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FOREWORD

This report is the final report of the TAEA Co-ordinated Research
Programme on Behaviour of Spent Fuel Assemblies During Extended Storage
(BEFAST, Phase I, 1981-86). It contains the results on wet and dry spent
fuel storage technologies obtained from 11 institutes (10 countries:
Austria, Canada, Czechoslovakia, Finland, German Democratic Republic,
Hungary, Japan, Sweden, USA and USSR) participating in the BEFAST CRP
during the time period 1981-86. Names of participating institutes and
chief investigators are given on page 53.

The interim spent fuel storage has been recognized as an important
independent step in the nuclear fuel cycle. Due to the delay in
commercial reprocessing of spent fuel in some cases it should be stored
up to 30-50 years or more before reprocessing or final disposal. This
programme was evaluated by all its participants and observers as very
important and helpful for the nuclear community and it was decided to
continue it further (1986-91) as BEFAST, Phase II.

The Agency wishes to thank the present BEFAST Chairman,
Mr. E. Vitikainen from the Technical Research Centre of Finland who
compiled this report and the former BEFAST Chairman (1981 - October 1983),
Mr. H. Konvicka who was one of its initiators, as well as, all the
programme participants, observers and consultants. Special thanks are
addressed to the former staff members - J.P. Colton, who was also one of
the programme initiators, and V. Galkin and V. Grishko who were involved
in the early stages of its co-ordination at the Agency.



EDITORIAL NOTE

In preparing this material for the press, staff of the International Atomic Energy Agency
have mounted and paginated the original manuscripts and given some attention to presentation.

The views expressed do not necessarily reflect those of the governments of the Member States
or organizations under whose auspices the manuscripts were produced.

The use in this book of particular designations of countries or territories does not imply any
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GLOSSARY OF TERMS AND ABBREVIATIONS

APR - Away-from-reactor storage
BEFAST - BEhaviour of Fuel Assemblies in extended STorage,

IAEA-co-ordinated research programme.
CANDU - CANadian Deuterium Uranium reactor (pressurized

heavy-water reactor of channel type)
CEX - Controlled Environment Experiment (Canadian dry

storage test)
CRP - Co-ordinated Research Programme
CSNI - Committee on Safety of Nuclear Installations

under OECD/NEA
DIW - Deionized water
DT - Destructive testing
EC - Eddy Current
EMAD - The Engine Maintenance, Assembly and Disassembly

facility (US DOE, Nevada Test Site)
ERB - Easily Retrievable Basket (Canadian dry storage

test facility)
HTGR - High temperature gas cooled reactor
IGSCC - Intergranular stress corrosion cracking
LMFBR - Liquid metal fast breeder reactor
LWR - Light water reactor
MTU - Metric tonnes of uranium
MVE - Metal vapour embrittlement
NOT - Non destructive testing
OECD/IEA - International Energy Agency under OECD
OECD/NEA - Nuclear Energy Agency under OECD
RBMK - USSR type of channel reactor, water-cooled,

graphite-moderated power reactor
RR Research reactor



SCC - Stress corrosion cracking
SFA - Spent fuel assembly
SS - Stainless steel
WWER - USSR type of PWR, water-cooled, water-moderated

power reactor
Zry - Zircaloy



1. INTRODUCTION

This report is the final report of the IAEA-coordinated research
programme BEFAST, phase 1 (1981-1986). The drafting of the
report was done in November-December 1985. The first draft was
distributed to the consultants group, set by the IAEA, and the
draft was discussed at the consultants meeting in Barnwood, UK,
in February 1986. The second draft was distributed to the
BEFAST participants at the CRP meeting in Leningrad in May 1986.
Comments and contributions received at the CRP meeting have been
taken in the account in this final revision. The drafting and
compiling of the report has been done by E.Vitikainen (Finland),
the chairman of the CRP. The main contributors and consultants
have been A.B.Johnson Jr.(USA). and I.Rybalchenko (USSR). The
other consultants were A.Brown and C.W.E.Addison (UK),
J.P.Colton (USA) and M.Peehs (FRG). Coordination work of the
BEFAST in the IAEA have been taken care by A.Nechaev, V.Onufriev
and F.Sokolov.
1.1 History of BEFAST (Behaviour of Spent Fuel Assemblies
During Extended Storage)

The discussion on BEFAST was initiated in late 1977 within the
framework OECD/IEA. In February 1978 a programme proposal was
discussed during an informal meeting with participants from
Italy, Sweden, USA and Austria at the Austrian Research Centre
Seibersdorf.
After lengthy - and mostly political - discussions, BEFAST was
transferred from IEA to NEA of OECD under the auspices of the
Committee on the Safety of Nuclear Installations (CSNI). At
this time a joint programme was established between the IAEA and
OECD/NEA in order to avoid duplicate efforts by both groups.
Three meetings were held (February and April 1979, July 1980)
and a forum for the exchance of technical information was est-
ablished. Thirteen countries were represented and Austria
provided the chairman. A questionnaire was issued by the IAEA
in order to summarize the existing experience with wet spent
fuel storage. About 85 % of the worldîsf reactor operators and
AFR storage facility operators responded. The results of this
survey was published in 1982 as a Technical Report Series
No.218 by the IAEA /!/.

In November 1980 the CSNI decided that it was not appropriate to
set up a specific Working Group on BEFAST because of other
priorities and resources within their nuclear safety programme.
NEA recognized the need for surveillance and agreed to support a
Co-ordinated Research Programme by the Agency.

There was strong evidence from international meetings in this
area that it was necessary to continue and encourage interna-
tional activities in monitoring the safe storage of spent fuel.
Also, the lead State of the BEFAST meetings, Austria, approached
the IAEA to initiate an IAEA Co-ordinated Research Programme on
BEFAST and volunteered to continue as lead country in thisproject.



In 1981 the IAEA established a CRP on BEFAST. Within this
programme the Agency has signed Research Agreements with 11
Institutes from 10 countries. The general aim of the BEFAST
programme was to provide a significant data base on the cladding
integrity of spent fuel after extended storage periods. It was
aimed to cover the related problems of wet and dry storage of
spent fuel. The first review meeting on BEFAST programme was
held in Vienna from 5 to 7 October 1983. After this meeting
Finland has been responsible for the chairmanship of the
programme. The second and final coordinated research programme
meeting was held in Leningrad, USSR, from 26 to 31 May 1986.

1.2 Programme objectives
The aim of the BEFAST Programme was to provide a significant
data base on the cladding integrity of spent fuel after extended
storage periods. The objectives were:
- to survey the existing experience in spent fuel storage

(TRS No 218,Ref./I/.)
- to investigate spent fuel by destructive examinations before
and after extended storage periods

- to investicate potential cladding degradation mechanisms
- to evaluate suitable NDT methods for surveillance
- to investigate the behaviour of spent fuel pool equipment.
The following R&D areas were to be covered :
A Spent Fuel
A.I Spent Fuel - undamaged
A.1.1 Clad/Water interface

(oxidation, stress corrosion cracking, pitting, crevice
corrosion, hydriding, galvanic effects)

A.1.2 Clad/Fuel interface
(fission produc attack, water logging, internal
hydriding)

A.2 Spent Fuel - failed
(leaching, canning, defect behaviour)

B. Surveillance
(visual, radiation monitoring, NDT, DT)

C. Pool Components
(stress corrosion cracking, uniform, pitting, crevice and
galvanic corrosion)
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D. Basic Studies
(effect of crud, cladding stress, galvanic hydriding,
radiolysis, pellet- clad interactions, simulated
defects)

The above listing was later extended to cover potential
problems in dry storage.
1.3 Content of this report
This report summarizes the work performed under the research
agreements between Programme participants and the IAEA
during the years 1981-1986 reported to the Agency by the end of
May 1986. The contributions used in this report are listed in
Chapter 10.0. They are referred in the text only if they are
available in the form of public report or if they have been
published elswhere.
R&D matrix of the BEFAST CRP indicating activities of the
programme participants is given in Table 1.1
Survey data reported in the TRS No 218 /!/ and storage systems
data reported in the Quide Book TRS No 240 /2/ are left outside
this report, only references to these publications are made.
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Table 1.1: R & D MATRIX OF THE BEFAST CO-ORDINATED RESEARCH PROGRAMME

1
COUNTRY

Austria

Canada

CSSR

F x n land

W E T S T O R A G E
2

SPENT FUEL
undamaged

clad/wjter el id/fuel
i n te r face inter face

-simulated
fission pro-
duct attack

-Zry mechanical
properties
(lab-scale/

3
SPENT FUEL

failed

-destructive e <amination
of fuel assembl les
stored for periods from
3 - 1 7 years

^
POOL WATER AND
POOL COMPONENTS

-pool and rack
materials
-SCO <304- SSf

321 SS>
-uniform corro-
sion (boron
steel)

-long t er w study

pool water
-long term s ludy
of basin

5
BftSIC STUDIES

-evaluation of
existing exper i—
sxon monitoring
by electro-chemi-
cal method«*

leakage j -modifie ution of
usual theoretical

À
SURVEILLANCE

-programs 30 ing
on

-development of
test programs
nation of
fuel rods

—storage data
collection

treatise of t ne '
1 with regard to 'i

| -corrosion
studi ;s on

i pool materials
<S5)

!

i
Germany
Démocratie
Republic

corrosion measure- \
men t s of metals \

\ -visual in-
i spections
—measurement
of oxide
layer thick-
ness <EC)

-pool water
control
-col lection of
pool inspection
data

DRY S T

7
SPENT FUEL

—destructive and
non-destructive
examination of
fuel assembl les
stored in con-
crete canisters

-experiment 3 in
moist an^
loading o f fuel
assemblies in
concrete
canisters

O R- fl G E

8
BASIC STUDIES

-UOZ-oxidation-sec
-MVE

— he<at removal
' studies on

model storage
cask (fuel
simulated by
electric
heaters)



Table 1.1 ( c o n t . )

1
COUNTRY

Hungary

Japan

Sweden

USA

USSR

WET S
2

SPENT FUEL
undamaged

3
SPENT FUEL

failed

-investigation of
failed fuel by
destructive and
nondestructive
testing and com-
parison with un-
damaged fuel
data

— f jel behaviour in extended
pool storage (Zry, S5)

-•fuel and fuel cladding
behaviour during storage

T O R fi G E

4
POOL WATER AND
POOL COMPONENTS

-pool water
studies

chemistry-

-corrosion
studies on
pool com-
ponents

-evaluation
of micro-
elements i ̂
pool v^ater

-corrosion
studies on
pool com-
ponents

-pool wall
behaviour
-vater chem-
istry

5
BASIC STUDIES

-corrosion of
Aluminum in

C e 1 ec t r o— c h e m—

6
SURVEILLANCE

-underwater
telescope
systems

-survei 1 lance
programs

-coolant water
chemistry

D R Y S T O R - f l G E 1

7
SPENT FUEL

of Al-clad
RR-fuel

-behaviour of
fuel cladding
and crud
-defected and
non-defected
fuel behaviour
in different
atmospheres

8
BASIC STUDIES

dation studies
on Zircaloys
-effect of sea-
water mist on
oxidation
behaviour



2. SPENT FUEL STORAGE

Spent fuel storage experience has been collected in connection
with the world survey reported in the TRS No 218 /!/ and a
respective survey devoted to dry storage including up-dating of
the wet storage experience are proceeding separately in the
Agency. Storage facilities are described in detail in the
Guidebook on Spent Fuel Storage /2/ . The following Chapters
cover information received under the BEFAST CRP research
agreements and information made available by the observers in
connection of the BEFAST meetings.

2.1 Description of fuel
Different fuel types are stored in participating countries:
Ordinary power reactor fuel both with zirconium alloy and
stainless steel cladding as well as different types of research
reactor fuel, in which aluminium also can be used as a cladding
alloy. Fuel designs are described in the Technical Report Ser-
ies 218 /!/,pp.53-61 and 240, pp.8-11 ,conseguently the data is
not presented here.
Some data on the fuel types discussed in this report is
included in Table 2.1 in Chapter 2.2.

2.2 Irradiation history of spent fuel
Table 2.1 summarizes the most important data available on the
fuel types studied in the BEFAST CRP. Reactor types, fuel/clad
types, coolant parameters, operating powers of the fuel, burn-
up and resisdence time in the reactor are given.

2.3 Description of storage facilities
Storage facility data in connection of BEFAST have been report-
ed by the Canadian, Japanish, American and Soviet participants.
Summaries from their contributions are taken in the following
paraghraphs.
Many of the studies discuss data connected with (research)
reactor pool storage, thus these descriptions are also included,

2.3.1 Wet storage
Spent fuel in the USA is stored predominantly in reactor pools.
Most of the pools have been re-racked for high-density storage.
Two US pools (Yankee Rowe-PWR and La Crosse-BWR) have double-
tiered racks. Currently (1985) some US LWR fuel also is stored
at two wet storage AFRs: GE, Morris, Illinois (300 tU 1984) and
NFS, West Valley, NY (100 tU 1984).In July 1985 wet storage was
the only licensed US spent fuel storage option /3/.
In the USSR, for both short-term and long-term, spent fuel
storage in 11-17 m deep water-filled rectangular pools is used.
Fuel assemblies are stored on racks, in supports or in baskets
situated at the bottom of the pool. The assemblies are stored
and handled vertically. RBMK reactor pools are filled with
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démineraiized water and the WWER reactor pools with water
containing primary circuit coolant additives (boric acid,
potassium and ammonium hydroxides). The base and walls of the
pool are constructed of suitably thick reinforced concrete.
Most pools are lined with welded plates of carbon steel, then
stainless steel. The double liner gives adequate protection
agaist water leakage into the environment, but no complete
guarantee that it will not happen. To avoid pool water leakage
into the environment, sumps for water collection in case of pool
leakage are provided under the pool. Storage aspects in the
USSR also are discussed in Appendix H in TRS 218 /!/.
In Canada most irradiated fuel from CANDU reactors is
stored in water pools at the reactor sites. Storage facilities
are not discussed in this report.
In the CSSR, spent fuel is stored in water containing boric acid
in concrete pools lined with stainless steel.The water
purification system for the storage pool coolant is described in
Chapter 5.1.
In Finland and in Sweden water pools are used for spent fuel
storage. The AFR-type CLAB is operating in Sweden since July
1985 /4/ and also the AFR- type, KPA-store, is under
construction in Finland and it is expected to receive it's first
spent fuel in 1987 /5/. Most of the irradiated fuel is stored
in reactor pools.
In a Hungarian contribution, a research reactor pool is
described. The pool is round and 7 m deep. Fuel assemblies are
stored in 5 m high vertical aluminium tubes, which are closed at
the bottom. Clusters of three of elements can be stored in each
tube. In this arrangement both natural and forced convection of
water is restricted, resulting in greatly different conditions
at different sites of the pool. This must be regarded when
assessing corrosion behaviour of the fuel in the storage.

2.3.2 Dry storage
In the USA, dry storage has been utilized for irradiated fuel
at the Idaho National Engineering Laboratory and at the Nevada
Test Site /6/. Fuel types in dry storage include: LWR, LMFBR
and HTGR. A dry storage test was conducted in an REA 2023 cask
at the General Electric Co, Morris Operation. The cask was
loaded with 52 irradiated BWR assemblies. An unlicensed dry
storage demonstration using metal casks and PWR fuel is under-
way at the INEL. Licensed dry storage demonstrations are
planned at reactor sites. The first US licensed demonstration
is expected at the Surry plant (PWR) in Virginia /3/.
In Canada, Ontario Hydro is evaluating two dry storage concepts
the concrete canister, and the convection vault for technical
feasibility and cost effectiveness, compared to water pool
storage. The reference concrete canister is a cylinder 5 m
high, 2.5 m diameter, with a 0.75 m diameter internal cavity.
The 4.5 tU storage capacity of each canister corresponds to 216
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CANDU fuel bundles (Pickering) which, after five years of pool
storage, will have thermal power of about 2 kW in the canister.
The fuel is loaded into baskets, sealed in cans and placed in
the central cavity. Heat transfer is mainly by convection to
the inner cylinder wall, by conduction through the concrete, and
by natural convection over the outer surface of the canister.
In 1985, a concrete canister designed by Atomic Energy of Canada
Ltd. for the storage of irradiated fuel was licensed for on-site
storage at the Gentilly-1 reactor. Eleven canisters were
constructed to contain the fuel. This was the first commercial
licensing of dry storage technology in Canada.
The conceptual design has been completed 111 for a convection
vault module that can store 90 000 irradiated fuel bundles that
have cooled more than 10 years out-reactor. A thermal analysis
and structural assessment indicate that the proposed design is
feasible. The maximum predicted fuel temperature is 165 C.
In Japan a dry storage facility has been constructed in JAERI to
store the JRR-3 metallic natural uranium spent fuel elements.
This facility has a capacity of about 30 tU. The elements are
placed in an encapsulated canister, then stored in dry wells.
The storage module is basically an ordinary concrete box, about
12 m long, 13 m wide, and 5 m deep. It comprises a 10 x 10
lattice array of the drywells. Each drywell consist of a
stainless steel liner which is 2.5 m deep, 36 cm ID and 0.8 cm
thick. A drywell also has an air inlet, outlet pipe for
radiation monitoring and a shield plug in carbon steel for
radiation protection. A canister which consists of stainless
steel with 0.5 cm thickness contains 36 elements. Sealing of
the canister is accomplished by fusion welding /8/.
2.3.3 Design objectives for spent fuel storage facilities
The design criteria for spent fuel storage facilities haven't
been specially considered in the summary reports of the BEFAST
participants. However, these criteria are implicitely reflected
in the discussions of safety and reliability aspects of various
spent fuel storage concepts. A more thorough survey of the
design criteria is given in the references /9/ and /10/.
At present substantial experience with the wet storage is gained
and various dry storage concepts are developed. The survey of
national reports has revealed the following basic requirements
common both to dry and wet storage systems :

-provisions for fuel physical protection and integrity during
the extended storage and handling operations;
-provisions for the criticality safety;
-prevention against undue radiation exposure to the operating
personnel;
-prevention against unacceptable radioactivity release
through the containment barriers.
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Most BEFAST reports were devoted to the problems which are
fundamental to the development of spent fuel storage facility
design. These are:

-corrosion resistance of nuclear fuel materials, fuel
cladding and constructional components in contact with the
cooling medium (water, or gases);

-the maximum fuel temperature and residual heat removal
conditions during the extended storage;
-potential degradation mechanisms of nuclear materials and
cladding; critical factors causing such degradation;
-coolant chemistry in storage facilities; coolant
purification from radioactive and non-radioactive
impurities.

In some reports consideration was given to the whole scope of
the above problems and some technical decisions meeting the
basic design requirements were also described. It is worth
mentioning that the general reguirements developed for a nuclear
installation, may be applied to a spent fuel storage facility.
From a comparative study of spent fuel storage experience and
general regulatory documents for nuclear power plants designing
and operation it follows, that the design of a specialized spent
fuel storage facility shall include provisions for:

-fuel storage geometry such as to guarantee criticality
safety during fuel handling operations;
-adequate residual heat removal on the basis of the fuel
assembly heat generation level and acceptable fuel
temperature;
-radiation safety of the personnel during the storage
facility operation in compliance with radiation protection
standards ;
-reduction and possible prevention of the technologigal media
and storage sysyems contamination by the radioactivity
brought in with the irradiated fuel assemblies;
-maximum possible reduction (prevention) of radioactive gas,
solid or liquid effluents to the environment;
-storing defective fuel;
-physical protection, monitoring and examination of the fuel
inventory and conditions.

In order to meet these requirements the following technical
decisions have been proposed:

-the storage facility is located in a separate buildning and
arranged as a restricted area. Access to the fuel building
should be controlled only to authorized personnel;
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-the storage configuration of the irradiated fuel assemblies
shall be subcritical (K ,, <=0.95);

-the pool walls thickness and water level shall be such as to
meet the shielding reguirements: the minimum water depth
above the active end of the fuel assemblies in the pool
shall be not less than 3 m;

-the inner surfaces of the pool walls are lined with
corrosion-resistant materials, usually stainless steel
plates;
-in order to prevent pool water ingress into the adjacent
compartments or the ground, leakage is channelled to
collection sumps and pumped back for reuse. Protection is
also made against accidental water loss from the basin:
all pipe connections shall be arranged in the upper part of
the basin;
-the fuel assemblies with defective rods may be stored in
closed canisters of high integrity;
-the pools are provided with the following support systems :
pool water cooling and make up (the design water
temperature is 35-50 C); water clean up from radioactive
contaminants; air ventillation above the water level and
in the surrounding areas; purification of ventillation
exhausts from radioactive aerosoles. The pools are also
equipped with shipping cask loading mechanisms, cask
cleaningdevices, hoisting - and - conveying vehicles etc.
The cooling systems are duplicated;

-dry storage facilities are equipped with the systems for gas
coolant quality and radiation control, cleaning of
ventillationexhaust from radioactive impurities, if any,
and some others.

The major requirements for spent fuel storage facilities design
were formulated in regulatory documents and standards such as
Guidebook on Spent Fuel Storage 111, Safety Guide on Fuel
Handling and Storage Systems in Nuclear Power Plants /9/, USA
NRC Reculatory Guide 1.13, ANSI/ANS Standards 57.7 (wet) and
57.9 (dry), Soviet standards OPB-82, SPAEC-79, and others.
Despite much work being done on improvement of the extended
storage conditions, international design requirements and
criteria have not been developed yet. Some of the countries use
national design parameters: thus, the design pool water
temperature is 50 C in the USSR, 40-43 °C in Finland,
K eff=0.93 in Belgium and 0.95 in the USA, USSR etc.
In criticality calculations the burnup is usually not considered
though some calculation programs have shown the possibility to
significantly increase the storage capacity (up to 30%) if this
parameter is accounted (Belgium).
Uniform water quality specifications are still lacking, as well
as methods of calculating the flow capacity of water
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purification systems on the basis of controlled engineering
parameters. It leads to a diversity in pool water chemistries.
For the dry storage facilities the questions to be solved are
the optimum gas composition (helium, argon, air) and maximum
fuel temperature. In the USA recommendations have been accepted
for the dry storage of fuel rods with zirconium cladding, in
closed canisters, backfilled with helium. The maximum design
temperature of the fuel cladding is 370-400 C.
For the Castor cask the maximum cladding temperature in the
helium atmosphere is 400 °C.
It is quite evident that not all water quality parameters are
subject to stringent regulations. However those related to the
safe and reliable operation of the storage installations shall
be established and unified.
The most important of them are:

-the maximum allowable K ff (in most cases K ^^<=0.95 is
recommended ;

-the maximum allowable cladding temperature for the dry
storage (370-400 C ) ;

-the cooling water chemistry - here the specified parameters
shall be: the total salt content, chloride concentration and
pH-value.

The other design parameters shall be in conformance with the
general requirements for the design of nuclear installations.
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Table 2.1: FUEL AND REACTOR DATA

1
Country

Canada

CSSR

Finland
Hungary
•Japan

Sweden
USA

USSR

2
Reactor
type
CftNDU
NRU (RR)
WR-1 (RR>
WWER-440
BWR
WUER (RR)
JRR-3CRR)

BWR

PWR

ftTR

BWR

BWR

PWR

WWER-44Q

WWER-1000
RBMK-1000

3
Fuel type/
Clad
nat.U/Zry-4
U02, UC/Zry
U02/Zr-l%Nb
U02/Zry-2
UOC/ftl
U (met. >/£>!

U02/Zry-2
U02/Zry-4

MOX/Zry-2
U02/Zry-2
U02/Zry-?
U02/Zry-4

U02/Zr- 1/CNb
U02/Zr-l%Nb.
U02/Zr-l%Nb

t*
Coolant

Heavy water

Borated water
DIW
Light water-

Heavy water

DIW

Borated water
Heavy w ater

DIW

DIW

Eorated water
Borated water
Borated water

Pure water

5
Temperaturec ca
2/f9--293

267-2"6

180-283

60

58

276-286

284-325

277-284

ISO-283

260-200

300-330
267-296

265-284

6
Reactor coolant
chemical control
LlOH

Deionization
Ion exchanger
Deionization
Deionization
H2,LiOH, bor at ion

Deionization

Deionization
Deionization

H2,LiOH,boration

KOH , NH40H , baration
KOH, NH40H , boration
Purification

7
Power
CkW/na
40-50 (peak)

13-36
38-41

15.3
44-60.7

37-49

57.4

33-41

18-44

18-48

13-36

35 (peak)

8
Burnup
CMWd/tUD
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3. POTENTIAL FUEL DEGRADATION MECHANISMS

In this Chapter first general technical considerations are
discussed, then cladding, fuel matrix and other assembly-
component failure mechanisms; finally, mechanical handling
damages.
3.1 Technical considerations in irradiated fuel integrity
Technical considerations are discussed separately for wet
and dry storage below.
3.1.1 Wet storage
In the USA , fuel integrity considerations were analyzed in
the Waste Confidence Rulemaking /ll/ including the following:
- cladding behaviour in extended wet storage;
- behaviour of fuel with cladding breaches in extended wet
storage;

- behaviour of fuel assembly hardware, (e.g. grid spacers and
end fittings) in extended wet storage;

- durability of storage pool components (storage racks,piping,
liners) in extended storage.

The US Nuclear Regulatory Commission has ruled that "spent fuel
generated in any reactor can be stored safely and without
significant environmental impacts for at least 30 years beyond
the expiration of that reactor's operating license at that
reactor's spent fuel storage pool, or at either onsite or off-
site independent spent fuel storage installations"/12/.
The other countries in the BEFAST have not reported but
pricipally the same regulations as given above are followed
and the same considerations are valid.
3.1.2 Dry storage
Key integrity considerations for dry storage include the follo-
wing:
- maximum allowable cladding temperatures in inert and
oxidizing cover gases;

- reactions which affect the cladding on inside and outside
surfaces during dry storage;

- behaviour of cladding defects in inert and oxidizing cover
gases;

- behaviour of fuel assembly hardware in extended dry storage;
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- behaviour of dry storage system components and monitors in
extended dry storage.

Licenses for extended dry storage of irradiated Zircaloy-clad
fuel in inert gases have been granted in the Federal Rebublic of
Germany, and Switzerland. In Canada dry storage in air has been
licenced. Thus licensing authorities in those countries regard
integrity issues as sufficiently defined. In the USA, the NRC
has approved the storage of BWR Zry-clad fuel at cladding
temperatures up to 400 C , and the storage of PWR fuel at
cladding temperatures up to 370 °C in the specific metal
storage casks. The NRC also has approved an environmental
assessment for a dry storage site at the VEPCO Surry Nuclear
Plant, with a finding of no significant impact /3/.
Technically interesting questions such as those listed below are
studied continuously in different dry storage R&D programmes:
- What are suitable storage media ?
- What is the maximum cladding temperature below which a
significant amount of cladding failures will not occur ?

- How well can the cladding temperature be predicted to
ensure that the temperature limit will not be exceeded ?

3.2 Cladding degradation mechanisms
Cladding degradation mechanisms are discussed separately
for wet and dry storage.
3.2.1 Wet storage
A schematic picture of mechanisms affecting spent fuel cladding
performance during wet storage is seen in Fig.3.1 /13/.

with fission product

Degradation mechanisms

• Mechanical load to the cladding

• Water corrosion
• H2-pick up

Fig. 3.1 Mechanisms affecting spent fuel cladding performance during
wet storage [13].
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Waterside corrosion, including crud effects from outside and
mechanical loads and chemical attack by fission products from
inside are the main issues. Hydrogen pickup and redistribution
are more or less secondary effects caused by severe corrosion or
clad failures.
Most US studies to investigate durability of water reactor fuel
cladding were completed early in the 1980's and are summarized
in Ref./l/. Cladding integrity investigations included Zry-
clad fuel stored in deionized water for over 20 years; and
stainless-clad fuel stored in borated water for 5 years. No
detectable cladding degradation was observed on either fuel
type. Zry-clad PWR fuel with reactor-induced defects showed no
cladding deterioration around the defects or significant loss of
fuel by dissolution, in periods up to 8 years. There was
some evidence that the crud was beginning to soak loose from PWR
fuel cladding after storage for 8 years /14/.
In Canada a programme to evaluate long term integrity in wet
storage is going on. Initial results from this programme have
been reported elswhere /15/. The results of the characteri-
zation tests and the first set of re-examination tests showed no
apparent deterioration of either the uranium dioxide fuel or Zry
cladding due to storage in water pools for a time period up to
17 years. There were no measurable changes in oxide thickness
of the fuel clad or in UCU fuel of defective fuel elements.
High clad hydrogen levels and fuel element defects were noted in
the testing, hovever, they appear to have occurred as a result
of production techniques and irradiation or previous intentional
defecting and are not believed to be long term water storage
effects. Based on these results, the Canadian investigators
indicate that irradiated fuel is expected to maintain its integ-
rity during fifty years of underwater pool storage and that with
future results this period may possibly be extended.
Investigations carried out in the USSR (at the Novo-Voronezh and
Leningrad NPPs) for storage of fuel elements with claddings
damaged in the reactor have indicated the necessity in some
cases of providing special hermetically sealed containers to
isolate the fuel-water system. In some cases faulty fuel is
kept in open canisters filled with pool water. Studies of
faulty fuel pool-stored for several years, however, have not
revealed any appreciable deterioration.
In Sweden a study on the behaviour of a defective fuel rod was
undertaken /16/. The aim of the programme was to define the
changes in chemical and structural properties in both clad and
fuel pellets as a result of operation of a defected rod after
initial clad penetration. As a comparison, similar examination
was undertaken of an intact rod belonging to the same fuel
assembly. Both non-destructive and destructive examination
methods were used. Comparison of the two rods showed a large Cs
loss from the defective rod, especially between cladding
penetrations, where the measured loss was about 30% of the total
Cs inventory in the rod. The leachability in deionized water
proved to be higher for Cs, U and Cm for the defect rod. More
complex leaching results were obtained for Sr-90, Pu and Am.
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The defective fuel had undergone a change of structure, with
grain growth and structure reorientation, possibly due to
increased oxygen content. The cladding on the defective rod was
hydrided in some parts 716/. These results can be used in
evaluation of the behaviour of defect fuel under long terra
storage even if the operating conditions in the reactor and
consequently their effects on the defect rod have been more
severe.
Hungarian experience on aluminium-clad fuel shows that dissolved
Al in pool water enhances local corrosion of aluminium;
therefore not only the notorious Cl-ions but also Al ions
must be regarded as significant for long term storage of
aluminium-clad fuel elements.
3.2.2 Dry storage
A schematic picture of mechanisms affecting spent fuel cladding
performance during dry storage is seen in Fig.3.2 /13/.

Fuel Pellet

Fig. 3.2 Mechanisms affecting spent fuel cladding performance during
dry storage [13].

The mechanisms are principally the same as in the case of wet
storage but their order of severity is different; stress-
induced mechanisms like creep dominate among the restrictive
parameters. The higher initial storage temperatures also may
lead to higher susceptibility to fuel clad cracking by stress
corrosion or embrittlement by fission products such as iodine,
cadmium and cesium.
Most US dry storage cladding integrity studies involving
irradiated Zry-clad fuel have been conducted at the Nevada Test
site EMAD and Climax facilities and at the Battelle-Columbus hot
cells. The integrity studies at EMAD and Climax involved cover
gas analyses and selected visual examinations of seventeen PWR
assemblies (burnup, 28 000 MWd/tU) during or after resisdence in
a silo, a' vault, and deep and surface dry wells, generally at
maximum cladding temperatures below 250 C in helium cover gases.
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One assembly showed evidence of a leaking rod by elevated Kr-85
concentrations in the cover gas. There was evidence of a
leaking rod in the assembly prior to placement in dry storage.
Otherwise there is no evidence of cladding degradation in
exposures up to 7 years under decreasing temperatures. One EMAD
test involved placing of an assembly into an electrically heated
chamber in an air cover gas at a maximum cladding temperature of
275 °C. After about two months (at 270 C) cover gas analyses
for Kr-85 and helium suggested that one rod had failed /17/.
The test was terminated after two years in air without seeing
further evidence of fuel degradation. The maximum cladding
temperature declined to 220 °C when the test was terminated. To
date (Nov 1985), the cause of the rod failure has not been
determined. Estimates from gas release rates suggested that the
cladding defect size was less than 1 urn at the time of the
failure /11/. Rod internal pressures for the PWR fuel were not
sufficient that stress rupture would be expected at 275 C. An
unusually deep incipient crack offers one explanation for the
defect. However, there can only be speculation unless the
defective rod is located in a future examination. No definitive
examination currently is scheduled, but may be conducted,
particularly if the assembly is subjected to rod consolidation
/3/. While the 2-year exposure of a storage-induced defect to
air at 270-220 °C did not appear to result in gross degradation
of the fuel, there is already ample evidence that larger
reactor-induced or intentional defects will allow fuel to
oxidize and propagate the defects if exposed to air at
sufficiently high temperatures /18, 197. To date, clad
degradation has not been evident at 150 C (up to 3.5 years in
air) /20/. Two methods to circumvent potential effects of fuel
oxidation at cladding defects are: (i) to store fuel in inert
gas, or (ii) identify an acceptable temperature regime for air
storage. Work is underway in Canada, the United Kingdom and the
US to investigate air storage of U0? fuel. Dry storage tests at
the Battelle-Columbus Laboratories involved heating intact
Zry-clad PWR rods in a furnace at 480, 510 and 570 C for periods
from 31d to 320d in helium /21/. None of the rods failed.
Zry-clad BWR rods with reactor-induced defects were heated at
325 C (one rod in argon, one rod in air) for 2100 hours. The
rod exposed in inert gas showed no change in the cladding
defects /22/. Marked fuel oxidation, fuel swelling and cladding
distortion occurred on the rod exposed to air. Further tests on
defective BWR rods are underway at cladding temperatures up to
400 C. Effects of water egress characteristics during heating
are key aspects of the tests /3/.
Canadian dry storage examination programmes are discussed in
Chapter 4.1.3. No radioactive release has been observed in the
dry storage of CANDU irradiated fuel either in air at
temperatures from 50 to 25 C above ambient , or in dry and moist
air at 150 C /15/. Fuel clad cracking test programme
investigates the vulnerability of irradiated fuel clad to stress
corrosion cracking by iodine or metal vapour embrittlement (MVE)
by Cs/Cd at temperatures anticipated in long-term dry storage
facilities. Stressed irradiated fuel clad ring specimens that
have been intentionally precracked by iodine are used in 2000h
tests. The tests will encompass a range of applied stress on
the rings at temperatures from 100 to 300 °C with different
iodine or cesium/cadmium vapour pressures. Results with
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unirradiated specimens have shown that iodine drastically lowers
the critical stress intensity to cause SCC (KTqr ) in thetemperature range of 100 to 150 °C. Cesium ana cadmium appeared
to act synergistically to cause clad embrittlement; a sharp drop
in the critical stress intensity was found in the same
temperature range.
In Austria, tensile tests were carried out on Zry-2 specimens
exposed to individual simulated fission products, such as BaO,
SrO, Y9QV La„0^, Ce02, Nd^O^, Mo, Ru, Pd, Ag, Cd, Sb, Te and J,at 3£0 C up to 10 000 hours and at higher temperatures (500,
700 C) up to 2000 hours. Long-term annealing at 350 C gives
rise to a definite but small effect of rare earth oxides and
alkaline earth oxides on the mechanical characteristics of Zry.
There exists a gradation of efficiacy which comes obvious when
the results of the annealing series at 500°C are compared. La2°
embrittles Zry drastically, Y„0-, and Nd„0-, cause a medium
reduction of fracture elongation and a small enhancement of
strength of Zry specimens. CeO,-, diminishes the ultimate
elongation only slightly. Annealing at 700 C generally leads to
total embrittlement of the metal 723, 24/.
In an other Austrian investigation, the effects of simulated
fuel on Zry were studied. The simulated fuel consisted of
U02+ and the most important fission products, which were added
either as a total mixture or in groups of compounds of similar
chemical activity. In addition to temperature and time effects
also the influence of fission product concentration on the
mechanical properties and the structure of Zry were studied.
Additions of rather small quantities of rear earth oxides
unproportionally intensify the reductions of ductility caused by
long term annealings of Zry with U02+ • Low melting fissionproducts (Te+Sb+Cd) however have advantageous effect on the
ductility probably due to the reaction layers on the surface of
Zry lowering the oxidation rate. Mo, Ru and Ag have identical
effects when used together with U02 ; they slightly enhance the
strength and lower the ductility. Tne results of on-going work
indicate that small contents of fission product simulant
(mixture of SrO, Ce02, La^CU, Nd2G>3, ^2°3f Mo' Ru' Ag' Te' St>'Cd and CsJ according to tneir fission yield) in fuel have an
unproportional strong effect on the ductility of Zry.
In Japan, oxidation of Zry cladding in air have been studied.
The effect of salt on the oxidation behaviour was included in
the study, because sea water mist can be found in air at sea
coast build storage facilities. The results of the study are
presented in Figs.3.3-3.5.
Model investigations of the heat transfer from spent fuel
assemblies in dry storage casks have been undertaken in the
German Democratic Republic to study the heat transfer processes
by radiation, convection and conduction and to check and verify
calculation methods for temperature prediction. Heat transfer
between the spent fuel assembly and the cask wall, and maximum
SFA surface temperature in the cask model experiments are
discussed in their first contribution report. Heat transfer
processes inside a SFA for determining the maximum fuel rod
surface temperature are discussed in their second contribution

26



o
en
E

o 0.1
**-*

en
"ai
£

0.01

~]—l l l M l l l l Ml|———I—l l l l Ml|———T

— 350 °c

300'c

250°c

10' 10J 10' 10b

Oxidation Time ( hour)

Fig. 3.3 Weight Gain vs. Reaction Time of Zircaloy-4
Tubing in Air. (250-350°C)

10

Eu
en
E

] i i i i 1 1 1 1 | i i i rn
• -Continuous reaction

~- o- Intermittent reaction

1.0
ce
O
_
gi
'01

0.1

10 103 10*
Oxidation Time (hour)

Fig. 3.4 Weight Gain vs. Reaction Time of Zircaloy-4
Tubing in Air .{350-500°C)

Oxidation Time ( hour )
Fig. 3.5 Weight Gain vs. Reaction Time of Zircaloy-4

Tubing in Air.
—•--^Specimen was dipped in sea water before

the oxidation test.
—A— ; Specimen was dipped in sea water before

the oxidation test and times indicated by
arrows.

27



report and the final report. The results are applicable to
general heat transfer problems as they have to be considered for
different storage methods, e.g. the storage of several SFAs in a
cask or the storage of one SFA in a can. They provide a better
understanding of the mechanism of internal heat transfer under
dry storage conditions and permit a more accurate prediction of
fuel cladding temperatures. Measurements in the model cask in
vacuum, and in different gaseous coolants (air, argon, helium)
can be summarized as follows: Under normal pressure within the
model cask, the best heat removal conditions are achieved by
using helium as cooling gas. The central coolant temperature
measured in the original cask under equilibrium conditions
allows an approximative assessment of the maximum SFA surface
temperature. The radiant heat exchange between the assemblies
in the cask as like as between the fuel rods in the assembly can
be calculated with sufficient accuracy by the computer programme
/25/ . The method also allows the maximum surface temperature
of fuel rods in the SFA to be calculated approximately in
dépendance on heat rate and SFA surface temperature. By
increasing the internal cask pressure, the heat transfer in the
SFA can be considerably improved and, hence, the maximum fuel
rod temperature is considerably reduced. Heat transfer by
convection becomes the dominant process. Above all, pressure
increases in the range from 0.1 to 0.5 MPa are effective for
improving heat removal. For the calculation of the total heat
transfer and the prediction of the maximum fuel cladding
temperature in the SFA the computer programme 726/ has been
developed and verified by means of the model experiments. The
computer programme calculates the axial and radial temperature
distribution of the SFA, taking into account all heat transfer
processes by radiation, convection and conduction. It can be
applied to the original SFA to predict fuel cladding
temperatures in dependence on decay heat, type of cooling gas
and cooling gas pressure in vertical storage position.
3.3 Fuel matrix degradation mechanisms
Oxidation of uranium dioxide if oxygen is available in the
storage environment is the most important fuel degradation
mechanism in dry storage concepts.
3.3.1 U02 Oxidation
Experience has indicated that cladding degradation occurs
when cladding defects expose UO« fuel to oxidants in a tempe-
rature regime where significant oxidation can occur. Certain
U02 oxidation products have larger volumes than the U02from which they form, illustrated by the reaction:

3 U02 + 02 = U30g. /3/.
U0~ oxidizes initially to U307 in air or oxygen at temperaturesup to 250 °C. Below about 135 C, °<-Uo07 is formed, above about
150 °C, /3-Uo07 is formed. U-,0R can nucleate from /3-U-.0- attemperatures of about 200 °CT
Work to date (Nov 1985) demonstrates that when cladding
defects are sufficiently large (e.g. 0.8 mm) oxidation can
proceed at 240 C and above, which elongates the defect and
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can cause splits in the cladding at sufficiently severe time/
temperature exposures /18, 21, 22, 27/.
Definition of potential oxidation impacts are relevant to
storage, shipment, abnormal events and lag storage facility
designs . Therefore fuel oxidation studies are underway in
Canada /20/, the United Kingdom /28/ and the USA /29/.
Investigation of thermal conditions which will be acceptable
for air storage is a major consideration in the studies. The
studies involve several approaches /3/:
- unirradiated, unclad UO« with and without gamma radiation
- irradiated, unclad U02 with and without gamma radiation
- irradiated, clad UO« with and without gamma radiation.
Several parameters are under investigation /3/:
- temperature
- time
- moisture effects
- radiation effects
- U02 density
- fuel burnup.
Fundamental points that must be resolved for irradiated U0? fuel
are: (i) Is o<-U.,07 stable at temperatures =< 150 C, or does it
gradually convert to /J-Uo07, even at such relatively lowtemperatures? (u) Is there any temperature below which /i-U.,07is stable? (iu) Is U^Oo formed only from /î-U,07 or does italso form f rom «><-U307? (iv) The relative rate of the reactions:

2 U30? + 02 = 2 U308
(v) Does irradiation always increase the UO« oxidation rate?
Figure 3.6 indicates that the weight of PWR spent fuel
significantly increases due to oxidation in a few thousand hours
in air at temperatures as low as 200 °C /30/. A potentially
significant factor in the dry storage of spent LWR fuel in
unlimited air is radiolysis . The gamma irradiation from spent
fuel in a dry storage cask is sufficient to produce strong
oxidizing radiolytic products that may increase the oxidation
potential or increase the kinetics for fuel oxidation /30/.
Radiation effects on spent fuel oxidation are being
investigated. The composition of U02 fuel is significantly
changed during irradiation. Approximately 2 at . % of fission
products are introduced by each 10 000 MWd/MTU of fuel burnup.
The changes in composition with increasing fission products have
a significant influence on the chemical properties of the fuel.
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Fig. 3.7 Effect of burnup on the induction time for powder formation
in spent LWR fuel (230° C data from Ref. [30], 229°G data
from Ref. [31J, 250° C and 280°C data from Ref. [32]).

The effect of spent fuel burnup on the time to form U^Op is
shown in Fig.3.7 730, 31, 327. Consequently it appears that the
burnup of spent fuel may be an important factor to consider in
establishing criteria for dry storage in unlimited air. The
preliminary indication is that increasing burnup delays onset of
powder formation 737.

3.3.2 Uranium alloy oxidation
No data reported in connection with the BEFAST CRP.
3.4 Degradation in other fuel assembly components
In addition to fuel rods, fuel assemblies contain other
metallic components such as tie plates, grid spacers, springs
water rods, guide tubes, tie rods etc., in which also other
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materials than Zry are used. Stainless steels and high-nickel
alloys in different shapes are most common in these components;
thus, their mechanical integrity also has to be considered.
In the USA, a PWR assembly separated from an upper tie plate
during handling,due to failure of stainless steel guide tubes at
stressed and sensitized locations /3/. Other degradation in
fuel assembly components has not been reported.
3.5 Mechanical damage in storage, handling and transfers
Thirty-four fuel bundles have been dropped in the US and other
countries. A few fuel rods have been bent, broken, or dropped.
However, in most cases when fuel bundles or rods were damaged
during handling, the fuel cladding damage that did occur was
generally minor (i.e. no breaching of the fuel cladding or
release of radioactive gases or solids) /3/.
Results of US studies of mechanical damage to LWR fuel bundles
and rods have been reported /33/, suggesting that the
frequency of significant damage to fuel cladding in handling and
shipping is low.
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4. SPENT FUEL SURVEILLANCE

Spent fuel surveillance consists of all planned activities which
are performed to ensure that the condition of fuel assemblies
remain within the prescribed limits. Surveillance programmes
usually include continuous or periodical monitoring of both
spent fuel and the storage environment. In the following,
surveillance programmes and examination techniques are discuss-
ed for both wet and dry storage. Conventional examination
techniques are not described in detail.
4.1 Fuel surveillance programmes
Among the BEFAST participants, different types of surveillance
programmes, connected with spent fuel storage, are proceeding in
Canada, the CSSR, Finland, the USA and the USSR.
4.1.1 Routine wet storage
On-going US wet storage surveillance efforts are summarized in
Ref./34/. The report includes frequent assessment of License
Event Reports and other literature sources for events occurring
in spent fuel pool operations. The interpretation includes
awareness for patterns which could suggest that a generic
problem is developing /3/.
In Finland , at the Olkiluoto power plant (BWR) , spent fuel
surveillance consists of pool water surveillance (see 5.1) and
periodical spent fuel inspections. In addition, condition of
fuel is observed by the operators during handlings, transfers
and storage. To date, two bundles have been chosen for the
periodical surveillance in the reactor pools. Visual
inspections by a periscope and oxide thickness measurements
using eddy-current equipment are performed regularly. In 1987
when the KPA-store (spent fuel storage of AFR-type at the
reactor site /5/) is completed, the above-mentioned bundles and
one additional bundle with high burnup (about 40 000 MWd/tU)
will be transferred to that store , and the programme continues
there. Inspections have been performed in 1982 and 1985;
depending on the results of the next inspection (1987) the
length of the further periods will be decided (5-10 years).
Also, experience gained in other countries affects future
decisions /5/.
4.1.2 Special wet storage
In Canada nineteen bundles from the Douglas Point, Pickering and
NPD generating stations and the Chalk River NRU prototype
reactor are included in the examination programme. The oldest
bundles have been stored in water pools since 1962. Seven
destructive and non-destructive tests have been selected to
characterize the elements initially and in subsequent
re-examinations after further wet storage periods. The tests,
which will determine if there has been any deterioration of
either the uranium dioxide fuel or the Zry cladding, are as
follows: (i) Neutron radiography, (ii) Fission gas analysis,
(iii) Hydrogen and deuterium analysis, (iv) Ring tensile tests,
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(v) Visual examination, (vi) Metallographie examination, (vii)
Torque tests. The original re-examination period was every five
years. However, based on the results obtained, this period has
been increased to ten years. The second set of re-examination
tests is scheduled for 1988, and the final set for 1998. This
will give the results of any fuel deterioration for wet storage
up to 40 years.
Results of US surveillance programmes to investigate integity of
Zry-clad and stainless-steel-clad LWR fuel have been reported
earlier elsewhere /l, 19/.
4.1.3 Dry Storage
Canadian dry storage (surveillance) programme consist of three
concrete canister experiments: The ERB (Easily Retrievable
Basket) investigates the stability of irradiated and pre-
characterized fuel bundles stored in dry air at seasonally
ranging temperatures. The experiment was started in October
1978. Temperature of the bundles is recorded and the air in the
ERB monitored. The CEX-1 (Controlled Environment Experiment)
investigates the stability of irradiated and precharacterized
fuel in hot (150 C) dry air in a modified concrete canister.
Also, deliberatly defected rods are included. The experiment
was started in October 1981. First interim examination was
scheduled after about 3 years of storage. The CEX-2
investigates the stability of irradiated and precharacterized
fuel bundles under hot (150 C) moist air; again, deliberately
defected fuel is included /15/.
Dry storage surveillance in the US has been conducted in
unlicensed facilities at federal sites /6/. It has comprised
combinations of the following methods: (i) Cover gas analysis,
(ii) Visual inspections and destructive fuel examinations, (iii)
Humidity monitoring, (iv) Temperature monitoring, and (v)
Radiation monitoring /3/.
4.2 Non destructive fueLexaminations
Non destructive fuel examinations include those measurements
of fuel rod or assembly which don't affect the capability of
fuel rod or assembly to perform their design function.
4.2.1 Routine techniques
Visual inspection is the most commonly used inspection technique
both in pools and in hot cells. Often it is used in selection
of objects for other inspections. Binoculars, periscopes, and
television equipment are used both underwater in pools and in
hot cells. Inspection results are usually documented by "defect
maps", photographs or videotape.
In a Hungarian BEFAST contribution, an underwater telescope
device developed at the Central Research Institute for Physics,
Budapest, is described. It allows remote underwater viewing of
fuel assemblies vertically and also horizontally. The unit
operates below the water level to a depth of 20 m while water
fills up the tube, providing complete radiation shielding for
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the viewer. Since no radiation sensitive optical element is
built in at the lower end of the unit, diminishing of optical
image quality due to browning, reflection losses and distortion
is eliminated. Magnification can be continuously controlled in
the range of 20 to 250 X. Photo and TV cameras can be coupled to
the eyepiece. The complete system includes illumination and
support as well. The telescope is designed for use in vibrating
environments. It provides a stabilized image with 0.03-0.3 mm
resolution.
Oxide layer thickness measurements in the pool can be performed
using eddy-current equipment. Measurements from the rods in the
outer rows of the assembly are possible without disassembling
the bundle (if the rods are visible).
Sipping can be used in locating leaking fuel assemblies in the
pools. Different types of equipment are available (wet and dry).

4.2.2 Special techniques
Neutron radiography is used to detect hydrogen (in form of
water) and to find defective fuel cladding. It cannot identify
the exact location of the defects, but the positions of hydrided
clad can be obtained. Possible fuel losses and changes in fuel
geometry can be measured from the radiographs with limited
accuracy. Neutron radiography can only be used in the places
where an appropriate neutron source, like a research reactor, is
available.
Gamma spectrometry can be used to measure changes in fission
product inventory in a fuel rod. Possible losses of fuel and
fission products can be determined. Axial Cs-134 and Cs-137
gamma profiles of the rods are the most commonly used
presentation forms in the reports. Gamma measurements can be
performed both in pools and hot cells; only loose fuel rods can
be scanned readily.
Eddy current is used in defect mapping of fuel rods. Exact
measurements require encircling coils; thus, disassembly of the
fuel bundle is necessary. EC-inspections can be performed both
in pools and in hot cells.
Ultra-sonic methods can be used in detecting leaking rods in a
fuel assembly. Different equipment is available for detecting
water inside the fuel rod either through the end plug or through
the cladding.
4.3 Destructive fuel examination techniques
Fission gas analysis includes measurement of the volume and
chemical composition of the gas released from a punctured rod.
Periodical measurements from sibling rods will show possible
changes in fission gas releases during storage. There exist
methods for filling the punctured hole; thus further storage of
the punctured rods is possible without any special arrangements.
Metallographie examination is a close visual examination of
surface or cross-sectional features of a fuel rod. Fuel and
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cladding microstructure including oxide thicknesses, hydrides
etc. are usually documented. Autoradiographs taken from rod
cross-sections can be used to estimate fission product
concentrations. As a part of the metallographic examination,
cladding samples can be analyzed for hydrogen (and deuterium)
content.
Mechanical testing such as ring tensile, burst and torque tests
can be used in examining any changes in mechanical properties
caused by storage. Weld areas in the rods are of special
interest. Elevated temperatures can be used in testing.

35



5. STORAGE COOLANT SURVEILLANCE

Storage coolant surveillance cover both coolant monitoring
and coolant purification . Wet and dry storage are discuss-
ed separately.
5.1 Wet storage
In Finland, at the Olkiluoto power plant, conditions in the
pools are followed by controlling activity and water chemistry.
Spent fuel surveillance programme contain recording of the time
behaviour of gamma activity, Cl-, Fe- and F-content, pH,
conductivity and solid impurities (SiO~, filter rest) in the
pool water. Actual values of the above mentioned parameters are
collected yearly from the routine operation control records.
Principally the same system will be followed in the coming
independent spent fuel storage facility, the KPA-store /5/.
In the CSSR, at V-l NPP Jaslovske Bohunice, spent fuel is stored
in the water containing over 12 g/1 of boron acid.
Radionuclides in the water are analyzed periodically. To date
spent fuel is stored in the pools no more than five years. No
increases of specific activity have been detected even if the
purification station of the pool has been disconnected during
the storage. During reactor refuelling the storage pools are in
connection with the reactor pool causing activity increase in
the water. The pool water purification stations consist of four
filters; two mechanical, cation exchange and anion exchange
filters; and one ion catcher. Total activity of the water
during refuelling is of order 10 Bq/1 and during reactor
operation, when the contitions in the pool are stabilized, of
order 10 Bq/1. Activity behaviour of different isotopes versus
time in the storage pool water purification process is shown in
Fig 5.1.

10

Ci-137

72 120

Fig.
. .•time /hours/

5.1 Activity behaviour of different isotopes vs. time in the
storage pool water purification process of the V-l Nuclear
Power Plant Jaslovske Bohunice.
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In the USSR, most storage pools are of the same design. Pool
water is maintained at standard quality by means of a two-stage
pool water purification system. The suspended corrosion products
are removed by mechanical filters, and the dissolved salts by
ion-exchange filters (Fig.5.2). Operating simultaneously, the
two stages remove radioactive contamination from the water. The
purification system comes into operation as necessary, that is,
when the impurity content indicates certain preselected
parameter levels. Experience to date shows that the existing
purification procedure ensures an adequate degree of corrosion
resistance in the storage pool materials, does not have any
significant influence on the function of fuel elements (even
in the case they are returned to the reactor), and ensures safe
radiation levels- for the staff and the environment; also when
faulty fuel elements are present in the pool.

R e g e n e r a t i v e _ _
j.atuC-loa_ftoa_ /

Fig. 5.2 Schematic diagram of a system for cooling and purification
of storage pool water in the USSR: (1) Pump, (2) Heat exchanger,
(3) Perlite rinsing filter, (4) and (5) Ion exchange filters,
(6) Monfejus, (7) Perlite pulp preparation, (8) Rinsing pump,
(9) Trap.
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In the Japanish contribution, a very detailed description of
water treatment and control systems of the fuel storage pool at
PNC Tokai reprocessing plant is given. An outline of the pool
water treatment circuit is shown in Pig.5.3 and a list of the
main equipment of the pool water treatment is given in Table
5.1. The temperature (20-30 °C) /^conductivity., ( <3;ü.*Vcm , pH
value (5-6) and radioactivity (10 -10" ^uCi/cm ) of the water
are measured to maintain safe operation. The values in the
brackets depict normal range. When the pressure drop of the
filters indicate more than 0.4 kg/cm , a filter washing with air
and water feeding is necessary. When the conductivity becomes
more than^lO ̂ uA/cm, or the radioactivity becomes more than
0.3mCi/cm , ion exchange regeneration is carried out by l N HNCU
for cation resins and l N NaOH for anion resins.

Ion exchange column

(cat ion) (aniocO

Fig. 5.3 Pool water t reatment c i rcu i t of the storage pool at PNC
Tokai reprocessing p lan t .
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fable 5.1: LIST OF THE MAIN EQUIPMENT OF THE POOL WATER TREATMENT
FOR THE FUEL STORAGE POOL AT PNC TOKAI REPROCESSING PLANT

Name

Filter

Heat
exchanger

Pump

Cation
exchange
column

Anion
exchange
column

Pump

Number Characteristics

3 Vertical cylindrical tank
Hold up
Filtering sand volume
Outside diameter
Height
Sand diameter
Material

2 Vertical plate type

16 m3
5.5 m3
3 m
2.7 m

approx. 1 mm
SUS304L

Cooling capacity 1.22 * 106 kcal/hr
Material

2 Horizontal centrifugal
Output
Discharge pressure
Material

1 Vertical cylindrical tank
Hold-up
Strong cationic resin

(DIAION SKN 1)
Outside diameter
Height
Material

1 Vertical cylindrical tank
Hold-up
Strong anionic resin

(DIAION SAN 1)
Outside diameter
Height
Material

1 Horizontal centrifugal
Output
Discharge pressure
Material

Titanium

170 m3/hr
3.5 kg/cm2''
SCS14

2.8 m3
1.1 m3

1.2 m
2.8 n
SUS304L

2.8 m3
1.1 m3

1.2 m
2.8 m
SUS304L

30 m3/hr
3.5 kg /cm2
SCS14

Hungarian studies on the spent fuel storage pool of the WWR-
research reactor revealed that the water, although regularly
purified, was contaminated in the deeper parts of the pool where
the storage tubes prevented coolant mixig. The conclusion was
that purification of the water should be effected in such way
that the water is thoroughly mixed in order to homogenize the
remaining contaminants.
5.2 Dry storage
Coolant monitoring system of a Japanish dry storage facility is
shown in Fig 5.4. Slightly subatmospheric air environment
in drywell is chosen for that any slight leakage will be
inwards. The pressure in dry wells is maintained at between 50
and 120 mb below the atmosphere. The environmental air in the
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Fig. 5.4. Monitoring system of dry storage facility for JRR-3 spent fuel.

drywell is circulated by blowers during the working hours for
radiation monitoring. At this period, radiation level of the
environmental air is monitored by a plastic scintillation
counter. The location of leaky fuel elements and canisters can
be determined by valve operation. The fuel elements don't need
active cooling because of low burnup and long cooling time.
Accordingly, no cooling system is needed. Pressure variation in
this system is continuously monitored to find fission product
gas release (Kr-85). The system is also provided with
dehumidifier so that humidity can be kept below 20% relative
humidity to prevent corrosion of aluminium cladding.
In Canadian dry storage experiment, the ERB, air in the
basket is monitored for radioactivity to detect if any of the
bundles fail during storage.
In the USA, dry storage coolant monitoring comprises cover gas
analysis, humidity monitoring, temperature monitoring, and
radiation monitoring /3/.
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6. STORAGE EQUIPMENT SURVEILLANCE
AND POTENTIAL DEGRADATION MECHANISMS

Stainless steels are used both as liner material of the water
pools and as construction material in storage racks. In dense
srorage racks, boron steels are used as neutron absorber and
rack material. Aluminium alloys are also used in storage racks
and baskets, often as matrix of boron compounds, or in sandwich
structures. Welding is used most often in construction of the
facilities; thus, integrity of the welds must be addressed. All
local corrosion phenomenomes such as pitting, crevice corrosion,
galvanic effects and stress corrosion are of special interest
among potential degradation mechanisms. Effects of loose
corrosion products (crud) on component surfaces has to be taken
into account in behavioural assessments.
6.1 Liners
In the USA the stainless steel liner at the Barnwell spent fuel
storage facility was visually inspected while it was dry. The
the pool had not been used to store irradiated fuel, but had
been exposed to deionized water for seven years prior to the
inspection. The liner material is 304L stainless steel. There
was no evidence of significant degradation of the liner,
including welds and contacts with aluminum storage racks /3/.
In Japan , an evaluation of liner (and other SS) corrosion has
been made on the basis of periodical quantitative analyses of
the micro-elements Fe, Cr and Ni in pool water. Measurements
were performed monthly and the data were analyzed statistically.
Measurements of dissolved oxygen and clorine concentration were
also performed to know the environmental factors relating to the
corrosion. A corrosion rate value of 2.6 x 10" mm/year was
obtained. This is very small when compared with the liner
thickness of 3 mm.
In the Soviet contribution,, a corrosion rate value of 4 x
10 mg/(m h) (= 4.4oX 10 mm/year, if density of the
material is 7.9 g/cm ) is given for stainless steels, when
water conforms to the required quality norms.
Corrosion behaviour of different types of stainless steels in
laboratory scale tests have been studied in Austria 735, 36/ and
in Finland. Stress corrosion tests in simulated pool water
taking into account affects of impurities and crud have been
undertaken. Behaviour of weld areas, including potential
sensitization, has been of special interest in the tests.
Materials of the types AISI 304 (both low and high carbon), AISI
316 and AISI 321 have survived the tests without any marked
degradation. Galvanic effects, crevice and pitting corrosion
have also been studied in connection with static stress
corrosion cracking tests of AISI 304 type steels. Sulphite ion
in the water was found to be the most agrressive impurity of the
tested in respect of pitting corrosion. Strong pitting was
found in sensitized AISI 304 specimens in the solution
containing 2 ppm of Cl~, 2 ppm of F~ and 2 ppm of S . The
latter solution caused pitting also on the sensitized AISI 316
specimens.
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6.2 Fuel storage containers, racks and baskets
In the USA , at the Barnwell pool, the aluminum racks had some
shallow pits, but structurally appeared to be essentially non-
degraded. Surveillance on stainless steel and aluminium storage
pool components has been reported in Ref./l/ and /IB/.
In the CSSR, electrochemical corrosion monitors and the problems
associated with the surveillance of spent fuel storage
facilities have been studied. Their experience shows, that
electrochemical corrosion monitors represent an important part
of the complex diagnostic system, which comprised, in addition,
visual observations, TV recording, gravimetric coupons,
thickness measurements - directly and by an ultrasonic method -
chemical analysis of the corrosion environment, calculations of
the corrosion product balance, etc. The corrosion monitor is
the only tool which is applied continuously. The other methods
are applied either periodically, or occasionally. To date,
experience has been gained by controlling inhibitor dosage into
heavy water at the power reactor Al and at some chemical plants.
Research is going on to apply corrosion monitors for spent fuel
storage . The spent fuel storage facility does not reguire
pressure probes. Uniform corrosion rate is low and the
indication of passive or locally active corrosion state is more
significant. The long term durability of probes under moderate
operational conditions is important. Research work in the first
stages is concerned with the identification of passive and
locally active states. Two methods are followed: (i)
Identification of passive/active corrosion-state transitions by
means of threshold values of polarization resistance. (ii)
Identification of local corrosion attack by electrical current
transitions without polarization from the external source.
In Hungary, electrochemical methods have been used in studying
local corrosion of aluminium. Impedance measurements , current
noise analysis, cyclic voltametry and selective staining of the
damaged surface are the methods used in their laboratory tests .
In Austria, corrosion properties of a boron-type stainless steel
(4 CrNiMoB 18 12), used as a neutron absorbing material for
compact storage racks have been studied . Specimens were
immersed into the pool of the research reactor at the Austrian
Research Centre Seibersdorf for exposure of 15000 h. Also tests
in distilled water (some with small addition of simulated
fission products) at temperatures of 40, 60, and 80 C were
conducted. Welds were included in the specimens. Only slight
corrosion effects could be detected. The visible corrosion
attack was generally of the pitting type. The number of pits
had a large statistical scatter and seemed to be independent of
the water temperature. Moreover there was no marked difference
between welded and unwelded specimens. Weight loss of the
specimens was extremely small. There was some evidence for a
faint boron-depletion on the surface of water exposed specimens
7367.
6.3 Fuel handling equipment
Periodical inspections of fuel handling equipment belong in
general to the plant maintenance programmes and thus are not
discussed in connection with storage surveillance programmes.
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7. CONCLUSIONS

Wet storage continues to operate in a routine manner. There
have been no serious events in any of the BEFAST countries.
None of the reported events has caused serious consequences.
To date the results of dry storage development programmes have
not shown any fundamental problems.
Generally, the BEFAST CRP provided a good forum for change of
information on spent fuel storage area. In addition to the work
performed under research agreements, different survey reports,
spent fuel storage glossary, consultant meetings etc. belonged
to the scope of the co-operation. In the following, results of
the CRP are compared with the general objectives of the
programme :
The first objective was to survey the existing experience in
spent fuel storage. To meet this , a world survey was done and
the results were published in 1982 /!/. An up-dating of the
experience will be published in 1987 on the basis of the new
survey done in 1985.
The second objective was to investigate spent fuel by
destructive examinations before and after extended storage
periods. Destructive examination results have been reported
both before and after storage, to date, the only data is on
Shippingport fuel (USA) which had been in wet storage for some
25 years . However, also other programmes are underway where
after storage examinations are planned.
The third objective was to investigate potential cladding
degradation mechanisms. This has been done in many
contributions; Theoretical calculations, laboratory experiments,
pilot tests and full scale storage experience have produced a
remarkable data base which indicates that all the known
degradation mechanisms can be excluded in proper storage
conditions.
The fourth objective was to evaluate suitable NOT methods for
surveillance. This has been done and is going on all the time.
A lot of experience has been gained of the conventional methods
and also new methods are under development work.
The fift and last general objective was to investigate the
behaviour of spent fuel pool equipment. Pool liner-, rack- and
absorber materials reserch results have been reported by many
participants, thus also this objective has been met.
Table 7.1 summarizes the BEFAST-results . The headlines in the
table are comparable to the programme matrix given in Table 1.1.
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Table 7.1: Summary of the results of the BEPAST

A. Spent Fuel (Zirconium alloy cladding)
A.I Spent Fuel - undamaged
A.1.1 Clad/Water interface (Clad/Cover gas)

( oxidation, stress corrosion cracking, pitting, crevice
corrosion, hydriding, galvanic effects )
WET STORAGE

-all known failure mechanisms
can be excluded in proper
storage conditions.

DRY STORAGE
-no problems in inert gas as
long as the storage temperature
is limited to 450 C (not li-
censed temperature)

A. 1.2 Clad/Fuel interface
( fission produc attack, water logging, internal

hydriding)
WET STORAGE

-all known failure mechanisms
can be excluded in proper
storage conditions.

A. 2 Spent Fuel - failed
( leaching, canning, defect behaviour )

DRY STORAGE
-no problems in inert gas as
long as the storage temperature
is limited to 450 °C (not li-
censed temperature)

WET STORAGE
-in some cases, defected fuel
is stored in canisters, how-
ever, no cladding deteriora-
tion or significant fuel loss-
es or changes in defects have
been detected.

DRY STORAGE
-air storage at sufficiently
high storage temperatures
can deteriorate the fuel near
the defects.Storage in inert
gas or at an acceptable tem-
perature in air ( 200 C)is
required.

B.Surveillance
( visual, radiation monitoring, NOT, DT )

WET STORAGE
-both fuel and environment is
monitored, different conven-
tional and special methods
available in different prog-
rammes . Development work on
methods is going on.

DRY STORAGE
-only storage environment is
monitored during storage. Fuel
is periodically retrieved for
interim examinations in some
demonstration programmes.
Kr-85 in the cover gas indi-
cates fuel failures.
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(corit. )
Table 7.1: Summary of the results of the BEFAST

C. Pool Components( stress corrosion cracking, uniform, pitting, crevice and
galvanic corrosion )

WET STORAGE DRY STORAGE
-experience on liner- and rack- -dry storage storage facilities
materials indicate no deterio- not studied in regard to cor-
ration under proper storage rosion.
conditions (water chemistry).
Pitting found in stainless
steels when sulphur ( 2ppm) in
the water. Pitting of alumin-
ium possible if high Al
content in the water.
IGSCC possible on sensitized
SS also in very good water
conditions

D. Basic Studies
( effect of crud, cladding stress, galvanic hydriding,
radiolysis, pellet- clad interactions, simulated
defects )

WET STORAGE DRY STORAGE
-theoretical and experimental -calculation methods for heat
studies going on on corrosion removal of storage cask have
monitoring methods. been developed. Oxidation

mechanisms of both zircaloy
and uraniumdioxide studied.
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8. RECOMMENDATIONS

Further routine surveillance of wet storage seems justified to
assure that no substantial problems are developing in what has
become a major world-wide management technology.
The suggestion that crud may be loosening at least on some LWR
fuel in extended wet storage deserves additional definition
though it is not likely to result in major impacts during
subsequent fuel handling.
Rod consolidation appears to offer more efficient use of wet
and dry storage space. However, efficient and economical
methods to conduct large-scale consolidations and store and
dispose of hardware need to be demonstrated.
In wet storage, further research aimed at improving the
technology and reducing both the capital and operational costs
of spent fuel storage facilities is needed :
-to refine water chemistry further and improve the means of
maintaining it;
-to study the selection of structural materials for storage
pools, partly with a view to identify materials which are less
expensive and more readily available; and
-to study the behaviour of spent fuel in prolonged storage,
especially fuel with damaged cladding.
Continuation of the research co-operation on spent fuel storage
area was considered very important among the BEFAST participants
and also other leading nuclear countries. Therefore, a
continuation programme, BEFAST-2, was planned for the years
1986-1991. Eight different areas of interest have been
identified: (i) Further collection of data on dry and wet
storage experience to confirm the safety of available storage
concepts (includes also experience on consolidated fuel), (ii)
Spent fuel monitoring (monitoring/ inspection methods for spent
fuel, storage components and storage environment), (iii)
Decontamination and cleaning of spent fuel storage, transport
and handling facilities (effects on fuel assemblies and storage
materials), (iv) Handling and transport of spent fuel after
interim storage (experience, effects on fuel assemblies) (v)
Storage of defected fuel (growth of defects, impacts on safety),
(vi) Super long-term storage ( 100 a) of spent fuel in wet and
dry storage facilities (extrapolation of present experience,
validity of extrapolated data, accelerated tests etc.), (vii)
Development of predictive models for the behaviour of spent fuel
during and after interim storage (material aspects, failure
mechanisms), and (viii) Crud impact on spent fuel integrity.
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