2 what I have to say
is an update of that. Fortunately, however, a fair amount of progress
has occurred in these last few months. So there is new information to
report to you.

TOPICAL REPORT REVIEWS

Several Topical Report (TR) designs submitted by vendors are being
reviewed by the NRC. In a few cases letters of approval for TRs have
been issued, but subsequent events, have caused problems in one case. I
shall discuss this later in this paper. Additional TR submittals are
expected.

The TRs first submitted included dry cask designs by General Nuclear
Systems, Inc., (GNSI) (a partnership between Chem-Nuclear Systems, Inc.,
and Gesellschaft ftir Nuklear-Service mbH) for the CASTOR JC and V/21
casks (docketed under Project Nos. M-34 and M-37, respectively) and by
Ridihalgh, Eggers and Associates for the REA 2023 pressurized water
reactor (PWR) and boiling water reactor (BWR) spent fuel storage cask
designs (docketed under Project Nos. M-33 and M-36, respectively).

The GNSI casks are of thick-walled nodular cast iron, the CASTOR Ic
having a capacity of 16 BWR assemblies and the CASTOR V/21 having a
capacity of 21 PWR assemblies. The REA casks are fabricated of stainless
steel and lead with liquid neutron shields, with the PWR cask having a
capacity of 24 assemblies and the BWR cask having a capacity of 52
assemblies.

Since 1984 Mitsubishi Heavy Industries Limited (MHI) has purchased the
rights to the REA cask designs; and the REA Topical Report submittals
have been assumed by MHI. MHI is initially pursuing approval of the PWR
cask design Topical Report.3 Substantial design changes have been made
to the cask basket and the neutron shield portion of the cask, which has
been renamed the MSF IV.
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Other Topical Reports which were expected to be submitted in 1984, have
been. NUTECH, Inc. submitted their concrete module storage design, which
contains a stainless steel canister with a capacity of 7 PWR assemblies
(TR docketed under Project M-39). Nuclear Assurance Corporation (NAC)
has submitted a TR for the NAC Storage/Transport (S/T) cask, which is a
stainless steel and lead cask with a liquid shield and which has a
capacity of 31 PWR assemblies (TR docketed under Project No. M-4(P

The Westinghouse Electric Corporation (W) and Transnuclear, Inc. (TN)
have also submitted dry cask design TRs for thick-walled steel casks, the
MC-10 and TN-24 respectively, with solid neutron shields. These TRs were
received and docketed in 1985. Each cask has a capacity of 24 PWR
assemblies. (The W and TN reports are docketed under Project Nos. M-41
and M-42 respectively).

The most recent TR submitted in December 1985 is that by Combustion
Engineering (CE) for their Dry-Cap-P24 and Dry-Cap-B60 dry cask designs.
These are thick-walled steel casks with solid external neutron shields.
The cask, which differs only in fuel basket designs, can either hold 24
PWR or 60 BWR assemblies. (The CE report is docketed under Project
M-43). A TR, which is expected to be submitted by Foster-Wheeler Company
(FW) with General Electric Company (GEC) of the United Kingdom this year;
will be for a modular concrete vault design.

In summary, to date, with the exceptions of the NUTECH design, all TR
designs submitted have been for metal dry storage casks. The Foster
Wheeler TR would be another exception.

PROGRESS OF TOPICAL KEPORT REVIEWS

Two TRs for the GNSI CASTOR Ic and V/21 designs received letters of
approval in 1385.4'5 Each of these letters included a Safety Evaluation
Report and limiting conditions for the use of these casks. Reviews of
these two nodular cast iron casks considered use of these casks under
normal, off-normal and accident conditions including cask drop and
tipover, fire and explosion and for extreme natural phenomena including
earthquake, tornado winds, and missile impact, lightening strike, and
flood, thermal, shielding, criticality, radiological, and mechanical
evaluations were made. In some instances, vendor analyses were
evaluated; and in other instances, independent analyses under codes
including KENO V for criticality and MORSE for shielding were used.
Additional independent thermal and mechanical stress calculations were
performed. Specific concerns included the characterization of nodular
cast iron as an acceptable material for dry storage cask use, the maximum
spent fuel cladding temperature seen for fuel in the cask, and the
ability of fuel to be dry stored under cask conditions for at least
20 years without undergoing any significant deterioration.
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In the case of the CASTOR V/21, its letter of approval was issued on
September 30, 1985. Since then, an occurrence, during an unlicensed
demonstration conducted at the Idaho National Engineering Laboratory, has
been reported.6 This occurrence involved cracks in welds in the cask
basket which is fabricated largely of borated stainless steel. GNSI and
Virginia Electric and Power Company (VEPCO) were requested to supply NRC
with information on this occurrence.7'8 GNSI has provided NRC
information,9'10 and VEPCO and GNSI have met with NRC staff. We are
reviewing this material and assessing any implications of this occurrence
for CASTOR V/21 use at the proposed VEPCO Surry Power Station site dry
cask independent spent fuel storage installation. Competent authorities
in the Federal Republic of Germany are also awaiting a report on this
occurrence prior to completion of their review of the CASTOR V/21 cask.11

In addition, GNSI has submitted information regarding use of an all
stainless steel (without added boron) basket to store low initial
enrichment fuel.12 We are reviewing this and have found no problems with
this proposal which would preclude approving it. VEPCO expressed this
proposal originally at a meeting with GNSI and NRC staff.13 VEPCO has
low initial enrichment fuel, i.e., spent fuel, in its Surry Power Station
pool. Thus, resolution of the CASTOR V/21 basket question using this
alternative could provide some near-term storage capacity relief at Surry
while the borated stainless steel basket would continue to be reviewed.

With respect to other TRs submitted, initial comments were submitted to
NUTECH, Inc., for its concrete module design (docketed under Project
No. M-39). Meetings were held to discuss comments, involving
criticality, shielding and thermal analyses and other matters, and a
revised TR was submitted in November 1935. We have completed our review
and a letter of approval w H h a safety evaluation report was issued on
March 28, 1986. Initial comments were also sent to NAC on its TR
(docketed under Project No. M-40) in October 1985, and initial comments
have also been sent to W regarding its TR (docketed under Project
No. M-41) in December 1985.

Our reviews of the TN design and the CE design (docketed under Project
Nos. M-42 and M-43, respectively) are just beginning. A new TR for the
Mitsubishi MSF IV cask design is expected this year.

LICENSE APPLICATIONS

We have received two license applications for dry storage. The first
from VEPCO for dry cask storage at its Surry Power Station has been
reviewed, and a Finding of No Significant Impact and Environmental
Assessment (EA) have been issued.14 The Finding of No Significant Impact
was published in the Federal Register.15 The safety review for the VEPCO
application is nearing completion. We expect Commission review later
this spring. The second dry storage license application (docketed
February 12, 1985, under Docket No. 72-3) is from Carolina Power and
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Light Company (CP&L) and is for dry concrete module storage on the site
of its H. B. Robinson Steam Electric Plant Unit No. 2, (HBR2). The safety
analysis report submitted by CP&L references the NUTECH module design TR.
At a meeting with NRC staff on May 30, 1985, CP&L indicated significant
design changes from the NUTECH TR design. These changes were
subsequently incorporated by CP&L with NUTECH assistance in the design
for use at HBR2. Following NRC staff comments, CP&L also submitted a
separate Environmental Report (ER) (docketed July 19, 1985, under Docket
72-3). Safety and environmental reviews of the application are
completed. Our environmental assessment for the HBR ISFSI was issued on
March 31, 1986 and will be followed by issuance of our safety evaluation
report later in April. We expect Commission review later this spring.

REGULATORY DEVELOPMENT

Section Hl(d) of the Nuclear Waste Policy Act of 19821 requires that a
monitored retrievable storage facility (MRS) be subject to NRC licensing.
Assuming that the Congress authorizes a MRS a regulation for licensing
DOE to store spent fuel and high-level radioactive waste will be needed.
A proposed amendment to 10 CFR Part 72 to accomplish this objective has
been drafted and is being considered by the Commission (SECY-85-374). A
final rule would not be issued until and unless the Congress authorizes
DOE to proceed with an MRS.

Essentially, the staff believes that the technical and procedural
requirements of the 10 CFR Part 72 are applicable to the licensing of a
MRS. The proposed rule to amend Part 72 would explicitly include the MRS
and storage of solid high-level radioactive waste (HLW) in a MRS. Other
than the incorporation of the terms "monitored retrievable storage
installation (MRS)" and "high-level radioactive waste (HLW)," the
substance of the proposed revisions are:

o Wording changes to clarify the requirement that spent fuel
cladding be protected against degradation leading to gross
rupture or to otherwise confine the fuel such that degradation
of the fuel will not pose operational safety problems when
removed from storage.

o Addition of a requirement to consider tornado missiles on the
design of the ISFSI and MRS.

o Addition of the requirement that MRS be designed to permit
monitoring, management and maintenance of the spent fuel and
HLW for the foreseeable future.

o Addition of the requirement for retrievability of spent fuel
and HLW.
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o Addition of specific quality assurance (QA) requirements
appropriate for an ISFSI or MRS. Thus, Part 72 will no longer
simply reference 10 CFR Part 50, Appendix B. However, for
at-reactor site applications, an existing approved Appendix B
program applied to an ISFSI remains acceptable.

o Addition of a 40-year license term for a MRS. The license term
for an ISFSI will remain 20 years.

o Modifications of appropriate sections regarding records
management and procedures as required by the Paperwork
Reduction Act of 1980.

Further revision of Part 72 is contemplated in response to the NWPA
provision for the Commission to develop, by rule, approvals for the use
of dry storage casks without, to the maximum extent practicable, the need
for additional site-specific approvals. After gaining experience on the
initial dry cask license applications and related topical reports,
combined with information developed by DOE dry storage development and
demonstration programs, we plan on developing the technical basis for
cask certification and general licenses. This would then be developed
into a new rule. The development and issuance of such a rule about 1988
would facilitate licensing of dry storage for additional capacity that
may be needed in the 1990's, pending the availability of a repository or
an MRS.

MONITORED RETRIEVABLE STORAGE FACILITY

The NWPA specifies that the DOE, in formulating its MRS proposal shall
consult with the Commission. To date, the NRC has played a consultative
role in the development of the MRS proposal, advising DOE on regulatory
aspects. So far the DOE/NRC interactions have been informal, as
contrasted to the more formal interactions for the repository project.
This has been principally due to the fact that the MRS proposal must be
approved by Congress before NRC has a formal licensing role. The NRC
staff has reviewed the DOE MRS proposal and prepared information for the
Commission. NRC comments were sent to the DOE in early February, 1986.
These have been published.1*

CONCLUSION

NRC staff have completed safety reviews of three topical safety analysis
reports for dry spent fuel storage casks and a concrete module. New cask
and module designs continue to be submitted for review. A second dry
storage license application was received from CP&L, and our review of it
is completed. Review of the VEPCO dry cask application is near
completion, but the recent reports7,* to us about the cracks in welds
observed in the CASTOR V/21 cask basket are being evaluated and any
issues which may affect the use of the CASTOR V/21 with a borated
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stainless steel basket at Surry have yet to be resolved. However, a
revised basket design using stainless steel and restricting initial fuel
enrichment has been proposed to allow use of the CASTOR V/21 cask.13 For
this design we expect to be able to complete our VEPCO license review
this spring allowing for subsequent resolution of borated steel basket
concerns.

Based on data from the DOE dry storage development and demonstration
program and NRC staff TR and license application reviews, we are
beginning to move towards developing regulations to permit storage cask
certification and general licenses. This would facilitate the licensing
of spent fuel storage in dry casks at reactors without additional
site-specific approvals.

The NRC has advised the DOE on regulatory aspects in the development of
the MRS proposal and has submitted comments to the DOE on that proposal.
A proposed amendment to 10 CFR Part 12 has been drafted to accommodate
licensing of DOE to store spent fuel at an MRS. Assuming Congress
authorizes an MRS, NRC will take on a more expanded and formal licensing
role in the development of an MRS.

In conclusion, dry storage licensing continues to develop as a spent fuel
storage option.
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QUESTIONS/ANSWERS

Questioner: John Carr
Organization/Country: Battene Columbus Labs/USA

Question: In formulating rules for MRS dry storage, to what degree are you
(your staff) interfacing with the NRC group dealing with 10 CFR 60 and geologic
repositories, and potential guidelines that may affect spent fuel condition?

Answer: While a final design for MRS (assuming authorization for construction
by Congress) has not been developed, NRC staff have reviewed a preliminary
proposed design. A report in a safety evaluation report format, NUREG-1168,
is being printed for release this month. MRS spent fuel storage is assumed
to be in an inert fill gas. If fuel is consolidated, presumably the canister,
as part of the DOE integrated concept, would be compatible with the acceptance
criteria for the repository as licensed under 10 CFR Part 60.

Questioner: Bill Teer
Organization/Country: Transnuclear, Inc/USA

Question: The criticality analysis for a "dry" spent fuel storage cask which
will be loaded In a reactor pool must assume a flooded cask. What will be
the requirement for the criticalIty analysis of a storage cask to be used at
the MRS where it will be loaded dry?

Answer: Assumptions regarding the possibility of flooding. I.e., introduction
of water in an "all dry" system such as MRS, are design dependent. Since a
final design for MRS 1s not available as yet, one cannot say whether 1t is
credible to assume no water Ingress for the critical1ty accident case. For
further Information on NRC consideration of MRS safety questions, I recommend
you obtain NUREG-1168, which 1s being printed for release this month. This
report 1s In the format of a safety evaluation report for the preliminary
proposed MRS design.

Questioner: Dick Libby
Organization/Country: Battelle Washington Office/USA

Question: What is the status of being able to take credit for fuel burnup 1n
storage casks or other systems? What type of Instrumentation would be required
1f such "burnup credit" could be taken?

Answer: I recommend that you examine the standards ANSI/ANS 57.7 and ANSI/ANS
57.9, which are endorsed with modification in NRC Division 3 regulatory guides
for wet and dry spent fuel storage, respectively. ANSI/ANS 57.7 is being
reconfirmed, with some updating. An appendix to 57.7 contains references of
work done by Westinghouse and Los Alamos on Instrumentation (John Nevshemal
chaired the standards group updating ANSI/ANS 57.7). As yet, however, no
instrumentation has been developed to determine "burnup credit" for spent
fuel in storage at commercial reactors. Where "burnup credit" Is allowed in
at-reactor spent fuel storage, administrative measures are employed.
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Questioner: Burt Johnson
Organization/Country: Pacific Northwest Lab/USA

Question: If fuel retr1evabH1ty 1s expected after canning fuel, how does 10
CFR Part 72 apply?

Answer: With respect to spent fuel storage, retr1evab1lity concerns the ability
to readily and safely remove spent fuel from storage (either at an ISFSI or an
MRS facility). Such fuel may be an unconsolidated assembly or consolidated
fuel rods in a canister.

Questioner: Bill Lee
Organization/Country: Nuclear Assurance Corp/USA

Question: Since the MRS facility 1s licensed for 40 years, and the storage
cask is licensed for 20 years, what happens at the end of 20 years of storage?

Answer: The 20-year license period for an ISFSI remains 1n effect 1n the
proposed MRS amendment (SECY-85-374) to 10 CFR Part 72. A license for a dry-
cask ISFSI could be renewed at the end of the 20 years. The license period
for an MRS facility in the amendment is 40 years.

S-214



SPENT FUEL DRY STORAGE PERFORMANCE IN INERT ATMOSPHERE

Peehs, M.t Bokelmann, R.,
KRAFTWERK UNION AKTIENGESELLSCHAFT
P.O. Box 3220, D-8520 Erlangen/FRG

Fleisch, J.,
Deutsche Gesellschaft fur Wiederaufarbeitung

von Kernbrennstoffen mbH
P.O. Box 1407, D-3000 Hannover 1/FRG

ABSTRACT

KWU and DWK performed a joint program on LWR spent fuel dry storage behaviour
covering all essential aspects, both for intact fuel as well as for fuel
with operational defects. The work comprises theoretical work, laboratory
experiments and performance tests with complete spent FA. It results that
after a suitable decay time in a pond (even less than 1 year) dry storage
in inert atmosphere is safe and reliable.

1. Introduction

The importance of extended interim storage of spent LWR-fuel is presently
being considered in a number of countries. The FRG position has always been
to reprocess the spent fuel, e.g. at the French and British facilities of
COGEMA and BNFL and in the future at the FRG reprocessing facility /I/.
Due to the estimated accumulation of spent fuel, the actual schedule and
design criteria of the German reprocessing plant, interim storage of spent
LWR-fuel in the power plant pools and in additional away-from-reactor (AFR)
storage facilities plays an important role in spent fuel management in the
FRG /2/. Already in 1980 the concept of AFR storage in transport/storage
casks was selected in the FRG.

The interim storage of fuel assemblies may extend over a decade and more.
A joint R and D effort between KWU and DWK - partially funded by the BMFT
- was initiated, to assess the integrity of spent fuel assemblies and their
handling capability throughout the anticipated storage periods, during the
discharge of the fuel assemblies from storage locations and during shipment
to fuel reprocessing.

2. Definition of Defective Fuel

To avoid misunderstanding the term "Defective Fuel" needs to be defined.
At once there are two possibilities:

I loss of handling capability of the spent fuel assembly (FA) due to the
loss of structural stability of FA-components

II loss of tightness of the Zry-clad due to cladding defects.
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It is obvious that under dry storage conditions in inert atmosphere case I
can be excluded. Consequently speaking of defective fuel means always FA's
with one or a few fuel rods (FR) having a leakage. Fuel leakage means a
loss of fuel cladding integrity caused by mechanical and/or corrosive factors.
It may lead to some release of radioactive material. If the defect sizes
are small there is only a fission gas release. Greater defect size may cause
a release of other fission products or some U0?.

3. Scope of R+D-Prograai

Despite the fact that only a small fraction of fuel rods show operational
defects (typically in the FRG: 2-5 in 10 fuel rods) the assessment of the
storage behaviour should cover both intact and operational defective fuel
rods. To minimize the overall effort, the analysis have to be performed
by a reasonable combination of theoretical analysis, laboratory work, and
performance testing of real spent fuel under realistic conditions. The fol-
lowing main objectives have been covered in the seven years effort:

- Generic investigations (Chapter 4.1)

- Defect mechanism assessment (Chapter 4.2)

- Defective fuel rod behaviour (Chapter 4.3)

- Safety related investigations (Chapter 4.4)

- Verification experiments (Chapter 4.5).

The following paper summarizes all experimental work performed in the program.
The theoretical analysis is compiled in /3/, presented at the same conference.

4. Results of Investigation

4^1 Genericlnvestigation

4.1.1 Fission Product Release

During operation a typical LWR-FR shows a fuel centerline temperature of
1000 °C - 1200 °C. The pellets surface temperature is about 500 °C. For
the dry storage performance assessment the most interesting fuel data are
the fission gas-, Cs- and I-release. Typical fission gas release data for
LWR-fuel are less than 1 - 4 % of the inventory even up to peak pellet burn-up
as high as 56 GWd/tU /4/. This holds also for Cs and I.
Heating up the fuel again to temperatures being typical for dry storage
the additional release of fission gas is negligible (< 0,05 % see also 4.3.2).
Measurements of transient Cs and I release from spent fuel for temperatures
below 800 °C results in release fraction of < 0,01 % of the inventory /5/.
Direct measurements of I released during dry storage from defective fuel
(see 4.3.2) showed that less than 1 ug per FR was set free. No gasphase
Cs release could be detected. The only possibility for Cs release and trans-
port exists via its Xe-pre-cursors, as was shown by if-spectrometer measure-
ments performed at fuel rod plena from FWR spent fuel /6/. The fuel investi-
gated achieved burn-ups between 10 - 45 GWd/tU. The investigation was per-
formed 200 d after reactor shutdown in the hot cells after an early dry
transport.
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4.1.2 Tritium (T) in Fuel and Cladding

Detailed investigations on T-inventories of PWR- and BWR-fuel with a bum-up
up to < 36 GWd/tU were performed at KWU by Bleier et al /7/. The results
show that in a PWR fuel rod typically 63 % of the T formed is fixed in the
Zircaloy cladding, whereas 37 % remains in the fuel; in the BWR fuel rod,
Zircaloy and fuel each contain approximately 50 % of the T formed. The frac-
tion of the T released to the fill gas of the rod is extremely small in
all cases analyzed.

In the cladding the T distribution is uniform over the entire wall thickness.
However, the inner and outer oxide layers contain only rather small T concen-
trations. The axial T distribution in the cladding roughly corresponds to
the local fuel burn-up; at the plenum positions the T concentrations decrease
rather sharply /7/.

Using those results the T release from intact fuel rods can be determined
using the Sieverts law: Based on the results for H and T concentrations
in the spent cladding the Zr-H-phase diagram, and the temperature the actual
T partial pressure can be calculated. That way derived values fit well with
measurements in the gas phase of storage canisters. The chemical form is
HT or HTO. Its ratio depends on the O-activity of the gasphase.

T-release measurements from defective rods correspond also to those data,
however nearly all T is released as H-T-0 as long as humidity is released
/8/

______

FR

A
B
C
D

during drying

HTO HT
(pCi) (uCi)

160 -
80 —

1240 -
10 ~

cumulative release after 64 d
storage

HTO HT
(pCi) (iiCi)

200 7
260 6
900 4
300 4

Table 1: Release of T from defective spent fuel during dry storage

4.1.3 Oxide Layer and Crud Behaviour

The oxide layer thickness in KWU reactors is in the range of 50 - 100 urn
for PWR at a discharge burnup of 40 - 45 GWd/tU /9/ and 30 - 70 urn for BWRs
at a discharge burnup of around 40 GWd/tU /10/. The crud deposition normally
is small for BWRs and practically zero for PWRs. Those layers proved to
be stable and adherent during all experiments and demonstration storage
tests. In a few cases a slight discoloration was observed, especially when
some additional oxidation during storage occured due to some 0 2 or HpO avail-
able. In no cases spallation was observed. When some additional oxidation
occured axial cracking could be seen in the oxide layers. Setting the fuel
wet and dry - even after water quenching of dry stored fuel - no adverse
effects could be observed /ll/.
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4.1.4 Kr-85 Release from Intact Fuel Rods

In some dry storage experiments Kr-85 was detected in spite of the fact
that the spent fuel in the test has been proven sound in pre- and post test
examination s.g. in the Ispra-single rod test performed by NUKEM jointly
with KWU /12/. It could be shown by detailed investigation of the oxide
layer and crud samples in the KWU hot cells that U from neighbouring defective
fuel is partially adsorbed at the FR-surface during in-service operation.
This U is being fissioned and its fission products are fixed by recoiling
and adsorption in the crud and oxide layer deposits. Setting the fuel dry
and heating it up during dry storage, Kr-85 is released now from the surface
of sound FRs.

The as-described phenomenon is therefore an one-time activity discharge,
which was confirmed experimentally also by the fact that the activity de-
creases below the detection limit when the cover gas is exchanged.

4.2 Defect Mechanisms Assessment

4.2.1 Post-pile Creep

The creep behaviour of unirradiated Zircaloy (out-of-pile creep) and the
creep behaviour of Zircaloy cladding tubes during irradiation (in-pile creep)
has been investigated in detail in numerous programs e.g. /14/. On the contra-
ry, creep investigations of irradiated Zircaloy cladding after irradiation
(post- pile creep) are completely missing so far.

The post-pile creep program /13/ includes original PWR cladding samples
originating from two in-pile creep test programs /14/. Fourteen cladding
samples have been irradiated in the research reactor Gesthacht FRJ-2. The
irradiationpteonperature was 400 °C; the fast neutron flux was around
3 10 cm s~ . An additional 10 cladding samples have been irradiated
in the core of the Obrigheim power plant KWO. The irradiation lasted up
to 5 reactor cycles, corresponding up to 1.500 d. The irradiation temperature
was approximately 300 °C.

In the case of the post-pile creep tests with FRG-2 samples, a temperature
of 400 °C was chosen. The tensile hoop stress was adjusted to 70 N/mm .
The KWO samples were tested at 350 °C. The internal pressure of these sealed
samples led to a tensile hoop stress of 50 N/mm at the operational tempe-
rature /13/.

Besides the irradiated samples, unirradiated reference samples of the same
cladding tube fabrication lot were tested.

The exact tests temperature of the FRG-2 samples was 380 °C within the first
1000 h and 395 °C later on. The mean value of the deformation of all samples
is shown in Fig. 1.
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Fig. 1
Hoop strain of Zry cladding
irradiated tinder internal
overpressure

It can be seen that an outwardly pointed deformation starts only after approxi-
mately 1000 h. The slope of the creep curve (= creep rate) is smaller than
that of the curve derived from out-of-pile creep / 3 / . Thic means that the
irradiated material is more creep resistant than the unirradiated material
up to a temperature of 400 °C. The total creep deformation after 8000 h
was around 0.25 % and thereby half as large as that of the unirradiated
material.

Hoop strain
0.12I

0.02-

2800

Fig. 2 Hoop strain of Zry cladding irradiated under external overpressure
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The KWO samples were sealed at both ends with end plugs. The helium content
leads to internal pressure of 69 bar at a test temperature of 350 °C. Figure 2
shows the results of the creep strain measurements. The total creep defor-
mation after 8000 h was around 0.085 % in average which is surprisingly
the same value as for the unirradiated samples.

Two of the KWO samples had lost by chance their inner prepressure during
reactor operation. Accordingly, the cladding tube was no more mechanically
loaded. Surprisingly the samples has been strained without an applied stress.

Fig. 3
Explanation of the dependance
of the post-pile creep from the
in-service stress state.

£ : strain from stress applied
during post-pile creep

£*>': strain from residual internal
stresses

The explanation for the observed creep behaviour is given in Fig. 3. The
measured creep deformation is a combination of two different components

- the creep deformation due to the actual hoop stress,

- the creep deformation due to the residual internal stresses.

The residual stresses are built up during in-service operation and frozen
in by cooling down the samples from irradiation temperature down to ambient
temperature. Heating up the Zry cladding again both stress components are
superimposed. External overpressure during irradiation increases the post-pile
creep effect, internal overpressure decreases the creep deformation.

4.2.2 Stress Corrosion Cracking and End Plug WeldingCorrosion

To demonstrate that iodine stress corrosion cracking does not play any role
under dry storage conditions, neither at the inner clad surface nor at the
end plug welding zone, a cladding test program is underway /15/. Cladding
samples differing by supplier, end plug welding procedure, heat treatment,
and hydriding or autoclaving treatment have been filled with various iodine
quantities and helium pressures and stored at various temperatures. The
storage time up to now is 2300 d and no cladding defects have occured. In
addition, a one-year test at 400 °C was performed with the conditions in
the second column of Table 2 without causing any cladding defects.
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Conditions

Cladding supplier

End plug welding

Annealing

Additional treatment

Hoop stress

Temperature

Iodine inventory

Time

Test series I

2 different

TIG
Resistance welding

Stress-relieved

None
Hydriding

Autoclaving

62 MPa
95 MPa

100 °C
300 °C

None R ?
10 10~D g/cnT*

10 10"6 g/cm2

10 10"5 g/cm2

2300 d (ongoing)

Test series II

1

Resistance welding

Stress-relieved

None

-

75 MPa
112 MPa
150 MPa

440 °C

1 10"5 g/cm2

360 d (completed)

* Threshold value for ISCC under those conditions

Table 2 Zircaloy cladding storage program (laboratory tests with unirradiated cladding)

In 4.1.1 it was reported that the I release during storage is negligible.
The as reported results indicate that even a high concentration of fresh
I does not affect the cladding integrity. I-SCC therefore can be ruled out
as defect mechanism under dry inert storage conditions.

4.3 Defective Fuel Rod Behaviour

To study the behaviour of fuel rods with operational defects under dry and
inert conditions at = 400 °C, a test device for two full-size fuel rods
(Biblis type) was built and integrated into a hot cell. The apparatus was
equipped to monitor the residual moisture, Kr-85 and iodine released during
the test. The test matrix is as follows:

test type
No. FR

1 Biblis
Biblis

2 Biblis

3 Biblis
Biblis

test fuel
bumup /GWd/tU/

16,2 / I cycle
16,2 / I cylce

31,4 / 3 cycle
31,4 / 3 cycles

31,2 / 3 cycle
25,1 / 2 cycle

defect characteristic

fretting at lower spacer
with secondary hydride
defects

_ n _

n _

test duration

1 month

2 month

2 month

Table 3 Test Matrix for the defective spent fuel dry storage perfoxnsnce
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The fuel rods were transported dry from the reactor site to the hot cell.

4.3.1 Water Release and Water Logging

The test-FR were heated to 160 °C within 7 h. At the beginning the He pressure
was 30 mbar. It was lowered towards the end of the vacuum-drying phase to
1 - 3 mbar. Than the temperature was hold constant for 24 h at 200 °C at
ambient He-pressure. Afterwards the temperature was raised to 400 °C for
the rest of the test. Table 4 shows the test result.

storage time
(d)

after drying

1
2
4
8

16
24
32
48
64

balance

r e l e a s e d w a t e r ( q )
FR 1

1,9

4 , 1
0,2

< 0,1
< 0,1
< 0 ,1

6,2

FR 2

3,8

1,1
0,4

< 0 ,1
< 0 ,1
< 0 ,1

5,3

FR 3

4,2

0,4

0,2

< 0 , 1

4,8

FR 4

2,3

0,2

0,3

< 0 , 1

2,8

Table 4 Water release from operational defective spent fuel during dry storage

The test results can be summarized as follows: In no case water logging
was observed. The moisture contained in operational defective fuel rods
can be removed safely during the cask drying operation. The release charac-
teristic is somehow influenced by the type of defect.

4.3.2 Fission Product Release under Inert Conditions

The release behaviour of the fission products Kr-85, I and T was investi-
gated Fig. 4, 5 summarize the results for Kr and T.

Activity released

— 150°C -200°C
r- 200°C *400°C

I - IV: inert conditions

V - VI: limited access
of air

Fig. 4

Kr-85 release from opera-
tional defective fuel rods
under dry storage conditions

10
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•8— I - IV: inert conditions

Fig. 5 T release from operational defective fuel rods under
ary storage conditions

Storage tine

(d)

After drying

1
2
4
8
16
24
32
48
64

Balance

Activity released (pCi)

FR A

236

200
5
4

< 0
< 0
0,3
0.3
0,4
0

450
i

FR B

2.0

0.8
0,3
0,4
0,5

< 0
0
0
0
0

4

FR C

16

3
-
-

< 0
-
-
-
-
0

30

FR D

78

10
-
-
3
-
-
-
-

< 0

90

Table 5 1-129 release during dry storage of defective spent FR's

The Kr-85 release may reach values up to 0,05 % of the inventory after achie-
ving storage temperature. Its release rate gets zero after a few days of
storage. This is also valid for T which is released as HTO in an amount
of < 0,04 % only during the initial phase.

The 1-129 release is also extremely small. Therefore the scattering of the
data is high. The total activity released is less than 1 nCi 1-129. Calcu-
lating from the yield of 1-129 the total I-release results in < 1 jjg per
FR - a really negligible quantity.
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4.3.3 Effects of_Limited Access of Air

Due to a leak in the test furnace the first test serie was conducted for
16 d at 400 °C under limited access of air.

Fig. 6

Operational defective fuel
rod after 16 d at 400 °C
under limited access
of air

As Fig. 6 shows that only the fuel in the neighbourhood of the defect is
oxidized. All Kr-85 in the oxidized fuel is released, as seen by the linear
release characteristic of Kr-85 in Fig. 4. The total amount of Kr-85 released
corresponds to the inventory of the oxidized volume as post test evaluations
has shown.

4^4_Safety_Related_Investigations

To assess the risk resulting from spent fuel transportation the question
had to be answered how U0? is fragmented when it is mechanically impacted
and what is the release or the most interesting fission products thereby.
Those questions were investigated at KWU by Ruhmann et al /16/.

4.4.1 Spent UOg-Fragsaentation by Mechanical Impact

Fig. 7 summarizes some of the most interesting fragmentation test results
from mechanically impacted spent UCL with a discharge burnup of 32 GWd/tU.

Fig. 7

Fine fraction of mechanically
impacted spent U0?
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Spent UCL-fuel is fragmented by strong mechanical impact only. There is
a high proportion of particles between 5 and 330 um, but practically no
material less than 5 um. Since cracking mostly occurs intergranular this
may be explained by the average grain size of the fuel ( 6 - 7 urn). Thus
real airborne material is not generated and it can be assumed in accordance
with aerosol physics that dust from mechanical impacted U02 settles very
fast e.g. allready in a transport container.

3.4.2 Fission Product Release

The fragmentation releases 6 - 7 % Kr-85 from the inventory ofgthe impacted
material. The values for 1-129 lie in the region of 2 - 6 10" % and that
for T between 0,5 and 0,9 % of the inventory. Most of the T ist released
as HTO.

xperiments

4.5.1 Single Fuel Rod Tests

In cooperation with DWK, NUKEM and the Ispra Research Centre, a dry-storage
experiment was carried out with 10 spent PWR and 15 spent BWR fuel rods.
The storage temperatures ranged up to 450 °C, the storage time was extended
over three cycles with a total duration of 16.5 months. The experimental
work was conducted with specially developed test equipment in the hot cell
at the ESSOR Reactor in the research center operated by the European Community
in Ispra, Italy /ll/:

The gamma-spectrometric analyses of the storage atmospheres ruled out any
defect during the storage. Visual inspections and eddy current tests after
storage confirmed the integrity of the test material. The krypton-85 activity
detected in the storage atmosphere inside the container holding BWR fuel
rods could be attributed to a contamination of the fuel rods surface with
uranium, as described in 4.1.4.

During absolutely oxygen-free storage, the thickness of the oxide layer
remained unchanged, while during storage with a amount of oxygen available
it was possible to correlate the increase in thickness with the corrosion
rate of Zry in air.

The creep of the cladding tube in all remained less than one percent. Quanti-
tatively, the results can be described with a good approximation by an empiri-
cal creep formula discussed in /3/.

By means of beta-spectrometric analyses of the storage atmosphere, it was
possible to detect tritium in the chemical compounds HT and HTO. The equili-
brium concentrations calculated with a simple model (Sievert's Law) showed
good agreement between theory and experiment in agreement with the result
given in 4.1.3.
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4.5.2 Fuel Bundle Tests

To improve the data bases for dry storage of spent LWR fuel, instrumented
experiments with complete PWR fuel bundles were performed /10/. The fuel
bundles are composed of rods of different design and burnup up to an average
rod burnup of more than 40 GWd/tU accumulated during four reactor cycles.
The experiments were carried out in a specially designed dry storage box
installed in the pool of the Obrigheim power reactor. To record continuously
the cladding temperatures, the test bundles were instrumented with 13 thermo-
couples each. Gas samples were taken from the storage box to check the fuel
rod integrity (Fig. 8).

Recorder T1...T13

• 1.0 m

fuel
Storage
Pool

10.51.

T JTW T7

Vtt T» II

Fig. 8
Scheme of KMU dry storage
test device at KWQ

Storing Can

FIM< ArnmWy

T1...T13:
TiMIRIOCOIipMS

in Guide TabM

Experiment No. 1 was performed with a fuel assembly after a 10-month decay
time, generating about 2 kW of decay heat. The maximum assembly temperature
reached 300 °C. When the test run was terminated after 60 days, the maximum
assembly temperature has decreased to 270 °C. The gas samples taken indicated

Max. Rod Temperature
400

Fig. 9

Temperature history of
the KMU dry storage tests
during the first 100 days
of storage

100-

40 to o«¥» m
— * • StmgtTiHM S-226



that the fuel rods were fully intact. Experiment No. 2 used a fuel assembly
with only 4.5 month of decay time after reactor shutdown. Upon starting
the experiments, the heat generation ,of the test assembly was about 3 kW.
The maximum assembly temperature reached 400 °C (Figure 9). There is no
indication of any defect throughout the total test. Careful post-pile pool
inspection did not indicate any change in the fuel assembly in agreement
with the theoretical assessment.

Within test No. 1 of the KWO experiment the test fuel assembly was flooded
several times and was dried without any adverse effect on the integrity.
Also, a rapid flooding (2 minutes from 210 °C) did not harm assembly inte-
grity (Fig. 10).

M I L Rod Tcmptratura
i 250

200

150-

100-

50

TCmdadt
Tubt®

®

Stortoi Hooding.

Roodno TfttMMted

0 2 4 6 8 Mm. 10
— • Tim. after EagMtg of RoMfing

Fig. 10 FA-maximum temperature decay during flooding after dry storage

5. Conclusion

The R+D-program performed covers generic investigations, defect mechanism
assessments, defective FR behaviour investigations, safety releated investi-
gations and vsrfication experiments. The fission product release from spent
U0 is low to negligible. The Tritium is distributed between fuel (63 %)
anB cladding (37 % ) . Its release can be calculated by Sievert's law. Oxide
and crud layers are adherent and did not remove from FR surface during dry
storage. Post-pile creep rates are less or equal than those of unirradiated
Zry. The primary creep depends on the stress state prior to shut-down, I-SCC
does not affect the FR-integrity. FR with operational defects can be dried
easily by the standard cask drying procedure. Water logging was not observed.
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F.P. releases occur only in the heat up phase to a very small amount. The
release rates become zero after a few days under storage conditions. Aerosol
production from mechanical impacted spent fuel is very low and its particle
size is relatively coarse. Verification tests with single FR and FA show
that the integral behaviour of spent LWR is safe and reliable. Defects during
storage in dry and inert atmosphere could not yet been observed even if
storage conditions had been beyond the design criteria.
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QUESTIONS/ANSWERS

Questioner: Joseph Markowitz
Organization/Country: Westinghouse Electric Co/USA

Question; 1) Did I understand you to say that the tritium 1n the fuel element
cladding was distributed uniformly across the cladding thickness? 2) How was
this determined?

Answer: 1) Yes, the tritium 1s uniformly distributed. 2) The experimental
method 1s described by Blees et al., in a paper given as a reference in my paper
(Reference 7).

Questioner: Alfons Mueller
Organization/Country: TUV/Federal Republic of Germany

Question: At the beginning of your presentation, you stated that no cesium
would be expected to be released as a result of defective fuel rods. Later,
1t was shown that cesium was released in a significant amount from defective
fuel rods (CASTOR IB with approximately 85 defective rods) during a few days
of transportation. What do you think about the form 1n which this cesium was
released?

Answer: It was shown by investigations performed at KWU that cesium Is released
by Its xenon precursor Into the gap of the fuel rod and Into the plenum. In
addition, we have experimental evidence that very small amounts «0.01%) are
removed when you heat up the spent fuel from ambient to storage temperatures.
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Questioner: Aran Brown
Organization/Country: Central Electricity Generating Board/UK

Question: In paragraph 4.3.1 of your paper you say that 1n no case was water-
logging observed and that water (moisture) can be removed safely from defective
rods during cask drying operations. Do you dismiss the possibility that water
could enter a rod through a "critical" defect size and not be subsequently
removed during the drying operation? If this were the case, it would probably
come out during long-term storage.

Answer: In the spectrum o* defect sizes we investigated, we had no indication
that the water could not be removed.

Questioner: J.C. Wood
Organization/Country: Atomic Energy of Canada Ltd/Canada

Question: What were the maximum concentrations of iodine and the maximum
tensile stresses of tests in which you found no evidence of iodine-induced
stress-corrosion crack!..g? Also, what were the maximum exposure times and the
range of temperatures on which your conclusion was based?

-4 2Answer: The maximum iodine concentration was 10 g I/cm . At this value,
iodine stress corrosion cracking is fully developed. The maximum tensile
stress in the long-term experiment at 300°C was 95 MPa; in the short-term
experiment, the maximum tensile stress was 150 MPa. The maximum exposure
time at 400°C was 350 days, while at 300°C it was 2300 days. This envelopes
conservatively all temperature-time curves to be expected In dry storage in
the FRG.

Question: What were the hydrogen concentrations in the cladding tested in
your iodine stress-corrosion cracking tests?

Answer: Less than 200 ppm.
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EXAMINATION OF INTACT AND DEFECTED IRRADIATED
CANDIJ FUEL BUNDLES STORED UP TO "30 MONTHS

IN MOIST AIR AT 150°C
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Toronto, Ontario, Canada M5G 1X6

ABSTRACT

Eight CANDU™ fuel bundles from Ontario Hydro's Pickering and
Bruce Nuclear Generating Stations are being stored at 150°C in a concrete
canister at the Vhiteshell Nuclear Research Establishment near Pinava,
Manitoba, Canada as part of a joint program on dry storage between Atomic
Energy of Canada Limited and Ontario Hydro. The fuel bundles were
irradiated at peak outer element linear power ratings from 22 kW/m to 53
kW/m and achieved outer element average burnups ranging from 181 MWh/kg U
to 262 MVh/kg U. The bundles were stored from 1.5 to 8.8 years in the
water bays prior to canister storage.

In 1984, the fuel bundles were retrieved from the canister for
their first interim examination. The examination consisted of a visual
inspection of the storage containers and bundles, analysis of the water
used to provide the moist environment, fuel element dimensioning, fission
gas analysis, end-plate/end-cap torque tests, ring tensile tests on the
fuel sheathing, hydrogen/deuterium analysis of the end plates and
sheathing, metallography of the sheath, bearing pad and end-cap regions,
axial and radial gamma scanning of the fuel for cesium activity and total
activity, and ceramography,,scanning electron microscopy, X-ray
photoelectron spectroscopy, X-ray diffraction, Fourier transform infrared
spectroscopy, and 0/U analyses of the fuel.

No significant change vas observed in the condition of any intact
elements. The only detectable change observed in the defected elements
consisted of grain-boundary oxidation of the U02 fuel. The extent of
oxidation appeared to depend mainly on irradiation history. Preliminary X-
ray photoelectron spectroscopy suggested surface oxidation of the U02
grains had proceeded to the U30B stage. However, U308 was undetectable by
X-ray diffractometry, Fourier transform infrared spectroscopy and chemical
analysis.
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INTRODUCTION

Intact and intentionally defected irradiated CANDU fuel bundles
are being stored in air saturated with moisture at 150°C (Phase 2 of the
Controlled Environment Experiment - CEX-2) to determine if degradation
mechanisms experienced b~y the bundles, under the above conditions, will
limit their interim dry storage time prior to ultimate disposal or fuel
reprocessing. Degradation of the sheath and fuel may result in fission
product loss from the fuel or affect fuel bundle integrity, complicating
subsequent fuel bundle handling procedures. A moist environment is being
investigated to simulate a situation that involves the transfer of water on
bundle surfaces or in defected elements from the water bays to the
containers in which the bundles will be stored "dry". Although a
temperature of 100°C is expected in a large dry storage facility, 150°C was
chosen for this experiment to accelerate any exposure effects.

A number of variables are being investigated in order to predict
the long-term storage behaviour of irradiated CANDU fuel bundles. The
variables being considered are fuel bundle design, irradiation history, the
presence and absence of graphite coatings on the inner sheath surface, the
possible presence of moisture, and the presence of sheath defects. The 28-
element Pickering and the 37-element Bruce bundles are being investigated
due to their different bundle geometries and power histories. High-flux
(peak outer element linear power rating [OELPR] > 45 kV/m) and low-flux
(OELPR < 35 kW/m) bundles were included, to determine the effect of fission
gas release, fission products and grain growth on storage behaviour.
CANLUB* and non-CANLUB bundles were chosen to study the effect of graphite
coatings on the inner sheath surface on storage behaviour. The absorptive
properties of graphite for many chemical species could liait the impact of
stress corrodants such as iodine, cesium and cadmium on the sheath. The
moisture is also being investigated, since this could affects the storage-
induced degradation of the fuel, sheath and storage container. To assess
the impact of defective fuel elements on storage, a number of fuel elements
were intentionally defected to determine

«
- if the defect grows and, if so, at what rate,
- what fission products and quantities are released due to leaching,
- the effect of fission product release on storage behaviour of the fuel,

sheath and storage container, and
- the rate of U02 oxidation and its effect on fuel, element and bundle

integrity.
A description of the fuel bundles, their irradiation history, the

storage conditions, and the results of the first interim examination are
described in this paper.

*CANLUB - A graphite suspension commercially known as Deflocculated
Acheson Graph!te-154 or DAG-154 (used as a lubricant between the
fuel and~sheath, to reduce fuel element failures due to power
ramps).
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FUEL BUNDLE DESCRIPTION

The Pickering fuel bundles contain 28 natural U03 fuelled,
Zircaloy-4 sheathed, fuel elements, distributed in three annular rings.
The outer ring has 16 elements, the intermediate ring has 8 and the inner
ring has 4. All of the outer ring elements, except one, vhich was
designated as a "control", in one of the CANLUB and non-CANLUB bundles,
were intentionally defected by drilling a 3-ram diameter hole through the
sheath before storage.

The Bruce fuel bundles contain 37 natural U02 fuelled, Zircaloy-4
sheathed, fuel elements. Each bundle contains 3 annular rings of elements
around a central element: 18 in the outer ring, 12 in the intermediate
ring and 6 in the inner ring. Two of the Bruce bundles were irradiated at
a high flux and the other two were irradiated at a low flux. The outer
ring elements in one of the high-flux and one of the low-flux Bruce
bundles were also intentionally defected before storage. Additional
bundle data are presented in Table I.

IRRADIATION HISTORIES

The fuel bundles were irradiated at peak OELPR ranging from
22 kW/ni to 53 kW/rn and achieved average outer element burnups ranging from
181 MVh/kg U to 262 MVh/kg U. The fuel bundles were discharged from the
reactor between 1973 October and 1982 June. The decay heat output of the
bundles at the time of discharge from the reactor ranged from 3.2 kV to
7.0 kV. Before the bundles went into moist storage, they experienced
cooling times in the water bays varying from 1.5 a to 8.8 a. The decay
heat output of the bundles prior to moist storage ranged from 6.2 V to
48.1 V. Additional details are given in Table II.

STORAGE CONDITIONS

Each fuel bundle was stored in a stainless steel (Type 304)
pressure vessel with distilled deionized water (100 mL) to saturate the
air at a temperature and pressure of 150°C and 0.53 MPa, respectively.
The vessels were placed into a cylindrical "basket", which was loaded into
an insulated, heated chamber in the concrete canister. Four type K
chromel-alumel thermocouples, located in a central cavity in the basket,
monitored the basket and pressure vessel temperatures. Temperature
control during the experiment was typically 150 ± 5°C.

The canister was also equipped with a continuous air-sampling
system to detect any release of activity from the pressure vessels. The
air was recirculated at a rate of 1.3 m'/h through an activated charcoal
filter. No release of radioactivity was detected during the first storage
period.
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FIRST INTERIM EXAMINATION

The fuel bundles were retrieved for their first interim examin-
ation on 1984 June 1. The first six fuel bundles initially loaded into
the canister had been stored for 29.5 months, while the remaining two had
been stored for 22.5 months. A preliminary examination vas performed on
all of the fuel bundles and a detailed examination on one fuel eleaent
from each of the bundles. The preliminary and detailed examinations were,
similar to the pre-storage examinations [1]. In addition, the pressure
vessels were visually inspected and water solutions in the vessels were
analyzed. Scanning electron microscopy (SEM), X-ray diffractometry (XRD),
X-ray photoelectron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FTIR) and 0/U analyses were done on the fuel from the
intentionally defected elements. The fuel bundles were returned to the
canister for continued storage on 1984 November 5.

PRESSURE VESSEL SOLUTIONS

The water from the eight pressure vessels vas poured into plastic
containers for analysis. These solutions all contained a small amount of
solid material, which was separated by filtration. Aliquots of the
solutions were analyzed for uranium, total alpha, 1 3 4Cs, 1 3 7Cs, 1 2 9 I , " T c
and 90Sr activity. The solid residues from six of the solutions were
analyzed by SEM and energy dispersive X-ray (EDX) analysis for elemental
composition.

The major fission product activity in all the solutions vas due
to 1 3 7Cs. No distinct differences existed between solutions from Bruce or
Pickering fuel bundles. The fission product activity in the solutions
from the intact bundles vas attributed to leaching of the surfaces of the
fuel bundles. The fission product activities in the solutions from the
defected bundles were higher than those solutions from the intact bundles;
in particular the cesium activities vere 2 to 3 orders of magnitude
higher. This higher activity vas attributed to leaching of cesium from
the defect region of the element. Although the cesium activity vas
significantly higher in the solution from the defected bundles, the
highest activity measured vas only 0.05% of the cesium inventory of the
defected elements.

The residues in the solutions varied in weight from 3 to 28 rag
and their colour was reddish-brown to black, suggesting hematite and/or
magnetite corrosion products from the stainless steel vessels. This vas
confirmed by EDX analysis. Iron was the major constituent, while
chromium, nickel, manganese, silicon and, in some cases, zirconium vere
present as minor constituents.

The pH of solutions (pH - 6.8 to 9.2) vas higher than the dis-
tilled vater originally put into the pressure vessels (pH •> 5.5). This
increase in pH may be attributed to corrosion of the stainless steel
pressure vessel.
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VISUAL EXAMINATION

Pressure Vessels

The outer surfaces of the stainless steel pressure vessels
appeared unchanged from their pre-storage condition. Once the pressure
vessel lids were removed, varying degrees of rust-coloured stains and
corrosion were observed on the bundle-centering caps. The corrosion
products on the caps were not analyzed.

Fuel Bundles

No significant change was observed in the appearance of any of
the bundles except the intact high-flux Bruce bundle G18126W. White
stains were observed on a number of elements, particularly in the bearing
pad regions. Circular brown stains and black crystalline deposits were
observed on the surfaces of two elements on one end of the bundle, and a
corrosion product was observed in a bearing pad region on a third element.
Analysis by SEM/EDX identified Fe, Ni, Cr and Zr in the corrosion product
from the bearing pad region. The corrosion product may have resulted from
the corrosion of a localized crud deposit.

END-PLATE/END-CAP TORQUE TESTS

End-plate/end-cap torque tests were performed before and after
the first storage period to evaluate the effects of the storage
environment on end-plate/end-cap weld strength and bundle integrity.
These tests were done on both ends of specific elements from each of the
bundles.

The torque results were similar to the pre-storage values. The
average pre- and post-storage torques required to fail the welds in the
Bruce bundles were 9.8 N.m and 9.9 N.m, respectively. The corresponding
values in the Pickering bundles were 12.0 N.m and 11.2 N.m. The results
indicate that the end-plate^end-cap weld strength was unaffected by the
storage conditions.

RING TENSILE TESTS RESULTS

Four transverse sections of sheath, each ~10 mm wide, were
removed from an outer ring element from the defected high-flux Bruce
bundle F17267C for ring tensile testing at room temperature.

The post-storage ultimate tensile strength (UTS) values were ~6X
^ower than the pre-storage values. However, a 25% variation was observed
in the pre-irradiation values in the batch of sheathing that was used to
fabricate the elements in the above bundle, suggesting that no significant
change occurred during storage.
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HYDROGEN/DEUTERIUM ANALYSIS

Hydrogen/deuterium analysis on a section of sheath frosn the
defect region, sections of sheath from the ring tensile tests, and end-
plate material from the defected high-flux Bruce bundle F17267C indicated
no significant difference between the average pre- and post-storage
hydrogen equivalent (i.e., total hydrogen + 1/2 total deuterium) values.
The majority of the pre- and post-storage values agreed within the
precision of the measurements. The pre- and post-storage average hydrogen
equivalent concentrations in the end-plate material were 86 ug/g and
94 ug/g, and in the sheath, 64 ug/g and 62 ug/g, respectively. The
hydrogen equivalent concentration in the sheath from the defected region
was 36 yg/g. Since this value is lover than the average concentration in
the sheath, enhanced hydriding or migration of hydrogen/deuterium to the
defect region did not occur during the storage period.

FISSION GAS ANALYSIS

Fission gas analysis on one element from each of the intact
bundles showed that the sheath remained intact during storage. Pre- and
post-storage values were within statistical variation. The pre- and post-
storage average fission gas releases (Xe + Kr) in the Pickering bundles
were 2.30% and 2.90% and in the Bruce bundles, 0.35% and 0.36%,
respectively. The results indicate that fission products in the fuel
pellet matrix did not migrate to the gap region of the elements during
storage.

DIMENSIONAL MEASUREMENTS

Continuous element diameters were measured, using a profilometer,
along the entire length of two elements from each of the intact bundles
and three elements from each of the defected bundles. These measurements
should show any changes due to oxidation and subsequent swelling of the
U02 during storage.

*
No significant dimensional changes vere observed in any of the

intact or defected fuel elements after storage. The pre- and post-storage
average element diameters in the Bruce bundles were 13.09 mm and 13.07 mm,
respectively. The pre- and post-storage average element diameters over
the mid-pellet regions in the Pickering bundles vere typically 15.24 mm
and 15.23 mm, and over the pellet/pellet interface, 15.26 mm and 15.25,
respectively.

GAMMA SCANNING RESULTS

Twenty fuel elements vere gamma scanned axially for cesium
activity and total fission product activity distribution. The axial scans
of the intact control elements vere similar to the pre-storage scans. The
defected elements vere not scanned before storage. Figure 1 shovs a pre-
storage axial scan of an intact control element and a post-storage axial
scan of a defected element for comparison. All of the gamma scanning data
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were normalized to the discharge date of the fuel from the reactor. The
defect is -120 mm from the top end of the element, and no migration of the
1 3 7Cs can be seen in that area. The precision (,2a) of the gamma scan is
t 5% and changes in activity less than this precision vould not fca
detected.

Only one radial scan of a transverse section of fuel was
performed. Figure 1 also shows pre- and post-storage radial scans of
sections of fuel from outer elements of the high-flux Bruce bundle
F17267C. The pre- and post-storage scans look similar, indicating no
migration of fission products.

METALLOGRAPHIC EXAMINATION

Eight cross-sections of fuel and sheath from one element from
each of the defected bundles and four cross-sections from each of the
intact bundles vere examined. The longitudinal and transverse cross-
sections were obtained from various positions along the elements, to
determine the extent of any change due to the storage conditions. Fever
samples from the intact elements vere examined since little change vas
expected in these elements.

Standard procedures vere used to prepare the samples for
metallographic examination. The zirconium hydride/deuteride distribution,
the zirconium oxide layer, the grain structure, and the condition of the
inner and outer sheath surfaces vere examined in each of the section.
Photomacrographs of the fuel and sheath and photomicrographs of the
zirconium oxide layer and CANLUB coating vere taken in the as-polished
condition. Etchants vere used to reveal the zirconium hydride/ deuteride
distribution and zirconium grain structure.

No apparent change vas observed in the condition of the sheath or
zirconium oxide layer on the outer sheath surface in any of the bundles
following the first storage period. However, zirconium hydride/deuteride
blisters vere observed on the inner end-cap surface adjacent to the end of
the fuel stack on both ends of the defected element from Pickering non-
CANLUB bundle 30053C. Since the end-cap region in this bundle vas not
exauined before storage, its pre-storage condition is unknown. It is
unlikely that the blister was formed during the first storage period,
since no hydride/deuteride redistribution or hydrogen pickup was found in
the elements examined from the remaining defected and intact bundles.

CERAMOGRAPHIC EXAMINATION

A ceramographic examination was performed on all of the cross-
sections examined metallographically. Photomacrographs were taken of each
cross-section in the as-polished condition. The fuel samples vere then
etched to reveal the grain structure, by dipping each sample for 1 minute
in a solution of 90% hydrogen-peroxide and 10% sulfuric acid followed by a
distilled vater vash and air drying. Photomicrographs of the etched
surface were taken to evaluate the effect of the storage conditions on the
fuel.
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No change was observed in the appearance of the fuel in the fuel
elements examined irom the intact bundles; however, a change in the
appearance of the fuel from all of the defected elements was observed. The
change consisted of dark areas in nearly all the photomacrographs,
particularly in the regions of the fuel adjacent to the sheath and in the
central, high fission gas release region of the fuel in the high-flux
bundle. Photomacrographs of the fuel in the defected high-flux Bruce
bundle F17267C (peak OELPR of 53 kV/m) and the defected low-flux Bruce
bundle F18910C (peak OELPR of 22 kV/m) following 29.5 months of storage
are shown in Figure 2. Approximately 70% of the surface area in the
cross-section of fuel from the defect region in the high-flux bundle had
changed whereas only -10% had changed in the defect region from the low-
flux bundle. Photomacrographs of the fuel in the defected region from
Pickering CANLUB bundle A08336V after 29.5 months of storage and Pickering
non-CANLUB bundle 30053C after 22.5 months of storage are shown in
Figure 3. Both Pickering bundles were irradiated at similar peak outer
element linear power ratings (i.e. ~44 kV/m). Approximately 26% of the
surface area in the cross-section of fuel from Pickering bundle A08336W
had changed while only a ~3% change was observed in the cross-section from
Pickering bundle 30053C. The difference is believed to be attributable to
storage time and not the presence of CANLUB.

The fuel was examined at a higher magnification? and grain pull-
out and an increase in grain-boundary thickness, due to grain-boundary
oxidation (indicated by preliminary XPS), was observed in the regions that
had undergone a change. The grain-boundary, or surface, oxidation of the
U02 grains apparently weakened the grain boundaries, resulting in grain
pull-out and a change in appearance of the U02 in the photomacrographs.
The pull-out occurred during sample preparation for ceramographic
examination. The pre-storage condition of the U02 in the region of a
pellet near the sheath, in an element from the high-flux Bruce bundle
F17267C, is shown in Figure 4. The post-storage condition of the U02 from
the same region of a pellet, but near the intentional defect in an element
from the same bundle, is also shown in Figure 4. Grain pull-out and an
increase in grain-boundary thickness are apparent in the post-storage
photomicrograph. The post-storage microstructure shown in Figure 4 is
typical of fuel that had undergone a change in the regions near the sheath
in the remaining defected elements.

The fuel in the central region of the pellets in the
intentionally defected element from the high-flux Bruce bundle F17267C had
also changed following the first storage period. This change consisted of
grain pull-out, grain-boundary oxidation, and evidence of bulk oxidation
of the U02 grains. Figure 4 also shows the pre- and post-storage
condition of the U02 grain structure in the central region of a pellet
from the above bundle.

PLANIMETRIC MEASUREMENTS

The surface area of the darkened regions in the photossacrographs
of fuel from the defected elements (Figures 2 and 3) was measured vith a

S-238



planimeter. The measured values were converted to a percentage of the
total area of the cross-section and were plotted versus the distance from
the intentional defect, as shown in Figure 5. The results, as indicated
by a best-fit line using the least-squares method, suggest that the amount
of fuel experiencing grain-boundary oxidation varies along the length of
each element and from element to element. This could be due to
differences in irradiation history and storage time.

The burnup of each cross-section of fuel from the defected
elements that was examined ceramographically was calculated from the axial
gamma-scanning data. The percentage of fuel experiencing grain-boundary
oxidation was plotted against the burnup of each cross-section as shown in
Figure 6. The correlation shows a weak relationship between burnup and
the extent of U02 grain boundary oxidation.

Figure 4 clearly illustrate that the high-flux Bruce bundle
(F17267C - 53 kV/m) was more susceptible to grain-boundary oxidation than
both the low-flux Bruce bundle (F18910C - 22 kV/m) and the intermediate-
flux Pickering bundle (A08336V - 44 kV/m). In the defected element from
the high-flux bundle, 46% of the fuel experienced grain-boundary oxidation
whereas in the defected element from the low-flux bundle only UX of the
fuel experienced grain-boundary oxidation. The percentage of fuel
experiencing grain-boundary oxidation in the defected elements from these
bundles was correlated with the peak OELPR of each bundle, as shown in
Figure 7. The figure indicates a direct, linear relationship between
these two variables.

The percentage of fuel experiencing grain-boundary oxidation in
the defected elements from two Pickering and two Bruce bundles was also
plotted against storage time as shown in Figure 8. The effect of storage
time on two Pickering bundles that were irradiated at similar power
ratings, but were stored for different periods of time, is illustrated in
the figure. In the bundle that was stored for 29.5 months, 34X of the
fuel in the defected element that was examined experienced grain-boundary
oxidation whereas in the buqdle that was stored for 22.5 months, only 5%
of the fuel in the defected element experienced grain-boundary oxidation.
Although it may be premature to draw any conclusions, the figure suggests
the presence of two distinctly different rates of U02 oxidation. The
figure also illustrates that the fuel in the low-flux Bruce bundle is
experiencing the lowest rate of U02 oxidation whereas the fuel in the
high-flux Bruce bundle is in a regime of accelerated oxidation.

ADDITIONAL ANALYSES OF THE FUEL FROM THE DEFECTED ELEMENTS

The SEH, XPS, FTIR and XRD were also used to analyze the fuel, to
determine the extent of U02 oxidation. Fuel from a defected element that
experienced the greatest amount of grain-boundary oxidation (high-flux
Bruce bundle F17267C) was examined by SEM. No apparent change was
observed in most of the fuel that was examined from the element; however,
spallation and swelling (indicative of U02 oxidation) were observed in a
small number of U02 grains in the fuel from the defected region.
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Fuel from the defected region of the above bundle was also
examined by XPS, XRD and FTIR. XPS indicated that the U02 grains had
experienced surface oxidation to the U308 stage. Since the XPS analyzes a
surface layer only a few nanometres thick, the above sample was also
analyzed by XRD, which can analyze a layer ~100 nm to 2 urn thick in the
case of oxides of uranium. Neither U307 nor U308 was conclusively
identified by XRD, which suggests that any oxidized layer was less than
100 nm thick, or by FTIR, which suggests that the concentration of those
oxides was below the limit of detection by that method of analysis.

Fragments of fuel, taken within 10 mm of the intentional defects,
were also chemically analyzed to determine the degree of U02 oxidation.
The 0/U ratio for irradiated CANDU fuel is typically 2.005 ± 0.005. The
0/U ratios of the samples from the defected elements varied from 2.004 to
2.007 ± 0.010, which indicates that no significant change occurred due to
the first storage period and that the oxidation thickness was extremely
small.

SUPPORTING RESEARCH AND DEVELOPMENT

Irradiated U02 from a Bruce bundle not used in the dry storage
program was intentionally oxidized to assist in interpreting the extent of
oxidation experienced by the fuel in the dry storage experiments. A
number of U0, samples were heated individually in a furnace in air at
400°C for various periods of time, to produce U02 samples with varying
concentrations of U 30 e. A gravimetric method was used to indicate the
degree of U02 conversion to U308. It was assumed that a weight gain of 4%
indicated 100% conversion to U30rj. U02 samples that experienced 4.0%,
12.5%, 17.5%, 62.5% and 97.5% conversion to U30e were produced. SEM
examination and XRD were performed on a number of these samples. The
presence of U308 in the U02 sample that experienced 4.0% conversion to
U 30 8 was confirmed by XRD. However, the presence of U 30 8 in the section
of fuel that experienced the greatest amount of grain-boundary oxidation
from the defected region of the high-flux Bruce bundle F17267C could not
be detected by XRD. This suggests that the U02 from a defected region in
bundle F17267C experienced less than 4.0% conversion to U 30 8.

CONCLUSIONS

(1) Intact and intentionally defected ~5-year old CANDU fuel bundles
irradiated at peak outer element linear power ratings ranging from
22 kV/m to 53 kV/m and outer element average burnups from 181 HVh/kg U
to 262 MVh/kg U can safely be stored for up to 30 months in air
saturated with moisture without experiencing any significant movement
of radioisotopes or degradation of the fuel, sheath or bundle
integrity.

However, grain-boundary oxidation of the U02 to the U»0t stage, as
indicated by preliminary XPS, occurred on intentionally defected
irradiated CANDU fuel elements after ~30 months of storage in air
saturated with moisture. This oxidation did not cause any detectable
swelling of the fuel sheath.
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(2) The amount of fuel experiencing grain-boundary oxidation in defected
CANDU fuel elements after ~30 months of storage in air saturated with
moisture appears to depend primarily on power rating. The fuel from
higher rated bundles is more susceptible to oxidation than the fuel
from lover power rated bundles.

Approximately 10 times more fuel (determined from planimetric
measurementa of photomacrographs) experienced grain-boundary
oxidation in a defected element from the highest power rated bundle
(53 kV/m) than in the lowest power rated bundle (22 kV/m) after ~30
months of storage.

(3) Neither U 30 7 nor U308 was confirmed by XRD of the fuel from the
defected regions, which suggests that any oxidized layer was less
than 100 nm thick, or by FTIR, which suggests that the concentration
of those oxides was below the limit of detection. The section of
fuel that experienced the greatest amount of grain-boundary oxidation
experienced less than 42 conversion to U 30 s.

(A) Leaching of cesium from the defected regions of CANDU bundles can be
expected following ~30 months of storage in air saturated with
moisture at 150°C. However, the quantity of 137Cs leached from the
highest power rated bundle in this experiment was only 0.05Z of the
total 13'Cs inventory in the defected elements of that bundle.

(5) Evidence of corrosion was observed on the stainless steel bundle
centering caps in all the pressure vessels containing the fuel
bundles following ~30 months of storage in air saturated with
moisture at 150°C.
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TABLE I

TYPICAL CEX-2 BUNDLE DATA AND OPERATING CONDITIONS

Item

Fuel
Starting density (Mg/m3)
Starting O/U
Initial grain-size (urn)

Sheath
Maximum bundle diameter (mm)
Element length (mm)
Sheath thickness (mm)**
Sheath outside diameter (mm)

Coolant

Coolant pressure (MPa)
Linear power range (kVY/m)
— outer element
Burnup range (MVYh/kg U)
— outer element

Pickering NGS*-A

Natural UO2

10.6
2.005 ±0.005

10

Zircaloy-4
102.49 ±1.80

495.3
0.38

15.230 ±0.025

Pressurized heavy
water

9.7

20-46

185-260

Bruce NGS*-A

Natural UO2

10.6
2.005 ± 0.005

10

Zircaloy-4
102.49 ±1.80

495.3
0.38

13.106 ±0.076

Pressurized heavy
water

9.7

10-53

174-239

*NGS — Nuclear Generating Station

"Sheath is collapsible during irradiation; post-irradiation fuel-to-sheath
gap is about 0.1 mm



TABLE

FUEL BUNDLES USED IN THE CEX PHASE-2 EXPERIMENT

Serial
No.

F17267C*
G18126W
F18910C*
G01355W

A08336W*
A08313W
30053C*
B00760W

Features

High-flux
High-flux
Low-flux
Low-flux

CANLUB
CANLUB
Non-CANLUB
Non-CANLUB

Discharge
Date

Average
Bundle
Burnup

(MWh/kgU)

BRUCE BUNDLES
1979 April
1980 June
1977 December
1980 June

215
210
163
176

Average
Outer

Element
Burnup

(MWh/kgU)

i (CANLUB)
239
233
181
195

PICKERING BUNDLES
1976 December
1976 December
1973 October
1975 June

239
240
187
170

260
262
203
185

Peak
Outer

Element
Linear
Rating
(kW/m)

53
48
22
22

45
46
43
43

Decay
Heat®

Discharge
(kW)

6.8
7.0
3.5
3.2

5.0
5.0
4.8
4.5

Decay Cooling
Heat®

Start
of Dry

Storage
(W)

27.5
48.1
13.3
43.0

9.8
9.8
5.4
6.2

Time
Before

Dry
Storage

( a )

2.5
1.5
3.9
1.5

4.9
4.9
8.8
7.0

* Outer elements in these bundles were intentionally defected.
Note: Bundles 30053C and B00760W were loaded into the canister in 1982 June while the remaining bundles

were loaded into the canister in 1981 November.
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High-Flux Bruce Bundle F17267C (7X)

Low-Flux Bruce Bundle F1891CC (7X)

Figure 2. Longitudinal Sections of Fuel and Sheath From the Inten-
tionally Defected Region of Element 3, High-and Low-Flux
Bruce Bundles, Showing the Regions That Experienced Grain
Boundary Oxidation (Dark Areas) After 29.5 Months of Storage.
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Pickering-A CANLUB Bundle A08336W (5X)

Pickering-A Non-CANLUB Bundle 30053C

Figure 3. Longitudinal Sections of Fuel and Sheath From the Inten-
— tionally Defected Region cf Element 3, Pickering-A CANLUB

and Non-CANLUB Bundles, Showing Regions of Fuel That
Experienced Grain Boundary Oxidation (Dark Areas) After
?9.5 and 22.5 Months of Storage, Respectively.
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Figure A. Pre-Storage Condition of the U02 Near the Outer Edge and Center of a Pellet
and the Post- Storage Condition From the Defect Region in Element 3, High-
Flux Bruce Bundle F17267C.
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QUESTIONS/ANSWERS

Questioner: R.F. Williams
Organization/Country: Electric Power Research Institute/USA

Question: Did you estimate what the "Incubation period" for fuel stored at
150"C would be? Did you consider a somewhat higher temperature for these
tests to reduce the "Incubation period," even though It might be unrealistic?

Answer: In my slide "% of U0 2 experiencing grain boundary oxidation versus
storage time," I pointed out the presence of two distinctly different oxidation
periods, namely, an Initial period of time when the fuel Is experiencing a
lower rate of oxidation followed by a period of accelerated oxidation. If we
assume that the period of time when the fuel 1s experiencing fse lower rate
of oxidation is the "Incubation period," then the incubation time would be
about 24 months for a typical CANDU fuel bundle Irradiated to a peak outer
element linear power rating of approximately 45kW/m and a bundle average burnup
of approximately 180 MWh/kgU. However, as I pointed out In an earlier slide,
the amount of fuel experiencing grain boundary oxidation appeared to be directly
proportional to the peak outer element linear power rating. Therefore, the
incubation time for a lower power rated bundle would be longer than the
incubation time for a higher power rated bundle.

With respect to your second question, we did consider raising the temperature
in our tests at one time to accelerate the rate of oxidation; however, we
decided not to because raising the temperature would have been counter-
productive to the mandate of our dry storage program.

Questioner: K.A. Simpson
Organization/Country: Central Electricity Generating Board/UK

Question: You saw no defect propagation, but what was the maximum diametral
strain seen in the defective pins?

Answer: Continuous diameter and profile measurements were made along the
length of each of the defective elements, in two planes perpendicular to one
another, after storage. No Increase 1n element diameter was observed in the
defective regions and no significant difference was observed between the pre-
and post-storage element-diameter measurements. A pellet-to-sheath gap was
also observed in all of the cross-sections of fuel and sheath that were
examined, which indicates the sheath did not experience any diametral strain
during storage.

Question: Did you analyze the water for products of radiolysis of moist air
such as nitrates?

Answer: No. The water was only analyzed for uranium, total alpha, cesium-134,
cesium-137, iodine-129, technetium-99 and stront1um-90 activity to determine
if any leaching had occurred during storage.

Questioner: A.B. Johnson, Jr.
Organization/Country: Pacific Northwest Lab/USA

Question: What are the future plans for the CEX test series? Do you expect
to develop the capability to extrapolate oxidation results to much longer tiroes?
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Answer: There are eight Intact and eight Intentionally defected fuel bundles
1n the CEX test series. We plan to examine at least one or more of the defected
bundles a year starting with the bundles that experience the greatest amount
of U02 oxidation. The next examination 1s scheduled for the spring of 1987.
The results of the examinations performed on the defected bundles will Indicate
when an examination will be performed on the Intact bundles.

In reply to your second question, the answer is yes. One of the objectives
of our program, as I mentioned earlier on 1n my talk, is to develop the
capability to make predictions regarding the long-term storage behavior of
the fuel bundles. We hope to determine the rate of U02 oxidation as well as
the growth rate of the intentional defects.

Questioner: M. Peehs
Organization/Country: Kraftwerk Union/Federal Republic of Germany

Question: In your oxidation Investigations of spent U02 you find that oxidation
occurs first by a U3Og formation at the grain boundary site. It is known
that a U3O0 layer may protect a UO2+x particle from being oxidized by kinetic
reasons, is 1t possible that the U3O3 formation at the grain boundary site
may protect the Inside of the UO2 grains to be oxidized?

Answer: XPS analysis of the U02 from the defect region of an outer fuel element
from a high flux bundle (peak outer element linear power rating 53 kW/m)
indicated surface oxidation of the U02 to the U3O3 stage or beyond. The U02
grains in the as-s1ntered region of tne pellet appeared to be covered with a
coherent oxide layer, whereas the U02 grains in the central region of the
pellet exhibited surface oxidation and microcracks Inside the U02 grains, which
suggests that the U0O3 formation at the grain boundaries is not protecting
the Inside of the UO2 grains being oxidized.

Question: In your paper you reported that the spent U02 oxidation 1s enhanced
with Increasing linear heat rate during In-service operation. The heat rates
and the correspondent fuel rod In-service centerline temperature, however,
cause a not-negligible grain growth. Yesterday, 1n the poster session, it was
reported that Increasing grain size of U02 leads to a decreasing oxidation
rate. Have you an explanation for this discrepancy?

Answer: Increasing grain size of U0 2 leads to a decreasing oxidation rate
was one of the observations 1n oxidation tests on nonirradiated pellets at
Pacific Northwest Laboratory. In our experiment, which was performed on
Irradiated fuel elements, the smaller "as-s1ntered" U02 grains exhibited a
coherent surface oxide layer, whereas the larger grains, which experienced
grain growth due to the high linear heat-rating, exhibited evidence of bulk
oxidation, as Indicated by the microcracks Inside the U0 2 grains. I believe
irradiation and the linear power rating are responsible for differences In
oxidation behavior. In the regions of grain growth, enhanced fission product
migration occurs and bubble linking was observed In the grain boundaries.
Both of these factors may have contributed to enhanced oxidation 1n the higher
power rated bundles. The results of our experiment Indicate that one should
be cautious when comparing the oxidation behavior of nonirradiated versus
Irradiated U02.
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Analysis of Spent Fuel Behaviour in

Dry Storage Cask Demonstrations in the FRG

J. Fleisch

Deutsche Gesellschaft filr
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P.O. BOX 1407, D-3000 Hannover 1 / FRG

H. Peehs

Kraftwerk Union Aktiengesellschaft

P.O. BOX 3220, D-8520 Erlangen / FRG

Abstract

Full scale dry storage cask demonstrations with it radiated PWR and

BWR fuel elements have been conducted since 1979 and support the

technical bases for dry storage of spent fuel. These tests have in-

volved app. 3.000 fuel rods, with maximum cladding temperatures ran-

ging from 250 to 430 °C. There is no evidence that any rods exposed

to inert gases have failed during extended dry storage. Dry storage

under cask conditions with maximum insertion temperatures in the ran-

ge of 400 °C does not expect to cause a significant creep deformation

above 1%, cladding oxidation and conditions that induce SCC or flaw

propagation.
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1. Introduction

The back-end fuel cycle strategy in the Federal Republic of Ger-

many is according to the concept of integrated "Entsorgung" ba-

sed on interim storage, reprocessing, fuel refabrication, waste

conditioning and final disposal of these wastes. Within this

concept, interim storage has become an important and independent

step and the introduction of the dry storage technique with its

technical and economical advantages was logical.

The key step for closing the nuclear fuel cycl-i in the FRG was

the decision of 1985 to start construction of the planned repro-

cessing facility at Wackersdorf including besides Gorleben and

Ahaus the third AFR dry storage plant, for which the first con-

struction license was issued in September 1985 and site prepara-

tion work has started soon afterwards.

The FRG dry storage concept is based on casks designed for sto-

rage as well as transport purposes. The fuel behaviour is of no

importance when storing spent fuel in FRG metal casks, as the

double barrier system of the casks guarantees the safe enclosure

of the radioactivity content. Nevertheless, the condition of the

fuel elements is of interest with regard to the unloading of the

casks in the reprocessing plant.

This paper decribes the actual status and results of the diffe-

rent dry storage cask demonstrations with respect to spent fuel

behaviour.

2. Program Overview

Technical scale dry storage demonstrations were carried out with

intact and defective fuel assemblies, loaded and stored in dif-

ferent types of GNS and TN storage/transport casks over periods
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from 1 week to more than 2 years, see fig. 1. Besides demonstra-

tion of cask storage, other program objectives were to verify

cask design parameters, to gain operational experience and to

verify and complete the present data base and theoretical calcu-

lations concerning fuel rod behaviour during dry storage.

The irradiated fuel assemblies were after careful pre-test exa-

minations loaded into the casks in the storage pools of the Ger-

man reactors, e.g. Wiirgassen, Stade, Biblis and Neckarwestheim

(fig. 2). All essential boundary conditions for the dry storage

of fuel assemblies vere considered for these tests.

The cask demonstrations were carried out either at site of the

power station, e.g. Wiirgassen, or after shipment to the storage

position at Jiilich or at site of the German pilot reprocessing

plant Karlsruhe. During the tests, parameters relevant to spent

fuel behaviour, such as axial and radial cladding temperatures

and cover gas radioactivity, were monitored. For the completed

CASTOR Ic and Ib demonstrations, post-test fuel inspections were

carried out and compared with the pre-test data. Comparisons of

the experimental and theoretical data on the cladding behaviour

and radioactivity release rates were intended to serve as a

means of improving theoretical models and confirming long-term

assertions.

In case of the one week demonstrations of transport/storage of

failed fuel, the radioactive concentrations of Kr-85, Cs-137/134,

1-129 and Co-60 were controlled during storage as well as cask

loading and unloading operations. Again it has to be pointed out

that fuel behaviour and radioactivity release from the fuel is

of no importance when storing fuel in metal casks according to

the FRG concept, as the double barrier system of the cask gua-

rantess the safe enclosure of the radioactivity content.
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3* Results and Diacusaion

3.1 Cover Gaa Sampling

The fuel rod integrity was established beforehand in the nuclear

reactors by means of a fuel assembly sipping test. The monito-

ring of Kr-85 radioactivity provided the most sensitive proof of

cladding integrity. Therefore, during dry storage the Kr-85-con-

centration was checked discontinuously. CASTOR Ib and la tests

did not give any Kr-85 signal above detectability limit

(10 Ci/m ). the Kr-85 release behaviour during dry storage

of the 16 BWR fuel assemblies in a CASTOR Ic was investigated.

Over a period of about one year, small amounts of Kr-85 were re-

leased from one fuel rod since beginning of the program.

—2 3

The measurable Tritium release (< 8x10 Ci/m ) was in sa-

tisfactory agreement with theoretical predictions according to a

simple diffusion modul for Zircaloy claddings without defects

(fig. 3). Any aerosol activity above detection limit
—10 3

(Cs-137/134 « 10 Ci/m ) could not be detected. Due to the

oxidation mechanism of Zircaloy, the residual moisture decrea-

sed, depending on the cladding surface temperatures in both ty-

pes of casks. These effect dried out the casks in a few days

(Ib) or over the 2 years storage period (Ic) resulting in an in-

crease of oxide layer thickness of some microns, which is if no

importance to fuel integrity.

3.2 FUel Examinations

The results of the CASTOR Ic post-test-fuel examinations can b?

summarized as follows:

- Tangential strain and cladding oxidation are still in the ran-

ge of the detectability limit ( < 4 jxm).

- There are no indications of ISCC or crack growth. The defect

probality, therefore, is negligible.
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The CASTOR Ib post-test examinations came out with similar re-

sults: no cladding oxidation, diameter change due to creep de-

formation < 10-15 um. Creep predictions resulted for the BWR Ic

as well as PWR Ib in conservative estimates for dry storage be-

haviour in casks (fig. 4, 5).

3.3 Dry storage of Defective Fuel (fig. 6)

The laboratory-scale dry storage defect studies have already

been verified on a technical-scale during dry shipments in

transport/storage casks. PUR fuel assemblies with 11 (Neckar-

westheim) and 86 (Stade) operationally defective fuel rods were

shipped from the German nuclear power stations GKN and KKS to

reprocessing at the Karlsruhe pilot plant WAK. The burnup of the

fuel rods ranged from 6 to 31 GWd/tU.

The results can be summarized as follows:

- Moisture can be removed from defective rods during the cask

drying operation and the residual moisture of the cask atraos-

phere can be minimized to the specified valuce of 3 to 7 g/m

- As gaseous activity, only 0.3 to 0,8 Ci/m Kr-85 could be

detected, corresponding to a release rate of 0.01 to

0.1 Ci/m per fuel rod. The 1-129 level was below the detec-

tability limit (1 n Ci/m )

- As aerosol activity, mainly 10 n Ci/m Cs-137/134 were de-

tected as a maximum.

3.4 Fuel Retrieval from Dry storage (fig. 7)

Within the dry storage demonstrations the casks were flooded in

the reactor ponds or in the cask receiving station of WAK. The

cooling times varied from 1 to 5 hours. Also fairly rapid floo-

ding of the fuel did not affect assembly integrity. Only in case
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of casks containing failed fuel assemblies, a significant in-

crease of the Cs-137/134 radioactivity could be observed. Maxi-

mum values at the beginning of the cask reflood cf 10 Ci/m

could be detected. After fuel retrieval no strong contamination

of the casks inner surface and basket remained (< 15 mR/h).

There was no indication (visual inspection) of any farther pro-

pagation of cladding defects under inert conditions.

4. Conclusion

Dry storage of Zircaloy-clad PWR and BWR fuel in different types

of metal casks has been demonstrated without causing any signi-

ficant creep deformation, cladding oxidation and conditions that

induce ISCC or flaw propagation. Dry storage cask demonstrations

have involved app. 3.000 fuel rods at temperatures of 250 °C to

about 400 °C. No rod failure due to dry storage could be obser-

ved.

The positive results provide evidence for extended dry storage

in inert cover gases at cladding temperatures up to 450 °C.

There is no limitation for dry storage of fuel rods with reac-

tor-induced defects and need for specific retrieval operations

and methods to manage radioactive species.
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No. of FA
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4
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Time
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FIG. 1: Technical Scale Demonstration Tests with

Spent fuel in Different Casks

Storage Demo.
® Jiilich
® Karisruhe
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# Wurgassen
® Stade
® Biblis
# Neckarwestheim

Program

$ Pre/Post-Test

Fuel Exams.

® Dosimetry

# Data Recording (T,p )

® Gas Sampling

(Kr-85,H-3,CS-137/134,1-129)

Storage/Transport
Demonstration
Defective Fuel

Reprocessing
# Karlsruhe

PIG. 2: Cask Demonstration Program

Overview
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BEHAVIOR OF SPENT LWR FUEL IN NITROGEN AND IN AIR

E. R. Gilbert, C. A. Knox, and G. 0. White
Pacific Northwest Laboratory*
Richland, Washington 99352

ABSTRACT

In order to help establish the data base required to determine allowa-
ble temperatures and atmospheres for interim dry storage of Light Water
Reactor (LWR) spent fuel, tests were conducted on four sources of LWR spent
fuel 1n atmospheres of nitrogen and air. Tests with spent fuel In moist
nitrogen at 275 and 380*C for times up to 2000 h with a superimposed gamma
field of up to 100,000 R/h resulted In only small weight gains. There
were no changes in the physical appearance of the specimens. Introduction
of air into the nitrogen atmosphere during tests at 380*C resulted 1n
rapid powder formation. U3O0 powder formed only 1n nonirradiated U0 2
pellets in air at 200*C and higher for times up to 5500 h. Weight gain
in air was independent of fuel burnup, but Increased with microporosity.

* Operated for the U.S. Department of Energy by Battelle Memorial Institute
under Contract DE-AC06-76RLO 1830,
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BEHAVIOR OF SPENT LWR FUEL IN NITROGEN AND IN AIR

E. R. Gilbert, C. A. Knox, and G. 0. White
Pacific Northwest Laboratory
Rich!and, Washington 99352

SUMMARY

In order to help establish the data base required to determine allowa-
ble temperatures and atmospheres for interim dry storage of Light Water
Reactor (LWR) spent fuel, tests were conducted on four sources of LWR
spent fuel bare fragments in atmospheres of nitrogen and air. Tests in
nitrogen were performed at 275 and 380*C for times up to 2000 h with a
superimposed gamma field up to 100,000 R/h to determine the effect of
reactants formed from radiolysis of the atmosphere on the fuel. Tests in
air were performed from 135 to 230*C to provide data to support the tech-
nical bases for acceptable storage in an oxidizing atmosphere.

Only small weight gains resulted in specimens exposed to moist nitro-
gen. No changes in the plysical appearance of the specimens were detected.
Introduction of air into the oven during the tests at 380'C resulted in
rapid powder formation.

For times up to 5500 h in air, U30g powder formed only in nonirradiated
pellets and at temperatures of 200'C and greater. At temperatures up to
230*C, weight gain in spent fuel specimens was attributed to U^Og or U3O7
and was independent of burnup, but increased with increasing microporosiiy.
Specimens from fuel rod ends tended to have less microporosity and lower
weight gains than specimens from the rod center. Tests with a 200,000 R/h
gamma field and an air atmosphere aiu being continued to determine the
time* for formation of U3O3 powder.

INTRODUCTION

Spent fuel behavior under conditions of interim dry storage is being
investigated to develop a technical basis for licensing storage Installa-
tions. Nitrogen 1s an attractive atmosphere for dry storage of spent
light-water reactor (LWR) fuel 1n the United States because of its containa-
bility, abundance, thermal properties, and low reactivity with spent fuel
and storage system components. Although oxides of uranium at cladding
breach sites will not react with nitrogen or residual moisture, oxidizing
Impurities such as N02 and H 20 2 formed by radiolysis of No and residual
K2O and O In a nitrogen cover gas system are reactive with UQ2. Therefore,
tests with both spent U0 2 fuel fragments at 275*C and 380*C and nonirradi-
ated U0 2 pellets at 225*C, 250*C, and 275*C were conducted at Pacific
Northwest Laboratory.

Storage of spent LWR fuel In air, as well as the retirement of Inert
gas monitors after the fuel 1n an Inert gas has cooled sufficiently,
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requires a data base and modeling to assure that cracking of the cladding
from fuel oxidation at breach sites will not occur. Analysts of existing
data on the oxidation behavior of spent fuel led to predictions of allowable
storage temperatures ranging from a low of approximately 150*C for spent
fuel with a low burnup of approximately 10,000 MWd/MTU, to approximately
230*C for fuel with a burnup of approximately 30,000 MWd/MTU. The allowable
storage temperature also depends on temperature-time behavior of the com-
bined fuel and storage Installation.

DESCRIPTION QF EXPERIMENTS

Specimens were placed in gas-tight containers and heated to test
temperatures for specified times. Oxygen concentrations 1n nitrogen tests
were less than 0.05 vol% based on pre- and post-test samples of the atmos-
phere. External gamma fields, typical of that computed in a storage system
containing a 35,000 MWd/MTU spent Pressurized Water Reactor (PWR) fuel
assembly approximately 7 years after reactor discharge or a 20,000 MWd/MTU
spent Boiling Water Reactor (BWRJ fuel assembly approximately 3 years after
reactor discharge (Croff 1980), were Imposed on the test systems to simulate
radiolysis of the storage system atmosphere. Tests with nonirradiated U0o
pellets were performed in a cobalt Irradiation facility. Tests with spent
fuel were performed 1n ovens located next to radioactive CsCl capsules.
Specimens were weighed and visually inspected during Interim examinations.

RESiULIS

Tests in Nitrogen

The results from tests on nonirradiated UO2 pel Jets 1n moist nitrogen
are summarized In Table I.

There were no measurable weight changes. The reduced nitrogen con-
centration 1n the atmosphere corresponds with the formation of C02. The
pellets retained a glossy surface with no evidence of cracking or degrada-
tion. The specimens and reaction products were analyzed by x-ray diffrac-
tion to determine 1f changes 1n composition and crystal form had resulted
from exposure to the moist nitrogen cover gas. No changes were found.

The results from tests at 275*C on spent fuel In moist nitrogen are
summarized in Table II. There were no detectable changes in the spent fuel
after the tests in nitrogen at 275*C.

The results from tests at 380*C on spent fuel in moist nitrogen are
summarized In Table III. There were no detectable changes 1n physical
appearance of the spent fuel after the tests 1n nitrogen. Weight losses
(1.2 to 1.7%) were noted for several specimens after they were removed
from the oven.
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TABLE I

Results of Tests on Nonirradiated UOo Pellets in Moist Nitrogen
in a Gamma Field of 700,000 R/h

Temperature.

225
250
275

225
250
275

225
250
275

Weight
Time, h Weight, a Change. q C°-2' VQ'*

0
0
0

445
445
295

1165
1165
1015

5.4432
5.3199
5.2688

.4431

.3197

.2687

.4430

.3196
5.2689

-0.0001
-0.0002
-0.0001

-0.0002
-0.0003
0.0001

<0.01
<0.01
<0.01

0.28
0.63
0.51

0.18
0.46
0.3

<0.01
<0.01
<0.01

0.1
<0.01
<0.01

0.08
0.02
0.06

99.9
99.9
99.9

99
99
99

99.74
99.43
99.64

TABLE II

Specimen''

3A
3B
3C
3D

3A
3B
3C
3D

3A
3B
3C
3D

Results of Tests with Spent LWR Fuel in 275'C Moist
Nitrogen Cover Gas (20'C dew point)

0
0
0
0

432
432
432
432

1365
1365
1365
1365

, g

18.416
16.013
29.863
30.705

18.413
16.01
29.756
30.703

18.414
16.01
29.758
30.707

Weight
Change, a

0
0
0
0

-0.003
-0.003
-0.007
-0.002

-0.002
-0.003
-0.005
0.002

, vo1%

<0.01
<0.01
<0.01
<0.01

0.22
0.22
0.22
0.22

0.29
0.29
0.29
0.29

<0.01
<0.01
<0.01
<0.01

<0.01
<0.01
<0.01
<0.01

0.09
0.09
0,09
0.09

3A
3B
3C
3D

HB Robinson bare spent fuel fragments (33,000 MWd/MTU peak)
b i d i a t e d pellets
HB Robinson bare spent fue
bare nonirradiated pellets
Point Beach bare spent fuel fragments (29,500 MWd/MTU peaH
Shippingport bare spent fuel fragments (34,000 MWd/MTU peak)

99.9
99.9
99.9
99.9

99.
99.
99.
99.

99,
99
99

6
6
6
6

.4

.4

.4
99.4
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TABLE III

Results of Tests with Spent LWR Fuel 1n 380#C Moist
Nitrogen Cover Gas (31*C dew point)

Specimen* '

5-11
5-12
5-13
5-14
5-15
5-16

5-11
5-12
5-13
5-14
5-15
5-16

5-11
5-12
5-13
5-14
5-1S
5-16

5-11
5-12
5-13
5-14
5-15
5-16

Time,
Jl

0
0
0
0
0
0

505<2>
505
505
505
505
505

505<3>
505
505
505
505
505

1104<2>
1104
1104
1104
1104
1104

Weight,
g

33.287
23.668
28.435
30.026
22.629
29.277

32.894
23.281
28.054
30.030
22.296
29.276

33.294
23.684
28.432
30.032
22.632
29.278

33.296
23.686
28.445
30.035
22.638
29.284

Change,
g

0
0
0
0
0
0

-0.393
-0.387
-0.381
0.004

-0.333
0.001

0.007
0.016

-0.003
0.006

-0.003
0,001

0.009
0.018
0.010
0.009
0.009
0.007

Weight
C02,

-KflUL

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

0.77
0.77
0.77
0.77
0.77
0.77

0.77
0.77
0.77
0.77
0.77
0.77

0.59
0.59
0.59
0.59
0.59
0.59

H2,
vpn

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

0.34
0.34
0.34
0.34
0.34
0.34

0.34
0.34
0.34
0.34
0.34
0.34

0.16
0.16
0.16
0.16
0.16
0.16

N2,
voU

99.97
99.97
99.97
99.97
99.97
99.97

98.17
98.17
98.17
98.17
98.17
98.17

98.17
98.17
98.17
98.17
98.17
98.17

98.45
98.45
98.45
98.45
98.45
98.45

02,
vol%

0.03
0.03
0.03
0.03
0.03
0.03

0.04
0.04
0.04
0.04
0.04
0.04

0.04
0.04
0.04
0.04
0.04
0.04

0.02
0.02
0.02
0.02
0.02
0.02

CH4 ,
_ml2
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

0.36
0.36
0.36
0.36
0.36
0.36

0.36
0.36
0.36
0.36
0.36
0.36

0.38
0.38
0.38
0.38
0.38
0.38

HB Robinson bare spent fuel fragments (N-9B Section L4)
5-12 a HB Robinson bare spent fuel fragments (N-9B section L3)
5-13 » Point Beach bare spent fuel fragments ("A" section 5-13, 63 cm

above bottom end)
5-14 = Point Beach bare spent fuel fragrcsnts ("A" section 5-14, 58 cm

above bottom end)
5-15 * Shippingport bare spent fuel fragments ("8" section 5-15 end

piece)
5-16 • Shippingport bare spent fuel fragments ("B" section 6-16 end

piece)
(2) 1 to 4 h after cooling at ambient temperature
(3) 24 h after cooling at ambient temperature
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Sample weight loss appears too large to be attributed entirely to moisture
loss; the exact nature of the sample weight loss is unknown.

Tests in A1r

Results of tests in air with spent fuel between 135 and 200#C are shown
in Figure 1. The tests include five temperatures, four fuel types (includ-
ing nonirradiated pellets manufactured at PNL), and two cumulative times
at temperature at the end of which an interim examination of specimens
was performed. All spent fuels are PWR type obtained from different reac-
tors. A statistical analysis was performed to determine if these variables
have a significant Influence on the oxidation behavior. The results,
summarized in Table IV, show the effects of temperature, time, and fuel
type on weight gain to be highly significant.

The insensitivity of the data in Figure 1 to the quadratic temperature
model 1s attributed to the retardation of oxidation rate at weight gain
levels around 2 wt% and the tendency for low values of weight gain measured
at 180#C in relation to values at 165 and 2Q0*C. A possible cause for
the 180*C weight gains being on the low side follows. Whereas the procedure
for specimen preparation involved removing the pellet fragments from the
cladding and promptly initiating the test, specimen loading into the 180*C
oven was delayed for approximately six weeks due to hot cell operational
circumstances. It is postulated that a thin protective coating of UOo
formed on the surface of the declad specimens while they were stored in
air at cell ambient temperature. Effects of fuel exposure to ambient
temperature conditions on oxidation behavior consistent with this postulate
have previously been reported (Wadsten 1977, Gilbert et al. 1984, Hastings
1984).

A preliminary attempt to determine causes for the differences in weight
g?in among the specimens shown in Figure 1 indicated that specimens showing
the highest levels of weight gain may have contained the greatest amount
of microporosity. For example, HB Robinson spent fuel rods tested at
150*C showed significant differences in weight change between a specimen
taken from the end of a fuel rod versus a specimen taken from the center
section. Microstructures of sections taken from high power positions and
moderate power positions in HB Robinson spent fuel rod N-9 (Figure 2)
showed significantly more microporosity 1n the high power positions (Barner
1984). Therefore, oxidation specimens removed from HB Robinson fuel pin
center locations may contain significantly more TOicroporosity than specimens
taken from an end section, and consequently, experience more rapid oxida-
tion. It should be noted, however, that significant variability in micro-
porosity was observed on transverse ceramographs of HB Robinson fuel rod N-9
(Earner 1984). Future ceramography studies on specimens taken from
positions adjacent to the oxidation specimens will provide clarification
on this preliminary Information. Shippingport spent fuel showed consis-
tently large weight gains when compared to specimens from other fuels In
Figure 1. Microstructures of Shippingport spent fuel showed significant
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TABLE IV

Split-Split Plot Analysis of Variance for Air Oxidation Data
Between 150 and 200#C

Variable Significance Level

Temperature
Linear model 0.075
Quadratic model Not significant

Fuel type <0.0005
Linear temperature model 0.01
Quadratic temperature model 0.06

Time periods 0.01
Per linear temperature model 0.02
Per fuel type 0.035

* Probability of Incorrectly declaring the variable to have a significant
effect.

microporosity (Bradley 1981) (Figure 3). Ceramography studies of
Shippingport fuel samples taken from positions adjacent to the oxidation
specimens are planned.

A set of tests for which specimens were removed from different posi-
tions along the length of an HB Robinson spent fuel rod were selected to
provide a variable burnup. The variation of weight gain after 1595 h
with burnup 1s shown 1n Figure 4. Within experimental variability, the
weight gain appears to be independent of burnup and agrees with the simi-
larity of HB Robinson data nominal burnup values of 30,000 and
20,000 MWd/MTU shown in Figure 1 for test times of 1518 to 1705 h. This
result 1s consistent with results from analysis (Gilbert et al. 1984) of
oxidation data corresponding to diffei.nt burnup levels (Harrison, et al.
1967), which showed Insensitivity of oxidation rate constant to burnup.

BWR spent fuel specimens Irradiated to different burnup levels were
oxidized for 492 h at 170*C. The results for the first interim examination
also suggest no significant correlation between weight gain and burnup as
shown 1n Figure 5.

The time dependence for Point Beach spent fuel oxidation at 230*C 1s
snown 1n Figure 6. The first portion of the curve Involves a short Induc-
tion time during which little weight gain 1s measured. The time dependence
for the second portion of the curve 1n Figure 6 shows linearity between
weight gain and time. The third portion of the curve shows a retardation
1n the oxidation rate. Several types of plots were explored using the
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Time at Temperature
4728 to 5113 h

1518 to 1705 h

150 165
Temperature (C)

ibO 200

Figure 1. Oxidation of Three Types of Spent LWR Fuel and U0 2 Pellets at
Temperatures Between 135 and 200*C.

NI * nonirradiated; HBR 31 - HB Robinson at 31,000 MWd/MTU; HBR 22 »
HB Robinson at 21,000 - 23.000 MWd/MTU; PB 30 * Point Beach at
29,500 MWd/MTU (avg.); PB 20 « Point Jeach at 20,000 MWd/MTU (estimated);
SP - Shippingport at 23,700 MWd/MTU (avg.), 34,000 MWd/MTU (peak).

data of Figure 6 to determine 1f the region of retarded oxidation rate
could be represented by a parabolic relation between weight gain and time.

Parabolic behavior 1s predicted for oxidation controlled by diffusion
of oxygen. A parabolic type of behavior was not found.
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ElSilCfi_2a. Microstructure of HB Robinson Spent Fuel Near Moderate Power
Position (as polished transverse sample N-9C-0; Earner 1984)
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Eigure_2ii. Microstructure of HB Robinson Spent Fuel Near High Power
Position (as polished transverse sample N-9C-C; Barner 1984)
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Figure 3. Microstructure of Shippingport Spent Fuel Rod 4
at 1/2 Radius and 250 X. (E. R. Bradley, et al. 1981)
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Figure 4. Variation of Oxidation Weight Gain with Burnup after 1595 h
at 150*C for HB Robinson Spent Fuel 1n A1r.
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15 25

Burnup (GWd/MTU)

Figure 5. Effect of Burnup on Weight Gain after 492 h at 170*C for
BWR Spent Fuel 1n Air.

DISCUSSION

Tests designed to determine the effect of specimen surface area on
oxidation kinetics indicated that oxfdation of nonirradiated U0 2 (Gilbert,
et al. 1984) and spent fuel (Einzlger 1985) 1s not very sensitive to surface
area. Tests with nonirradiated pellets (White and Gilbert 1986) showed
that grain boundary area significantly contributed to the surface reaction
sites for the oxidation reaction. Transmission electron microscopy (Thomas
et al. 1986) and ceramography studies (Wasywich et al. 1984) of oxidized
spent fuel showed grain boundaries to be preferred paths for oxidation.
Weight gain follows the relationship:

Weight Gain = At/d + B(t) [1]

where A and 8 are temperature and microstructural dependent coefficients,
t 1s time, and d 1s grain diameter. The first term 1n Equation 1 Is
derivable from surface controlled reaction kinetics along grain boundaries.
The linear time dependence 1s not representative of diffusion-controlled
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Figure 6. Time Dependence for Point Beach Spent Fuel Oxidation
1n Air at 23<TC (Specimen ID, 29,000 MWd/MTU burnup)

processes, such as grain boundary diffusion. This linear dependence 1s
typical of oxidation controlled by the reaction rate at a surface. The
Inverse dependence on grain size Is consistent with oxidation along grain
boundaries. The Independence of the A coefficient to burnup at short
times suggests that fission product bubbles at grain boundaries (absent
at low values of burnup) are assisted by another unidentified Irradiation
effect that enhances oxygen Infiltration Into the spent fuel at rates
faster than for nonirradiated U02.

The second term In Equation 1 may be associated with oxygen diffusion
Into the grains through a U3O7 coating at grain boundaries, although the
expected parabolic behavior 1s observed for only a short period of time.
The oxidation rate becomes very slow prior to the formation of massive
U3O0 Indicating that the oxide coating being formed 1s very protective,
or that an Induction time 1s required for the formation of U3O3.

The weight gain Information from oxidation studies has not been
directly linked to the formation of U3O0 powder. Different materials
under different test conditions form 0383 powder at different levels of
weight gain. The weight gain data are useful, however, In determining
the extent of oxidation. The time for U3O0 to form appears to be the
parameter that 1s more easily modeled. Additional experimental results
may enable Increased usage of the weight gain Information.
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Analysis of existing data on the oxidation behavior of spent fuel
led to predictions of allowable storage temperatures ranging from a low
of approximately 150*C for spent fuel with a low bumup of approximately
10,000 MWd/MTU (White et al. 1983) to approximately 230*C for fuel with
oxidation behavior similar to that of Turkey Point spent fuel (Einziger
and Strain 1984) with a burnup of approximately 30,000 MWd/MTU. An upper
storage temperature limit of 230*C 1n air for PWR fuel with 27,000 MWd/MTU
burnup was independently derived (Einziger and Strain 1986). The allowa-
ble storage temperature also depends on temperature-time behavior of the
combined fuel and storage installation. Studies on spent fuel oxidation
being conducted at PNL were designed to develop temperature-limit criteria
for different fuel types under simulated dry storage conditions. The
results from these tests, when combined with results from other programs,
will become the primary basis for developing recommended dry-storage tem-
perature limits in oxidizing atmospheres.

CONCLUSIONS

• These tests confirmed that spent U02 fuel does not react with pure
nitrogen under these conditions, as expected from thermodynamic con-
siderations. Tests with nonirradiated U02 and spent fuel in moist
nitrogen produced only negligible weight gains under thermal conditions
that would have produced U3O3 powder in air. The weight gain was
attributed to reaction of the U02 with trace impurities.

• Oxidation tests on four different spent fuels produced weight gains
that increased with temperature, time, and appeared to Increase with
microporosity based on ceramography studies on the same HB Robinson
spent fuel rod used in the oxidation tests.

• Evaluation of published results for U 30 8 powder Induction suggests that
allowable storage temperatures in an air environment could be in the
approximate range of 150 to 230*C, depending on characteristics of the
fuel and the storage system. PNL test results to date substantiate
these temperature limits, in that test exposure times were not suffi-
ciently long to form U308, as predicted.

ACKNOWLEDGEMENT

Acknowledgement 1s made to J. 0. Barner (PNL)^for assistance in spent
fuel procurement and to R. J. Guenther (PNL) for assistance in test planning
and coordination of gamma scanning at the Hanford Engineering Development
Laboratory. Appreciation 1s expressed to Dr. G. F. Piepel (PNL) for statis-
tical design of the test matrices and analysis of test data significance.

S-275



REFERENCES

Barner, J. 0. 1984. Characterization of LWR Spent Fuel MCC-Approved
Testing Material-ATM-101. PNL-5109. Pacific Northwest Laboratory.
Rich!and, Washington, U.S.A.,

Bradley, E. R., W. J. Bailey, A. B. Johnson, Jr., and L. M. Lowry. 1981.
Examination of Zirealoy-glad Spent Fuel After Extended Pool Storage..
PNL-3921. Pacific Northwest Laboratory, Richland, Washington, U.S.A.

Croff. A. G. 1980. A User's Manual for the QRIGEN2 Computer Code. ORNL/TM
7175. Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A.

Einziger, R. E. and R. V. Strain. 1984. "Effect of Cladding Defect Size
on The Oxidation of Irradiated Spent Fuel Below 360'C." In Proc. of Irra-
diated Fuel Storage: Operating Experience and Development Programs. Inter-
national Workshop. Ontario Hydro, pp. 599-625. Toronto, Canada.
October 17 & 18, 1984.

Einziger, R. E. and R. V. Strain. 1986. "Oxidation Effects in Breached
Spent Fuel Rods." In Proc. of Third International Spent Fuel Storage
Technology Sytnposiurn/Workshop. U.S. Department of Energy, Seattle,
Washington, U.S.A. April 8-10, 1986.

Einziger, R. E. and R. E. Woodley. 1985. "Low Temperature Spent Fuel
Oxidation Under Tuff Repository Conditions." In Proc. of the Symposium
on Waste Management. ANS. Tucson, Arizona, U.S.A. March 24-28, 1985.

Gilbert, E. R., G. D. White, and C. A. Knox. 1984. "Oxidation of U02 at
150*C to 350'C." In Proc. of Irradiated Fuel Storage: Operating Experi-
ence and Development Programs. International Workshop. Ontario Hydro,
pp. 551-598. Toronto, Canada. October 17 & 18, 1984.

Harrison, K. T., et ai. 1967. "The Kinetics of the Oxidation of Irradiated
Uranium Dioxide Spheres In Dry Air." J. Nucl. Mater. 21:121-138.

Hastings, I. J., D McCracken, J. Novak, and K. Nash. 1984. "Behaviour in
Air at 179-400*C of Irradiated U02 Fuel." In Proc. of Irradiated Fuel
Storage: Operating Experience and Development Programs. International
Workshop. Ontario Hydro, pp. 626-654. Toronto, Canada. October 17 & 18,
1984.

Thomas, L. E., J. M. McCarthy, and E. R. Gilbert. 1986. "TEM Examination
of Oxidized LWR Spent Fuel." In Proc. of Third International Spent Fuel
Storage Technology Symposium/Workshop. U.S. Department of Energy, Seattle,
Washington, U.S.A. April 8-10, 1983.

Wadsten. T. 1977. "The Oxidation of Polycrystalline Uranium Dioxide 1n
A1r at Room Temperature." .1. Mud. Mat. fii:315.

-S-276



REFERENCES (continued)

Wasywich, K. M., J. D. Chen, C. R. Frost, and J. Freire-Canosa. 1984.
"long-Term Behaviour of Irradiated CANDU Fuel In Concrete Canister Storage
Test Results." In Proc. pf Irradiated Fuel Storage: Operating Experi-
ence and Development Programs. International Workshop. Ontario Hydro,
pp. 393-431. Toronto, Canada. October 17 & 18, 1984.

White, G. D. et al. 1983. "Oxidation of U02 at 150-350RC. In Proc. of
Spent Fuel/Cladding Reaction During Dry Storage. NUREG/CP-0049. U.S.
Nuclear Regulatory Commission. Gaithersburg, Maryland, U.S.A. pp. 102-110.

White, G. D.f and E. R. Gilbert. 1986. "Comparison of the Oxidation
Behavior of BNL, CRNL, and PNL U02 Pellets." In Proc. of Third Inter-
national Spent Fuel Storage Technology Symposium/Workshop. U.S. Department
of Energy, Seattle, Washington, U.S.A. April 8-10, 1986.

QUESTIONS/ANSWERS

Questioner: C. Ospina
Organization/Country: EIR/Switzerland

Question; The behavior of LWR spent fuel stored in nitrogen seems positive
under the point of view of heat transfer and metallurgy; nevertheless, the
question arises on how to detect its leakage since there is actually no
effective way of doing it properly. Under this circumstance, what is the use
of using nitrogen as a storage atmosphere?

Answer: Some dry storage casks have a cavity between sealed lids. An elevated
gas pressure in a cavity between outer and inner sealed lids can be monitored
in these dry storage casks as a method of detecting leakage. The leakage of
nitrogen gas could be monitored in a cask with this design feature. A second
method of leak detection requires adding a small quantity of helium to the
nitrogen storage atmosphere as a tracer is. This technique enables a helium
mass spectrometer leak detector to be us '. The dilute helium atmosphere
results in some reduction of sensitivity for detecting leakage compared to
the use of a high purity helium atmosphere.

Questioner: Virginia Oversby
Organization/Country: Lawrence Livermore National Lab/USA

Question: In your Point Beach data at 230°C, there 1s a plateau 1n the weight-
gain curve at about 3%. Complete conversion to U*07 would be about 1% and
complete conversion to U 30 8 would be 4%. You said that no U,0fi was found 1n
the sample. What mixture of phases did you see, and where do you think the
additional weight gain Is taken up?



Answer: Combinations of Uof U3O3 and U3O7 conversions fall to account for the
t gain 1n the absence of observable U3O0. The reasor
of weight gain 1s not known. Perhaps the analytical

approximately 3% weight gain 1n the absence of observable U 30 8. The reason for
unexpected high value
methods were Insensitive to the distribution of U 30 8 or there may be other
sinks for oxygen, such as vacant sites created by Irradiation. Reaction of
oxygen with fission products has not been ruled out.

Questioner: Martin Peehs
Organization/Country: Kraftwerk Union/Federal Republic of Germany

Question: Only 1n the case of U3O0 formation will a considerable volume
Increase of uranium oxide occur. However, each uptake of oxygen will lead to
a weight gain. Evaluating oxidation experiments, the weight gain is a
relatively simple measurable data. Defect size Increase of a defective spent
fuel rod needs, however, a volume Increase of the UO2. Do you feel also that
in spent UO2 oxidation experiments the volume Increase 1s the leading parameter?

Answer: Yes, I agree that volume Increase from the formation of U3O3 or UO3
from the uranium dioxide plus oxygen reaction is the driving force for producing
powdered fuel and for Increasing the defect size in breached cladding. Weight
gain 1s being measured 1n spent fuel oxidation tests as an index to the rate
of oxidation. A clear correlation between weight gain and the time for the
onset of U3O0 formation has not yet been found. U3O3 has been observed to
form 1n small volume fractions of the oxidizing material at low values of weight
gain In some specimens, but 1n larger-volume fractions of the oxidizing material
at higher values of weight gain in other specimens.



PREDICTIONS OF DRY STORAGE BEHAVIOR OF ZI RCA 1.0 Y

CLAD SPENT FUEL RODS USING DEFORMATION AND FRACTURE MAP ANALYSES*

J. C. L. Tarn, N. H. Madsen, and B. A. Chin

Department of Mechanical Engineering

Auburn University

Auburn, AL 36849 U.S.A.

ABSTRACT: Predictions of the maximum initial allowable temperature
required to achieve a 40-year life in dry storage are made for Zircaloy
clad spent fuel. Maximum initial dry storage temperatures of 420°C for
1 year fuel cladding subjected to a constant stress of 70 MPa are
predicted.

The technique utilized in this work is based on the deformation and
fracture map methodology. Maps are presented for temperatures between
50 and 850°C and stresses between 5 and 500 MPa. These maps are
combined with a life fraction rule to predict the time to rupture of
Zircaloy clad spent Light Water Reactor (LWR) fuel subjected to various
storage conditions.

•This work was sponsored by the U.S. Department of Energy.
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I. INTRODUCTION

Zircaloy has been used extensively as a cladding* material in the
nuclear industry. The dry storage of Zircaloy clad spent fuel elements
requires the ability to predict Its long term behavior under low
temperature/low stress conditions. Under these conditions creep rupture
is the failure mode which will probably limit time In dry storage of
spent fuel in a limited air environment. Unfortunately, little
experimental data exists for anticipated dry storage conditions because
of the long test times required.

Previous predictions of Zircaloy cladding failure under dry storage
conditions have been based on direct extrapolation of existing short
time data [1,2] or have assumed a single phenomenon, such as stress
corrosion cracking [3], to be the dominant failure mechanism. The
direct extrapolation method ignores changes in the deformation and
failure mechanisms as the stress and temperature conditions are altered
and resulting failure times change. Such analyses are very useful for
interpolation between existing data fields but oftentimes lead to
erroneous results when extrapolated to regimes involving different
deformation and failure phenomenon.

A method which has been successfully used in predicting deformation
and failure mechanisms in unirradiated and irradiated 316 SS 1s
deformation and fracture mechanism maps. These maps display
simultaneously several deformation or failure modes 1n the form of a
schematic diagram of stress/temperature space. Such maps enable
prediction of the dominant deformation mechanism and failure mode for
various temperature and stress regimes, as well as varying irradiation
histories. The deformation map was suggested by Weertman and Weertman
[4,5] 1n 1965 while the fracture map was first suggested by Wray [6] in
1969. Ashby and Raj later improved and further developed the concepts
of the deformation [7] and fracture maps [8].

The deformation and fracture maps are usually constructed with
normalized stress on the ordinate and homologous temperature on the
abscissa. Two distinct approaches to constructing the maps have been
adopted. The first approach is to place on the map a large number of
experimental points (derived from tests on different specimens) with
identification of the deformation or fracture mode associated with each
point. Lines are then drawn on the map to Indicate the approximate
boundaries between the different deformation or fracture processes.
This experimental method contrasts with the model based method In which
a computer is used to numerically evaluate different theoretical
expressions for deformation or fracture. In the generation of the

*The words 'cladding', 'pin', and 'rod' are used Interchangeably
throughout this document. All three of these words refer to the
cylindrical Zircaloy tubes used to encase fission reactor fuel
pellets.
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model-based fracture map, values of time to failure are numerically
evaluated for possible fracture mechanisms, with the assumption that the
mechanism which has the shortest failure time controls the fracture.
Similarly, deformation maps are generated by numerically evaluating
different deformation mechanisms and determining which deformation
mechanism has the highest deformation rate.

In the construction of deformation and fracture maps the various
mechanisms are assumed to operate independently. This is really an
over-simplification of the actual process since mixed modes of fracture
occur and damage Introduced by one mechanism can affect another.
However, the deformation and fracture maps do allow one to predict
dominant deformation aiid failure modes over a wide range of
stress/temperature space and represent a reasonable approach in the
absence of more detailed information.

These deformation and fracture maps are used to predict the time to
rupture of Zircaloy clad spent Light Water Reactor (LWR) fuel subjected
to various storage conditions. During dry storage, cask (a container
with multiple fuel rods and an inert atmosphere) temperatures are
anticipated to decrease with increasing time due to a decay in the heat
generation rate of the spent fuel. Additionally the stress in the
cladding will decrease due to cladding creep and contraction of the
fission gas due to decreasing temperature. Irradiated materials
properties will also be affected by initial storage temperatures above
350°C which anneal out irradiation damage. In this analysis, a life
fraction rule 1s used to account for changing temperature and stress
conditions. This Hfe fraction rule is combined with the results of the
deformation and fracture maps to predict maximum allowable initial
storage temperatures to achieve a 40-100 year life.

II. DEFORMATION MAP CONSTRUCTION

An extensive survey of the literature was performed to Identify
possible mechanisms of deformation 1n the Zircaloy alloy system. Based
upon this survey, nine mechanisms were identified for investigation.
These mechanisms were placed into four generalized categories: high
stress deformation, diffusion controlled dislocation creep, grain
boundary sliding and diffusional creep. Table I details the equations
used to describe these deformation equations and Table II the equation
coefficients.

The high stress deformation mechanisms category includes the
theoretical strength of the material lattice [9] which serves as an
upper limit to deformation by dislocation motion. Below this upper
limit, high stress deformation will occur principally by conservative
dislocation motion or glide. The constitutive relations describing
dislocation glide, formulated by Ashby [10], were adopted for this
study. The diffusion controlled dislocation creep processes Included
formulations for high temperature climb [11], low temperature climb [10]
and Harper-Dorn diffusional climb [12], All three formulations use a
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TABLE I

CONSTITUTIVE EQUATIONS

Theoretical Strength

Dislocat ion Glide

• - <*> for a > a
eTH TH

• = o f o r o < o
eTH TH

eDG
= exp(-(S-a) ba/kT)

= 0

Ex 1/2 £_
» ~a0 " 10

for a > oQ

for o < oQ

High Temperature Climb

Low Temperature Climb

Harper-Dorn Climb

Grain Boundary S l id ing
(grain boundary d i f fus ion)

Grain Boundary S l id ing
(lattice diffusion)

Nabnrro-Herring

Cobie

'HI
= A D exp (-Q /RT) Eb (a/E)n

I ol 1 IT

50 Ao D exp (-Q /RT) Eb (o/E)n+2
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= A D exp (-Q /RT) Eb (o/E)
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- A D exp (-Q /RT) Eb (b/d)3(o/E)2
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. = A D exp (-Q /RT) Eb ( b / d ) 2 ( 0 / E ) 2

eGBL GBL on a FT

- = A D exp (-Q /RT) Eb (b/d)2 (a/E)
e TNH NH

/ )
A kT
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Symbols and Coefficient Values for Modified
Deformation Equations

e
o

T

R

k

b

d

Tm
E

n

Q

= strain rate
= stress
= temperature
= gas constant
= Boltzmann's constant
= Burger's vector
= grain size
= melting temperature
- Young's Modulus for

T < 865°C

= stress exponent
= activation energy

Do = diffusivity coefficient

A = strain rate coefficients

S = ElEb
31

a

00

obstacle spacing
activation area
cut off stress

8.3144 J/mole °K

1.38 x 10~23 K/oK

3.23 x 10- 1 0 m

5.0 x 10-6 m

2125°k

(11.81-14.59 T/TmJxioVa, Tm/T>4.06

(11.09-11.61 T/Tm)xl01+MPa, Tm/T<4.06

5

Qa = 250 kJ/mole

Qgb = 175 kJ/mole

Qc =180 kJ/mole

D c

DOgb= 1.25 x 10"

0OC = 1.13 x 10 - '

= 2 x lO"1* m2 /sec
^-5

= 1.47 x 105

= 1.84 x 102

= 2.76 x 106

= 9.2 x lO" 1

= 1.84 x 1Q2

a0
= 2.4 x lO"2 E
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power law expression to describe the relationship between strain rate
and stress. These mechanisms are briefly described below in the
following paragraphs.

As temperature rises the dislocations within the material attain
the ability to climb as well as to glide. If a dislocation gliding
through the material meets a discrete obstruction to glide, the obstacle
can be overcome by climbing to the next plane and continuing the glide
there. In this case, climb of the dislocation is the rate controlling
factor rather than glide. At high temperatures this climb is
accomplished by lattice diffusion, and this "High Temperature Climb" has
been shown, empirically, to have a o11 stress dependence. At low
temperatures "Low Temperature Climb", which has a o n + z type stress
dependence is dominant. This mechanism is controllec Hv transport of
matter via dislocation core diffusion.

In investigating the creep behavior of aluminum near its melting
point Harper-Dorn [12] observed steady-state creep at very low stresses
but at much higher strain rates than can be achieved through diffusional
creep (Nabarro- Herring and Coble) alone. They then showed in a
quantitative manner that this behavior was due to dislocation climb, and
that the creep rate was indeed linearly dependent upon stress.

Recently the contribution of grain boundary sliding to the
deformation of Zircaloy has been proposed [13,14]. This mechanism is
dominant when the strain rate is low enough to allow diffusion to remove
the Incompatibilities generated when the grains slide against each
other. At high temperatures, the creep rate is lattice diffusion
controlled and at lower temperatures Its behavior 1s controlled by grain
boundary diffusion. In this investigation two constitutive relations
are used to describe the grain boundary sliding processes. The first
describes grain boundary sliding which 1s controlled by grain boundary
diffusion (GBD) [15] and the second describes grain boundary sliding
controlled by lattice diffusion (GBL) [15].

The diffusional creep category of mechanisms are expected to be
important in the low stress region of Zircaloy deformation. Two
mechanisms, Nabarro- Herring and Coble were included in the development
of the deformation maps. In small grain materials at high temperature
the existence of a stress gradient can cause the transport of matter
from one side of the grain to the other. This transport of atoms
results 1n a net change of shape (creep) of the grain. The creep rate
in this case Is proportional to the applied stress and 1s limited by
lattice diffusion. Nabarro and later Herring [16,17] developed the
analyses that allows the calculation of the creep rate for this
mechanism. At temperatures lower than those at which Nabarro-Herring
creep occurs, the stress gradient can still cause a transport of matter.
This transport, due to the lower temperature, occurs along the grain
boundaries rather than through the lattice since the activation energy
for grain boundary diffusion 1s much lower than that for lattice
diffusion. This phenomena was first quantified by Cs&i« [18]. The
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equations and the coefficients for these mechanisms are listed in Tables
I and II, while a detailed discussion of the equations and coefficients
used to describe these deformation mechanisms can be found in reference
[19].

With the use of quantified equations for each of the deformation
mechanisms, a deformation map was produced by finding the portion of
stress/temperature space where a particular mechanism predicted the
highest strain rate. Analytical solutions were derived for each of the
boundaries between regions. Figure 1 is the resulting deformation map.
The limits of In (o/E) were chosen so that stresses from 5 to 500 MPa
would be included. The temperature limits were chosen to restrict
consideration to the alpha-phase of zirconium (T < 865°C) and to
incorporate temperatures down to 50°C. Lines of constant stress from 5
to 500 MPa and temperature marks in °C have been added to the right and
top axes of the graph for interpretation convenience.

The map consists of regions dominated by ATH, LT, HT, GBS, CO, and
NH deformation mechanisms. The theoretical strength and dislocation
glide deformation regions do not show up on the plot because they occur
at values of a/E higher than shown (In a/E>-3.73). Harper Dorn climb
does not appear because Nabarro-Herring creep dominates for this grain
size. Grain boundary sliding controlled by lattice diffusion is also
narrowly eliminated by slightly higher HT and NH deformation rates.

III. FRACTURE MAP CONSTRUCTION

Unfortunately, the methods of fracture map development are not as
advanced as those used in deformation map generation. There still
exists much debate over the formulation of equations describing
different fracture mechanisms. One transgranuiar and three
intergranular processes of fracture were considered in this study. The
equations which were used to describe the fracture processes are shown
in Tables III and IV.

At the higher end of the spectrum of stresses lie Ductile
Transgranuiar Fracture. In this mechanism the presence of a 'hard'
inclusion disturbs the elastic and plastic displacement fields and thus
leads to the build up of local stresses at the inclusion-matrix
interface. Once these local stresses reach a critical value the
inclusion either separates from the matrix or fractures. Either way a
hole 1s nucleated. Once a void has nucleated plasticity makes it grow
until it joins with other voids and a fracture path is created. This
process is explained in detail by Ashby et. al. in reference [20].

Transgranuiar creep controlled fracture is found at somewhat lower
stresses and at higher temperatures. This mechanism is very similar to
ductile transgranuiar fracture. Here also voids nucleate at inclusions
within the matrix and grow as the material creeps until coalescence
occurs and the material fracutres. Void nucleation in transgranuiar
creep follows the steps described earlier for ductile fracture, i.e.,
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TABLE I I I

Fracture Equations

Theoretical Shear Strength

Transgranular fracture

Triple Point Cracking

Cavitation-Diffusional Growth

Cavitation-Power Law Growth

a th = E£f 1/2 = E/10
ao

t.TG = en + 1 n In 0.38 -1 .-1
f " T757£T 7^7? *

t-TP = 2Y a -1 .-1
f e

6xlQ-3&3tfCD

tfCP = (1-0.78
T 1.48

kT o -1
Eb ^

-1
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TABLE IV

Symbols and Coefficient Values for Fracture Equations

Symbol

t f - time to fracture

e = hole nucleation strain

f = volume fract ion of

intragranuiar inclusions

P = average part ic le diameter

£ = part ic le spacing along boundary

Y = surface energy created by fracture
e = eGBc/e» contribution of grain

boundary strain rate to
total strain rate

i = average cavity spacing

a = width of grain boundary

Y f = free surface energy

a = la t t i ce spacing

o - = maximum theoretical stresstn

0.

0.

1

025

0

100 A

2.

35

0.

OxlO"6m

J/m2

2

2.6xlO"6m per grain segment

1.6xlO"8m (50 Burgers vectors)
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stress is concentrated at hard Inclusions due to plastic flow until the
local stress reaches a critical level. In this case however, if the
temperature is high enough to allow diffusion, there is transport of
matter from those areas on the inclusion surface that are in compression
to those areas that are in tension. This transport tends to stabilize
the plastic flow and thus postpone the coalescence of the voids. These
two transgranuiar mechanisms along with the three intergranular
mechanisms discussed below are described in detail by Ashby et. al.
[20]. Experimental observations of intergranular fracture have shown
that there are two distinct characteristics of intergranular failure:
wedge cracking and cavitation. One constitutive equation for wedge or
triple point cracking is presented while cavitation failure is described
by two processes, power-law and diffusional growth.

Based upon experimental observations, triple point cracking occurs
at low strains and relatively high stress [21-23]. In this mechanism
the application of a tensile stress causes sliding of grains along the
grain boundaries giving rise to a stress concentration at triple points.
This stress concentration can be relieved by the nucleation of a crack
or change of the grain boundary orientation. Once the crack has been
nucleated at the triple point it continues to grow by sliding of the
grain boundaries.

Cavitation failure, on the other hand, has been experimentally
observed under conditions of low stress and high temperatures. Here
cavities are nucleated and grow on the grain boundaries, the cavities
linking up until final fracture occurs. The nucleation process of
Intergranular cavities is not well understood; therefore, cavitation
models usually Include an assumption that there exists a fixed number of
cavity nuclei and that growth of these cavities begins upon the
application of stress. Two mechanisms of cavity growth were considered
in this study: diffusional growth [24-27] and power law growth [28,29].
Diffusional growth models are based on the fact that vacancies diffuse
along the grain boundaries, preferentially being absorbed into cavities.
This movement of vacancies is equivalent to a reverse flow of atoms from
the cavity between two adjacent grains.

Unfortunately, the predicted proportionality between & and t^ of
the diffusional growth model does not match a large body of data where
the following experimental relation is found

et f = K (1)

where K is the Monkman-Grant constant. To explain this inverse
dependence between creep rate and time to fracture, mechanisms in which
cavity growth is controlled by power-law creep have been proposed. At
lower temperatures and higher stresses, the diffusion field of each
cavity is hypothesized to extend less than halfway to the next cavity.
Thus the cavities are separated by a bridge of material which must
deform if the cavities are to grow. The growth of each cavity is thus
controlled by the creep of the surrounding matrix of material which is
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in turn controlled by a power law type behavior. To describe this creep
controlled fracture behavfor the formulation of Raj [30] was adopted in
this study. Mechanisms involving dynamic recrystallization and dynamic
fracture were not included in this analysis. It is anticipated that
conditions under which these mechanisms would occur will not be seen
during dry storage, except in accident situations. A detailed
description of the fracture equations and coefficients used in this
analysis can be found in reference [19].

Using the fracture equations with the appropriate coefficients,
analytical solutions for the boundaries between dominant fracture
regions were developed. A fracture map was then generated using the
strain rate predictions of the deformation map. This fracture map is
depicted in Figure 2. Direct substitution of strain rates from the
deformation map into the fracture equations results in a map which is
totally dominated by triple point cracking for stresses greater than 150
MPa. This phenomenon results from the assumption that the contribution
of grain boundary sliding to the creep rate 1s a constant 20% (§ = .2).
To alleviate this problem, an upper limit stress of 200 MPa was chosen
for triple point cracking. At this stress, the grain boundary sliding
contribution was placed to zero and hence transgranular fracture becomes
the dominant mechanism for higher stress.

Because the fracture mechanisms are dependent on the rate at which
deformation is accumulated, a change in the deformation map is usually
reflected in the fracture map. Often times both the regions of
dominance as well as time to fracture are altered.

Expressions to describe the ductile transgranular fracture region
were developed based on experimental yield stress and ultimate tensile
strength data of reference [31]. This region was added to the map by
plotting the locus of the yield stresses, one from each temperature onto
the fracture map.

IV. COMPARISON WITH EXPERIMENTAL RESULTS

To examine the validity of the deformation and fracture map
equations in predicting strain rates and fracture times, graphs of
stress versus strain rate and stress versus time to fracture were
produced for different temperatures. Available data were plotted on
these graphs and predictions and experimental data compared. Figures 3
and 4 at 350° and 400°C show good agreement between strain rate
predictions and data. There is approximately two orders of magnitude
variation in the strain rate data which is believed to be the result of
different cladding composition and heat treatment. The nominal strain
rate prediction is given by the center solid line while the two outer
lines represent strain rates as a factor of 10 higher and 10 lower.

Figures 5 and 6 are plots of data versus fracture map predictions
at 350° and 400°C. The solid central line represents the nominal
fracture time prediction. Outer dotted lines represent predicted
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fracture times a factor of 10 less and 10 longer. Arrows represent
specimens which have not ruptured. The scatter in the fracture time
data is hypothesized to be due to variance in material composition,
pre-existing flaws and test conditions. Both the deformation and
fracture map equations predict the data reasonably over the
stress-temperature region of interest for dry spent fuel storage.

V. DISCUSSION OF ENVIRONMENTAL, IRRADIATION, AND ANNEALING EFFECTS

The modeling of the effects of Irradiation and stress corrosion
cracking is based upon data from three data sets; data generated by
Argonne National Laboratory [32], the stress corrosion data from the
Kraf'cwerk Union tests on unirradiated Zircaloy and data gathered at the
Chalk River test site on fuel rods tested in air at 250°C [d3]. These
data sets show that loss of ductility is one of the principal effects of
irradiation. Typical ductilities during creep of unirradiated Zircaloy
range from 25-50%. Post irradiation data show fracture strains between
5-12% which correspond to reductions 1n ductility of 200% to 1000%.

Our analysis predicts that stress corrosion cracking should not be
an Important factor in dry storage. This conclusion is based on the
following arguments. Post irradiation stress corrosion cracking data
[32,34-36] show that at 325°C only stresses of 120 MPa or greater were
found to cause Stress Corrosion Cracking. Below 100 MPa all tests were
terminated before failure with no indication of the onset of Stress
Corrosion Cracking. Similarly tests conducted in the Federal Republic
of Germany by Kraftwerk Union [36] show no indication of failure after
36,000 hours of testing. These tests were conducted at 100 and* 300°C v
and at stresses of 62 and 95 MPa. These results suggest that at the
temperatures of interest for dry storage and at stresses below 100 MPa, f
stress corrosion cracking does not significantly affect fuel cladding
performance.

For simplicity and due to lack of additional post-irradiation data
upon which to modify deformation and fracture map methodology,
Irradiation was assumed to reduce the ductility of the cladding by a
factor of 10 In the stress temperature region of interest for dry
storage. Such an assumption is consistent with post-irradiation
behavior seen 1n 316 stainless steel. In a comparison of
post-irradiation, in-reactor and laboratory pressurized tube specimens,
only the onset of tertiary creep was found to be affected by irradiation
[37,38]. Because the steady-state creep rate is not affected by
Irradiation and since tertiary creep is theoretically associated with
the onset of fracture of the material, it 1s consistent to assume that
the primary effect of irradiation is a reduction 1n ductility which
leads to a reduction in the fracture time by some constant factor. This
assumption of a loss in ductility at fracture also leads to the
enhancement of the triple point cracking fracture region, I.e. the
triple point cracking region 1s extended to lower stresses. This occurs
because TPC Is a relatively low strain (to fracture) mechanism.
Irradiation also shifts the boundary of the Ductile Transgranular
Fracture region upward by Increasing the yield strength of the material.
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In addition to stress and temperature changes which occur during
the dry storage of spent fuel, there will be Zircaloy microstructural
adjustments which are anticipated to change the material properties.
These adjustments are the result of recovery of irradiation damage, i.e.
Irradiation enhanced dislocation density, point defect concentration,
etc. which are "annealed" out as a function of time in dry storage.
This recovery 1s time and temperature dependent and is an important
factor dependent and Is an Important factor for storage temperatures
above 350°C. As the Irradiation damage is annealed out, the material
properties are anticipated to approach those of unirradiated material.
The principal eff' of annealing in the dry storage temperature-stress
regime 1s a recovuty of ductility.

To model this annealing effect, a recovery factor was developed
based upon experimental data generated by the Federal Republic of
Germany [39] on annealing of unirradiated cold worked Zircaloy
cladding. Activation energy and time constants for this recovery factor
were based upon the FRG data. The recovery factor is:

i i i

where k • 7.36 x 10 2 4 yr"1

At.» time at temperature, T , in years

Q - 40,000 R

R * gas constant

This factor is .1 at time t = o and approaches 1 for high
temperatures* as time approaches infinity. In other words, for the
Irradiated material which is discharged from wet pool storage, the r
factor - .1, which in the model signifies that the irradiated material
has one tenth the strain to fracture of unirradiated material. As
annealing out of irradiation damage occurs this r factor approaches 1
which is the ductility of the unirradiated material. Figure 7 shows the
time and temperature dependence of this recovery factor.

VI. LIFE FRACTION RULE

Of particular interest to cask designers is the maximum allowable
initial storage temperature of the cask. This of course will be
dependent upon the spent fuel condition (burnup, wet pool storage time,
etc.) cask loading, and specifics of cask design. All passive storage
concepts to date are expected to experience a decrease 1n storage
temperature with Increasing time because of the decay in the heat
generation rate of the fuel. To account for this anticipated decrease
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in storage temperature, a life fraction rule was used to calculate
accumulated damage for decreasing temperature condi .ions. The life
fraction rule can be expressed as

or

$ = 1 (4)

where t̂  is the time spent at the 1 t h temperature, and T^ is the time
required to fracture a specimen under isothermal (at temperature),
isostress testing conditions. When the cumulative damage fraction, that
is the summation of the H f e fractions (At-j/tj) reaches one, the
assumed to have failed.

To model the anticipated cask storage temperature as a function of
time, an analysis of projected and measured [40] fuel storage
temperatures was made. The data were found to belong to a single family
of curves which had a constant slope when plotted as a log temperature
versus log time. By defining time as the elapsed time after discharge
from the reactor, tlie data can be expressed by the equation

T * Tot* for t > 1 yr, (5)

where T is the temperature at time t, and To and rare constants.
Again, time t 1s defined as the elapsed time after the end of
irradiation in years. The value of was chosen as -0.1935 based upon
available measured and projected temperature decay data and is the value
used in all predictions unless otherwise noted in this report. The
constant T controls the initial temperature at the start of dry storage
and is detirnvined by solving for T in equation 5 for a given
temperature at the beginning of dry" storage and a given elapsed time
after the end of irradiation. A comparison of the predictions of
equation 5 and the data are shown in Figure 8.

A. MAXIMUM INITIAL DRY STORAGE TEMPERATURE FOR A DECAYING
TEMPERATURE HISTORY AND A CONSTANT STRESS

It is anticipated that fuel rods in dry storage will experience a
temperature history that can be described by equation 5, where T is a
function of time spent in wet pool storage and fuel rod characteristics.
To determine the Initial storage temperature for spent fuel rods that
hav«> experienced various times in wet storage a computer routine was
developed. This computer routine uses the deformation and fracture map
methodology in conjunction with the life fraction rule to predict the
behavior 1n dry storage for a given fuel assembly with a known

S-299



500

00
I

COoo

400

100

. JOHNSON, GILBERT, & GUNTHER 1 2 1
: CURVE FITS

l-644.5K. »
p 0 0 | .8 yn

/ro-498.7K. tpoo, -3.5 yrt

-T0-480.7K, t p o o | - 3 yr<

1 2 3 4 5 6

TIME iN DRY STORAGE (Yrs.)
Figure 8. Comparison of Predicted and Actual Dry Storage Temperature

Histories.



CO
I
CO
o

EFFECT OF POOL STORRGE ON

TEMPERRTURE HISTORIES

10 15 20 25 30

TIME IN DRY STORRGE (Yrs).
35

Figure 9. Maximum Allowable Temperature as a Function of Time Spent
in Dry Storage to Assure a 40-year Life Fuel Cladding.



1302

*

Ul

g
Ul
M

3

8
8

8
CD

8
(0

8

8
W

8

DRMRGE RCUMRLRTED I N
DRY STORRGE.

a • I yr In pool

b • 5 yrs In pool

c • I O yrs Ir. pool

2 0 3 0 • 4 0 5 0

Figure 10.

TIME IN DRY STORflGE (Yrs ) .
Damage Accumulation as a Function of Time Spent 1n Dry
Storage Cladding.



temperature history (a decaying one in this case). A constant stress of
69 MPa or 10 ksi was assumed for all the predictions presented In this
section. Additionally no damage was assumed to accumulate during wet
pool storage. The predictions are based on achieving a 40 year life in
dry storage.

Figure 9 shows the projected maximum allowable temperature
histories of maximally loaded casks which contain fuel cladding that has
spent 1 and 5 years in wet pool storage. As expected the 1 year old
fuel can Initially be stored at higher temperatures than the 5 year old
fuel. However, after a short time (1-2 years in dry storage), the 5
year curve crosses above the 1 year curve and stays above it for the
rest of the storage time. It should be kept in mind that these figures
represent maximum allowable temperature histories of maximally loaded
casks, not individual assembly temperatures. These curves demonstrate
the fact that although an individual rod of 5 year old fuel will have a
lower temperature than an individual rod of 1 year old fuel, a cask
containing 5 year old rods may be stored at higher temperatures than a
cask containing 1 year old rods and still achieve the same storage life.
This fact is also responsible for the shape of the cumulative damage
fraction curves of Figure 10. Damage is accumulated much more rapidly
(due to short times at high temperature) in the 1 year wet pool stored
fuel than 5 year old spent fuel. These results Indicate that
consolidation of older fuel rods is possible as long as the maximum
temperature history for the given age of spent fuel rods is not
exceeded. Fuel rod consolidation would reduce the total number of
required casks.

Figure 11 shows the Maximum Initial Allowable Storage Temperature
(required to achieve a 40 year life 1n dry storage) as a function of
time spent in wet pool storage. Curves for two constant stresses, 40
and 70 MPa, are given. The large increase in initial dry storage
temperatures for 1 and 2 years of spent fuel 1s due to annealing out of
irradiation damage which occurs rapidly at temperatures above 420°C.

B. MAXIMUM INITIAL DRY STORAGE TEMPERATURE FOR A DECAYING
TEMPE.RATURE - DECAYING STRESS HISTdRY

Calculations presented up to this point have assumed that the fuel
cladding will experience a constant stress throughout its life in dry
storage. This assumption is unrealistic due to four reasons: a) as the
temperature drops th« fission gas pressure in the fuel pins is going to
drop due to contraction of the gas, b) as the pins creep their internal
volume 1s going to increase and the pressure is going to drop, in both
cases above in a manner that can be approximated by the ideal gas law,
c) as the pins accumulate strain their radius increases and thus the
hoop stress seen by these tubes is going to Increase, and d) as the
radius of the fuel pins increases their wall thickness is going to
decrease and the hoop stress is again going to increase. These last two
effects result from assuming that 1) the fuel rods can be approximated
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as thin wall cylinders for the purpose of calculating hoop stresses and
ii) the volume of metal remains constant during creep.

The initial pressure for the cladding was calculated from the
following relationship

P(MPa) • .0162x Temperature(°k) - 4.099 (6)

which gives the plenum gas pressure, as a function of initial rod
temperature. This equation was computed from measured end of life rod
volumes (volume available Inside rod for gas) and indicated fission gas
release of spent fuel rods. This particular relationship was developed
to produce hoop stresses of 7C MPa at the initiation of dry storage.
The computer routine developed for the last section was then modified to
reflect the above mentioned characteristics. Figure 12 displays the
stress decay curves generated using this computer routine for fuel that
has spent one and five years in wet pool storage. An interesting point
about these curves is their similarity to the temperature decay curves
of Figure 9. This is not surprising as stress is a linear function of
pressure which in turn Is a linear function of temperature.

The above mentioned subroutine was also used to generate a new set
of maximum initial dry storage temperatures. These new temperatures are
depicted in Figure 13. As can be seen from a comparison of Figures 11
and 13 this new set of assumptions has not affected the predicted
maximum initial dry storage temperatures drastically.

C. THE HONIDEAL FUEL PIN

The model developed so far simulates fairly closely the environment
that the fuel cladding will be exposed to during dry storage. This
model fails to account for the fact that the cladding 1s not going to be
made from a perfect material. In other words the cladding will contain
flaws that will penetrate a certain distance into the wall. Little data
is available on the flaw size distribution of irradiated Zircalcy fuel
cladding. However Miller et. al [41] have presented a formulation which
is believed to describe the flaw size distribution in unirradiated
Zircaloy cladding. Although the validity of thi'i relation has yet to be
established, this relationship was used to simulate
existing flaws:

0(c) - 1 - exp[-KAs(l//c)
P] (7)

where As is the surface area (1.61m
2 for a PHR bundle), c is the flaw

size, « K C ) is the probability that the cladding contains §Rf,law size
greater than c and K and P are constants (1.7 x 10"11 m 'b8/t> and 5.175
respectively). Figure 14 plots this flaw size distribution as a function
of the ratio, flaw size to thickness. The following discussion will
present calculations for three different flaw size to thickness ratios
or (c/t) values.
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In calculating the maximum initial dry storage temperature for a
given flaw size a worst case analysis approach was taken. The thickness
of the entire length of the cladding was assumed to have been reduced by
an amount equal to the flaw size. In other words it was assumed in the
calculations that a flaw size of 25% of the wall thickness meant that
the wall thickness was now only 75% of its original value. This
methodology was then used to generate a set of maximum initial dry
storage temperatures for three casks each of which had been designed
assuming a certain maximum c/t (in this case 0.25, 0.5, and 0.75).

The resulting predictions are shown in Figure 15. The probability
that there will exist a flaw larger than the design value in each cask
is 0.1544, 0.0275 and 0.01 respectively. This means that for a cask
designed on the basis of the 0.75 c/t, storage at the predicted maximum
initial dry storage temperature would predict that 10 rods out to 1000
would fail in 40 years. Similarly for casks designed on the basis of
the 0.5 and 0.25 c/t's storage at the associated maximum initiai
temperatures would predict that in 40 years 28 and 155 rods,
respectively, would have failed.

VII. CONCLUSIONS

The following conclusions resulted from this study.

• Fracture and Deformation maps provide the best methods of
extrapolating creep-rupture data over large ranges of temperature and
stress.

• Maximum initial dry storage temperatures of 420°C for 1 year old fuel
cladding subjected to a constant stress of 70 MPa are predicted.
These predictions are based on achieving a 40 year life in dry
storage.

• Over 90 percent of the damage is predicted to be accumulated during
the first 5 years of dry storage.

• The use of a constant cladding stress to model the behavior of
Zircaloy cladding in dry storage is appropriate. Changes in cladding
stress due to decaying temperatures is a secondary effect.

• The primary effect of irradiation on the fracture properties of
Zircaloy is a loss of ductility. This causes an expansion of the
Triple Point Cracking regime to lower stresses.

• The effect of end of irradiation flaw size on maximum Initial dry
storage temperatures 1s expected to be significant.

• Annealing out of Irradiation damage during Initial storage of spent
fuel rods may be advantageous to long-term storage reliability.
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QUESTIONS/ANSWERS

Questioner: J.C. Wood
Organization/Country: Atomic Energy of Canada Ltd/Canada

Question: 1) Did you consider delayed hydrogen fracture as a defect mechanism?
2) Did you consider the localized cleaving of irradiation damage in swaths by
dislocation channeling (as described by Coleman, Mills and Van der Kuur)?

Answer: 1) Delayed hydrogen fracture has not been considered as a fracture
mechanism. We will investigate the applicability of this mechanism to our
modeling effort. 2) The mechanism of fracture by dislocation channeling is
similar to one of the mechanisms leading to triple-point cracking fracture,
which is incorporated in our model. We need to investigate the differences
between these two mechanisms to a greater extent. Since the dislocation
channeling model relies on irradiation damage, annealing out of irradiation
damage during the higher initial storage temperatures (380°C and above)
suggests that this mechanism does not play a significant role in dry storage
applications.

Questioner: Kurt Goldmann
Organization/Country: Transnuclear, Inc/USA

Question: The allowable initial storage temperature is presented as a function
of decay time. One would expect the allowable temperature also to be a function
of the burnup history. Could you please address this secondary effect? What
were the assumed burnups?

Answer: Degree of burnup and power history (especially during the last cycle)
will effect the temperature decay histories of spent fuel. These variations
are however felt to be secondary effects. The temperature decay histories
used in this paper to determine maximum Initial dry storage temperatures are
nominal decay functions applicable to most spent fuel storage applications.
The Pacific Northwest Laboratory 1s investigating the effect of both burnup
and power history on temperature decay histories. If these effects are
significant, they will be incorporated Into the models.

Questioner: C. Ospina
Organization/Country: EIR/Switzerland

Question: 1) Do you consider the Initial effect of high vacuum on the fuel
cladding during dry operations? 2) How do seasonal air temperature variations
affect the fuel cladding during long-term storage?

Answer: 1) The Initial high temperatures that are obtained during vacuum
drying have been modeled. Qualitatively, the results Indicate that for peak
temperatures between 450-500°C, for less than 48 hours, a beneficial effect may
be achieved. In this range of temperature and time, the Irradiation damage
Is annealed out, but not much strain Is accumulated. Temperatures above 500°C
would cause measurable strain and damage would be accumulated. 2) Seasonal
temperature variations are secondary effects. The temperature history which
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the fuel bundle will see is principally dependent on spent fuel parameters
such as burnup, time since reactor discharge, etc. Seasonal fluctuations
will just vary the temperature around this nominal temperature decay curve.

Questioner: Robert Einziger
Organization/Country: Westinghouse Hanford Co/USA

Question: How many failures predicted by your model did not occur? How many
occurred that were not predicted?

Answer: Considering the entire data field, 250°C to 800°C, I would estimate
that the model predicted failure 65% of the time before failure actually
occurred and 35% of the time after failure occurred. Overall, therefore, the
model is slightly conservative in predicting fracture times.

There are specific tests, whole rod tests conducted by yourself, in which we
predict failure to occur approximately 5 times earlier than the end of test.
In these tests, no failures were reported. These data are included in the
data field used 1n the above analyses. Variances in fracture times of 2 orders
of magnitude are not uncommon due to different cladding compositions and
material conditions. Unfortunately, these variances appear to be real.

Questioner: Ed Kuhn
Organization/Country: Stone & Webster/USA

Question: How could you make your models less conservative in order to obtain
better correlation to failure data and to support less-restrictive dry cask
storage system parameters?

Answer: The models adequately describe the available data. We do not feel
that the models are overly conservative based upon the data field at the present
time. Please review figures 3 through 6 which compare predictions and data.
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SESSION 3:

DRY STORAGE INTEGRITY



Experimentally Based Spent Fuel

Dry Storage Performance Criteria

by

M. Peehs, G. Kaspar, E. Steinberg

KRAFTWERK UNION AKTIENGESELLSCHAFT
P.O. Box 3220, D-8520 Erlangen/FRG

Abstract

Hoop strain, oxidative corrosion from inert gas impurities,

iodine stress corrosion cracking and single crack growth could

affect fuel rod integrity during dry storage in inertisized

atmosphere. Experimentally based empirical mr.dels for these

phenomena are settled and combined to the TF.AB code. TRAB des-

cribes the fuel rod behaviour more or less conservative as

post test calculations from laboratory tests verified. ISPRA

single rod and CASTOR Ic post test investigations and the perfor-

mance predictions fit well together.
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1. Introduction

To assess the spent fuel dry storage behaviour numerous investi-

gations have been performed between 1979 and 1986 in the FRG

/I/. Fig. 1 gives an overview on all mechanisms potentially

affecting the fuel rod (FR) cladding integrity.

Fu«f Ptlltt

Loci! CofTMJon I

Fig. 1 Mechanise affecting scent fuel cladding integrity during dry storage

Those mechanisms have been investigated in a detailed manner

e.g. in single effect tests, in integral tests and in demonstra-

tion tests /2/. The result of those research efforts was that

only

- hoop strain

- I-stress corrosion

- FR-cladding corrosion from the outside and

- single crack growth
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are of real importance for the FR-integrity /3/. The experiments

performed generated a broad data base. It was the objective

of the work reported hereafter to check the data base for its

consistency, to provide explanations for the results of demons-

tration test /4/, and to predict the spent fuel behaviour for

conditions not yet investigated.

2. Methodology

Theoretical analysis may be based on general basic equations

for the phenomena to be investigated taking the necessary input

data from the experimental data base. Another method is to

generate empirical correlations from the data base available

and to interlink the single effect correlations as observed

in integral experiments. To meet the objectives given the second

method was applied to develop experimentally based spent fuel

dry storage performance criteria.

3. Data Base Description

3.1 Hoop Strain

Pest pile creep was investigated /5/ and proves that the creep

ecuations for unirradiated and internally pressurized Zry provi-

des a conservative description of this phenomenon. Fig. 2 and

3 show the results from creep tests. The hoop stress was 150

N/mm2 for 300 <*< 400 °C and 200 N/mm2 for 250 <fr< 375 °C.

i.M I

I.M

2
I

I.M .11 .N

Fig. 2 Hoop

Tim 1*1

strain of internally pressurized zry-i cladding tube. «M * 150 HPa

•*» .51

Fla. 3 HOOP strain or internally pressurized Zry-<t cladding tube.

Tim III

CH - 200 Wa
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The results from fig. 2 and 3 can be fitted by the following

numerical equation:

_f 1 ,a lno - Ink . .1 ~n
~\ m {J lnt " JJ

T : temperature in K n : const = 2.584
2

a : hoop stress in N/mm a : const = 610 (1)

t : time in h Ink : const = 6.11

£ : tangential strain in %

m : const = 0,088

The curves drawn in Fig. 1 and 2 represent the values calcula-

ted by equation (1).

3.2 Oxidation of Zry-Cladding

The oxidation of Zircaloy in steam gets linear in time **s soon

as the oxide layer has attained a thickness of 2 - 3 urn (transi-

tion point). The post-transition oxidation kinetics is given

by

4d = k • At, (2)

were Ad is the increase of the oxide layer thickness, and

At the exposure time. The oxidation rate k depends only on

temperature:

k = ko- exp(-Qc/RT), (3)

where k is the rate coistant, Q the activation energy of

corrosion in steam, R the gas constant, and T the absolute

temperature. For typical Zircaloy PWR fuel cladding H. Stehle

et al /6/ determined the material constant as k = 1.7 mm/s

and Qc = 118 kj/mol.
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Recently it has been proven /7/ that the foregoing relations

describe the oxidation of Zircaloy in air quite well, too.

That is why we use them in our computer program to calculate

the oxidation of spent fuel rods under dry storage conditions.

3.3 Iodine Stress Corrosion Cracking

In the computer program the iodine stress corrosion cracking

phenomenon of Zircaloy cladding is treated on the basis of

investigations performed by E. Steinberg et al /8/. The inner

surface of a cladding tube having been strained in presence

of iodine shows a typical crack population. The crack lengths x

have a logarithmic normal distribution. The mean crack length

x is given by the empirical correlation as a function of the

hoop strain (fig. 4).

x = x + * 7-lj (4)

were x is the mean initial crack length (= 8 urn for KWU standard

Zircaloy-4 tubing in the stress relieved condition), Ax" an

empirical material parameter (here 0.37 urn), £Q the hoop strain

where crack growth starts (= 0.12 % for the above mentioned

tubing), and y an empirical, temperature depending parameter.

I ^J> Wlvtnl StrKSts

iso-c I -30#;

01

% oa
PUstK Hwp Strm

Fig. i Mean crack length versus plastic hoop strain
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The ratio of crack length to crack depth stays very close to

four. The mean crack length together with the mean crack depth

increases with increasing hoop strain, whereas the scattering

factor a of the crack distribution remains constant (fig. 5).

The cladding becomes perforated when just one crack has a oepth

of the wall tickness s.

Fig. b log. normal distribution of crack lengths after different
I-SCC test times

CO: 102 3 05 . 0 5 V. 1 0

Pljstit Hoop Strain

Fig. 6 1-induced crack density versus plastic hoop strain at
different test teweratures

The crack density D has been experimentally determined as a

function of hoop strain and temperature (fig. 6). For a given

hoop strain € and temperature T, the mean crack length H can

be obtained by eq. (4). The probability P, that there is a

crack of lenght x greater than 4s (perforation criterion) is

given by

P = D.F./I -/»( l n 4; n;
 l n 7 ) / (5)

where F is the internal cladding surface and f the logarithmic

normal distribution function.
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At P = 1, the cladding becomes perforated and the corresponding

mean crack length "x , at perforation is given by

"per

z(l/D F) is the inverse function of the Gaussian distribution

function f . A safety function s depending on B is defined by

s = iiperf-^-*- . (7)
xperf

The safety function becomes zero at perforation.

3.4 Propagation of Singular Cracks

The propagation of independent cracks in the cladding tube

is treated by a fracture mechanics approach. According to

P.H. Kreyns et al /9/, the crack growth rate can be described

b y d a - r.K4 (S\
d~t " C K ' ( 8 )

where a is the crack depth, C the crack growth parameter, and

K the stress intensity factor. The crack growth parameter depends

on temperature T:

C = CQ • exp(-Qf/R T). (9)

Qf is the activation energy for crack growth, R the gas constant,

and C an empirical material constant. For cold-worked Zircaloy-4,

the material constants have been found as Qf = 150 kJ/mol and

CQ = 4.83-104 (MPa4* m-h)" 1.

The stress intensity factor is given by G. Senski /10/ as

K = M - « « V n'a
a' (10)

M is the stress concentration factor given as a function of

crack depth resp. crack length, and 0 the hoop stress, a is a

plastic flow correction factor

a = 1 - (M f-)2 (n)

where a is a critical stress close to ultimate tensile stress.
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4. Performance Prediction Procedure

The code calculates each effect seperately stepwise under cons-

tant conditions. Than for the subsequent time step the following

input data are calculated depending on the changes in the previ-

ous periods, where the temperature function T = T(tn) is given:

Cladding strain, rod diameter, cladding thickness, rod internal

gas volume, rod internal pressure, oxide layer thickness, hoop

stress, mean crack length, and individual crack length.

Fig. 7 Hoop strain of internally pressurized and lMine doped Fig. 8 -Hean crack length- and "mean crack length at perforation" versus lime.
cladding tube <*t * 75 *3- ' = l«0 *C

The code was validated by long-term experiments with iodine-doped

and stressed Zircaloy cladding samples. The results are shown

in figs. 7 to 9. Whereas the creep strain is predicted quite

well, the code over-estimates the danger of cladding perforation

due to iodine stress corrosion cracking (I-SCC) . This means

that the prediction of negligible ISCC influence by the code

is conservative in any case.

J--

• r

——• Enpthntnl

I.M ,n .M

Fig. 9 Perforation probabllltv for iodine doped cladding sa*>les.

«r, - 75 » a . 1 - 100 *C

Fig. 10 Radial tewerature distribution across the inner fuel
assert)!les In the CASTOR Ic
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5.1 CASTOR Ic Demonstration Test

Four technical demonstration tests of spent fuel storage in

transport casks have been performed by DWK in the FRG. A post-

test fuel inspection and evaluation has been carried out only

for the CASTOR Ic demonstration in Wiirgassen so far /4/. It

has been found that fuel rod diameter and oxide layer thick-

ness did not increase during storage, there were no indications

of iodine stress corrosion cracking or crack growth. Subsequently

it will be investigated how the claculations match the experimen-

tal results.

Fig. 11 Axial lonerature distribution of the FA no. B 172.
FR oos. c3in the CASTOR ic-test

F»9. 12 Tawerature course of the FA no. B W 2 . n DOS. C3
m the CASTOR Ic

The storage period was 22 months. The temperature history of

the demonstration test is given in figs. 10 - 12. Fig. 10 shows

the radial temperature distribution in the midplane of the

cask for the inner fuel assemblies at test beginning and 15

months later. Since there is practically no temperature gradient

in the cask center, the fivefold TC-instrumented rod c3 of

the assembly 8 472 is representative for the hottest rods in

the cask.
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Fig. 11 shows the axial temperature distribution of that rod

at different times. The continuous temperature course is given

in fig. 12. The temperature course T 5 (hottest temperature

of hottest rod) serves as the basis for the calculations of

cladding creep deformation. It was supposed for the calculations

that the temperature is uniform along the rod. The assumption

is very conservative which can be seen regarding fig. 11.

A rod internal ambient pressure of 10 bar with respect to fission

gas release was chosen for the calculations. This value is

an upper limit of rll the measured rod internal pressures of

irradiated, unprepressurized BWR fuel rods. The result of the

creep calculations is shown in fig. 13 for a 7 x 7 array rod.

For an 8 x 8 array rod the result is nearly the same.

-350

-380 J

Fig. 13 Hoop strain of a 7 x 7 array BUR rod with the temperature course T S

The calculated total creep deformation at the end of the demons-

tration test is around 0.025 %. This corresponds to an absolute

diameter increase of 3.5 |jm. Owing to the conservatism of the

assumptions, the real deformation should be much less and is

certainly within the measurement uncertainty. This result is

in accordance w'th the mentioned experimental findings. Since

the storage medium (helium) was practically free of oxygen,
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no oxidation calculations were performed and indeed, no increase

of oxide layer thickness was experimentally detected. The calcu-

lations of iodine stress corrosion cracking (ISCC) were performed

at much more conservative assumptions than the creep calculations.

Now it is supposed that the temperature continued constantly

380 °C throughout the test. Additionally it is supposed that

there is enough free iodine in the fuel gap necessary for ISCC

all the time.

IB.a 15.a

Tfea lawnlhll

I
ia.B is.a

T « UHfillul

Fig. 11 -ftean crack length" and -man crack length at perforation- of a I
spent fuel rod stored at 380 *C (CASTOR tc test)

Fig. 15 I-SCC safety function s versus tine for a BUR spent fuel
rod stored at 380 *c (CASTOR Ic test)

According to the measurements the claculations lead to the

result that no ISCC proceeds ?t the given conditions. The mean

crack lenght x does not increase (fig. 14). The safety function s

remains nearly unity throughout the test (fig. 15). As fig. 16

shows, the probability P of cladding perforation is lower than

10" (stop point of program iteration) till the termination

of the test.

V K * «•»» . 1M M» hml.)

la.a !3.i
Tat UwnlNI

tl.B

Fig. 16 1-SCC perforation probability versus ( I K for a BM

spent fuel rod stored at 380 *C

Fig. 17 Propagation of an singular crack (100 \m in i t ia l depth) in a spent BWR rod
stored at 380 *C (CASTOR Ic lest )
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Following fracture mechanics the propagation of an individual

crack in the cladding tube was also analyzed. As an example,

an initial crack of 100 ym depth and 400 urn length was chosen.

If such a large crack were in the cladding, it would just not

have been detected by the pre-test eddy current examination.

Such a crack would change in dimensions as shown in fig. 17.

Post test investigation did not indicate single detectable

cracks.

To summarize the results of the CASTOR Ic demonstration test,

neither the calculations nor the experiments lead to any indica-

tions of changes of the rod properties. That means that measure-

ments and calculations have identical results.

5.2 Dry Storage Test in Ispra

A dry storage test of individual spent LWR fuel rods has been

performed by NUKEM in Ispra /I, 11/. 10 PWR rods and 15 BWR

rods were inserted. All test rods were characterized by KWU

before the test and after each individual test phase. A multipur-

pose measuring and testing system was used to determine the

fuel rod diameter and the oxide layer thickness on the cladding

tube surface and also to check the cladding tube integrity

by eddy current inspection.

The test temperature history was 6 months at 400 °C, 7 months

at 430 °C and 5 months at 450 °C. The temperature distribution

was nearly uniform within the storage can. The comparison of

calculations with experimental results is performed in this

paper for PWR rods because they are much more mechanically

loaded in the test than the BWR rods: The rod internal cold

pressure of the irradiated PWR rods is around 24 - 27 bar and

for the BWR rods only around 1.5 and 9 bar.
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The result of the creep calculations is shown in fig. 18. The

creep strain of the fuel rods is overestimated by the calcula-

tions which can be seen from the average measured straines

also given in fig. 18. This may be partially due to the fact

that the upper limit of rod pressure was used in the calculation

and partially due to irradiation hardening of the cladding

material.

TiM 111

Tim (al

Fig. 18 Tesperature course and hoop strain of a PWt spent fuel rod during Fig. 19 Growth of the oxid layer of a PWR spent fuel rod during

the ispra test the Ispra test

The oxidation calculation was performed assuming unlimited

oxygen access to the test rods during the first and second

test phase. For the third test phase the oxygen content in

the storage was 0.6 bar « 1.

The results of the calculation together with the average measured

oxide layer thickness value are shown in fig. 19.

OS £

. 1
I —

I -

* • • !» leant 1

Taw <•! M

Fig. 20
"dean crack length' and "«ean crack length at perforation" of a PVft rod at the H o - 21 I-SCC safety function s versus t u e for a PHB spent fuel re
Isora test at the Isora test \
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For the calculations of ISCC it was supposed again that there

was enough free iodine in the fuel gap necessary for ISCC.

The result of the calculations is that ISCC does not propagate

under the given conditions. The mean crack length 7 remains

constant (fig. 20). The safety function s remains nearly unity

(fig. 21) and the probability P of cladding perforation is

lower than 10~4 throughout the test (fig. 22).

.sn i.i

TIM u;

I
f

tin

F19. 22 Perforation probability versus t i n for a PWR spenr

fuel rod at the Ispra test

Fig. 23

Propagation of an singular crack <ioo un initial deotn) in a spent n
at the Ispr? test

The propagation of an individual crack of 100 urn depth and

400 urn was analyzed. Fig. 23 shows that the crack does not

propagate and remains constant in depth and length. The eddy

current inspection did not indicate any detectable cracks in

the cladding which agrees with the results of the calculations

of ISCC and individual crack propagation.

The calculation of the spent fuel rod behaviour under the condi-

tions of the dry storage test in Ispra shows in agreement with

the measurements that the cladding integrity is impaired in

no means. The oxidation is also very well predicted. The creep

deformation is a little overestimated, but the difference leads

to conservative predictions.
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6. Conclusion

The TRAB code is able to predict the dry storage performance

of spent fuel at well known storage conditions. It analyzes

the following mechanisms which had been found to be most endan-

gering the cladding integrity: Cladding creep under internal

overpressure, oxidation by residual oxygen in the storage atmos-

phere, iodine stress corrosion cracking, and propagation of

individual cracks in the cladding. These mechanisms are analyzed

in dependance of temperature and time and respecting all possible

interactions. A comparison of the calculations with the result

of single effect tests shows a good accordance for each indivi-

dual mechanism. The predictions of performed integral tests

agree also very well with the experimental results.

It can be concluded from the presently available results that

the damage functions level very fast at non-problematic values,

if the temperature decreases in accordance with the experiences

gained so far with the casks for dry storage and transportation.

Different conditions e.g. lower temperature decrease rates

need to be assessed in order to establish adequate storage

strategies. Lowering the insertion temperature to compensate

a leveling off temperature course will be in all cases a suitable

approach.
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QUESTIONS/ANSWERS

Questioner: R.F. Williams
Organization/Country: Electric Power Research Institute/USA

Question: Have you applied your model to capsule tests conducted by KWU and
were there failures that you could predict?

Answer: Yes, we applied the model to the dry storage test at the Obrlgheim
PWR. The predictions and the post-test examination fit together well; all
effects were less than the detection limit, Indicating that no failures
occurred.

Question: As a followup to the previous question, what dryout time do you
recommend?

Answer: We do not recommend a dryout time. We have a dryout procedure which
Includes pumpdown to a particular low pressure. The casks are evacuated to a
pressure of less than 10 mbar. After the vacuum pump Is stopped, the pressure
Increase must be less than 1 mbar In 10 minutes.

Questioner: R.W. Lambert
Organization/Country: Electric Power Research Institute/USA

Question: 1) You have validated your model by predicting no failures and
showing that no failures occurred. Have there also been predictions of failures
that have been validated by actual failures? 2) If fuel 1s stored for long
periods at 450°C, you anticipate failures. How long do you predict for these
failures to occur?

Answer: 1) So far, no failures have occurred 1n our experiments; we predicted
no failures. 2) Fuel stored for long periods at 450°C will overrun the 1%
strain limit which was set conservatively as strain failure criteria. I cannot
remember the exact length of time, but It would take several months for the
failures to occur. In this context, I would like to point out that Irradiated
cladding can exceed hoop strains greater than 1% without failure.

Questioner: Bryan Chin
Organization/Country: Auburn University/USA

Question: Your models show good comparison between experiments and predictions.
Have you used these models to predict a maximum dry storage temperature and
stress envelope for different fuel conditions?

Answer: In principle, It 1s possible to develop such an envelope. However,
TRAB predicts the spent fuel performance for a given set of parameters and the
development of an envelope needs numerous calculations. As an alternative,
we have calculated corresponding storage behavior, based on storage parameters
for actual cases.
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SESSION 4:

ROD CONSOLIDATION TECHNOLOGY & DEMONSTRATIONS



DUKE POWER PERSPECTIVE OF ROD CONSOLIDATION

R.W. Rasmussen
Duke Power Company

Charlotte, North Carolina 28242

Following the 1982 demonstration of rod consolidation at the Oconee
Nuclear Station, Duke has continued to evaluate the technology as a
possible alternative to future spent fuel management decisions. While
the economics of the option are attractive there continue to be some
uncertainties in the hardware storage and disposal area.

S-333



INTRODUCTION

Its now been 3i years since Duke Power and Westinghouse successfully
completed the first U.S. spent fuel rod consolidation effort in a de-
monstration performed at Duke's Oconee Nuclear Station. While the
actual site work provided a great deal of useful information on the
consolidation alternative, the effort to fully understand the require-
ments and define the advantages and disadvantages of the technology have
continued and are still on-going today. In addition to our own investi-
gative efforts, Duke has been actively participating in development of
the ANS 57.10 design standard for rod consolidation systems and NRC/DOE
interactions and discussions on the subject. Duke is also monitoring
very closely, the activities related to other rod consolidation demon-
strations, equipment development and full scale consolidation plans
being carried out by other utilities and vendors around the country.
This paper will briefly review the demo work performed at Oconee
Nuclear Station and explain how the rod consolidation option currently
fits into Duke's spent fuel storage expansion plans. The paper will
then concentrate on specific information obtained during the on-site
work and discuss the subsequent studies, investigations and observations
performed since the fall of 1982. The paper will then conclude with a
brief review of some things that Duke Power feels will have to be re-
solved to insure that the consolidation option becomes a major alterna-
tive available to utilities in their efforts to maintain storage capa-
city through the end of this centry.

BACKGROUND

In early 1982, Duke Power Company was initiating an effort to rerack one
of its two spent fuel pools at the Oconee Nuclear Station. This would
be the fourth and last rerack performed at the Oconee station as no
further rerack expansion (short of double tiering) was feasible. No
longer able to rely on the rerack .option for future expansion require-
ments, Duke began to investigate other storage options for use at
Oconee. At this time also, we had begun a shipping campaign to transfer
up to 300 assemblies to the McGuire Nuclear Station. This however was
proving to be a much slower process than was originally anticipated.
Other factors such as the lack of a Nuclear Waste Policy Act at the
time, a questionable outlook for our efforts to obtain permission to
ship fuel to the Catawba Nuclear Station and the fact that Oconee was
discharging spent fuel at the rate of about 200 assemblies per month
convinced us to intensify our investigations into alternative storage
concepts. Since it did not require extensive capital expenditures or
new facilities and equipment as did the other advanced storage options,
the rod consolidation concept was considered to be worthy of detailed
investigation to better understand its problems and requirements. An
agreement was signed with Westinghouse in January 1982 which initiated
Duke's preparations for a full scale, hot demonstration in the fall of
that year at the Oconee Nuclear Station.
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Duke and Westinghouse agreed on the arrangements for performing the
demonstration and some basic desired objectives. Westinghouse designed
equipment would be used in the Oconee 1, 2 spent fuel pool to consoli-
date four irradiated B&W fuel assemblies. In addition to providing ad-
ditional insight into any technical difficulties associated with spent
fuel consolidation, the demonstration set out to achieve a 2:1 consoli-
dation ratio, pull all fuel rods from one assembly at one time and pro-
vide hardware compaction and ultimate disposal experience. Following
several months of safety evaluation and preparation for the demonstra-
tion, on-site work began in mid October and was completed 52 days later.
Despite some problems experienced in different phases of the demonstra-
tion, all the objectives were met and the program was considered a suc-
cess.

CURRENT DUKE STATUS

Today's spent fuel storage situation at Duke is quite different from
what it was four years ago. The only feature that has not changed is
the fact that the Oconee station continues to be Duke's immediate con-
cern. Recent completion of two reracks at the McGuire Nuclear Station
have extended its capacity out to about the year 2010. The Catawba sta-
tion with its expanded pool size also has capacity in its un-reracked
pools out to the year 2010. The Oconee situation however is quickly
closing in on its expected full core reserve loss date of 1990. Spent
fuel transportation has continued and is beginning to provide some
limited relief at Oconee. As Duke continues to add to its transshipment
experiences, the effort has increased in effectiveness. Multi-element
casks will be brought in about mid summer (1986) which should provide
still further relief. Also recent success in obtaining operating
licenses for both Catawba units has made those pools available for
receipt of Oconee spent fuel. Long-term relief now appears to be at
least feasible with the passage and on-going implementation by DOE of
the Nuclear Waste Policy Act. This at least allows us to concentrate
our efforts on the short term Oconee problem and be less concerned about
the long term picture for our newer McGuire/Catawba facilities. Addi-
tionally, the concept of dry storage in either concrete or metallic
casks has made what we consider to be some extensive licensing and tech-
nical progress over the past couple of years. In response to this pro-
gress, Duke has recently shifted its investigative attention from the
rod consolidation concept and is thoroughly investigating the feasibi-
lity and desirability of installing and operating a dry storage facility
at the Oconee station. Short of relying exclusively on the transporta-
tion option, Duke is now faced with a "Cask vs. Consolidation" decision
to make by early next year. While the dry cask storage investigation
continues through the remainder of this year we will continue to monitor
the rod consolidation equipment design/development efforts, demonstra-
tion activities and full scale implementation plans being pursued by
various utilities and vendors.
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DEMONSTRATION PROBLEMS AND RESOLUTIONS

While the Westinghouse demonstration equipment was not entirely repre-
sentative of what would be required for a full scale effort, most of the
individual steps such as tube cutting, rod gripping/pulling, array re-
configuration and hardware compaction required in a full scale effort
would rely on the same basic techniques that were utilized in the demon-
stration. Figure 1 illustrates the process flow of the Westinghouse
consolidation equipment. Additionally, as shown in Table I, the
candidate fuel assemblies were chosen to be generally representative of
fuel that would be consolidated in a full scale effort. Consequently,
the ability to successfully resolve any problems experienced during the
demonstration should play a key role in the decision to pursue the con-
solidation option as a storage alternative. The major problems ex-
perienced during the demonstration as well as their immediate and long-
term resolution are discussed as follows:

Guide Tube Cutting

This step of the demonstration which was shown in cold testing of the
equipment to require 1 to 2 hours per assembly actually required an
accumulated time of one week for all four assemblies. The interior sur-
face of the control rod guide tubes had formed a smooth hard oxide film
which prevented the self-actuated single bladed ID tube cutter from
easily initiating its cut. Several blades were broken and time was lost
before obtaining a different cutter design that provded to be more suc-
cessful.

This problem demonstrates the neea to be very familiar with and prepared
to handle the effects of radiation on the materials being handled.
While a considerable amount of concern is expressed for the behaviour of
the irradiated fuel rods, it is important to address the hardware com-
ponents also. Consideration should be given to the different materials
(i.e. zirc, stainless, etc.) used for guide tube fabrication and their
resulting property differences before and after irradiation. Sufficient
testing and actual experience will easTfy resolve this issue as was the
case during the Oconee demonstration.

Crud Accumulation

The Westinghouse equipment requires the pulling of all 208 fuel rods
from the structural skeleton at the same time. As the rods pass
through the spacer grids, a large amount of the crud layer formed on the
outside of the fuel rods is scraped off and becomes temporarily suspend-
ed in the surrounding water. A vaccum system designed to filter out
this debris from the working area was insufficient and visibility pro-
blems prevented continuation of operations until after most of the sus-
pended particles had settled to the bottom. The settled crud later
posed some cleanup and contamination problems which extended beyond the
period used for the demonstration work.
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Table I

Fuel Assembly Characteristics

Bundle Type B&W Mark B-3 (15x 15 Lattice)
Fuel Rod OD, in .430
Materials

End Fittings (2) 316LSST
Spacer Grids (8) and Skirts (2) Inconel 718
Fuel Rod Cladding (208) Zircaloy-4
Guide Tubes (16) and Instr. Tube (1) Zircaloy-4

Discharge Date 5/28/77
Initial Enrichment, wt% nom. 2.75
Final Enrichment, wt% avg. 0.9172
Burnup, MWD/MTU avg. 26,548
Decay Heat (At Consolidation), Watts avg. 990
Skeleton Activity (At Consolidation), Curies avg. 598.3
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This problem demonstrates the importance of isolating the area being
used for the consolidation activities, or as a minimum, the rod pulling
activities. Appropriately designed consolidation equipment arrangements
and/or sufficient supporting equipment such as pumps and filters will
prevent the spread of contamination to other areas, speed up removal of
the radioactive crud particles and retain the crud in remotely change-
able filters to allow for uninterrupted operation and easy cleanup
following consolidation activities. On-going equipment development work
in support of current demonstration programs are reflecting a concern
for and proving the feasibility of efficient isolation systems. The
equipment being proposed by Combustion Engineering for the Northeast
Utilities demonstration program actually goes one step further by iso-
lating any gaseous releases that may be given off as a result of a
ruptured or broken fuel rod.

Canister Misloading

While lowering the loose fuel rods of the second fuel assembly down into
the storage canister, accumulated oil in the power roller drive motor on
the transition canister prevented operation of the motor. Subsequent
maneuvers made to restart the motors caused the rods to be released into
the canister in an uncontrolled manner. The rods settled in an uneven
array causing some rods to protrude from the canister. Thirty-three
(33) of the rods had to be individually removed to allow the remaining
rods to completely settle into the canister. Two weeks were required to
complete this recovery effort.

While this problem represented the most time consuming activity of the
entire demonstration, it was also the simplest problem to resolve. Pro-
cedural changes which included pre-operational check-out of air motors
and use of a blocking plate above the storage can opening were used on
the third and fourth fuel assemblies to prevent reoccurence of this
problem. The fundamental problem of controlling rod lowering movement
into the storage canister can also be addressed through other approaches
as well. At least one consolidation system under development incorpor-
ates a moveable platform inside the rod storage canister which controls
the downward motion of the rods.

Time/Manpower Requirements

Two to three weeks were originally scheduled for the on-sita work which
ultimately required a total of 52 days. While part of the excess time
was due to an unavoidable learning curve in handling and operating the
equipment remotely., most of the delay was due to the problems discussed
above. These delays of course resulted in some excess manpower require-
ments which were also unanticipated.
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Essentially all of the delays and problems took place while working with
the first two assemblies. The third and fourth assemblies were disas-
sembled, reconfigured and completely loaded into a single canister in 7
days. This compares quite favorably with 25 days for the first canister.
The conclusion to be drawn here is that experience alone will consider-
ably decrease the time requirements for fuel consolidation. Additional-
ly it should be noted that this equipment was intended only to demon-
strate feasibility and technique and not actual time requirements. Im-
provements in equipment design which incorporate more automation, less
equipment handling/movement, simultaneous operation of different phases
of the process and possibly the parallel operation of more than one con-
solidation system will decrease the time requirements of this alterna-
tive.

Hardware Disposal

Prior to actual shipment of the compacted hardware cans, surface dose
rates were measured at 3000-6000 R/hr. This was later determined to be
caused by Co~60 created through the activation of a .05% cobalt im-
purity level in the inconel spacer grids. Loading of these canisters
into shipping casks proved to be very difficult and the shipment/dis-
posal costs were much higher than anticipated.

Disposal of the scrap hardware resulting from the consolidation demon-
stration has proven to be a \tery interesting issue that has received a
considerable amount of attention at Duke and throughout the utility in-
dustry. The potential economic impacts of this problem are the source
of this attention. While some cost reduction can be obtained through
the use of improved compaction or shredding equipment, segregation of
higher activity components, in pool storage and possibly dry storage
on-site, the "back end" of the rod consolidation alternative will have
some level of impact on its cost and overall desirability. Careful
planning with inclusion of the necessary storage and/or disposal pro-
visions and costs associated with the selected back-end strategy will be
essential to developing an accurate economic picture of the rod consoli-
dation option. Unfortunately, this task is made even more difficult by
the existence of many unanswered questions with respect to off-site
shallow land burial (10CFR61), on-site dry storage and ultimate disposal
by DOE under the NWPA. These issues are discussed later in more detail.

DEMONSTRATION ACCOMPLISHMENTS

While much of what was learned from this demonstration stemmed from its
unexpected difficulties, the effort also provided some feedback that was
associated with the overall success of the program. Probably the most
important of these is the achievement of a 2:1 compaction ratio. The
careful assumptions that went into the design of the rod storage canis-
ter were verified with the easy insertion of the fuel rod canister
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containing 416 fuel rods into the fuel storage racks. Movement of this
canister to a new location last February further verified these assump-
tions. The sometimes controversial design feature of pulling all fuel
rods at one time also proved successful, showing that a considerable
amount of time could be saved over pulling one rod or one or two rows of
rods at one time. Pulling forces required for removing the top nozzle
and grid were much lower than expected (1200 lbs. vs. 1680 lbs.) whereas
the gross breakaway forces for extracting rod bundles averaged somewhat
higher than was expected (9400 lbs. vs. 5500 lbs.). Personnel exposure
rates were very similar to those experienced during normal fuel handling
operations. Manpower (i.e. crew size) requirements of 5 to 7 people
were generally more than sufficient. The criticality analysis performed
prior to the demonstration showed that the 2.75% nominal enrichment of
the candidate fuel assemblies was very close to a maximum beyond which
burnup credit will need to be utilized if loose rod arrays cannot be
controlled during the consolidation process. Finally, while the 50.59
approach taken with this demonstration provided limited licensing feed-
back, informal discussions with NRC indicated their main concerns to be
in addressing the increased storage capacity that will result from con-
solidation and criticality control during fuel disassembly and rod re-
configuration.

RECENT ACTIVITIES AND PROGRESS

Since the completion of the Duke/Westinghouse demonstration, Duke has
continued to investigate and further study the consolidation option for
possible use at its Oconee Nuclear Station while continuing to monitor
and participate directly in various activities related to the progress
of rod consolidation in the U.S. The ANS 57.10 Standard for Design of
Rod Consolidation Equipment is currently in its final review stages^and
should ultimately provide some useful guidance in future equipment de-
sign efforts. Recent discussions with NRC personnel have indicated the
licensing of rod consolidation not to be a big issue. An approval for
storage of consolidated fuel would be very similar to the process re-
quired for normal spent fuel storage expansions. In licensing a rod
consolidation process, the typical NRC concerns like thermal and criti-
cality considerations can be addressed through either a topical or a
safety analysis report on the process. NRC has also indicated that
small amounts (up to b0 assemblies) of fuel could be consolidated
under the provisions of 10CFR 50.59 without the need for amendments or
technical specification changes. Demonstrations planned by other uti-
lities have lead to some different concepts in equipment design from
various vendors including Combustion Engineering, U.S. Tool and Die
and Nuclear Assurance Corp. And plans for larger programs are in
various stages at Virginia Power, Baltimore Gas and Electric, Northern
States Power, Philadelphia Electric and Florida Power and Light.
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HARDWARE DISPOSAL ISSUES

Despite the advancements made over the past 3i years in equipment de-
sign, the regulatory atmosphere, utility interest and overall accept-
ability of the rod consolidation alternative, the issue of fuel assembly
hardware disposition continues to be a significant problem. Duke has
continued to investigate and monitor this issue over recent years as it
continues to be the company's main source of hesitation to entering into
a large scale effort at Oconee. As the issue is studied further through-
out the industry, many economic, regulatory and technical uncertainties
have been revealed.

NWPA Considerations

Duke and other utilities have participated in direct discussions with
DOE to determine their posture on the issue of hardware disposal. Since
the 1983 passage of the NWPA, Duke and several other utilities have ex-
pressed a keen interest in DOE's posture of hardware disposal under the
Act. Direct discussions and correspondence with DOE officials have been
generally successful in obtaining assurance that all non fuel-bearing
hardware generated as a result of utility consolidation efforts do in-
deed fall under the category of high level wastes to be removed from
reactor sites for permanent disposal. At this point however, DOE is
unable to define any scheduling information, shipping logistics, hand-
ling techniques or packaging criteria that would be used to integrate
consolidated fuel hardware components into the overall waste program.
Resolution of this issue unfortunately will probably proceed in parallel
with the need to define package criteria and economic incentives for
accepting the consolidated fuel rods at utility sites. Most recent
feedback from DOE indicates that the MRS facility and schedule will need
to be identified and approved before any substantial progress can be
made in these areas.

Available Alternatives

In the absence of DOE guidance, utilities wishing to pursue the rod con-
solidation alternative are forced to act on the hardware handling
methods and solutions that are available today. Spent fuel storage
alternative studies performed over the past year at Duke have looked in-
to various on-site and off-site disposal/storage techniques. These in-
cluded the off-site shallow land burial solution, in-pool storage and
on-site dry storage. Unfortunately, each of these alternatives comes
with its own characteristic disadvantage and all would be fairly costly.

At the present, NRC regulations restrict the on-site dry storage of any
low level waste including fuel assembly hardware to no more than a five
year period. This is certainly not enough time for these materials to
decay to more cost effective levels for shallow land burial, nor is it

S-342



expected that DOE will provide any relief within 5 years. Consequently,
in the absence of a change in the regulatory picture, this option would
not be very cost effective in the near term since eventual shipment off-
site for burial would be inevitable and would be risky at best in the
future until current scheduling and logistical uncertainties associated
with the NWPA are resolved.

Probably the most logical solution to the problem of avoiding or, as a
minimum, delaying off-site burial costs is storage of the compacted
hardware in the spent fuel pool. This can be achieved by either sizing
the hardware canisters to fit the existing fuel racks or providing an
arrangement whereby the material can be safely stored above the loaded
fuel racks. Storage above the fuel racks would require design, fabri-
cation and installation of a rack system that could prove to be fairly
costly. In contrast, storage of the material in the fuel racks would
not be associated with any direct costs. However, since this would sig-
nificantly reduce the number of storage spaces created, it would have
an indirect impact on the cost of consolidation by requiring more as-
semblies to be disassembled to achieve a given level of expansion. De-
pending on a particular reactor's pool size and the schedule underwhich
DOE will begin accepting this material for disposal, in-rack storage
will allow some reactor sites to delay off-site shipment of this mate-
rial longer than others.

Based on the current regulatory situation and the existing fee schedules
being imposed by the low level waste burial sites in the U.S., off-site
disposal of fuel assembly hardware is probably the most expensive and
most undesirable alternative. 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 neu-
tron activation of small Cobalt impurities. The high neutron capture
cross section for Cobalt causes this to be a problem even with yery
small amounts being present initially. Cobalt impurities are most evi-
dent in nickel. While there is some nickel used in producing stainless
steel (M0%) it makes up 50-70 percent by weight of Inconel. As a re-
sult, Inconel - especially that in the active fuel zone - becomes a pro-
blem from the handling standpoint. Despite the use of higher compaction
ratios, larger shipping casks and possibly the separation of the higher
activity components, the high radiation surcharges included in current
fee schedules will add considerably to the total cost of the consoli-
dation option.

Further studies on reactor hardware activation have also revealed some
potential problems in meeting the recently revised 10CFR Part 61 curie
content limits for shallow land burial of activated metal. Certain
long lived radioisotopes including Ni-59, Nb-94 and Ni-63 which are
produced in various hardware materials are among these having Part 61
limits. As is the case with Co-60 generation, the Inconel components -
especially those in the active fuel zone - are the most difficult to

S-343



maintain within 10CFR61 limits. This is due to the relatively high
concentrations of Niobium and Nickel in the Inconel material.

Another more fundamental problem in dealing with Part 61 limits is in
calculating the curie content of the materials in question. While the
actual limits are stated very clearly in the regulations, there are no
guidelines for performing the actual calculations to determine compli-
ance. The stated limits are low enough that minor variations in cal-
culational techniques and assumptions made on initial material composi-
tion could mean the difference between approval for burial or rejection
and possibly have a substantial impact on disposal costs. In most
cases, due to the high radiation associated with this material, direct
measurement with high resolution detectors is not possible. In general
then as more irradiated hardware is generated through the consolidation
process, the existing lack of guidance will cause a great deal of con-
fusion. Consistency will eventually have to be established to maintain
the appropriateness and enforceability of this regulation.

CONCLUSION

In the 4 years that have passed since Duke and Westinghouse signed an
agreement to demonstrate the concept of rod consolidation, a great deal
has been learned about the technology, and its feasibility as a solution
to the ever-increasing spent fuel storage problems being faced by many
utilities. While there are still some remaining technical questions,
most of them will likely be answered as the ongoing demonstration ef-
forts are completed. Following the completion of these demonstrations,
the transition of the U.S. utility industry into full scale utilization
of this technology is inevitable. Duke Power Company firmly believes
that the success and smoothness of this transition will rely very
heavily on the successful completion of the following milestones:

• Resolve the fuel assembly hardware issue in terms of NWPA.

• Resolve the fuel assembly hardware issue in terms of 10CFR61.

• Complete and obtain final approval of ANS 57.10 Design Standard to
provide equipment development guidance.

• Complete demos and begin full scale equipment development.

• Pursue licensing approvals to verify a straightforward process.

In the interim period, Duke will continue to monitor these activities,
actively participate where assistance can be provided, and - during
periods of low motivation - glance occasionally at the consolidated
fuel canisters in storage at the Oconee Nuclear Station.
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QUESTIONS/ANSWERS

Questioner: Dick Libby
Organization/Country: Battelle Washington Office/USA

Question; What perspectives can you provide on how Duke Power will choose
the technology to be employed to provide future storage at the Oconee station?
Will cost, regulatory aspects, operational uncertainties, or technology be
the deciding factor 1n this choice?

Answer; No technical concerns with respect to equipment exist in Duke Power's
perspective. The main concerns are economic with respect to disposal/storage
solutions for the generated scrap hardware.

Questioner: Bill Guar1n1
Organization/Country: WasteChem Corp/USA

Question; What was the volume reduction factor on the fuel assembly skeletons?
How were they shipped to Barnwell; that is, in what cask?

Answer; Compaction ratios for hardware components were approximately 5-6:1.
Shipment was In three separate 1-13G (Chem Nuclear) casks.

Questioner: Joseph Markowitz
Organization/Country: Westinghouse Electric Co/USA

Question: Were you able to characterize, 1n any direct way, the amount and
character of the crud you encountered on the rod surfaces during consolidation?

Answer: The only characterization perforated on the hardware was 1n the area
of transuranic content to verify compliance with shallow-land burial.
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Questioner: Burt Johnson
Organization/Country: Pacific Northwest Lab/USA

uestion: How did you address the question of accountability 1n the
emonstration?

Answer: Individual canisters were documented to contain the amount of special
nuclear material (SNM) associated with the number of rods eventually placed
in the cans. In the case of canister #1 (383 rods), and canister #3 (33 rods),
videotaped pictures of the loaded cans were used to count and document the
number of rods contained. In the case of canister #2 (416 rods), the sum of
the two individual fuel assemblies SNM weights was documented as the SNM value
for the canister.

Questioner: Quazi Hossain
Organization/Country: Quadrex Corp/USA

uestion: 1) In order to qualify the leftover hardware as low-level waste
.LLW), did you have to do any processing or cleaning? Did you encounter any
licensing problems? 2) For the four B&W assemblies you consolidated, what was
the total volume (or weight) of the hardware which needed burial?

Answer: 1) The only qualifying effort performed on the hardware was a
verification, by sampling/analyzing, of transuranic content to be below
allowable limits for LLW disposal/shallow-land burial. Regulatory changes
which placed limits on isotopic curie content for shallow-land burial took
place after shipment of Duke Power's three scrap hardware canisters.
2) Hardware components from the four B&W assemblies were compacted Into three
canisters, each having dimensions of 52"x«9Hxw9M. Two of the canisters were
totally filled, the third was about two-thirds full. Therefore, total volume
was approximately 11,232 cubic Inches.

Questioner: K.L. Williams
Organization/Country: EG&G Idaho Inc/USA

Question: 1) Please explain the number and type of fuel assemblies you
consolidated. 2) What did you learn about canister dimensions? 3) What pulUnc
forces were required? 4) Were there any problems with rods sticking or grid
spacers sliding or twisting?

Answer: 1) Four fuel assemblies were consolidated: B&W, 15x15 PWR, enrichment
at 2.5% (Initial), burnup «23K/MWD/MTU, age »5.5 years. 2) Canister dimension
requirements to achieve a 2:1 consolidation ratio for this fuel type were an
Inside diameter for the canister of 8.473" (minimum) and an outside dimension
of 8.651" (maximum), as governed by the spent fuel rack cell dimensions at
Oconee nuclear station. Further details are available in the Duke Power-
West Inghouse report on the demonstration effort. 3) Required pulling forces:
end f1tt1ngs~«lOOO lbs average; rods (breakaway)—9400 lbs average. 4) No
problems were encountered with either rods sticking or grids sliding. Grids
were restrained by support arms, which were an Integral part of the assembly
stand.
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PACKAGING TECHNIQUES FOR DIFFERENT

TYPES OF SPENT FUEL WITH RESPECT

TO LONG TERM STORAGE AND FINAL DISPOSAL

Hans A. Pirk
NUKEM GmbH, W. Germany

Klaus Einfeid
Deutsche Gesellschaft fUr Wieder-

aufarbeitung von Kernbrenn-
stoffen mbH (DWK), W. Germany

ABSTRACT

The present status of the packaging techniques for different types of
spent fuel with respect to long term storage and final disposal is
described.

It is shown that the present available technology especially in dry
handling of spent fuel is a solid basis for introducing these
techniques for the packaging of spent fuel.
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INTRODUCTION

The regulation of the fuel cycle back end in the Federal Republic of
Germany is stipulated in the Atomic Law, which prescibes the "harmless
utililisation" of spent fuel elements under certain aspects. The binding
"principles of the fuel cycle back end for nuclear power plants of 1980"
regulate the details.

Upon this basis a fuel cycle hack end strategy was designed, which
comprises as important steps the interim storage of spent fuel elements
in the nuclear power plants and in away from reactor storage facilities,
the reprocessing in German and foreign facilities and the final disposal
of the resulting radioactive waste in deep geologic formations. (REF.l)

THE FUEL C?CLE BACK END FACILITIES IN THE FEDERAL REPUBLIC OF GERMANY

The amount of spent fuel in the Federal Republic of Germany increases
from presently 350 t per year to about 600 t per year in the year 2000
and 700 - 800 t in 2010. (FIG.l)

Facing this situation the nuclear power plant operating utilities
founded in 1977 the Deutsche Gesellschaft flir Wiederaufarbeitung von
Kernbrennstoffen mbH (DWK) in Hannover giving DWK the task to plan,
construct and operate in the future the necessary installations of the
fuel cycle back end. (FIG.2)

Interim storage

For the interim storage of spent fuel elements DWK has developed a plant
concept which was first realized at Gorleben. (FIG.3) In this facility
up to 1500 t of spent fuel elements could be safely stored for longer
periods in dry transportation/storage casks which have been developed by
the companies GNS and Transnuklear (TN).
Together with similar storage facilities to be constructed at the Ahaus
and the Wackersdorf sites and the nuclear power plant fuel pools,
furnished partially with poisened compact fuel racks, there is
sufficient storage capacity for the next decades available.

Reprocessing

Taking into account the future capacity of the German reprocessing plant
under construction at Wackersdorf (WAW) and that of the reprocessing
plant at Karlsruhe (WAK) as well as the existing reprocessing contracts
with the french Compagnie Generale des Matieres Nucleaires (COGEMA) and
the British Nuclear Fuels pic (BNFL) nearly all of the spent fuel
element arisings in the Federal Republic of Germany up to 2010 can be
reprocessed.

Direct disposal

The final disposal of conditioned and packaged fuel elements will be
further developed.
The licensing procedure for a conditioning plant on a pilot scale will
be initiated by DWK in the near future.
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CONDITIONING AND PACKAGING OF SPENT FUEL

The technical and safety related preconditons for the industrial use of
"dry process techniques" in the back end of the fuel cycle for
transportation, interim storage, reprocessing, conditioning and final
disposal have been developed in the Federal Republic of Germany as well
as in other countries during recent years. This was done in studies,
engineering planning, non active and hot tests in laboratory-, pilot and
industrial scale, in context with licensing procedures and in connection
with the h^t operation of systems and plants. Upon this basis dry
processes for the fuel element handling have been already widely
introduced into the concepts and realizations of fuel cycle back end
facilities in the Federal Republic of Germany. This know how basis has
already been described in detail during previous presentations yesterday
and today and can be summarized with respect to storage systems as
follows.

- Experimental data analysis veryfies that fuel rod cladding remains
intact under the conditions to be expected during dry storage. (FIG.4)

- Dry fuel element handling during cask loading and unloading has been
demonstrated and does not require the development of new techniques.

- Dry storage and transportation/ storage casks have been shown to
meet all licensing criteria for long term interim storage. (FIG.5)

- Handling of different types of dry storage casks based on present
experience does not require additional R & D work.

Rod Consolidation

After the developitent of dry transportation and storage systems the
improved use of costly storage volume becomes more and more important.
The investigation of possible methods for the rod consolidation has been
made by NUKEM/ DWK in the context of a design study for a conditioning
plant to be used for packaging spent fuel into final disposal casks. On
the basis of a systems analysis study the dry and horizontal rod
consolidation technique has been selected as reference process. Respec-
tive hot operation experience in dry handling and disassembling of spent
fuel elements of different design has been accumulated in the WAK
reprocessing plant in more than ten years and has been used as basis for
an optimized design of a fuel rod consolidation process.

In the reprocessing plant Karlsruhe (WAK) fuel rods are drawn out of the
fuel rod bundle before being cut in a rod shear. (FIG.6/ 7/ 8)
About 100.000 fuel rods from various fuel element types with widely
varying burn up histories have been drawn without any problems. The
following installations have shown successful hot operation records:

- fuel element tilting mechanism
- head piece saw
- fuel rod gripper
- drawing table
- rod catcher
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Inactive tests showed that drawn fuel rods can easily be transferred
longitudinally and collected in a storage trough. These handling steps
and successfully tested components have been integrated into the design
of the conditioning and packaging pilot plant.

PRELIMINARY BASIC PROCESS DESIGN FOR THE CONDITIONING AND PACKAGING
PILOT PLANT OF SPENT FUEL

NUKEM/ DWK have developed a conceptual design on the available know how
basis for the conditioning and packaging of LWR spent fuel elements for
a model plant with 700 t/y capacity. This concept was adapted for the
handling part of the pilot plant. (FIG.9)

The basic concept of the final disposal cask which has been used for the
reference design of the process and the plant has already been described
in detail in an earlier presentation during this symposium. (REF.5)

In this pilot plant concept LWR-fuel elements are delivered in regular
transport casks via road or track and received in the unloading bay.
After removing the secondary cover lid the cask is transferred into the
basement under the hot cells. The cask is connected to the bottom of the
unloading cell, opened and after dry unloading closed again with the
primary cover lid and transferred if necessary to the decontamination
cell. The removed fuel elements are placed after identification with a
neutron monitor in an aircooled buffer storage in the storage cell. The
fuel elements are cross transferred through the basement into the
disassembly cell and placed by meant of the tilting mechanism on the
drawing table. (FIG.10) After removing the fuel element head piece the
fuel rod gripper is fixed on the upper fuel rod row. The drawing table
is pulled back and the drawn rods are collected in the rod catcher.
After identification with a fuel rod neutron monitor for safeguarding
the rods are transferred into the trough loading cell, where four
throughs are loaded with the rods of eight DWR-fuel elements. The fuel
element skeleton is longitudinally compacted before being packaged into
a basket. (FIG.11/12) For this purpose also a shear compacting press
could be used, as it is successfully operating in the fuel pool of
numerous nuclear power plants, also in the US, for the compacting of
fuel element structural parts. (FIG.13) In the neighbouring cask loading
cell four fuel rod troughs and one structural material basked are loaded
into the final storage cask, the POLLUX cask (REF.5 ) The primary cover
lid will be bolted to the cask and leak tested. After an eventually
necessary decontamination of the cask outer side the secondary cover lid
is welded to the cask and the corrosion protection layer built-up welded
in place. Finally the shielding lid is put in place. After a final check
the POLLUX cask ist ready for final disposal and is placed into a
subsurface storage buffer facility.

The concept of the plant allows for the packaging of unconditioned fuel
elements from light water and fast breeder reactors as well as fuel
element core components in a similar manner into final disposal casks.

The spherical fuel elements of the High Temperatur Reactors in Germany
will be transferred from their storage canisters in batches of 8.400
units pneumatically directly into the POLLUX cask and other containers
connected to the loading cell.
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CONCLUSION

The experiences with dry fuel handling techniques in the Federal
Republic of Germany and those known and accessible to us from
investigations in other countries form a solid basis for the
engineering, the licensing, the construction and the hot operation of
facilities for the interim storage, the long term storage and the final
disposal of conditioned and packaged spent fuel.
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QUESTIONS/ANSWERS

Questioner: Robert Isakson
Organization/Country: Northeast Utilities/USA

Question: Would you please indicate what volume-reduction factors you were
able to achieve for scrap hardware?

Answer: We were able to achieve a volume-reduction factor of 1:8 including
head and foot pieces of the fuel-element bundle. This rceans that we were
able to put all the scrap hardware of 8 consolidated PWR fuel elements into
the same receiving final-disposal cask together with the fuel rods.

Questioner: George Betancourt
Organization/Country: Northeast Utilities/USA

uestion: How do you account for the criticality fluctuation during the
unneling operation where a significant number of fuel rods are crossed? Is

there a fluctuation? Is it analyzed? What is the range change of

Answer: As we are feeding the row-wise pulled fuel rods in a layered manner
into the receiving trough, there is a gradual increase of Kef# during the
trough-filling process. The criticality analysis shows that the limiting
Ke+-f, 0.95, will not be reached. The actual range of the Ke-ff during the
filling operation is from 0 to <0.95.
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ROD CONSOLIDATION OF GINNA FUEL

Col man B. Woodhall
Charles R. Johnson

Nuclear Assurance Corporation
Norcross, Georgia 30092

NAC, RGE and ESEERCO have undertaken a demonstration program to
consolidate spent fuel from the RE Ginna PWR reactor in storage at West
Valley. The demonstration project included preparation, review and
approval of a detailed Safety Review Report; design and fabrication of
underwater rod consolidation equipment; preparation of extensive
operation and accountability procedures and test, installation, opera-
tion and removal of the rod consolidation equipment. Six fuel assem-
blies were consolidated, four into normal canisters and two into an
instrumented canister. Fuel rod temperatures were acquired for hori-
zontal and vertical storage in water, helium and nitrogen. All major
equipment performed well. Considerable difficulties were experienced
with some ancillary equipment; all were overcome. Achieved consoli-
dation factors exhibited a significant learning curve, rising to 90%
theoretical canister capacity. Many previously unanswered questions
were resolved and the demonstration project forms a solid base for
future commercial operations.
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In the Fall of 1984 Nuclear Assurance Corporation (NAC), Rochester
Gas and Electric Corporation (RGE) and the Empire State Electric Energy
Research Company (ESEERCO) realized that a unique opportunity existed.

• RGE had spent fuel from its RE Ginna reactor temporarily
stored at the West Valley Demonstration Project. The fuel
was known to have experienced some clad collapse and thus
could serve as a realistic test of rod consolidation.

• West Valley is being decommissioned by DOE and residual spent
fuel must be removed from the site. The pool at West Valley
has most, if not all, of the the characteristics of a spent
fuel pool at a reactor site. Therefore, rod consolidation at
West Valley could provide valuable experience for subsequent
wet consolidation at commercial reactors.

All in all, the potential benefits to the industry appeared too
important to let the opportunity slip by. Consequently NAC, RGE and
ESEERCO embarked upon the demonstration project.

The primary objectives were:

• The project would provide needed rod consolidation operational
data to RGE, the ESEERCO utilities - and through them to the
industry in general. While NAC and others had previously
consolidated fuel - or had projects underway - these all were
either with dummy fuel or were private projects from which
little data would emerge.

• The project would include the acquisition of consolidated fuel
rod temperature data in various mediums; with the consolidated
fuel stared vertically and horizontally. This information is
important for predicting fuel temperatures for future reactor
pool storage concepts and for dry cask storage.

The project did fulfill these objectives and provided a stong
foundation for future, more ambitious rod consolidation projects.

Three activities were started together: working out the contrac-
tual arrangements, developing the Safety Review Report and design of the
equipment.

The contractual arrangements involved seven parties: use of the
fuel, financial support and project management support from RGE;
financial support from ESEERCO; financial support from EPRI; use of the
West Valley Demonstration Project facility - and thus programmatic and
financial support from DOE; personnel support from the West Valley
contractor - WVNS; agreement to let the demonstration proceed from
NYSERDA; and equipment, personnel and financial support from NAC. A
firm agreement did not exist until late 1985 and some negotiations with
NYSERDA have continued into 1986.
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Even with contractual uncertainty, SRR preparation and equipment
design and fabrication had to proceed.

The SRR was prepared by NAC and submitted to RGE for review and
comment. After that it was submitted for WVNS Safety Committee review
and approval, with final approval by DOE - Idaho Operations Office. The
SRR was based upon similar documents prepared by NAC for earlier rod
consolidation projects at A6NS and TVA.

The SRR included a description of the project, the equipment and
the equipment operation. It included detailed structural, criti-
cality, radiological and thermal safety analyses under normal conditions
and a range of possible accident conditions. It demonstrated that the
equipment and operations were safe.

An initial draft of the SRR was submitted in early 1985. The SRR
became larger and more complex at each review stage and the final
version was approved in December 1985.

Initially NAC had believed that the equipment to be used would be
very similar to the earlier equipment fabricated for the AGNS and TVA
projects. As such, we anticipated relatively few new design challenges
and - most importantly - we counted upon operational feedback from the
TVA project.

Neither of these anticipated benefits occurred. The charac-
teristics of the West Valley facility (for example - a minimum allowed
water cover of 11 feet and the operators located approximately 10 feet
above the water) required substantial changes in major equipment
design. Most importantly - the TVA project was delayed to the point
that we could gain no operational experience and feedback from it.

The equipment design effort began in earnest in early 1985 with
initial major fabrication contracts awarded in late summer of 1985.
Although our project contractual arrangements were not then in place,
NAC felt that the risk of committing to fabrication was necessary to
move the project forward. Unfortunately the vendor selected started to
experience several problems with one of his major projects and this
resulted in reduced priorities applied to our project. The major equip-
ment was delivered during the week of December 2, 1985, roughly 5 to 6
weeks later than originally scheduled.

NAC personnel had begun on-site work at West Valley in early
November. November and early December were used to develop
installation, pre-operational testing, operation and accountability
procedures.

With one exception, the major equipment checkout went well.
Because of extreme time pressures the electrical control system had not
been thoroughly checked out at the fabricator. When initially activated
at West Valley, a portion of it self-destructed. However, with the
support of WVNS electrical engineers and electricians, the equipment was
corrected. We have had no further problems with this system.
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Installation was completed on December 16 and consolidation
operations vegan on Christmas Eve.

The initial attempt to remove the fuel assembly upper end fitting
by internally cutting the guide tubes failed. The cutter used was a
somewhat complex tool which proved too delicate for this use. Christmas
and part of December 26 were spent in acquiring and fitting two
replacements - one a tool similar to the original and the second a very
simple, robust tool we had used before.

The tool similar to the first broke, while the simple, rugged tool
easily cut the guide tubes. This same tool was used for all subsequent
fuel assemblies - it performed without problems.

Actual rod pulling began on December 27 and continued through
January 2, 1986, when it was stopped by contractual deadlines. One
24-hour period was lost due to an electrical problem - but, other than
that, the major equipment worked very well. The track, elevator, winch
and winch control system was reliable and solid. The simple rod grapple
proved capable of continuously grasping and pulling rods even though
some of the fuel rods had unbeveled end caps that made grappling
difficult. The TV monitoring equipment provided excellent operator
guidance and accountability records. The filter system kept the work
area and the West Valley pool clean. During this period there was an
abnormal event that was handled safely during a removal of one of the
rods. A flat spot or abnormality apparently caught on a grid and the
cladding was breached releasing a quantity of gas. In accordance with
procedure the operators left the work area immediately, and when the
tritium alarm sounded, all left the pool area. A few hours later, when
the underwater TV showed that gas release had stopped, the operators
returned in supplied-air face masks. After removing adjacent fuel rods
(to alleviate pressure upon the stuck rod) and rotating the stuck rod
(to move the flat spot away from the grid spring) the rod was easily
removed. Consolidation proceeded without incident thereafter. Careful
radiological testing indicated no significant dose due to the incident.

One stuck rod was encountered in addition to the rod that released
gas. Initial pull forces ranged from 50 to 150 pounds and then usually
fell to a lower value and dec ased about 10 pounds per grid. One rod,
however, stuck after being ren. ed 10 inches. Since the rod height did
not violate required water coverage? with remaining rods in the same
assembly the stuck rod was removed last. After grappling, the rod was
pushed back into the assembly, slightly twisted 45 degrees and then
removed without further difficulty.

In short, the equipment, people and procedures worked quite well
during the initial period - with but one major exception - good
consolidation factors were not achieved.

During this period, fuel rods from four assemblies were con-
solidated Into four canisters. Each Ginna assembly contained 179 fuel
rods and the nominal inside space of each canister 1s 7.79 inches
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square. Theoretically, if the canisters are manufactured perfectly and
there is no crud on the fuel rods, the canisters will just hold 359 fuel
rods; 2 to 1 consolidation. We did not achieve that. The results were:

Canister 1 109 Rods
Canister 2 251 Rods
Canister 3 251 Rods
Canister 4 105 Rods (partial)

The Canister 1 results simply represent a mis judgment of how much
care would be needed to control fuel rods deep underwater. Attempting
to achieve speed (2+ minutes per rod) yielded only serious rod
misalignment. Canisters 2 and 3 represent an improved understanding
that care in rod placement was needed. Canister 4 was only partially
filled since to continue would require another fuel assembly. The open
area within it was blocked and it was further filled later.

By initial contractual agreement and NYSERDA insistence January 3,
19t>6, was to be the end of the consolidation period. To accomplisn ts
much as possible operations were continued 24 hours per day 7 days per
week including the Christmas and New Years Holidays. However, with
considerable DOE support, we were allowed to return in early February„
consolidate through March 7 and remove our equipment by early April.

January was utilized in reviewing what had happened and preparing
to return to accomplish better results. During this second phase, it
was decided that the project would concentrate solely upon loading fuel
rods into canisters instrumented with 15 thermocouples and taking fuel
rod temperature measurements with various atmospheres and canister
orientations. While we would have wished to install and operate a
system to consolidate multiple fuel rods at a time, experience indicated
that the time available was too short.

Returning to West Valley on February 3, the next two weeks were
spent on paperwork and preparing to restart operations. When operations
began again, all of the equipment worked well. But this time, we also
achieved a consolidation factor of 90.5% of the canister theoretical
capacity. This improved consolidation factor was achieved with careful
disciplined loading of all the rods and by use of a small TV camera to
inspect the rod stack as it was formed. Improved lighting also
contributed to this improved performance.

Fifteen thermocouples, each with a delicate 45' lead, survived
being moved up or down in the elevator over 500 times, being removed
from the elevator and placed in temporary storage and then being
translated from vertical to horizontal many times as the data was taken.

The thermocouples and test system worked well, acquiring fuel rod
temperature data with water, helium and nitrogen as the storage medium
and with the Instrumented canister in both vertical and horizontal
positions.
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Although we, ESEERCO and RGE wanted to confirm the initial thermal
data by consolidating at least one additional instrumented canister, the
intense pressure of contractual deadlines forced us to begin crush/shear
operations on the six assembly skeletons. The crusher-shear did not
operate as intended and had to be replaced with a more rugged system.
This heavier, more powerful system did crush and shear the structures
with some difficulty. Not all of the crushed and sheared structures
dropped into the fuel bearing component canisters and this debris was
subsequently picked up from the pool floor and placed in the canisters.

At this time, all equipment has been removed from the pool,
decontaminated and placed in steel strong-tight boxes preparatory to
shipment off site for potential reuse.

Obviously, a lot of people put a lot of time and effort into this
demonstration project; a lot of expensive equipment was designed and
fabricated and a significant facility was made available. It is also
obvious that there were difficulties. We believe that the project was
valuable.

With all its challenges, the demonstration fundamentally proved
that in-pool rod consolidation is safe, is feasible and can achieve good
results. Many serious, previously unanswered questions were put to
rest. The problems we had all pointed to obvious solutions. Indeed the
demonstration successfully forms the foundation for future, commercial
rod consolidation.

As a result of this demonstration:

t We now have an SRR that has been extensively reviewed and
approved. That can be a model for future work.

• We now realize that significant quantities of paper work are
required. While procedure requirements will differ from site
to site, we at least have real-world knowledge of what is
needed to test, install, operate and remove rod consolidation
equipment.

• We now know how to run an accountability program in concert
with consolidation. Maybe in the future we can simplify
somewhat - but we know how.

t We now know what radiation dose commitments are involved in an
extended program - radiation exposures are low.

t We know that PWR upper end fittings can be removed safely,
easily and rapidly - with wery simple equipment.

• We know that fuel rods - even damaged rods - can be routinely
pulled from assemblies. We discovered that pulling forces were
much higher than previously thought - but our equipment handled
that with ease, and others can too.
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• We know now that a simple rod grasping device works well even
when mistreated. That device can easily be ganged to pull
multiple rods, or even an entire assembly.

• We know now that the "crud cloud" problem no longer exists -
a straightforward filter system controls it - and kv*eps the
pool clean and uncontaminated.

• We know now the level of personnel and facility support
needed. We know now how long operations such as fuel assembly
loading, canister loading and removal, and skeleton removal
take. These are constant, regardless of whose rod consolida-
tion equipment is employed. These operations collectively
take so long that the value of very fast consolidation
equipment must be reviewed.

• We now know that underwater rod consolidation equipment can
operate reliably for extended periods of time. Large
consolidation operations can be undertaken with assurance.

• We now know that even the simple, flexible NAC-type of
equipment can achieve high consolidation factors. We know how
extremely flexible real fuel rods are - and how to make them
behave. We know the penalty of deep underwater operations -
and how to mitigate it.

• We now know that the operators of our type of equipment need
to be disciplined to handle the fuel rods with care and place
them consistently or the fuel rod stack becomes unmanageable.
In the second phase of operation, WVNS fuel handlers performed
most of the operations under NAC supervision. These people,
experienced in underwater operations, did an excellent job.

• Even from our adversities we have learned, and this knowledge
supports all future rod consolidation.

- We know what is needed in a crusher-shear to effectively
reduce the volume and contain non-fuel structures.

- We now know th.at even at 45 foot depths, a pool bottom
can be cleaned of all debris - rapidly and simply., That
concern is no longer.

• We know now that, even after long in-pool residence, rod
consolidation equipment can be removed, decontaminated and
prepared for shipment - safely, relatively easily and without
large dose commitments. We also know simple design changes
that can make it evert easier.
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• Finally, we now know a lot more about the thermal
characteristics of stored consolidated fuel rods. Even if we
learned nothing else, this knowledge alone justified the
demonstration, for it could be of real benefit to both pool and
cask storage.

For RGE, ESEERCO and the industry, the demonstration achieved much
of its objectives and was worth the effort. It proved that rod con-
solidation is indeed a viable fuel storage alternate - it can be done
safely, it can be reliable and it can achieve high consolidation fac-
tors. It also demonstrated the extreme breadth of activities required.

For NAC and our potential customers the demonstration was of
extreme value. We now know what works, what doesn't and what will
work. We now know with certainty how to prepare and defend an SRR, the
cost of our equipment, the time to prepare it, the support needed, how
to operate it and how to leave a site clean.

QUESTIONS/ANSWERS

Questioner: Klaus Einfeid
Organization/Country: DWK/Federal Republic of Germany

Question: What was the radiation exposure to the operating staff during
the rod consolidation operation?

Answer: I have no data with me; however, as I recall, we were working
In a 1 fliilHrem per hour background and I believe that the normal exposure
per shift was below 10 millirem per worker,, which Is about normal for
people working in the pool area.
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NORTHEAST UTILITIES/EPRI SPENT FUEL CONSOLIDATION PROGRAM

M. Kupinski, G. Betancourt, R. Bireley
Northeast Utilities Service Company (NUSCO)

(PAPER UNAVAILABLE UPON PUBLICATION OF THE PROCEEDINGS.)

QUESTIONS/ANSWERS

Questioner: J.R. Thornton
Organization/Country: Duke Power Co/USA

Question; 1) Did the 0.90 Keff value referenced for a consolidated canister
correspond to a fully loaded canister? 2) Is there a canister loading which
results 1n a higher K~ff than the fully loaded canister Keff value (0.90)?
3) What 1s the assumed enrichment resulting In the 0.90 Keff value for a fully
loaded canister?

Answer: 1) Yes, the 0.90 Keff corresponded to a fully loaded canister. 2) Yes,
calculations defining optimum conditions and possible limitations are currently
being finalized. However, under the process all missing rods are Intended to
maintain a 2:1 density. Such replacement supports qualification of the Region
II racks. 3) The assumed enrichment 1s 4.5 weight %.

Questioner: Kevin Kingsley
Organization/Country: GNSI/USA

Question: In planning for the disposal of .he fuel assembly skeletons, does
NUSCO have any concerns related to the waste classification aspects of 10 CFR
61, as mentioned in an earlier presentation?

Answer: At present, the focus of our scrap reduction activities Is on the
technical challenge of volume minimization, which, if successful, can avoid
the necessity of off-site shipment, by NUSCO, under any category.

Questioner: Carlos Ospina
Organization/Country: EIR/Switzerland

Question: Could you quote the pool area required to consolidate and store
skeleton assembly parts and its impact on the loss of pool (reserve) capacity?

Answer: Consolidation will take place in the cask area (9'x 9 1). Skeleton
assembly parts are currently planned to be stored in non-essential locations
in the pool. If successful, there will be no impact on fuel-reserve locations.

Questioner: Dick Libby
Organization/Country: Battelle Washington Office/USA

Question: Do you have any cost estimates for the rod consolidation activity?

Answer: In my view, enough work has been done to provide preliminary
Indications of consolidation costs, attendant upon production-scale applications
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of the technology. For example, if an increase in a pool's capacity from
1000 to 2000 bundles 1s being considered (I.e., 1000 more bundles, under the
new storage mode) where: a) boxes to store consolidated rods and scrap-
hardware are priced in relation to cost, and manufacturing experience is in
hand; b) engineering and equipment costs are allocated over the Incremental
1000 bundles stored; and c) no reracking is required; the forward-cost of
each incrementally stored bundle might begin at $ll,000/bundle (1986 dollars).
This corresponds to $27.50 for each additional kilogram of spent fuel stored
(for a nominal PWR bundle weight of 400 kilograms of uranium).

If reracking 1s necessary, a representative range of $3-5 million could u?ed
to be expended on old rack removal, new rack fabrication, and new rack
installation. In these instances, total forward costs for each Incremental
bundle stored would range from $14,000 to $16,000, or $35 to $40 for each
additional kilogram of spent fuel stored.

The costs of reracking would need to be considered 1n comparison with alternate
technologies such as onsite dry storage. Based on the assumption that a site-
delivered, dry storage cask can be purchased at a price of $900,000 (1986
dollars), dry storage would be 55-76% more expensive than the aforementioned
forward costs for incremental storage 1n a pool. (The cask is assumed to
hold 48 consH dated PWR bundles.)

The indicated range for dry storage cost-premium percentages reflects a
representative range of reracking costs, with varying degrees of rack-removal
complexity. However, the premium percentages do not reflect such dry storage,
incremental cost components as land-security, pad construction, engineering
to support regulatory applications, licensing fees, and onsite fuel and cask
handling. The latter factors may be small 1n relation to the purchase price
of the casks, but are not Insignificant in the aggregate.
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CASK CONSOLIDATED SPENT FUEL THERMAL ANALYSES
USING THE COBRA-SFS CODE

D. R. Rector, J. M. Cuta, J. M. Creer
Pacific Northwest Laboratory

Richland, Washington 99352 U.S.A.

ABSTRACT

The COBRA-SFS computer code was used to perform thermal-hydraulic analyses of
consolidated spent fuel stored in casks. The ability of the COBRA-SFS code
to model consolidated fuel was evaluated by comparing predictions with
experimental data obtained fron electrically heated rod bundles by Ridihalgh,
Eggers, and Associates and Eggers Ridihalgh Partners, Inc. under sponsorship
cf the Electric Power Research Institute. The calculations agreed with the
measured temperatures well within the bounds of experimental error.

Based on the evaluation results, best-estimate temperature predictions were
performed for consolidated fuel in several cask designs. Results are presented
for the REA 2023 BWR cask, the CAST0R-1C BWR cask, and the Concrete Sealed
Storage Cask designed for Monitored Retrievable Storage (MRS). The cask
simulation results indicate that consolidation of spent fuel results in a
reduction of convection and radiation heat transfer from the fuel rods while
enhancing conduction heat transfer from the rods. For this reason, the
selection of an appropriate storage media is important. In the REA 2023 and
CAST0R-1C casks, consolidated fuel stored in helium produces roughly the same
peak clad temperatures as unconsolidated fuel generating the same total power.
However, consolidated fuel stored in nitrogen produces a significantly higher
temperatures (up to 100°C higher) than unconsolidated spent fuel.
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INTRODUCTION

Consolidation of spent nuclear fuel assemblies Is being considered as one option
for more efficient and compact storage of reactor spent fuel. In this concept,
the rods from disassembled spent fuel assemblies are packaged in close-packed
arrays to reduce the volume required for storage.

The thermal analysis of a spent fuel assembly, either consolidated or
unconsoliddted, requires an analytical tool of some sophistication. The flew
field is buoyancy-dominated natural convection in a relatively complex geometry,
wherein both axial and radial gradients ire important. The heat transfer
solution usually involves convection, conduction, and radiation. The COBRA-
SFS computer code has been applied to detailed analyses of several spent
fuel storage system designs (1-6). The code is capable of solving the complex
flow and heat transfer problems encountered in spent fuel assemblies, both
consolidated and unconsolidated.

In this paper, COBRA-SFS thermal-hydraulic consolidated fuel calculations are
evaluated using EPRI/REA/ERP (Electric Power Research Institute/Ridihalgh,
Eggers and Associates/Eggers Ridihalgh Partners, Inc.) single-assembly
experimental data. Based on the evaluation results, best-estimate temperature
predictions are given for consolidated fuel In several cask designs. Results
are presented for the REA 2023 BWR cask, the CAST0R-1C BWR cask and the Concrete
Sealed Storage Cask (SSC) designed for Monitored Retrievable Storage (MRS).

COBRA-SFS

COBRA-SFS is a finite-difference subchannel analysis code that predicts flow
and temperature distributions in spent fuel storage systems and Individual
fuel assemblies. It was chosen because of the need to address natural
convection heat transfer as well as radiation and conduction. COBRA-SFS retains
all the Important features of the COBRA codes (7-9) and extends the range of
application to include analysis of problems with three-dimensional conduction
and two-dimensional radiation heat transfer.

The COBRA-SFS code solves equations for the conservation of mass, momentum,
and energy in storage systems containing spent fuel assemblies. The equations
have been derived by performing suitable mass and momentum balances on fluid
control volumes, defined as subchannels, and energy balances on the subchannels,
fuel rods, and assembly walls. The mass, axial momentum, and transverse
momentum equations are solved using an implicit method that allows recirculating
flows to be predicted.

The energy equations for fuel, clad, fluid, and structural members are solved
simultaneously at each axial level. The radiation heat transfer model employed
In COBRA-SFS 1s implicitly coupled to the rod and wall energy equations.
Rod-to-rod, rod-to-wall, and wall-to-wall radiative exchange in a plane are
described using graybody exchange factors that include the effect of multiple
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reflections. Exchange factors are either computed internally (based on black
body view factors and surface emissivities input to the code) or specified by
the user, enabling different formulations of radiant exchange to be
investigated.

EPRI/REA SINGLE-ASSEMBLY TESTS

Before performing best-estimate temperature predictions of consolidated spent
fuel storage in casks, the COBRA-SFS code must be evaluated by comparing code
results with experimental data. The consolidated spent fuel data used to
evaluate the code were obtained by Ridihalgh, Eggers, and Associates (REA)
under sponsorship of the Electric Power Research Institute (EPRI) (6).

This study compares calculations of rod temperatures and temperature differences
to data obtained in electrically heated test sections that simulated BWR spent
fuel in consolidated and unconsolidated assemblies.. Calculations were performed
using the COBRA-SFS computer code with detailed models of the test sections.
The contributions of radiation, convection, and conduction (in both the fill
gas and the solid structures of the assemblies) were modeled in all
calculations.

The test sections in which these data were obtained consisted of one
unconsolidated and two consolidated assemblies. The electrically-heated rods
simulated typical BWR fuel from 8 x 3 assemblies. The test sections were 2 ft
(61 cm) long, horizontal, and sealed at the ends. The assemblies were
instrumented with thermocouples on the center rod, corner rods, and on the
outer row of rods nearest the wall on the top, side, and bottom faces of the
assembly. Tests were run with air and helium as fill gases, at power levels
that corresponded to decay heat levels of 100 W, 400 W, and 800 W in a full-
length assembly or spent fuel_canister. Additional tests were run with the
test section evacuated to ~10 mm Kg,

EPRI/REA Single Assembly Analysis

The consolidated test sections consisted of 126 rods each, packed in a
triangular array inside a canister that fit inside the fuel tube. In one
test section, with the cross-section shown in Figure 1, the rods were stacked
with 0.010-in. ga.is between rods. In the other test section, the rods were
close-packed, touching each other in the array, with no gap between the rods.
The side view of a consolidated test section is shown in Figure 2. Five tests
were run in the consolidated assembly with 0.010-in. rod gaps: three in air
and two in helium, at power levels equivalent to 100 W, 400 W, and 800 W.
Seven tests were run in the consolidated assembly with zero rod gaps: three
in air and four in helium. A series of nine additional tests were run in
this test section. The additional runs were one vacuum case, four tests with
the canister eccentric in the fuel tube, and four tests with the canister
painted with a high-emissivity paint.

S-380



A. B. C. D. G. P. G • Thermocouple Locations

Canister

. /

007S"—.

00125-~

QQCDOOOOOOOe

-60"-

Figure 1. Cross-Section of Consolidated Test Assembly With 0.01-in. Gaps
Between Rods

UMiVJiAULW4dHi^U'ilUMMiMUtAWkiK f¥»*K /

Outer Insulation

Inner Insulation'

Healer Wire"

Plates
Ends)

Figure 2. Side View of A Consolidated Test Section

S-381



EPRI/REA Single Assembly Analysis Results

A series of COBRA-SFS simulations were performed before viewing the test data
(6). The results show that the consolidated rods are essentially a lumped heat
source with a relatively flat radial temperature profile within the canister.
The predominant mode of heat transfer within the assembly is conduction, with
radiation and convection severely curtailed by the geometry. The COBRA-SFS
calculations are in very good agreement with the data, as illustrated by the
comparison of calculated and measured peak temperature differences shown in
Figure 3.

A comparison of pre-look calculated and measured radial temperature profiles
in the consolidated assembly is shown in Figure 4 for two cases. Calculations
generally agree with measured temperatures within the bounds of experimental
error.

These comparisons of COBRA-SFS calculations with measured data from test
sections simulating consolidated and unconsolidated spent fuel show that the
code can accurately model the heat transfer in these systems. They provide a
basis for extending the COBRA-SFS analysis to consolidated spent fuel assemblies
stored in casks.
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Figure 3. Comparison of Pre-Look Predicted Peak Temperature Differences
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REA 2023 BWR CASK

The REA 2023 cask was designed by Ridihalgh, Eggers, and Associates to safely
store BWR spent fuel assemblies for extended periods (10). An elevation view
of the cask is shown in Figure 5. The cask can store up to 52 unconsolidated
BWR spent fuel assemblies. The cask is a cylinder approximately 8 ft (2.62 m)
in diameter, 16 ft (5.25 m) long, weighing approximately 100 tons when fully
loaded. The cask body (sides and bottom) is an annulus of stainless steel in
which molten lead was poured and allowed to solidify for gamma shielding.

Exterior to this annulus 1s a second annulus filled with a solution of ethylene
glycol and water for neutron shielding. The cask is sealed by a dual lid
system, consisting of a primary and secondary lid, to ensure leak tightness
of the system.
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A cross section of the cask is shown in Figure 6. The basket, located in the
cask cavity, contains the spent fuel assemblies and is composed of stainless-
steel-clad boral tubes for criticality control, copper plates to transfer
heat from the cask interior, and stainless steel spacers for structural
integrity. The basket consists of four individually fabricated quadrants
which are inserted into the cavity formed by the cask body,

REA 2023 Cask Analysis

COBRA-SFS thermal-hydraulic analyses were performed for the REA 2023 cask
containing either unconsolidated or consolidated spent fuel (11). Two different
cask models were developed, one for each type of spent fuel. The unconsolidated
fuel analysis used a three-dimensional, one-eighth-symmetry model of the cask.
The 8 x 8 BWR fuel assemblies were modeled using 428 individual rods and 384
detailed subchannels. The cask body and assembly basket were modeled using
106 solid structure nodes. The consolidated fuel analysis used a three-
dimensional, one-quarter-symmetry model of the cask. The consolidated fuel
assemblies, assumed to consist of fuel rods from two 8 x 8 3WR assemblies
sealed in a square stainless steel canister, were modeled using 117 composite
rod nodes and 240 fluid subchannels. The cask body, assembly basket and fuel
canisters were modeled using 265 solid structure nodes. The cask was modeled
using 24 uniform axial nodes in both models.

A series of REA 2023 simulations were performed using the COBRA-SFS code for
both unconsolidated and consolidated BWR fuel assemblies stored in nitrogen
or helium. The analysis was performed in two parts. In the first part, the
decay heat generation rate was assumed to be 0.8 kW per assembly or canister,
and the predicted peak clad temperature profiles were calculated for each
case. In the second part, a set of operating temperature limits were identified
for the cask, and the assembly power was adjusted to predict the maximum heat
rate which satisfied the cask temperature constraints. The assumptions used
in this analysis are presented In Table I.

REA 2023 Cask Analysis Results

Eased on a decay heat generation rate of 0.8 kW per assembly or canister, the
peak clad temperature profiles are presented in Figure 7 for four different
cases. Two of the simulations were performed with the cask containing
unconsolidated fuel in nitrogen and helium. The peak clad temperature for
these two cases is predicted to be 384°C for the nitrogen case and 304°C for
the helium case. The temperature profile for the nitrogen case 1s skewed
upward because of a significant amount of natural circulation occurring within
the cask. When consolidated fuel is used, the peak clad temperature for the
nitrogen case 1s 484°C, an Increase of 100°C over the case with unconsolidated
fuel assemblies.
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TABLE I

REA Cask Analysis Assumptions

• Cover gases

- helium

- nitrogen

• Emissivities

- rods 0.8
- basket 0.2
- canister 0.2
- casket outer surface 0.78

• Ambient temperature: 38°C (100°F)

• Vertical orientation
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The axial profile for the consolidated assemblies is less skewed, indicating
that consolidating the fuel has severely reduced the amount of natural
circulation within the cask. In addition, radiation heat transfer has been
reduced because of increased pin shadowing and the addition of a low-surface-
emissivity canister. The peak clad temperature for the consolidated fuel
assemblies in helium is 324°C, an increase of only 20°C over the case with
unconsolidated assemblies. Although convection and radiation heat transfer
have been reduced, conduction, which is important in the helium case, is
enhanced because of having high-conductivity fuel pins and canister instead
of the low-conductivity gas. Therefore, the effect of consolidation on peak
temperatures strongly depends on the storage medium used.

The assembly decay heat rates were adjusted to predict the maximum allowable
heat rates for all four cases. The predicted maximum heat rate was subject
to three temperature constraints:

• 400°C allowable peak clad temperature

• 327°C lead melting point

• 148°C (50 psia) saturation temperature of the ethylene glycol in the
neutron shield.

After a few Iterations, a maximum heat rate was identified along with the
limiting constraint for each case. The results are presented in Table II.
For the two nitrogen cases, the limiting temperature constraint was a peak
clad temperature of 400°C. For the two helium cases, however, the limiting
constraint was a peak neutron shield temoerature of 148°C.

TABLE II

REA 2023 Predicted Maximum Allowable Heat Rates

Fuel

Unconsolidated

Unconsolidated

Consolidated

Consolidated

Storage
Medium

Helium

Nitrogen

Helium

N1trogen

Maximum Allowable
Heat Rate (kW/Ass.)

0.84

0.84

0.80

0.60

Temperature
Limit f°C)

Neutron Shield = 148

Peak Clad = 400

Neutron Shield = 148

Peak Clad = 400
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CAST0R-1C BWR CASK

The CASTOR-1C BWR cask was designed by the Gesellschaft fur Nuklear Service
(GNS) to safely store and remove the decay heat from 16 BWR spent fuel
assemblies (12). An elevation view of the cask is shown in Figure 8. The cask
consists of a cylindrical nodular cast iron body with an overall length of
5510 mm and a maximum outside diameter of 1730 mm. On the surface of the
cask, a set of 48 axial cooling fins are provided to enhance the removal of
heat by natural convection.

A cross-sectional view of the cask is shown in Figure 9. For improved neutron
shielding through the side, two concentric rows of axial holes in the wall of
the cask body are filled with polyethylene rods. The central cavity of the
cask contains a borated stainless steel basket which separates and supports
the spent fuel assemblies. During normal operation, the cask is filled with
helium. To maintain an inert atmosphere, the cask is sealed using a multiple-
lid system consisting of a primary lid, a secondary lid, and a protection plate.

CASTOR-1C Cask Analysis

COBRA-SFS thermal analyses were performed for the CAST0R-1C cask containing
unconsolidated and consolidated spent fuel (11). Two different cask models were
developed, one for each type of spent fuel. The unconsolidated fuel analysis
used a three-dimensional, one-quarter-symmetry model of the cask. The 8 x 8
BWR fuel assemblies were modeled using 256 individual rods and 304 detailed
subchannels. The cask body and stainless steel basket were modeled using 88
solid structures nodes. The consolidated fuel analysis used a three-
dimensional, one-quarter-symmetry model of the cask. The consolidated fuel
assemblies, assumed to consist of fuel rods from two 8 x 8 BWR assemblies
sealed in a square stainless steel canister, were modeled using 123 composite
rods and 172 fluid subchannels. The cask body, assembly basket, and fuel
canisters were modeled using 105 solid structure nodes. The cask was modeled
using 18 uniform axial nodes in both models.

A series of CASTOR-1C simulations were performed for both unconsolidated and
consolidated BWR fuel assemblies stored in nitrogen or helium. The analysis
was performed 1n two parts. In the first part, the decay heat generation
rate was assumed to be 0.8 kW per assembly or canister, and the predicted
peak clad temperature profiles were calculated for each case. In the second
part, the operating temperature limits were identified for the cask. The
assembly power was adjusted to predict the maximum heat rate that would satisfy
the cask temperature constraints. The assumptions used in this analysis are
presented in Table III.
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TABLE III

CAST0R-1C Cask Analysis Assumptions

• Cover gases

- helium

- nitrogen

• Em1ss1vit1es

- rods 0.8
- basket 0.4
- canister 0.2
- Inner wall 0.25
- fins 0.93

• Ambient temperature: 38°C (100°F)

• Vertical orientation

CASTQR-1C Cask Analysis Results

Based on a decay heat generation rate of 0.8 kW per assembly or canister, the
peak clad temperature profiles are presented 1n Figure 10 for four different
cases. Two of the simulations were performed with the cask containing
unconsolidated fuel in nitrogen and helium. The peak clad temperatures for
these two are predicted to be 400°C for the nitrogen case and 365°C for the
helium case. As in the REA cask, the temperature profile for the nitrogen
case 1s skewed upward because of natural circulation. When consolidated fuel
1s used, the peak clad temperature for the nitrogen case is 498°C, an Increase
of 98°C. The axial profile for the consolidated case in nitrogen is less
skewed, indicating a reduction in natural circulation. Also, radiation heat
transfer has been reduced because of Increased pin shadowing and the addition
of a low-surface-emissivity canister.

The peak clad temperature for the nsolidated fuel assemblies In helium is
348°C, a decrease of 17°C from the unconsolidated assemblies. Although
convection and radiation heat transfer have been reduced, conduction is enhanced
because of having high-conductivity fuel pins and canister instead of the
low-conductivity gas. Therefore, as in the REA cask, the effect of
consolidation on peak temperature strongly depends on the storage medium used.

The assembly powers were adjusted to predict the maximum allowable heat rates
for all four cases. The only temperature constraint considered for the
CASTOR-1C cask was a 400°C allowable peak clad temperature. After a few
Iterations, a maximum heat rate was Identified for each case. The results
are presented 1n Table IV. For unconsolidated fuel, the use of helium results
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TABLE IV

CAST0R-1C Predicted Maximum Allowable Heat Rates

Fuel

Unconsolidated

Unconsolidated

Consolidated

Consolidated

Storage
Medium

Helium

Nitrogen

Helium

Nitrogen

Maximum Allowable
Heat Rate fkW/Ass.)

0.90

0.80

0.98

0.52

Peak Clad
Temperature (°C)

400

400

400

400
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1n a fifteen percent increase in heat rate as compared to nitrogen. For
consolidated fuel,the use of helium results in a heat rate that is nearly
double that for nitrogen.

SEALED STORAGE CASK

The Sealed Storage Cask (SSC), a concrete cask designed for the monitored
retrievable storage of spent fuel, was designed by the Ralph M. Parsons Company
for the U.S. Department of Energy (13). A simplified elevation view of the
cask is presented in Figure 11. The cask is a cylindrical reinforced concrete
structure with a carbon-steel-lined cavity. The concrete portion of the cask
contains an embedded structural rebar cage, which is used for structural support
and to aid heat transfer through the cask walls. A steel-encased cylindrical
concrete shield plug fits into the open top of the cavity, and a steel cover
plate is seal-welded to the liner flange to close the cask. The cask is 22 ft
high and 12 ft in diameter.

The horizontal cross section of the cask is shown in Figure 12. The cavity
liner is carbon steel with an outside diameter of 72 in., and a 2-in.-thick
wall. The cavity is divided into quadrants by aluminum fins that are 1.5 In.
thick and 32.5 in. long. Each quadrant contains three stainless steel spent
fuel canisters for a total of 12 canisters per cask. Each quadrant also
contains a smaller aluminum fin 12.5 in. long to aid 1n removing heat from the
cavity. The fins are bolted to the Inside of the liner.

The spent fuel is encapsulated for storage in sealed stainless steel canisters.
The canisters are designed to contain either unconsolidated spent fuel
assemblies or compacted consolidated spent fuel rods. In this analysis, each
canister was assumed to contain consolidated fuel rods from three 15 x 15 PWR
assemblies. The heat generation rate is assumed to be 1,650 watts per canister.
The spen. fuel canister considered has no internal partitions, and the rods
are in loose bundle form and arranged on a triangular pitch. The canisters
are filled with a gas mixture consisting of 90% argon and 10% helium. The
atmosphere 1n tue cask cavity is air.

Sealed Storage Cask Analysis

A three-dimensional, one-eighth-sector model of the SSC was used for the
COBRA-SFS analysis. The fluid flow region is divided into three zones, one
zone for each of the spent fuel canisters and one which represents the region
between the canisters and the cavity liner. The solid regions are represented
by 25 radial wall nodes, including zero-thickness nodes which represent the
temperatures on the outside surface of the cask.

Each canister contains fuel rods from three 15 x 15 PWR assemblies. To reduce
the model to a manageable size, several rods and subchannels are combined
into groups which are linked by composite conduction and radiation connections.
The interior of a single canister Is modeled using 96 subchannel groups and
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81 rod groups. The interior of the cask was modeled using 149 composite
subchannels and 120 composite rods. The cavity region of the cask was modeled
using 18 uniform axial nodes.

Sealed Storage Cask Analysis Results

A best-estimate calculation was performed to determine the temperature
distribution within the cask during normal operation (14). Also, a parametric
study was performed to assess the effects on cask thermal performance of thermal
conductivity of the concrete, the fin material, and the amount of radial
reinforcing steel bars. Seven different cases were modeled. The assumptions
used in performing this analysis are presented in Table V. The axial
temperature profile results from the best-estimate calculation are presented
in Figure 13. Profiles are shown for the peak temperatures in the inner and
outer canisters as well as for the cavity liner and cask surface. The predicted
peak clad temperature is 380°C, taken from the center rod in the innermost
canister.

TABLE V

Sealed Storage Cask Analysis Assumptions

• Cover gases

- cavity - air

- canisters - argon (90%) and helium (10%)

• Emissivities

- rods 0.8
- interior fins 0.2
- canister 0.2
- liner 0.6
- concrete 0.9

• Ambient temperature: 52°C (125°F)

• Vertical orientation
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CONCLUSIONS

This study demonstrates that the COBRA-SFS computer code can be used to perform
thermal-hydraulic analysis of consolidated spent fuel stored in casks. The
ability of the COBRA-SFS code to model consolidated fuel was evaluated by
comparing predictions with experimental data obtained from electrically heated
assemblies. The calculations were in agreement with the measured temperatures,
well within the bounds of experimental error.

Based on the evaluation results, best-estimate temperature predictions were
performed for consolidated fuel 1n several cask designs. Results were presented
for the REA 2023 BWR cask, the CAST0R-1C BWR cask, and the Concrete Sealed
Storage Cask designed for Monitored Retrievable Storage (MRS). The cask
simulation results indicate that consolidation of spent fuel results in a
reduction of convection and radiation heat transfer from the fuel rods while
enhancing conduction heat transfer from the rods. For this reason, the
selection of an appropriate storage media Is Important. In the REA 2023 and
CAST0R-1C casks, consolidated fuel stored In helium produces roughly the sante
peak clad temperature as unconsolidated fuel generating the same total decay
heat. However, consolidated fuel stored in nitrogen produces a significantly
higher temperature (up to 100°C higher) than unconsolidated spent fuel.
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The single-assembly test and cask results demonstrate that the'COBRA-SFS code
can model a wide range of consolidated fuel storage systems. However, it is
recommended that the COBRA-SFS code be validated using test data from
consolidated fuel stored in casks.
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