o N
. N

asM [eldO Jod

2(0T02)H/INSD/VAN

For Official Use

Organisation de Coopération et de Développement Economiques
Organisation for Economic Gaperation and Development

NEA/CSNI/R(2010)7

15-Dec-2010

Kluo 1xa1 ys1bug

NUCLEAR ENERGY AGENCY
COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

Nuclear Fuel Behaviour during Reactivity Initiated Accidents

Workshop Proceedings

9-11 September 2009
OECD Headquarters, Paris, France

JT03294450

Document complet disponible sur OLIS dans son format d'origine
Complete document available on OLIS in its original format

English text only



NEA/CSNI/R(2010)7

ORGANISATION FOR ECO NOMIC CO -OPERATION AND DEVELO PMENT

The OECD is a unigue forum where the governments of 33 dewiesrwork together to address the economic, social and
environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and to help govesporht®
new developments and concerns, such as corporate governanicgotimation economy and the challenges of an ageing population. The
Organisation provides a setting where governments can compare policy experiences, seek answers to common problenmadidentify g
practice and work to eordinate domestic and internatarpolicies.

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, the Czech Republic, Denmark, Finland, France,
Germany, Greece, Hungary, Iceland, Ireland, Israel, Iltaly, Japan, Korea, Luxembourg, Mexico, the Netherlands, NevwNZpatand,
Poland, Portugal, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the UnitétieStates
European Commission takes part in the work of the OECD.

OECD Publishing disseminates widely the results of the Orgaat i onds statistics gathering and
environmental issues, as well as the conventions, guidelines and standards agreed by its members.

This work is published on the responsibility of the SecreBemgeral of the OECD.
The opnions expressed and arguments employed herein do not necessarily reflect the official
views of the Organisation or of the governments of its member countries.

NUCLEAR ENERGY AGENCY

The OECD Niclear Energy Agency (NEA) was established 8rFébruary 1958 under the name of the OEEC European Nuclear
Energy Agency. It received its present designation dh Afril 1972, when Japan became its first fiemropean full member. NEA
membership today osists of 28 OECD member countries: Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland,
France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Korea, Luxembourg, Mexico, the Netherlands, NorwgythBortuga
Slovak Repubt, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States. The European Commission also takes
part in the work of the Agency.

The mission of the NEA is:

i to assist its member countries in maintaining and further developing, throteyimaitional ceoperation, the scientific,
technological and legal bases required for a safe, environmentally friendly and economical use of nuclear energy for peaceful
purposes, as well as

i to provide authoritative assessments and to forge common undergtaod key issues, as input to government decisions on
nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable development.

Specific areas of competence of the NEA include safety and regulation of nucleareactidtiioactive waste management,
radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law yndnélpiliblic
information.

The NEA Data Bank provides nuclear data and computer program sdorigesticipating countries. In these and related tasks, the
NEA works in close collaboration with the International Atomic Energy Agency in Vienna, with which it hasgetdion Agreement, as
well as with other international organisations in the nudie&.

Corrigenda to OECD publications may be found onlinevatw.oecd.org/publishing/corrigenda
© OECD 2010

You can copy, download or print OECD content for your own use, and you can include excerpts from OECD publications, atatatvedésedia mducts in your own documents,
presentations, blogs, websites and teaching materials, provided that suitable acknowledgment of OECD as source aongveepisigiten. All requests for public or commercial use and
translation rights should be submittedights@oecd.orgRequests for permission to photocopy portions of this material for public or commercial use shall be addressectioir€xlyytaght
Clearance Center (CCC)iafo@copyright.conor the Centre francais d'exploitation du droit de e¢fiFC)contact@cfcopies.cam




NEA/CSNI/R(2010)7

COMMITTEEON THE SAFE TY OF NUCLEAR INSTAL LATIONS

Within the OECD framework,he NEA Committee on the Safety of Nuclear Installations (CSNI) is an
international committee made of senior scientists and engineers, with broadsibgities for safety
technology and research programmesyall asrepresentatives from regulatory authorities. It was set up
in 1973 to develop and eardinate the activities of the NEA concerning the technical aspects of the design,
construction andperation of nuclear installations insofar as they affect the safety of such installations.

The committeés purpose is to foster international-gperation in nuclear safety amongst tREA

member countries. The CSHI main tasks are to exchange technicdbrmation and to promote
collaboration between research, development, engineering and regulatory organisations; to review
operating experience and the state of knowledge on selected topics of nuclear safety technology and safety
assessment; to initiatené conduct programmes to overcome discrepancies, develop improvements and
research consensus on technical issaedto promote the cordination of work that sergeto maintain
competence in nuclear safety matters, including the establishment of jdartakings.

Theclear priority of thecommitteeis on the safety afiuclear installations and the design and construction
of new reactors and installationSor advancedreactor designshe committeeprovides a forum for
improving safety related knowledg@d a vehicle for joint research

In implementing its programme, the CSNI establishesprate mechanisms withe NEAG Committee

on Nuclear Regulatory Activities (CNRAhich is responsible for the programme of the Agency
concerning the regulation, #asing and inspection of nuclear installations with regard to safety. It also co
operates witlthe otheNEAG Standing Committees as well as with key international organizations (e.g.,
the IAEA) on matters of common interest.
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FOREWORD

A reactivity initiated accident is a nuclear reactor accident that involves an unwanted increase in fission
rate and reactor power. The power increase may damage the reactor core, and in severe cases, even lead to
disruption of the reactor. A few such accidents occumeatieé early days of research reactors. These early
reactivity initiated accidents led to design improvements, which were implemented in later generations of
research reactors and, more importantly, in commercial power generating reactors.

The NEA Working @Goup on Fuel Safety (WGFS) is tasked with advancing the current understanding of
fuel safety issues by assessing the technical basis for current safety criteria and their applicability to high
burnup and to new fuel designs and materials. The group aifasildating international convergence in

this area, including as regards experimental approaches and interpretation and the use of experimental data
relevant for safety.

To contribute to this task the Workbkhiopi aned NAct i
was held in Paris, France, onl@ September 2009. The workshop was organised jointly by the
ACommi ttee for t he Safety of Nucl ear I nstall at
Radi oprotection et de S%ret® Nucl ®aireo (I RSN).

The current proceedings provide summary of the results of the workshop with the text of the papers given
and presentations made.

ACKNOWLEDGMENTS

Gratitude is expressed to Marc Petit of IRSN for his help, skills and effort given to successful organisation
ard realization of the event.

Thanks are also expressed to the Workshop Organising Committee members, the Session Chairs and the
workshop participants for their effort and cooperation.

Organising Committee

Marc Petit (IRSN, FranceyYorkshop Chair

Toyoshi Fiketa (JAEA, Japan)yVorkshop CeChair and WGFS Chair
Lothar Heins (Areva, Germany)

Jose M. Rey (CSN, Spain)

Wolfgang Wiesenack (IFE, Norway)

Radomir Rehacek (OECNEA), Workshop Secretary



NEA/CSNI/R(2010)7



NEA/CSNI/R(2010)7

EXECUTIVE SUMMARY

1. Introduction

This report documents the ppe di ngs of the Workshop on f@ANucl ear
Initiated Acci dent s®Hll SeptenbeP008. THe avorkstop waf orgamsedjgintlyo n
by the fACommittee for the Safety of Nudlleart i t os
Radi oprotection et de S3%ret® Nucl ®aireo.

More than 90specialists representing 19 countries and international organizations attended the workshop.
A total of 25 papers were presented.

2. Background

A reactivity initiated accident is a nuctegactor accident that involves an unwanted increase in fission

rate and reactor power. The power increase may damage the reactor core, and in severe cases, even lead to
disruption of the reactor. A few such accidents occurred in the early days of hessators. These early

reactivity initiated accidents led to design improvements, which were implemented in later generations of
research reactors and, more importantly, in commercial power generating reactors.

Historically, the worst reactivity initiate@ccident took place on April 26, 1986 in reactor 4 of the
Chernobyl nuclear power plant in Ukraine. The Chernobyl accident reminded the nuclear community of
the destructive potential of RIAs, and it prompbadch research into the subject.

In the early 190s, experimental programmes were initiated in France, Japan and Russia to study the
behaviour of highly irradiated nuclear fuel under reactivity initiated accidents. These test programmes were
primarily intended to check the adequacy of regulatory aceepteriteria for RIA, which at the time were
based largely on test results foriaradiated or moderately irradiated fuel.

Our understanding of these damage mechanisms is based on RIA simulation tests, carried out on short
length fuel rods in pulse reacso To date, more than a thousand pulse irradiation tests of this kind have
been carried out on fresh (unirradiated) fuel rods, and about 140 tests have been dorieatiaped
samples. Pulse irradiation tests generally show that cladding failurescaiclower fuel enthalpies for
preirradiated than for fresh fuel rods, and that the susceptibility to failure increases with increasing fuel
burnup. The increased susceptibility to failure and the change from a high temperature to a low
temperature failurenode are attributed to the combined effects of clad tube embrittlement and aggravated
pelletclad mechanical interaction (PCMI) in higparnup fuel rods.

Modelling of reactivity initiated accidents involves the simultaneous solution of equations foomeutr
transport, heat transport within the fuel rods and across thécstamblant interface, mechanical behaviour
of fuel and cladding, and coolant thershgdraulics. These equations are strongly interconnected and
dependent on both space and time. Siheg tannot be solved in full detail in caséde analyses on the
computers available today, simplifications are needed.

Acceptance criteria for reactivity initiated accidents are defined by regulatory authorities to ensure integrity
of the reactor coolargressure boundary and maintenance of core coolability in the event of an accident.
The limiting amount of damage is settled by the requirements to meet regulatory limits on radiation dose to
the public, and to ensure integrity of the coolant pressure boypadd longerm coolability of the fuel.
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The criteria are commonly defined in terms of limits on the radially averaged fuel pellet specific enthalpy,
or the increment of this property during the reactivity initiated accident. Regulatory authoritidg (Isual
not always)postulaé two kinds of enthalpy limits:

1 A definite limit for core damage, which must not be transgressed at any axial pasigioy fuel
rod in the core.
9 Fuel rod failure thresholds that define whether a fuel rod should be considefaited or not in
calculations of radioactive release.
In late 1993 and early 1994, two highrnup PWR fuel rods failed at remarkably low fuel enthalpies
under RIA simulation tests in the French CABRI facility and the Japanese Nuclear Safety Research
Reactor (NSRR). Since then, burnup related effects on the enthalpy threshold for fuel rod failure have been
extensively studied, and many RIA simulation tests on-higimup fuel rods have been conducted in
France, Japan and Russia. Separate effect tegapromgps were also performed. As of today, regulatory
authorities in Japan and Switzerland have revised their acceptance criteria for RIA based on this research,
while revisions are under way or planned in other countries.

3. Objectivesand structure of the workshop

The main objective of the workshop was to review the current status of the experimental and analytical studies of
thefuel behaviorduring theRIA transients and the acceptance criteria for RIA in use and under consideration.

The workshop was orgé&ed in an opening session, five technical sessions:

Recent experimental results and experimental techniques used
Modelling and Data Interpretation

Code Assessment

RIA Core Analysis

Revision and application of safety criteria

Followed bya conclusiorsession.

=A =4 =8 -8 =9

4. Summary of the technical sessions

Each technical session was terminated by a panel discussion moderated by the session Chairpersons. Based
on this input, the Chairpersons elaborated a summary of the session. These summaries are repreduced belo

Session 1: Recerdxperimentalresults andexperimentaltechniques sed

This session was chaired by Motoe Suzuki (JAEA, Japan) and Carlo Vitanza (HRP, Néiwaypapers
were presented in this session.

The NSRRreactorcontintes to produce valuable Ridata andnore RIA reactor testing will be needed in
the future

Compared with reactor tests, the very large deformations at failure obtained in the mechanical testing
presented in this session raise the issue of applicability of such mechanical teatigt cases

The discussion pointed out that mechanicating needs substantial interfaéon in order to become
applicable, and this requires use of validated cotles quite different testing approaches presented in the
session also indicate thatgenerally agreed and accepted testing method does not exist at present

It was recommended that the NEA looks into the possibility to set up an expert group aimed to survey current
laboratory test approaches and define methods that are most appropciateptement in reactor testing.
Considering the large deformation mentioned above, the expert group may also address how the results from
mechanical testing should be Atranslatedod into in

However, laborairy mechanical tests will not substitute reactor tests, which remain the pillar for RIA fuel studies.
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Sessior2: Modeling and data interpretation

This session was chaired by John Voglewede (NRC, USA) and Martin Zimmermann (PSI, Switzerland).
Fourpapers wee presented in this session.

Development and use of computer codes in the simulation and analysis of the readiatgd accident

have clearly been subject to considerable efidre codes are useful in providing a better understaruding
fuel behavor during the RIA. They are also useful in interpolating limited experimental data taken under
test reactor conditions.

However, modeling the RIA has not yet advanced to the point of permitting extrapolation of experimental
data beyond conditions actuatlstedNor has modeling advanced to the point of permitting confirmation
of new alloys or new fuel designs under RIA conditions in the absence of experimental data.

It appears that still further work is needed. It can be grouped into the following areas:

1 Transient DNB modeling.

9 Fission gas behavior modeling, modeling of MOX effect (if confirmed).

9 Consideration of more advanced thergdiraulic modeling to include azimuthally heterogeneous
coolant conditions (likely to be implemented through proper cogpi already available thermal
hydraulic codes, subhannel codes, or even CFD).

The response of a power reactor to a reactivity insertion is different from the response of the experimental
reactors used in current tedts future experimental programaeference should be given to broader pulse
widths, if feasible, in order to provide a better basis for the transfer to the power plant conditions.

These | imitations give rise to the quEhstodesand of i)
modeb now in use appear to be adequatddoused in the process of establishiagulatory criteria.

However, they do not appear adequate to resolve some technical issues, such as the role of transient gas
release in determining cladding failure.

SessiorB3: Code &sessment

This session was chaired Epltan Hozer (KFKI, Hungary) and Robert Montgomery (Anatech, USA)
Threepapers were presented in this session.

The presented papers underlined the importance of initial state conditions for RIA simulatiomsréthéndial
state data for high burnup fuel rods can be obtained only by the detailed calculation of irradiation histories.

The boundary conditions for transient fuel calculations are determined mainly by thermal hydraulic
phenomena. Since the heat remiofrom the cladding may significantly influence rod failure, close link
with thermal hydraulic calculations is needed for RIA analyses (elgetterdescribe DNB conditioni

such fast transients, when steady state correlations are no moje valid

The simulation of fission gas release and gaseous swelling of pellets during power ramps and RIA
transients is still a challenge for the currently applied codes and needs further developments.

In the discussions it was agreed that extensive code validatisinb@yperformed before the application of
transient fuel behavior codesrfthe safety analysis of NPPs.

Considering the significant differences in the capabilities of current transient fuel behavior codes, further
discussions are proposed key (importat) behaviophenomena to be included in the models.

Sessiod: RIA core analysis

This session was chaired Marek Stepniewski (Vattenfall Nuclear Fuel AB, Swedenyvo papers were
presented in this session.
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Having in mind the obligation of NPP utilities provide generic enveloping case and reload safety evaluation
including assessment of the design basis accident (DBA) for RIA: rod drop (BWR) or rod ejection (PWR) the
low number of presentations submitted to the RIA core analysis session was unexXpeetgubssible
explanation to that is that there is a gap between current level of codes and methods used for RIA analysis for
safety evaluation when stil!]l fol do acceptance cr
development of failure thsholds based on the recent experimental evidences. Utilities are aware that new
cladding performance based acceptance criteria for RIA will demand not only accurate coupled 3D kinetics
nodal codes with advanced therrhgltraulics (i.e. full heat transfeegime map) but also codes comparable

with thermemechanical fuel rod design codes. Such codes are so far available for some institutions.

Another conclusion from this session is that application of statistical methods to gain margin to acceptance
criteriais a way to go, however, one should be very careful applying statistical methodsitthRlgame level
of knowledge and expertise is needed as it was done when statistical approach to LOCA was developed.

It was commonly agreed that there is still potnfior improvement of codes and models applied to RIA
simulation: DNB and podDNB phase modeling, clad to coolant heat transfer modeling, coolant properties
at RIA (rapid transition from CZP to local bulk boiling in BWR).

In previous sessionsitwasexpre ed strong need for a credible Atre
conditions. This would result in acceptance criteria based on fuel failure mechanisms which are relevant
for conceivable accident scenarios (core and fuel conditions).

The recommadation is to go further and work for translation of these failure mechanisms to such
formulation of new acceptance criteria that typical safety reload evaluation can be done without need for
sophisticated fuel performance codaaother possible way is delopment of suitable simplified thermo
mechanical models which can be implemented in current transient analysis tools.

Sessiorb: Revision and application of safety criteria

This session was chaired Bpse Manuel Conde (CSN, Spaand Nicolas Waeckel (B, France) Six
papers were presented in this session

The progress made in the development of new methods and approaches to determine the PCMI safety limits
was acknowledged. The need to develop limits for the DNB andDdBtphases was also highlighted

One of the problems found when trying to verify the validity of the safety criteria is the lack of failed RIA
experiments using nespalled rods, as well as the low number of MOX experimditits.representativity
of BWR experiments may also be improved.

The lack of accurate measurements of the mechanical properties of irradiated cladding materials is an
additional problem to determine the PCMI safety limits. The need of fracture toughness values was
specifically mentioned. This shortcoming is relatedhe heed to determine adequate mechanical test
methodgepresentative of RIA situation

A variety of variables are still being used to represent the PCMI safety limit. The figures of merit used are
enthalpy rise, CSED and theintegral, and the discussiaabout the adequacy of the CSED for this
purpose is not closed. These variables are expressed in terms of corrosion layer thickness, cladding
hydrogen contents or rod burnup, depending on the approach used. Other variables related to the fuel duty
can be uad, and the discussion is again not closed.

5. General onclusions and recommendations

With reference to the previous OECD RIA workshop that was held wedBrovence in 2002, very significant
progresses were made and documented during the presentopoifksim the experimental point of view, new
experiments with both BWR and PWR rods were conducted at high pressure high temperature (BWR conditions)
in the new test capsule used by JAEA at the NSRR reactor in Japan. From the modeling point of vew, transi

10
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RIA fuel codes such as FRAPTRAN, FALCON, RANNS and SCANAIR were improved and validated against
existing experiments. Furthermore, the close collaboration established between JAEA and IRSN will ensure that
future experiments conducted in NSRR within £i°S-2 program and in CABRI in the frame of the OECD

Cabri Water Loop International Program (CIP) will be well coordinated and very complementary.

From a practical standpoint, it was shown as expected that the use of advanced alloys with higher corrosion
resistance and, even more importantly, with lower in service hydriding greatly improve the fuel behavior
under RIA conditions.

The analysis of the most recent experiments performed in CABRI and NSRR showed that the
phenomenology of Pellet Clad Mechanicateraction (PCMI) is adequately understood. Corresponding
models were developed in RIA fuel codes. One difficulty in using these models is that the fuel clad failure
threshold may depend on parameters that are difficult to derive (e.g. hydride rim thicktrescladding).

This may imply that a bounding approach still needs to be used for reactor applications given the broad
scope of conditions fuel may experience during its residence time in the reactor.

Although they all show reasonably good agreemeitit @xisting experimental results, it was identified

that different codes use different assumptions and this raises the question of the validity of extrapolations
to reactor conditiondt was then recommended that the CSNI organize a benchmark betweestimxi

RIA fuel codes in order to evaluate further the pros and cons of the different approaches used.

Further experimental efforts should then be devoted in priority to investigate both the behavior of fuel rods
after boiling onset and the pesipture phaomena under representative conditions. Additionally, the
experimental database on MOX fuel behavior should be enriched as up to now, no consensus could be
found among the experts on whether or not specific behavior of mixed oxide fuel (enhanced PCMI by
gaseous swelling) is to be expected with respect t@ fu€l. The already planned experiments in NSRR

and CABRI will address these issues. This will imply also additional work on clad to coolant heat transfer
modeling under rapid transient conditions in ortebe able to interpret the new experimental results. New
models were developed recently, but the database for qualification remains very scarce.

In the recent years, a lot of efforts were devoted to develop separate effect mechanical tests oninladdings
order to derive failure limits. Different solutions used in different laboratories were shown during the
workshop. They all face the same difficulty: it is not yet possible to reproduce in laboratory scale
experiments the loading conditions expectedex@st during a RIA transient. Hence, the use of these
experimental results for reactor applications remains an open lisa@s. recommended that the CSNI set

up a small writing group to produce a technical document explaining what are the outcomes of the
different separate effect mechanical tests and how their results could be used.

The question of RIA safety criteria was extensively discussed during the workshop. It appeared that most of the
methodologies elaborated to propose renewed criteria relyedmetivy use of fuel codes in order to cover the

broad spectrum of possible reactor conditions. Existing fuel codes appear robust enough to accommodate this
approach: several tens of thousands of calculations were sometimes run to define the failureelirties

whole range of conditions. Consistently with the physical understanding of fuel rod behavior during RIA, the
PCMI failure thresholds were investigated first, but plans exist to includebgibsg and postailure
phenomena in future versionstbé criteria. Presently, it seems a bit premature to make a detailed comparison

of the limits proposed in different countries because some of them are still under construction.

All of the above shows that in pile experiments, better knowledge of mechisitad) as well as RIA fuel
codes improvement and qualification remain necessary in the upcoming years. It was recognized that the
existing programs in NSRR and CABRI reactors address these needs adequately.

11
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OPENING SESSION

Welcome Address

Javier Reig, Head, Miear Safety Division, OECD Nuclear Energy Agency (NEA)
JeanClaude Micaelli, Director of the Maj Accident Prevention DivisiofiRSN)

Introduction and Objectives of the Workshop
Radomir Rehacek (NEA, France)

The Nuclear Fuel Safety andhe IAEA Safety Sandards
Nicolas Tricot (IAEA, Austria)

A Review of Experiments and Computer Analyses oRIAs
Lars Olof JernkvisandAli R. Massih(QT, Sweden)Jan In de Beto(ESM, Sweden)

Current RIA -Related Regulatory Criteria in Japan andtheir Technical Basis
Toyosh Fuketa and Tomoyuki Sugiyama (JAEA, Japan)

Regulatory Analysis of Reactivity Transients
Carl BeyerandKen Geelhood (PNNL, USA)
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OECD/NEA workshop

Nuclear Fuel Behaviour during Reactivity-
initiated Accidents

Organised in cooperation with IRSN, Paris, France,
September 9-11, 2009

Contribution to the WS introduction
Jean-Claude MICAELLI, IRSN

G s azaecs
43 guane B3 e

Fuel safety, industrial context

® More and more challenging demands on fuel and cladding
material
# Increase the effective time that fuel remains in the reactor,

7 Increase the flexibility of operating mode (power variation)
and adjust the energy produced to the demand.

B Benefits:
7 A reduction of the KWh cost,
> A reduction of waste for ultimate disposal,

W Counterparts:
7 Higher mechanical thermal and chemical stresses,

7 The need of a constant search for improvement of fuel
performance in particular in the challenging situations,

B [tresults finally in:

» The need of increased attention to the adequacy of safety
criteria and to the compliance to these safety criteria.

IRSH

Fuel safety, a major concern for IRSN

® National public expert in nuclear and radiological risk

® Actingin particular:
¥ assupport for the nuclear safety authorities,

# asresearch operator in order develop the knowledge, tools and
competence that are necessary for its expertise missions.

® The fuel, a key parameter for three important factors of reactor
safety :
» The control of the nuclear reaction,
» Thecorecooling,
» TheFP retention (cladis the first barrier).

® A large IRSN involvement in this field for more than 30 years for:
» FBRwith in particular CABRIand SCARABBE in pile test programmes,
7> PWR:
= LOCA within particular PHEBUS-LOCA in pils test programmss,
= Rawith in particular CASRI-REF-N3 anc CASRI-CIP in pilstest programmes.

IRSH
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Fuel safety, RIA context

® Aclear need of revision of RIA safety criteria

7> Already done in some countries, underway in particular in
France, with the perspective of a new criteria around 2011-

® |t should be an“analytical” criteria:
S n a3 ¢==p understancing of inw

+ Willinvolve the use of computational codes
* It should coverawide spectrum OfSItuatlorsm terms offuel
materials ifuel pellets, clad), in terms of fuelirradiation (BU,
corrosion, RIM, ...} andin terms oftransient (energy deposit, pulse
width, initial power, ..).

® Beyond the safety criteria the quantification of the
consequences of fuel dispersion should be investigated

IRSH

Fuel safety, RIA R&D needs

L] gn deqth unde%tandi%rgf phen(fm%na that should result from a
er
eV i
> Revelon consolisate, assess agequate safety St aphance
> As f% chsstble harmonize the safety criteria usedor to be used
erent countries,
> Amlnlma clearl‘runderstandthe differences,
> Sharethecosts...

® Internationalisation animated in particular by OECD, trough for
example :
7 The WGFS activities,
#» The OECD CABRI- CIPprogrammem which:

| tests that have besn performac ina Na loop, the

e In depth understandmg through:
> éedsiguate combination of in-pile integral tests andseparate effect

> The &evelopment of simulation codes,

» Thesupport of advanced detalled simulation (multi-scale)
= Toback the slaborationof wall grounded macroscopic m S

IRSH

The multi-scale approach, illustration

» Advanced Simulation: Modelling and numerical simulation of onset and
growth of cracks in irradiated fuel cladding during a RIA

Deriving an equivalent
behaviour law

« Local behaviour
+ Zrs matrixwith hydride platelets

- Irradiated cladding failure criteria

« Fracture mechanics not applicable
« Understand the mechanisms responsible for onset and
growthof cracks
« Cladding failure predictive criteria
« 3D thermo-mechanical simulation
« Experiments:
w Determine local behaviour of =ach phase
= Detzrmine micro et meso structural phenomena

IRSH
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Thein pile experimentation

® Two key complementary tools: NSRR and CABRI

® Some news from CABRI
7 New core structure implemented in March 2009 »
7 Security tube implemented in May 2009 »
7 In pile part of the pressurized water loop implemented in
June 2009 »
7 Pressure test of the whole water loop in July 2009
7 Building seismic reinforcement initiated in July 2009
> Forthcoming events
® Core load: first trimester2010
® Achievement of core criticality: secondtrimester 2010
® Firsttest (CIPQ): forth timester2010

IRSH
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NEA ACTIVITIES IN THE REACTIVITY
INITIATED ACCIDENTS AREA, AIMS
AND STRUCTURE OF THE
WORKSHOP

Radomir REHACEK

NEA, France

OECD/NEA RIA Workshop, ez, France, Sectemder 9 - 11, 2003

Agence pour I'énergie nucléaire
Nuclear Energy Agency

NEAACTIVITIES IN THE REACTIVITY
INITIATED ACCIDENTS AREA, AIMS AND
STRUCTUREOF THE WORKSHOP

oecp (@

a Several NEA activities in direct link to RIA
Workshop

a Setup of the RIA Workshop

a RIA Workshop outputs and organisation

OECD/NEA RIA Workshop, "=nz, France, Sactamber 3 - 11, 2003

oeco (@

Several NEA activities in directlink to RIA
Workshop (1)

a Topical Meeting on RIA Fuel Safety Criteria
— Aix—en-Provence, France, May 2002

— Objectives

- RIA fuel acceptance criteria. in particular to the fuel
fragmentation enthalpy limit and the PCMI failure
enthalpy limit in relation to high bumup fuel

— Areas covered

- “best estimate” core calculations for RIA energy depositionin high
burnup fuels

« technical background of curent and new RIA fuel safety critenia
« ongoing RIA experimental programmes

OECD/NEA RIA Workshop, Panz, rance, Sectemder 3 - 11, 2003
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Agence pour I'énergie nucléaire oeco (@

Nuclear Energy Agency

Several NEA activities in directlink to RIA
Workshop (s

2 Topical Meeting on RIA Fuel Safety Criteria

— Conclusions

- Not clear agreement about pin-by-pin calculations
mainly because of high uncertainties in this approach

- General recommendation that future activities related to
RIA should focus on appropriate methods forthe
evaluation of uncertainties on the best estimate RIA
calculations in orderto guarantee the global
conservatism of safety demonstration

OECD/NEA RIA Workshop, ez, France, Sectemder 9 - 11, 2003

Agence pour I'énergie nucléaire OECD «‘

Nuclear Energy Agency

Several NEA activities in directlink to RIA
Workshop @i

2 Topical Meeting on RIA Fuel Safety Criteria

— Conclusions

- Some experts expressed their opinion that there has
been a significant progress in the recent years in
experimental research which improved our
understanding of mechanical processes leading to failure
of high burmup fuel during RIA. while some others argued
that this may be true for existing cladding materials but
fornew alloys the data are missing

OECD/NEA RIA Workshop, "=nz, France, Sactamber 3 - 11, 2003

Agence pour I'énergie nucléaire oeco (@

Nuclear Energy Agency

Several NEA activities in direct link to RIA
Workshop ()

a State-of-the-art Reporton Nuclear Fuel
BehaviourunderReactivity Initiated Accident
Conditions (SOAR-RIA)

— Objectives
+ Update of a State-of-the-art report on "PWR Fuel Behaviour in Design

Basis Accident Conditions” published in 1888 whichwas devotedto the
deformation, oxidation and embrittlement of PWR fuel claddingina
Loss-of-Coolant Accidents as since that a considerable world wide
effort has been expendedinthe experimental modelling of PAVR and
BWR fuel behaviour inaccident conditions, in particular high burnup
fuel. which allowsto update the state-of-the-art report and expandits
scopeinciuding other types of DBA such as RIA, etc.

OECD/NEA RIA Workshop, =nz, Trante, Seclemder 3 - 11, 2003
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Several NEA activities in directlink to RIA
Workshop s

o SOAR-RIA

— Draft Report compiled by Lars Olof Jemkvist and Ali R
Massih with support of the Swedish Radiation Safety
Authority (SSM)

— Thoroughly reviewed by Working Group on Fuel Safety and
approved by the Committee on Safety of Nuclear
Installations (CSNI) in last June

OECD/NEA RIA Workshop, ez, France, Sectemder 9 - 11, 2003

Agence pour I'énergie nucléaire
Nuclear Energy Agency

oecp (@

Set up of the RIA Workshop un

2 Objective
— Workshop will focus on identifying the current
status of the experimental and analytical studies of
the fuel behaviour during the RIA fransients and
the acceptance criteria for RIA in use and under
consideration.

OECD/NEA RIA Workshop, "=nz, France, Sactamber 3 - 11, 2003

oeco (@

Set up of the RIA Workshop .

a Organising Committee
— Marc Petit. Institut de Radioprotection et de Sdrete
Nucléaire, France. Chair

— Toyoshi Fuketa. Japan Atomic Energy Agency. Japan. Co-
Chair

— Lothar Heins. AREVA NP GmbH. Germany

— Radomir Rehacek. OECD Nuclear Energy Agency. France.
Secretariat

— Jose Maria Rey. Consejo de Seguridad Nuclear. Spain
— Wolfgang Wiesenack. Halden Reactor Project. Norway

OECD/NEA RIA Workshop, =nz, Trante, Seclemder 3 - 11, 2003
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r I'én 1éai E
Nuclear E?'\liargy Aeégfc;uc ad oeco (@
Set up of the RIA Workshop
a Workshop basis
— The starting point: safe operation of the reactors
as a requirement
— Given this requirement, there is a logical chain of
steps to follow to fulfil it:
« A.Derivation of Safety Criteria
« B. Application ofthe Safety Criteria: Demonstration of Compliance
+ C. Conclusion: Assessment of the resulting margins
OECD/NEA RIA Workshop, "=nz, France, Sactamder 3 - 11, 2003
G el

Opening
Session

Safe
Operation of

ICore analysis

Tests Derivation Assessmentof
) m of Safety resulting margins

Modeling Criteria

ICodes

/ Reactors \

NS

Application of Safety
Criteria

— [ ]

OECD/NEA RIA Workshop, P=nz, France, Sectamber 3 - 11, 2003

Agence pour I'énergie nucléaire

oeco (@

Nuclear Energy Agency

Set up of the RIA Workshop s

a Workshop Sessions
— Opening Session
— Chair: Marc Petit— Workshop Chair (IRSN, France}
— Co-Chair: Toyoshi Fuketa— CSNI/WGFS Chair (JAEA, Japan)
— Session 1 - Recent experimental results and
experimental technique used
— Chair, Motoe Suzuki (JAEA, Japan)
— Co-Chair:  Carlo Vitanza (HRP, Norwsay)
— Session 2 - Modelling and data interpretation
— Chair: John Vogiewede (USNRC, USA)
— Co-Chair:  Martin Zimmermann (PSI, Switzeriand)

OECD/NEA RIA Workshop, =nz, Trante, Seclemder 3 - 11, 2003
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Agence pour I'énergie nucléaire
Nuclear Energy Agency

oecp (@

Set up of the RIA Workshop

a Workshop Sessions

— Session 3 - Code assessment

— Chair: Zoltan Hozer (KFKi, Hungary)

— Co-Chair: Robert Montgomery (EPRI, USA}
Session 4 - RIA Core analysis

— Chair: Marek Stepniewski (\Vattenfzil Sweden)
— Session 5 - Revision and application of safety criteria
— Chair: Jose Manuel Conde (CSN. Spain)

— Co-Chair: Nicolas Waeckel (EdF, France)

— Summary Session
— Chair: Marc Petit— Workshop Chair (IRSN, France)
— Co-Chair:  Toyoshi Fuketa— CSNI/ANGFS Chair (JAEA, Japan)

OECD/NEA RIA Workshop, ez, France, Sectemder 9 - 11, 2003

oeco (@

Set up of the RIA Workshop )

0 Workshop expectations
— Assess progresses made in the physical understanding of
fuel behaviour under RIA transients

— Review how R&D results are used as a technical basis for
setting up safety criteria

— Identify potential need for new R&D actions in conjunction
with safety criteria required evolutions/refinements

— Formulate recommendations for future activities

— Lay down RIA basis foran update of the NEA Fuel Safety
Criteria Technical Review published in 1999 (under
consideration within WGFS)

OECD/NEA RIA Workshop, anz, France, Sectemder 9 - 11, 2003

Agence pour I'énergie nucléaire
Nuclear Energy Agency

oecp (@

RIA Workshop outputs and
organisation

aCD

— Read file with instructions

— Full papers, presentations included

— Program, preliminary list of participants
a2 Handouts
2 Proceedings
a Coffeeand lunch breaks
a AssistantNicolina IANNOLO

OECD/NEA RIA Workshop, P=nz, France, Sectamber 3 - 11, 2003
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International Atomic Energy Agency

The Nuclear Fuel Safety and the IAEA Safety Standards

Nicolas TRICOT — NSNI/SAS

NEA/CSNI/R(2010)7

OUTLINE

» Introduction
» Thenuclearfuel safety and the IAEA Safety Standards (structure, hierarchy,
application)
*Safety fundamentals
*Safety requirements
* Safety guides
+ Safety series, Tec Docs

> Safety of Nuclear Power Plants : Design (NS-R1)

> Safety assessment forfacilities and activities (GS-R Part 4)
* Overall content
* Selected examples vs. Generic Reactor Safety Reviews (GRSR)
* Main findings

> OtherIAEA fuel safety related activities and major events

+Fossil price rise

« Stable, competitive energy
+Energy supply security
+Environment
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World tren

» Renewed interest for nuclear energy

- projected number of new countries
starting operation of NP

+8 by 2020
+ 22 by 2030 in high projsction
+ growth estimate from 20% to 30% by 2020

- different country situation

+ countrigs having stopped construction but
willing to resums soon,

+ countries having never stopped NFP 1
construction, B Cperating M Considering
» nuclzar power newcomers

Whatdoes the IAEA do?

» General Guidance

* “MILESTONES in the Development of a National Infrastructure for Nuclear Power, NE
series guideNG-G-3.1, September 2007

* “CONSIDERATION to launcha nuclear power programme"” Brochure March 2007

» Safety Standards

+ SF-1“Fundamental Safety Principles™
» Requirements and guides

Whatdoes the IAEA do?

> Services

» Global guidance at early stages

+ Facilitating competence building (staffing, identification of training needs,
training)

» Assessmentof the current status of the Governmental and regulatory
framework and recommendations (Laws, regulations, rules and Regulatory
Body’s activities)

» Expertmissions to review design aspects, feasibility study, site survey, site
evaluation, construction, commissioning and operation

* Peersreviews toassess Safety Standards’uses (GRSR)
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/ DLy

EDD

URE TY RELATED DOCUMENTS

SAFETYSTANDARD SERIES

Fundamentals (1)
Principles =

|
Requirements (15) | ==
“Shall” p—

Guides (120)
“Should”

SAFETY REPORTS, TECDOCs, etc.
(Present applications, good practices, eic.)

APPLICATION OF THE IAEA SAFETY STANDARDS

» Although the IAEA Safety Standards (SS) are recognized internationally, the degree of
recognition varies significantly

» Big change is expected on further use and application of IAEA Safety Standards by Member
States as:

+ many MS started or will start a review process of their national Safety Requirements
and a comparison between the new IAEA $S and their existing national §§

+ the nuclear renaissance will lead to license new reactors designs worldwide
(importance of the safety reviews against |IAEA safety standards)

» IAEA trend to

+ continue the development of safety standards
+ useatechnology neutral approach in developing or updating the safety standards

OVERVIEW OF THE IAEA SAFETY STANDARDS

[oemdtcaes ]
THE SAFETY STANDARDS
COVER SAFETY IN FIVE AREAS
e e b
o T r—
RS [t e wd woayatdain |

GS [ Garmod maeky (inwm iy e |

1

|AEA Safety Standards are available on: www.iaea.org
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HIERARCHY OF THE IAEA SAFETY STAND

E3sic 0D) 0
and prnciples o nsLre

safsiy
FUNDAMENTAL
Reguirem which
L [ SAFETY
“Shall Statemenis”™

SAFETY GUIDES SAFETY GUIDES

NSG-3-X NSG-4-X

acuons, or
Drocecures for Mesting Sarety requIreMents

= =4V

ON SAFETY ANALY SIS AND ACCIDENT MANAGEMENT

SAFETY OF NUCLEAR POWER SAFETY ASSESSMENT FOR
PLANTS: DESIGN FACILITIES AND ACTIMTIES
(SSSNO.NS-R-1) (SSSNo.GSR Part 4)

SAFETY REPORTS, TECDOCS, etc. (Presenrapplicatons, good pracices, eic.)

Ref: http://www-ns.iaea.org/standards/documents/pubdoc-list.asp

; N
DOCUMENTS IN THE AREAOF SAFETY OF NUCLEAR
INSTALLATIONS

STy
»‘gégﬁ»/ Ownn of o QWS?J*%‘\

/

Rwacior Core for ~57 \&f‘
ol Mkt Hower e Ty
B Cow
| pnt® e v 3
3 [ " M S
- w b
g 2
A o
e i s
o
~oF* . —
~
=
o*

Fusl 2afey Criteriz fschnicsl raview
CINUR (89) 25, OECQO Peric (2001)
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INTHE AREA OF NUCLEAR FUEL SAFETY

[ Related to NS-R-1 IE Related to NS-R-2

Related GSR Part 4 |

pports Series Safety Reports Series

— NO.4 WMo

P "
Accident Analysis for j— Accldent Analysis for Assessment of
Nuclear Power Plants Nuclear Power Plants with Defence in Depth

Medalar Nigh Tomporatare for Nuclear Power Plants
Gas Cooled Reacters

(1) ) S———— (raea () 12EA

Ref: http://www-ns.iaea.org/standards/documents/pubdoc-list.asp

(NS-R-1)

* Fublished in 2000, mzinly devoted to LWRs

* Basedon bgsgp(actices worldwide atthe time:

Deter tic safety = t (DSA) plays amajorrole

in demonstrating compliance with safety requirements, IAEA
probabilistic safety assessment (PSA) supports DSA SAFETY
Conservative D SAfor anticipated operational occurrences SERIES

and design basis accidents {DBA), best estimate (BE)
approach for severe accidents

No established requirements for governing the selection m S{.m. .
of postulated initiating events Design

+ Categories of plant states typiczlly cover:
+ Normal operation
Anticipated operational occurrences
Design basis accidents

Beyond design basis accidents (Severe
accidents)

Acceptance criteria should be assigned to each
category
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SAFETY OF NPPs: DESIGN 115

C.hapter 6: Requiremf.r)ts :‘or designof plant systems (fuel

s an
©.6: Fuglelements and 3ssembliss designad towithstand s;ﬂ:iscxonry
the irradistion and environmental conditions in the reactorcore {...)
that occur in normal operation and ACOs

©6.7: The deterioration considered shall include that arising from:

Difiarential expansion and daformaron, Nuclear
Sniznal orzssurs of 1S co0aM, mﬂ..
AdFtona imema rszsurs dus 0 SR

Irr33380n of 22l 3nd otner MaenIs In m= s 3ssEmiy
Changes in oressuras and t=mperaturas
Chamica afizcis, SI3tC and Cynamic aaj'\g inciuging fow inducad
Viorabons and machanical viratons | BECUREMENIS
Changes in ha3t vansfer performance (dS10rHons or Chamical 2fizcs) -

ASowanzs 33 02 made for uncenaintes dsta, caicuston and (6) BT e

f3onicaton

NEAAA K

oy

SAFETYOF NPPs:DESIGN 2/5

Chapter 6: Requirements for design of plant

systems (fuel elements and assemblies) f _sés A

6.8: Specified fuel limits, including permissible
leakage of fission products shall notbe exceededin
normal operation, and it shall be ensured that Rt Bank™
operational statesthatmay be imposedin
anticipated operational occurrences causeno
significantfurther deterioration. Leakage of fission RECURENENTS
products shall be restricted by design limits and kept w_‘.;‘;‘m

to a minimum =

SAFETY OF NPPs: DESIGN 3/5

Chapter 6: Requirements for design of plant
systems (fuel elements and assemblies)

|_STANDARDS |
6.9: Fuel assemblies shall be designed to permit _ SERES ]
adequate inspection of their structure and
components parts afterirradiation. Inthe design sty of Nuclear
hasis accidents, the fuel elements shall remainin Design

position and shall notsuffer distortionto an extent
thatwould render post-accident core cooling

insufficiently effective; and the specified limits for REL
fuel elements for DBAs shall not be exceeded
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Chapter 6: Requirements for design of plant

systems (fuel elements and assemblies)

Sy

| _STANDARDS |

6.10: The aforementioned requirements for reactor _ SERES ]
andfuel elementdesign shall also be maintainedin
the event of changes in fuel management Gty gt Nucloar
strategy or in operational states over the Dosgn
operational lifetime of the plant

REQL S

Qo::".: v

Chapter 6: Requirements for design of plant

systems (Fuel Handling and storage
systems) . %ETY

|_STANDARDS |
_ SERES ]
Forthe record: Addressedinsections6.96 through
598 Rl picew
Design S

REACTOR CORE FORNPPs -NS-G-1.12

Guidance to achieve the requirements on
nuclearfuel safety expressed in NS-R-1

7 Chapter 2: General consideration in design IAEA Safety Standards
* 2.7 The core design needs to be reviewed and, if -::::&n:_
necessary, modified accordinglywhen a significant

configurationchangeoccurs during the plant’s Design of the
operating lifetime, as aresult of, forexample: Reactor Core for
Nuciear Power Plants

v The use of mixed uranium oxide and piutonium
oxide (mixed oxide) fue!

v Anincrease in burnup for 5 discharged fuel
assembly o

¥ Anincrease in the duration of & fuel cycie

v Anincresse in the rated power of the piant
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REACTOR CORE FORNPPs -NS-G-1.12

Guidance to achieve the requirements on nuclear
fuel safety expressed in NS-R-1

» Chapter 3: Specific safety considerations in design

IAEA Saleg Standards

* Fuel elements and assemblies (UC; and MOX fuel}

v Thermal and burn-up effects RWD o dc‘z for
v Effects of irradiation Nuciear Power Plants

v Effects of varistions in power levels
¥ Mechanical effects in fuel elements

v Effects of burnabie poison in the fuel

v Corrosion and hydriding of fuel elements
¥ Thermal-hydrauiic effects in fuel assembiies ) 1AeA

v Consideration of mechanical safety in the design SRS

No. N5.G-1.12

SAFETY REQUIREMENTS (GSR Part 4)

SCOPE

» Requirements to befulfilled inthe safety S —
assessment of facilities and activities with

special attention to:
Safety Assessment for

« Defencein depth, Facilities and Activities
* Quantitative analyses and application of

the graded approach
* Independentverification of the safety
assessment Ganeral Satety Racurwments Pact &
No GER Part 4
» Related Safety guidesto be developed (Draea

— F
(GSR Part 4)

Safety Assessment

* The safety assessment shall have the primary purpose of determining whether
an adequate level of safety has been achieved for a facility or activity and
whether the basic safety objectives and safety criteria esfablished by the
designers, the operatorand the regulqtorx authority, reflecting the radiation
prote?yégn [(:ﬂu:rements as laid down in the Basic Safety Standard have been
complied with.

* Therefore, f( .) requirements are identified to be used in the safety assessment
of nuclear facilities and activities with special attentionto the defence in depth,
quantitative analyses and the application of graded approach consideringthe
range of facilities and activities addressed G S-R-4)

* Intended for applicationto all facilities (e.g. enrichmentand manufacturin
plants, NPPs) and activities (e.g. sources and their production, transportaion)
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IAEA Safety Requirements and
Generic Reactor Safety Review (GRSR)

FUTURE STATE

lLEs
SAFETY STANDARDS
REQUIREMENTS

GLOBAL NUCLEAR
SAFETY REGIME

AP1000

A AP0
Tora®ng Caash e aINy 2w

L7 e
1400wy

v aam
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ESBWR — Economic Simplified BWR

APR1400
Advanced Power Reactor 1400
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Selected Requirements

+ Assessment of the possible radiation risks (Requirement 6)
+ Scope of the safety analysis (Requirement 14)

+ Deterministic and probabilistic approaches (Requirement 15)

(GS-R-4)
SELECTED REQUIREMENTS vs. GENERIC REACTOR SAFETY REVIEWS

* Assessmentof the possible radiationrisks (Requirement 6)

* The possible radiation risks associated with the facility or activity shall be
identified and assessed

4 18 This inciygas the level ang Iikehhood of radistion sxposurs of workers 2nd the pubhc =nd
the possible rzlezse of radioscr tenal 1o the that ars isted wih
i or i that lead fo 2 loss of control over 2 nuclear

o o
resctorcors. nuclear chain reschion. radinactive source or sny other source of radistion

(GSR Part 4)
SELECTED REQUIREMENTS vs. GENERIC REACTOR SAFETY REVIEWS

+ Findings

* Absenceor limited scope of Level Z PSA (or even Level 1 PSA)

* Omission of certzin initiating events {usually accidents at shutdown operationzl modes or
accidents in radwaste treatment systems or spentfuel management systems)

* Missing justification for categorization of initiating events

* Missing dataimportantfor evaluation of radiological status prior the accident {cladding
defects excessive coolant radioactivity, and lesking steam generator tubes

* Assumptions used in safety analysis notpresented in a clear and convincing way

* Inconsistencies in transfer of data (without sufficient justification) from thermal-hydraulic
anzlysis to containment analysis and to source term analysis

*  Unexpected rapid increase of doses in the environment with decreasing probability of
occurrence in the range 1E-6 - 1.E-7/r.year (increase more than Z orders of magnitude)

* Over-conservatism used in analysis of design basis accidents (e.g. postulation of 2 core
melt} leading to the conclusion thatradiological consequences of design basis accidents
are more severe than of severe accidents

*  Missing assessment of doses to control room staff in case of severe accidents
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(GSR Part 4)
SELECTED REQUIREMENTS vs. GENERIC REACTOR SAFETY REVIEWS

*  Scopeof the safety analysis (Requirement 14)

* The peiformance of a facility or activity in all operational states and, as
necrsgary. in the post-operational phase shall be assessed in the safety
analysis.

4.50 The safety analysis has to address both the consequernces aising from ail
normal operstional conditions (inciuding start-up and shutdovin vihere sppropriate)
and the irequencies and consequences associsted with ail anticipated operations!
occurrences and accident conditions shall be addressed in the safely analysis. This
includes accidents that have been taken into account in the design (referred to as
design basis accidents) and beyond design bass accidents (inciuding severe
sccidents) for faciities and activities where the radiation risks are high. The analysis
has to be performed to a scope and ievel of detail that corresponds to the
magnitude of the radiation risks associated with the faciiity or activity, the frequency
of the evenis included in the analysis, the compiexity of the facility or activity, and
the uncertainties inherent in the processes that are inCiuded in the analysis.

(GSR Part 4)
SELECTED REQUIREMENTS vs. GENERIC REACTOR SAFETY REVIEWS

+ Findings

* No separate analysis of a category of BDBA without severe core damage

* No concise description of which global or detailed acceptance criteria have
been used. including criteria associated with high burm-upissues.

*  Missing full powerLevel 2 PSA

* Limited scope LPSD PSA

* Missing analysis of events related to accidents related to the spent fuel pool

* Inconsistencies in targets for severe accidents

(GSR Part 4)
SELECTED REQUIREMENTS vs. GENERIC REACTOR SAFETY REVIEWS

+ Deterministic and probabilistic approaches (Requirement 15)

+ Both deterministic and probabilistic approaches shall be included in
the safety analysis.

4.55. The objectives of & probabilistic safety analysis are shall be to determine alf
the significant contributing factors to the radiation risks arsing from & facilty or
activity, and to evaluate the extent to whih the overall design § well baianced and
meets probabilistic safety criteria where these have been defined. In the area of
resctor safely, probabiistic safety anslysis uses & comprehensive, structured
spproach to identify iilure scenarios. it constitutes a conceplus! and mathematcal
tool for deriving numerical estimates of rsk. The probabiiistic spprosch uses realistic
assumptions whenever possidle and ﬂngdes & framework for addressing many of
the uncertainties explicity. Probabiistic spproaches may provide insights into
system performance, reliabiity, interactions and weaknesses in the design, the
sppiication of defence in depth and risks that it may not be possible to derive from &
deterministic analysis.

S—
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(GSR Part 4)
SELECTED REQUIREMENTS vs. GENERIC REACTOR SAFETY REVIEWS

* Findings

Missing full power Level 2 PSA, limited scope of Low Power and Shutdown PSA

Use of old data sources, no evidence of znalysing recent{nationzl or international
operating experience (PIEs, failure rates)

Missing or insufficient uncertzinty & sensitivity studies no display of uncertsinty bands
Insufficient documentation of phenomenological aspects

Unusually low Core Damage Frequency or Large Release Frequency results

Missing definition of core damage

Cliff-edge effects (releases)

Unusually large contributions from individual accident sequences

Inconsistencies between tables reporting results

Insufficient documentation of application of THERP methodology

Insufficient documentation of relizbility data used

Missing information on truncation criteriz used

Insufficientinformation about extrapolation of results from smaller to larger size reactors
Need for review of fire PSA

'OTHERIAEAFUEL SAFETY RELATED
ACTIVITIES AND MAJOREVENTS (1/2)

»Technical Cooperation projects (2009-2011)
g g Safsty and y of Nucisar Fualang Nuciear Matsriale In Nuclesar Powar Plants,
g Watsr-Coclad Wats Powsr Raactor Compenants and Plping® - {TC RER /3003)

To provids Cantral and Esstarn with ths y tocle to:

Tulll thalr own fusl ang matarial licaneing and safs managamant nesds

+ to onsurs safe oparstion of \ater-Coolsd Water-Modaerster Powsr Reacter (WAVER)
componants and plping

improvement of reglonsi fusl examination cepeblibiec (Piscty

2nd lioencing InRomsnis {3 timee 2

ACTIVITIES AND MAJOREVENTS (2/2)

» IAEA Technical Meeting

SAFETYISSUESRELATEDTO THE USE OF HIGH-BURNUP FUEL ANDTO THE
LONG RESIDENCETIME OF FUEL INTHEREACTOR

IAEA HQ (1- 4 December, 2009)

» todiscuss the safety issues related to high burnup fuel including the effects of 2
possible longer per of fuel in the reactor core and to review the existing IAEA
related documents.

» will address both regulatory and licensing aspects, and the results will basically cover
issues related to fuel P criteriz, t study methodologies (verification
and validation of computer codes, initizl assumptions) 2nd to the research and
development programmes undergone to support the definition of the selected criteria

Scientific Sacretary of the mesting le Mr Nicolas Tricet of the Division of Nucisar Instalistion Safsty.

Talaphons # +43 1 2500 25952
Emalt: n.tricot@isea.crg
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CONCLUDING REMARKS

» With the renaissance of Nuclear and the increased competition
between designers, the solicitation of the nuclear fuel will be
increased for:

* Existing reactor designs,
* New reactor designs (and possibly new fuel designs)

» In this regard, in order to meet the requirements of the Safety
Standards (namely NS-R-1. GS-R- Part 4), the IAEA needs to review
at the reactor design stage that the fuel safety criteria at high burn
up, are underpinned by technical understanding

» The IAEA is supporting the efforts made by the international
nuclear community in fuel safety activities and is developing
dedicated safety standards (Tec Doc) and implementing a set of
Meetings (CS, TM, etc) and Training Courses

...Thank you for your attention
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A REVIEW OF EXPERIME NTS AND COMPUTER ANALYSES ON RIAS

Lars Olof Jernkvist, Ali R. Massih
Quantum Technologies AB, Uppsala Science Park{=EB3 Uppsala, Sweden

Jan In de Betou
Swedish Radiation Safety Authority, 92116 Stockholm, Sweden

1. Introduction

Reactivity initiated accidents (RIAsyenuclear reactor accidents that involve an unwanted increase in
fission rate and reactor power. The power excursion may lead to failure of the nuclear fuel rods and release
of radioactive material into the primary reactor coolant. In severe d¢hedsel rods may be shatteredd

large parts of the fuel pellet inventory dispersed into the coolant. The expulsion of hot fuel into water has
potential to cause rapid steam generation and pressure pulses, which could damage nearby fuel assemblies,
other corecomponents, and possibly also the reactor pressure vessel.

Reactivity initiated accidents in power reactors may occur as a result of reactor control system failures,
control element ejections or events caused by rapid changes in temperature or presthee of
coolant/moderator. Our knowledge of possible scenarios for RIAs in power reactors is based largely on best
estimate computer analyses and simulations on how the core and primary coolant system respond to
postulated events. The fundamental output frioendalculations is the spatime variation of power across

the reactor core under the accident. To assess the consequences of the accident, these data are compared witt
results from pulse irradiation tests, carried out on instrumented fuel rodlets datdddiesearch reactors.

These tests are done to provide information on the fuel rod behaviour undékeRtanditions, and in

particular, on possible fuel failure mechanisms. Additional tests, performed undeometiled outof-

reactor laboratory ewlitions, are sometimes used to supplement the-péskation tests.

Hence, our current understanding of reactivity initiated accidents and their consequences is based largely on
three sources of information: i) besttimate computer analyses of thacter response to postulated accident
scenarios, ii) pulséradiation tests on instrumented fuel rodlets, carried out in research reactors;ai) out

pile separate effect tests, targeted to explore key phenomena under RIA conditions. In recent ases, we
reviewed, compiled and analysed these three categories of data. The results-if-thetate report on fuel
behaviour under RIA conditions, which is currently being published by the OECD Nuclear Energy Agency,
Committee on the Safety of Nucldastallations: The report is concerned mainly with RIAs in light water
reactors (LWRs), but Canadian Deuterium Uranium (CANDU) heavy water reactors and their fuel are to
some extent also considered. The fuel pellet material of primary concern,ibli@he report covers also
(U,Pu)Q mixed oxide (MOX) fuel, gadoliniudbearing burnable absorber fuel, and inert matrix fuel. The
report includes experimental data and calculated results, published in open literature up to March 2009. The
purpose of the followng presentation is to give a brief summary of the report.

1 Fuel Behaviour under Reactivity Initiated Accident (RIA) Conditiirs Press), Committee ahe Safety of
Nuclear Installations, Nuclear Energy Agency, OECD, Paris, France.
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2. Bestestimate computer analyses of RIAs

Modelling of reactivity initiated accidents involves the simultaneous solution of equations for neutron
transport, heat transport within the fuel rods antbss the clatb-coolant interface, and coolant thermal
hydraulics. These equations are strongly interconnected and dependent on both space and time. Since it is
difficult to solve the equations in full detail in coneéde analyses on the computers &lae today,

various simplifications are usually employed in engineering analyses. The primary output from the core
wide analysis is the spatiene variation of coolant properties and fuel assembly power. The power
histories of individual fuel rods are thecalculated from the fuel assembly power data by neutron flux
reconstruction, and the pin power is integrated to obtain an estimate of fuel pellet radial average specific
enthalpy, which is the parameter of primary concern in RIAs. Following thewidee analyses,
designated codes can be used to analyse the threatioanical behaviour of particular fuel rods in detalil,

and to assess the risk for fuel rod failure.

Two RIA scenarios that have been closely analyzed over the years are the control rod ageitamt

(REA) in pressused water reactors (PWRs) and the control rod drop accident (RDA) in boiling water
reactors (BWRS). The reactivity addition rates and the resulting power transients are much larger for these
events than for other RIA scenariog)dathey are therefore considered design basis accidents; i.e.
postulated accident scenarios that are used to establish the design basis for the reactor and to define safety
limits for its operation. The characteristics of a power pulse generated in aREIDA depend on the

accident scenariomost importantly the reactivity worth of the ejected control rod, but also on the core and

fuel design, reactor operating state, and the time at which the accident occurs under the fuel cycle. The
most challenginganditions with respect to pulse amplitude are usually found at end of cycle (EOC).

Of particular interest to the fuel behaviour under an RIA are the width, shape and amplitude of the power
pulse. Results from statd-the art computer analyses of REAs &I[dAs show that, while the width and
shape do not vary significantly with position in the core, the pulse amplitude is a local property that falls
off with increasing distance from the ejected control rod, and it also depends barfuep. In short, the

local power generation within a specific fuel pellet is controlled by a reactive component and a driven
component. The reactive component reflects the reactivity of the considered fuel pellet itself, which
depends on itdurnup dependent content of fissilisotopes. The driven component stems from the
external neutron flux, which depends on thenup dependent composition of fissile isotopes in nearby

fuel assemblies and the distance from the ejected control rod. Consequently, the amplitude of the local
power pulse depends on fualrnup, core loading pattern, the distance from the ejected control rod, and
the reactivity worth of the ejected rod. Results of thidimeensional core kinetics analyses of postulated
REAs and RDAs typically show that only -P0% of the fuel within the core experiences a significant
energy deposition under these accidents. The energy falls off rapidly with increasing distance from the
failed control rod, and except for a@®to 8 8 array of fuel assemblies around the rod, catauhs suggest

that the energy deposition is too low to cause fuel rod failure, even under very severe postulated accidents.

In figure 1, we summise openrliterature results on comgide maximum values for the fuel enthalpy
increase, obtained from indepEmt threedimensional core kinetics analyses of REA and RDA at EOC
conditions. The corevide maximum of fuel enthalpy increase under RIA, i.e. the largest increase of fuel
pellet radial average enthalpy that is experienced by any fuel pellet in théscaneimportant parameter

for assessment of fuel integrity, and a key result in any analysis of RIA. The results are plotted with respect
to prompt reactivity insertiony r -, WhereD ris the reactivity insertion caused by the ejected control rod,
andb is the effective fraction of delayed neutrons. In the calculations, the REA was dgsuialee place

at hot zero power (HZP) core conditions and the RDA at cold zero f@&&). With regard to reactivity
addition, thee are the most severe initial conditiémiscontrol element ejections in PWRs and BWRs.
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Figure 1.Calculated maxfuel enthalpy increase under a) HZP REA and b) CZP RDA.
In the calculations both accidentsare assumed to occur at end of cycle conditions.
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The calculated results for the maximum fuel enthalpy increase in figure 1 follow a linear trend with respect
to prompt reactivity insertion. FaP r - beyond 4x1G, there is an increasing spread in the calculated
results. This is probably due to the fact that the results are sensitive to the unrealistic assumptions for
model parameters and input data that are needed to achieve these very higty radditions in three
dimensional core kinetics calculations. For lower reactivity additions, the reported results from various
investigators are, however, consistent.

Figure 2 shows a compilation of calculated pulse widths (FWHM: Full Width at Halinhiax) for HZP

REA and CZP RDA at EOC conditions, obtained from titieeensional core kinetics analyses. The results

are consistent, and we note that the calculated pulses for CZP RDA are wider than those for HZP REA at
comparable reactivity additions. Elis partly due to a slower rod ejection in the RDA, but also to the coarser
core lattice for BWRs in comparison with PWRs, resulting in a longer effective neutron lifetime.

In conclusion, the consistency of calculated results in reporteco$ititeart analyses of postulated control

rod ejection/drop accidents suggest that current computational methods used to analyse these accidents are
mature and reliable. However, there are submodels in the codes that need refinement. For instance, prevalent
submodeldor vapour generation in the coolant are empirically based and rely on experimental data obtained
under quasstatic test conditions. When these submodels are used in simulations of RIAs, they seem to
overestimate the transient vapour generation andsksc@ted reactivity feedback. Likewise, current
submodels for clatb-coolant heat transfer are generally designed for analyses of -statalyreactor
operation and mild transients, and they are known to be inaccurate for modelling RIAs. More appropriate
models for transient clai-coolant heat transfer, based on separate effect tests discussed in section 4.2, are

underway, but have not yet been implemented in existing code systems for analyses of RIAs.

Finally, we note that fuel behaviour models use@¢amputer codes for staradone analyses of fuel rod
thermemechanical performance under RIAs are considerably more sophisticated than those used for fuel
rod thermal analyses in large code systems forwaite analyses of RIAs. Staradone codes for fuebd
transient analyses, such as FALCON, FRAPTRAN, SCANAIR and TRARSNUS, are generally quite
successful in reproducing the results of putsadiation tests on single fuel rodlets, when it comes to
temperatures and fuel rod deformations, provided ttiatcladding temperature remains low throughout
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the tests. Also cladding failures are captured with a fair level of accuracy for the low temperature tests, if
the degree of prest cladding corrosion is known and can be used as input to the analyseudrosdue
to the lack of appropriate clad-coolant heat transfer models for reactivity accidents, the codes usually

fail to accurately reproduce measured temperatures and deformations in cases where a boiling crisis occurs.

The new heat transfer modelgmtioned above could hopefully improve the situation.

Figure 2.Calculated power pulse width (FWHM) under a) HZP REA and b) CZP RDA!
In the calculations both accidents are assumed to occur at end of cycle conditions.
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3. Pulseirradiation tests on instrumented fuel rodlets
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To date, more than a thousand ptitsadiation tests on uitradiated LWR fuel rods and about 140 tests

on preirradiated samples have been carried out in six different test facilities. Most of the data pertain to
PWR type of rods,rad the great majority of tests have been done on fu€). However, some data are

also available for other kinds of fuel material, such as (U,Pmiged oxide fuel, gadoliniurbearing UQ

and inert matrix fuel. From these tests, it has been found thdtieheod behaviour under a reactivity
initiated accident is affected primarily by the:

)l
)l
1

Characteristics of the power pulse, in particular the amplitude and pulse width.

Core coolant conditions, i.e. the coolant pressure, temperature and flow rate.
Burn-up-dependent state of the fuel rod. Among the most important properties are the degree
of cladding waterside corrosion, the j@ecident width of the pellatlad gap, the internal gas
pressure in the fuel rod, and the distribution of gaseous fission pradticesfuel pellets.

Fuel rod design. Parameters of particular importance are the internal fill gas pressure, clad
tube wall thickness, fuel pellet composition (MRuG/Gdh0s, enrichment) and the fuel
pellet geometrical design (solid/annular).

These facts are important to the fuel rod behaviour during an RIA, and they also control what kind of
damage is inflicted to the fuel rod under the accident. In the following subsections, we briefly semmar
the main results from pulggadiation tests on uitradiated and préradiated fuel.

3.1 Pulseirradiation tests on unrirradiated fuel rodlets

Pulseirradiation tests carried out on fresh {aradiated) fuel can be largely divided into two groups:

i Tests done to establish thresholds, in terms of peakiiti@lpy, for cladding failure, fuel dispersal,
melting, etc. Since these tests are generally aimed at establishing acceptance criteria for RIAs in power
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reactors, the tests are done on fuel rods of prevalent commercial design and under conditions that, as
closely as possible, resemble those expected for power reactor RIAs.

I Parametric studies, intended to shed light on the fuel behaviour and mechanisms of fuel failure under
RIAs, and to generate data needed for verification and calibration of computerTdules$fects of
selected parameters are studied by performing series of tests, in which a single parameter of
interest is varied at a time. The impact of fuel rod design parameters as well as power pulse
characteristics and reactor coolant conditions lees Istudied in this manner.

Tests within the first group generally show that the extent of damage inflicted to fresh fuel rods correlates
well with the peak value of fuel pellet radial average enthalpy under the test. Regulatory acceptance criteria
for RIAs are for this reason traditionally formulated in terms of limits for this parameter.

All failures observed in tests on fresh fuel are related to cladding overheating as a resulbofiifignand
impaired claeto-coolant heat transfer. Two limiting fale modes are observed: fracture of the overheated
and oxygerembrittled cladding upon quenching, or clad ballooning and burst at high temperature. The
latter failure mode is restricting when there is a substantial gas overpressure in the fuel rod. Table 1
summaises enthalpy thresholds for the two failure modes, reported from-jprdg@tion tests on fresh

UQO, fuel rodlets of various designs. Observed thresholds for dispersal of fuel into the coolant are also
included in the table. An important conclusies that cladding failure does not necessarily lead to fuel
dispersal in tests on fresh fuel. This is particularly true for balloetying cladding failures.

Table 1.Thresholds, in terms of fuel pellet radial average specific enthalpy, reported for lirting
failure modes and fuel dispersal of fresh U@fuel rods.! P denotes the difference between fuel rod
internal fill gas pressure in cold condition and coolant pressure (MPa).

SPERT PBF IGR HYDRA NSRR
uUs uUs Kz RU JP

Test conditions
Coolant temperature K] 293 538 293 293 2931 578
Coolant velocity [ms?] 0 0.5 0 0 07 1.8
Coolant pressure [MPa] 0.1 6.45 0.17 16 0.1 0.17 16
Power pulse width [ms] 137 31 117 16 | 1007 1000 47 8 47 7
Fuel rod type BWR PWR VVER VVER BWR/PWR
Test results
Failure enthalpy, quenching[Jg’] | 860i 940 | 940i 1050 1130 - 920
Failure enthalpy, ballooning[Jg’] - - ( 524) ( ggA) ( ?BO:(())IZZQBJOO)
Fuel dispersal threshold  [Jg"] 1005 1045 1130 - 1045

3.2 Pulseirradiation tests on prerradiated fuel rodlets

Key data for pulsérradiation tests on prigradiated fuel rodlets, as well as for the sixggureactors in

which the tests were done, are sunisst in table 2. In short, these tests show that irradiated rods are
more susceptible to cladding failure than fresh rods, i.e. they fail at lower fuel enthalpy. The tests also
suggest that higburnup fuel rods fail either by cladding higiemperature ballooning and burst, or at low
temperature, by pell@lad mechanical interaction (PCMI) during the early hgastage of the accident.

The hightemperature failure mode is observed for-ipradiated VMER fuel rods, whereas preadiated

PWR and BWR rods fail almost exclusively by PCMI.
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Table 2.0verview of pulse reactor tests on prérradiated LWR fuel rods. *

SPERT PBF IGR BIGR NSRR CABRI
usS usS KZ RU JP FR
Test conditions
Coolant medium Stagnat Flowing | Stagnan{ Stagnant| Stagnant Flowing
water water water water water sodium
Coolant temperature [K] 293 538 293 293 293* 553
Coolant pressure [MPa] 0.1 6.45 0.1 0.1 0.1* 0.5
Power pulse width  [ms] 13-31 11-16 600950 2-3 4-7 9-75
Fuel rods tested
Number of tests 10 17 13 12 58 14
(PWR/BWR/VVER//IMOX) | (0/10/0/0)| (17/0/0/0)| (0/0/13/0) (0/0/12/0)| (32/17/0/9)| (10/0/0/4)
Burnup [MWdkgHM™] 1-32 0-6.1 47-49 47-60 20-77 3376
Clad oxide thickness [um] 0-65 0-5 5 3-7 4-73 10-126
Rod acive length  [mm] 132 © 1000 150 140150 122135 440-1000
Peak fuel enthalpy [Jg7] | 5701180| 7701190 | 2551051] 481-787 | 155657 343832
(calg!) | (137-282)| (185285)| (61-251)| (115188)| (37-157) (82-199)
Lowest failure [3g7 356 586 737 687 222 117-151
enthalpy (calg?) (85) (140) (176) (164) (53) (28-36)

* Standard cooling conditiongsed in most of the NSRR tests on-pradiated fuel. A new test capsule, allowing
high coolant temperature and pressure, has just recently been taken into operation.

The Hgh-temperature failures observed for VVER fuel correlate well with peak fuel enthalpy: tests on
VVER fuel with burn-up in the range 460 MWd(kgU)* in the IGR and BIGR facilities suggest a
failure threshold of about 650 3gThe situation is much diffent for the PCMiinduced failures of

PWR and BWR fuel. This is illustrated by figure 3a, which shows the results of all available pulse
reactor tests on psieradiated PWR and BWR rodlets with J@nd MOX fuel.The data are plotted in
terms of peak fuetrthalpy increasaluring the test, rather than peak enthalpy, since the former parameter is
more directly related to the PChfiduced clad loading. From figure 3a, it is clear that failed rods and survivals
are interspersed in the diagram, especially fdrfuerups beyond 40 MWd(kgU) One reason for this scatter

is that the degree of cladding corrosion has a strong effect on the susceptibility tenB@dd failure.
However, the degree of cladding corrosion alone cannot explain the scatter, as é\bgeigige 3b, where

the same data are plotted with respect to cladding peak oxide layer thickness. Also in this case, there is no clear
demarcation line between failed rods and survivals. It is likely that part of the scatter in figure 3 is duetto the fa
that preirradiated test rods, which arefedricated from fullength fuel rods, are insufficiently peenditioned

to reach an equilibrium pelletad contact state before testing. In most pulse reactors, it is not possible to
operate the test rodéeait preconditioning power to reach the equilibrium state.

The assumedly insufficient poonditioning is not the only reason to question whether the performed pulse
reactor tests reproduce the true fuel rod behaviour under RF&y, most tests have date been done with
cooling by stagnant water at room temperature and atmospheric pressure. These cooling conditions are fairly
close to those at cold zero power in BWRs, but much different from those connected with rod ejection
accidents in PWRs. Seatly, about thirty of the praradiated test rods, namely those in the SPERT and
NSRR/IJMTR tests, had atypical design and/or wereirgadiated under atypical reactor conditions.
Unfortunately, these rods make up most of the available test data fautiep range of 10 to 40
MWd(kgU)™. It should also be remarked that all tests, except for those in the PBF and CABRI, were done on
rodlets with very short (12050 mm) active length. Finally, pulse widths in the NSRF (@#s) and the

BIGR (23 ms) were mut smaller than those expected for control rod ejection/drop accidents; cf. figure 2.
The pulse width affects the PCMI failure mode, most importantly because it controls the time lag between
mechanical loading and heating of the cladding tube; a narrow puuge leads to mechanical loading at a
time when the cladding is insignificantly heated from its initial temperature and therefore potentially brittle.
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Figure 3.Peak fuel enthalpy increase versus a) fuburn-up and b) clad oxide thickness for pre
irrad iated PWR and BWR fuel rodlets? Filled symbols represent failed rods, open symbols are
survivals. Crosses indicate tests done on samples with hydride blisters in the cladding tube.
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From table 1 in section 3.1, it is clear that RIA simulation tests -dmadated fuel rodlets generally result in fuel
dispersal, when the peak fuel enthalpy exceeds roughly 180Pulge reactor tests on greadiated fuel rods

show that fuel may be dispersed into the coolant at significantly lower fuel enthalpythehfeielburnup
exceeds approximately 40 MWd(kgt)The fuel dispersal occurs in connection with P@e cladding

failure; the ballooning and burst type of failure does not lead to significant fuel dispersal. Figure 4a shows the
measured fuel dispersaibm 25 preirradiated UQ fuel rods that have failed through PCMI under pulse
irradiation tests in the SPERT, CABRI and the NSRR. Filled symbols represent rodlets, for which more than
10% of the UQ fuel inventory was dispersed into the coolant undenakts, whereas open symbols are
samples with no or marginal fuel loss. Obviously, for samples withbiuretup less than 40 MWd (kg

there was no fuel dispersal for peak fuel enthalpies below 80MHagvever, the situation is much different

at highburnup. In the uppeburnup range of figure 4a, i.e. in the range of 44 to 77 MWd(KgWe find

that significant (>1%) fuel dispersal was reported for enthalpies far below 880nJgleven of the sixteen

tests. These sixteen highurnup tests are Iptted in figure 4b, which shows the percentage fuel loss versus
peak fuel enthalpy under the test.

There are several reasons to why fuel dispersal is more extensive fdrunmglnp than for lowburnup

fuel. Firstly, for a given fuel energy depositiohetcladding cracks are generally larger and wider for the
high-burnup fuel. This is most likely a result of hard PCMI and/or a more embrittled cladding in the high
burnup fuel rods. The larger crack opening area eases the dispersal of fuel partiaesiysddghburn

up oxide fuel turns into fine fragments when subjected to an RIA, as a result of fission gas induced grain
boundary decohesion. This fragmentation mechanism promotes fuel dispersal, since the fine fragments are
easily expelled through cldihg cracks under the power pulse.
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Figure 4.Peak fuel enthalpy versus a) fueburn-up and b) fuel pellet loss for preirradiated UO ,
fuel rodlets that have failed by PCMI in pulse irradiation tests: Filled symbols in figure 4a are
samples with more thanl0% observed fuel loss during the test, open symbols are samples with no or
marginal fuel loss. Figure 4b shows only the tests withurn-up > 40MWd(kgU)™.
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4. Out-of-reactor separate effect tests

In addition to pulsérradiation tests, several oaf-reactor separate effect test programs have been
conducted to explore the fuel behaviour under RIA conditions. These tests, which are brieflyisethmar
below, are less costly than pulseadiation tests and allow key phenomena to be studied under well
contrdled laboratory conditions.

4.1 Tests on cladding mechanical properties

The cladding strength and ductility are of fundamental importance to fuel rod survivability under reactivity
initiated accidents, and many separate effect test programs have beectednd study these properties

in detail. The objective has been to understand and quantify the observed degradation in fuel rod
survivability at high burrup, and most tests have therefore been focused on the embrittling effects related
to cladding watetide corrosion, i.e. cladding oxidation and hydrogen uptake. These effects have been
investigated by testing ireactor corroded cladding, taken from higlrnup fuel rods, as well as un
irradiated samples that have been artificially oxidized and hydrigweter wellcontrolled laboratory
conditions. Tests on the latter kind of samples provide a valuable supplement to the tests on irradiated
cladding, which are costly and time consuming. Moreover, the hydride distribution in artificially corroded
samples aa be controlled in detail, which makes it possible to investigate the importance of e.g. hydride
blisters to the cladding embrittiement.

Table 3 summarises seven test programs, which were aimed to study the mechanical properties of irradi
ated and/or coraed cladding tubes under RIA conditions. All tests were done at strain rates that were
much higher than those normally used in mechanical testing, in order to reproduce théeng@idd

loading conditions expected in hifgfurnup fuel rod cladding duringht early stage of an RIA.
However, the rapid heatp of the cladding during this stage of the accident was generally not simulated
in the tests: except for a few tests with clad heating rates of either 100 or 20t Kse French
PROMETRA program, all &s in table 3 were done at constant and uniform temper&t@@ote from
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table 3 that a multitude of test methods were used, which makes it difficult to compare the results among
different test programs. The main reason to this problem is that the litoeisdity conditions, which are

known to have a strong effect on cladding ductility, differ significantly between the test methods.

Table 3.Summary of mechanical tests on cladding tubes, carried out at high strain rafe.

Tests conducted by Ted* Cladding Irradiated Strain rate | Temperature
(country) method material ur-irradiated [s?] [K]
TAT, RTT, Zr-4, M5, 3. .

IRSN/EDF/CEA(FR) MAN, CBT ZIRLO [+U 10°7 5 29371 1373
Kurchatov InstitutgRU) TAE'BBI_TT' E110 [+U 10°7 0.5 29371 1400
GNF/Toshiba (B) OBT Zr-2 [+U 10°7 8 293
JAEA (JP) CBT Zr-4 U 10771 0.3 2937 620
ANL/PSU (US) RST Zr-4 U 10°7 0.2 2937 573
KAERI (KR) RTT Zr-4, HANA-4 U 1077 1 2937 623
Studsvik (SE) EDC Zr-4, ZIRLO I 17 10 29871 613

* TAT: Tube axial tension test, RTRing tensile test, MAN: Mandrel test, CBT: Closedd burst test,
OBT: Openend burst test, RST: Ring stretch test, EDC: Expandigrto-compression test.

4.2 Tests on clagto-coolant transient heat transfer

Due to rapid heating and deformation of thedding tube, clatb-coolant heat transfer is different during RIAs

than under steaeltate operating conditions or slow overpower transients. As already mentioned in section 3, of
particular concern with respect to fuel rod failure under RIAs is ther@rwe of a clatb-coolant boiling

crisis, i.e. a transition to a regime with filboiling and low heat transfer at the claecoolant interface. This
phenomenon has been studied in a series ebfquite expennents in the PATRICIA test loop of CEA,
Grenoble, France. The test loop was operated at various coolant conditions, and comprised a test section in
which a 0.6 m long electrically heated and instrumented Inconel tube was placed. Tests with heating rates up to
12000 K$' revealedsignificant kindic effects in the clatb-coolant heat transfer: The critical heat flux, i.e. the
threshold heat flux at which a boiling crisis occurred, wa2 #mes higher in the transient tests than under
steadystate conditions. The critical surface temperatuge the surface temperature at which the transition to
film-boiling took place, was also higher in the transient tests. In thddilng regime, the magnitude of the

heat flux was 25 times higher than under steaigte conditions. The differences beén transient and
steadystate heat transfer were observed to increase with increasing heating rate.

The PATRICIA tests were carried out with an-filled Inconel tube as a proxy for a true fuel rod. The
Inconel tube was free from surface oxide, in cattta most fuel rods. This remark is important, since
pulseirradiation tests in the NSRR on instrumented fuel rodlets with and without oxide show that, for
comparable energy injections, corroded fuel rods reach lower cladding surface temperaturestthadsfre
without a surface oxide layer. The effect is attributed to eikidaced improvement of surface wettability,
caused primarily by a change in chemical potential.

4 3, Tests on fuelcoolant interaction

A major safety concern in reactivity initiatedcaents is that the thermal energy of fuel particles, expelled
into the coolant from failed fuel rods, is rapidly converted to mechanical energy in the form of destructive
pressure pulses. The concern is that these pressure pulses may damage neadsnibbés, other core
internals and ultimately also the reactor pressure vessel.

By convention, the degree of fugbolant interaction is quantified with the energywension ratio, which

is the ratio of the mechanical energy generated in the cooldme tinermal energy in the dispersed fuel.
This ratio can be determined in pulse reactor tests, where the mechanical energy generated in the coolant is
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estimated by measuring the motion of the water column in the test rig, as it is raised by rapid expansion
steam bubbles around dispersed fuel fragments. Such measurements have been made in the PBF and the
NSRR, and notwithstanding the differences in coolant conditions between these facilities, the results are
similar. Measured energy conversion ratios BFRand NSRR typically fall in the range 10 102 and

there is an inverse relationship between energy conversion ratio and mean size of the dispersed fuel
fragments. Moreover, energy conversion ratios associated with dispersal of solid fuel paetialesuaan

order of magnitude lower than for molten fuel, given a particular size of the dispersed fuel fragments.

5. Concluding remarks

In this paper, we have discussed three categories of results and data on the behaviour of light water reactor
nuclear €iel under reactivity initiated accidents. The presentation is a brief summary of a comprehensive report
on this subjectwhich is currently being published by the OECD Nuclear Energy Agency. The aforementioned
report attempts to sumnise the current statof knowledge on fuel behaviour under RIAs, and contains
reviews and analyses of results from computer analyses on reactivity initiated accidents as well as from pulse
irradiation tests and owaif-pile separate effect tests. In addition, the report détiishe following issues:

A Scenarios and anticipated consequences of RIAs in major type of nuclear power reactors.

Phenomena with particular importance to fuel behaviour under RIAs, e.g. fuel failure mechanisms.
Influence of burrup-dependent state of fuahd cladding on the response to RIAs.

A Methods and predictive comfau codes for analyses of RIAS.

With more than 350 cited references to relevant works published up to March 2009, the report is a good
entry to the subject.

A
A
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A review of experiments and computeranalyseson RIAs
(summary of areport soon to be published by the OECD/NEA)

Lars Olof Jernkvist. Ali R. Massih
Quantum Technologies AB, Uppsala Science Park, SE-75183 Uppsala, Sweden

JanIn de Betou
Swedish Radiation Safety Authority, SE-17116 Stockholm, Sweden

OECD/NEA Workshop on Nuclesr Fuel Behaviour during RIAs, Paris, Sept. 9-11, 2009, < \'

Presentation outline

+ Background and introduction

« Brief review of studies on LWR RIAs
- Computer analyses of hypothetical RIAs
-Pulse irradiation tests
- Separate effect tests

» Summary and conclusions

Background

In 2003, the CSNI Special Expert
Group on Fuel Safety Margins
decided to work out state-of-the-art
reports (SOARs) on nuclear fuel
behaviour under accident conditions

3

LOCA:

- Update of 1986 NEA report
- Published June 2009

Number of publications
b

3
c

RIA:
- New report — LOCA

- To be published late autumn 2009 ! e RIA
Qo7 1680 1990 2000 2010
Year of publication

Source: |AEAINIS datsbass O
N
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Introduction

The new NEA report on nuclear fuel behaviour under RIA:

+ Aimsto summarize the current understanding of fuel behaviour
under RIAs in light water reactors (BWR PWR.VVER). based on
results from experiments and state-of-the-art computer analyses

» Covers material published in open literature up to March 2009

+ Deals with UOz, (U,PujO; MOX. and burnable absorber fuels

Introduction

What are the information sources on RIAs in light water reactors?

Core-wide analyses Pulseirradiation Separate effect
of credible scenarios tests on short-length tests, targetedto

forRIAs by use of fuelrodletsin explore fundamental
3D computer codes dedicated research phenomena
forcoupledtransient reactors

neutron kinetics and
thermal hydraulics

Real-world RIAs

: j Modelling and simulation
 (Researchreactors, naval ' \ (Fuelrod performance, !
'\ reactors. Cherncbyl-4) ! 'lfluid-strudureinteraction; !

.
i
|

Computer analyses of postulated RIAs

Reactor core analyses with state-of-the-art 3D methods

+ Key results are the space-time variation of fuel power, fuel
enthalpy and coolant properties — estimated number of
failed fuel rods in the core

» Most reported studies are concerned with design basis RIAs
- Control rod ejection accidents (REAs) in PWRs
- Control rod drop accidents (RDAs) in BWRs
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Computer analyses of postulated RIAs
General observations

+ Reported results are fairly consistent
-Power pulse characteristics
-Power/energy distributions
- Fraction of failed fuel rods
* Modelling issues concemn
- Fuel rod transient heat transfer
- Clad-to-coolant transient heat transfer
-Transient vapour generation in coolant
Models for post-failure conditions are unavailable

Pulse irradiation tests on fuel rodlets

« Key results are fuel enthalpy thresholds for
cladding failure, fuel dispersal and fuel melting

+ Tests have been done in 9 power pulse reactors
with diverse cooling conditions and pulse widths

Current database comprises

> 1000 tests on un-irradiated fuel rods
~ 150 tests on pre-iradiated fuel rods
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Tests on un-irradiated fuel rodlets

Key findings: NSRR i6ats 6 PWR fubl s
ox °
+ Clear correlation between fuel rod fitoke ® e
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= 1000} © 8 e o °
« Two limiting failure modes, related &° o8
to clad overheating: .9 8
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cladding upon quenching § 566
- Clad ballooning and burst at g ;
high temperature il o
890 @ Failures
O Survivals Saweata (1952)
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Fuel rod mitial overpressure { MPa | O

Tests on pre-irradiated fuel rodlets

Key findings:

+ Pre-irradiated fuel rods are
more susceptible to failure
than un-irradiated fuel rods

+ Two limiting failure modes:

- Clad ballooning and burst at
high temperature (VVER)

- PCMI-induced failure at low
temperature (BWR & PWR)

Failzd PWR fuel: NSRR 125t VA-1 (71 MWadrkgU, 556 Jig)
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Tests on pre-irradiated fuel rodlets

Results of tests on UQ; fuel rods
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Tests on pre-irradiated fuel rodlets

Results of tests on UQ; fuel rods
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Pulse irradiation tests on fuel rodlets

General observations:

+ Tests have been focused on cladding failure mechanisms:
post-failure mechanisms have received less attention

« There is concern about the applicability of test results,
due to differences between test reactor conditions
and expected LWR RIA conditions
-Power pulse width
- Coolant conditions
- Pre-conditioning of pre-irradiated fuel rods

Separate effect tests

Tests targeted to explore RIA-relevant phenomena

+ Cladding PCMI-induced failure
- Embrittling effects of waterside corrosion and high strain rate

+ Clad-to-coolant transient heat transfer
- Effects of clad heating rate and surface conditions

» Fuel-coolant interaction (thermal to mechanical energy conversion)
- Effects of fuel particle size and temperature
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Example: Cladding PCMI-induced failure

Out-of-pile mechanical property tests performed at high strain rate

Tests conducted by Testing” Cladding Irradiated, Strain rate | Temperature
(country) method material un-irradiated [s" ] [K]
IRSN/EDFICEA TAT, RTT, Zr-4, M5, -3

PROMETRA (FR) MAN, CBT |  ZIRLO Y g || =p=dat
Kurchatov Institute TAT, RTT, E110 U 10%_05 203 — 1400
(RU) CBT

GNF Toshiba (JP) 0BT Zr-2 1+ 10°-8 293
JAEA(JP) RTT,CBT Zr-4 u 10*-0.3 203 -620
ANL/PSU (US) RST Zr-4 U 107 -0.2 203 -573
KAERI(KR) RTT,CBT |Zr4 HANA4 u 10°-1 203 -623
Studsvik (SE) EDC Zr-4, ZIRLO | 1-10 298 -613

Q.2
m ol

Example: Cladding PCMI-induced failure

NSRR tests on un-irradiated PWR rods with artificially hydrided cladding

» Un-rradiated fuel rods with

artificially hydrided cladding

fail at similar fuel enthalpy
as pre-irradiated high

burnup rods

Tomiyasu &t 3. (2007) c(J

400

350,

300;

2%

200

Fuel enthalpy at failure { J(GUO,) |

Unradated rods

® Proaradated rods

200 400 600
Cladding hydrogen concentraton |

800
wppm |

7

Summary

What are the knowledge gaps concerning RIAs in light water reactors?

+ No experiments on fuel assembly behaviour
-Rod-to-rod interaction, following first cladding failure?
-Long-term coolability of damaged fuel?

» Few pulse irradiation tests that initiate from hot coolant
conditions and non-zero fuel rod power
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Summary

Topics considered in the new NEA report on LWR RIA:

+ Scenarios for RIAs and their anticipated consequences

+ Involved phenomena with relevance to fuel safety

)ata: Pulse reactor tests and relevant separate effect tests

» Effects of fuel bumup and cladding corrosion

» Review of predictive computer codes for RIA
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CURRENT RIA-RELATED REGULATORY CR ITERIA IN JAPAN
AND THEIR TECHNICAL B ASIS

ToyoshiFuketa and Tomoyuki Sugiyama
Japan Abmic Energy Agencylapan

Abstract

This paperaims to provide a general outline of fuel behaviduring a reactivity-initiated accident (RIApostulated

in light water reactors (LWRsndto showexperimental data providing technical basis wtfth curreh RIA-related
regulatory criteria in JapanThe safety evaluation guideline for the reactivityjtiated events inLWRs was
established by the Nuclear Safety Commission (NSC) of Japan in 1984 based mainly on the results of the NSRR
experiments. In the guidine, an absolute limit of fuel enthalpy during an RIA is defimedrderto avoid mechanical

forces generation. The guideline also defines an allowable limit of fuel enthalpy for fuel design as a function of
difference between rod internal pressure apstem pressure. All of the NSRR data used for the guideline were
limited to those derived from the experiments with freshirtadiated fuel rods. For this reason, the guideline noted
that the failure threshold should be revised fosther experimeral efforts on irradiated fuel rodsA series of
experiments with praradiated fuel rods weraccordingy initiated in 1989 andthe NSC issued a regulatory report
regarding behaviour of buwp fuels during a postulated RIA in 1998. The P&MIure threshal in terms of fuel
burnup and enthalpy increase was defined in the report.

1. Introduction

In the firstnuclearreactor CPL, a person on the floor physically withdrew a control rod. If the reaction
threatened to grow out of control he couldrsert hiscontrol rod, and an automatic control rod would

also insert itself if the reaction reached a certairsptdevel. In case of emergency, another person, who
stood on the balcony with an axe, would cut a rope and release another emergency contrah®gilato

The last line of defence consisted of a "liga@htrol squad" that stood on a platform, ready to flood the

pile with a cadmiursalt solution. The first nuclear reactor was equipped with multiple and diverse control
systen In the very beginnig stage of developing powgroducing reactorsy possible power excursion
wasone of primary concerngy number of test reactors, such as Bwling Water Reactor Experiment
(BORAX) | to V andthe Special Power Excursion Reactor TEIPERT), were constcted in Idaho,

United States in order to experimentally determine reactor kinetics and to demonstréitaitisegf
characteristics. In July 1954, the BORAXacility was destroyeduring the final experiment with a rapid
withdrawal of a control rod-uel plate fragments were scattered for a distan&ab D m. In January 3,

1961, the famous SL accident occurred. A recent study analytted the core power level reached nearly

20 GW in just4 ms, precipitating the reactor accident and steam exgidsDne could naturally expect

that destructive forces may be triggered and generated by fuel failure and melting. It is not necessary to
destroy a whole core in order to study the fuel failure and its consequences, the fuel crash test inside a rigid
capslle or loop, such ahe FPERTprogram in the Capsule Driver Core facility (SPERT/CDIG3d been
initiated and the Nuclear Safety Research Reactor (NSRR) program followed.

The current safety evaluation guideline for the reactivityated events inLWRs was established by the
Nuclear Safety Commission (NSC) of Japan in 1984 based mainly on the results of the NSRR experiments.

1 AThe Manhattan Pr oj ec twww.cfidoe.gowimiegOfmanmhdttany @fficeHaf Blistaryr and ,
Heritage Resources, U.S. Department of Energy.

2 ASuper cr iemiFalad Gase Stadies, tVol.1, Issue 4, National Aeronautics and Space Administration,
(2007).
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In the guideline, an absolute limit of fuel enthalpy during an RIA is defimemderto avoid mechanical

forces generation. Thauigleline also defines an allowable limit of fuel enthalpy for fuel design as a function

of difference between rod internal pressure and system pressure. All of the NSRR data used for the guideline
were limited to those derived from the experiments witkhiree. urrradiated fuel rods. For this reason, the
guideline had adopted a peak fuel enthalpy of 85 ¢al&6 kJ/g) as a provisional failure threshold of pre
irradiated fuel rod during an RIA; and this failure threshold is used to evaluate nurfdilexdgbreirradiated

fuel rods, and to assess source term regarding fission gas release in a postulated RIA. This failure threshold
enthalpy of85 calg was derived from only one experiment, i.e. the test p&gormed in the SPERT/CDC

facility. Hence, lte guideline noted that the failure threshold should be revistdthgrNSRR experiments

with irradiated fuel rodsA series of experiments with pigadiated fuel rods were initiated in 19&hdthe

NSC issued a regulatory report regarding behavibtournup fuels during a postulated RIA in 1998. The
PCMlI-failure threshold in terms of fuburnup and enthalpy increase was defined in the report.

2. Cladding failure
2.1 Failure modes

The processes of three different failure modes are shown in.Fidtet an onset of an RIAod ejection
accident REA) in PWRs orrod drop accidentRDA) in BWRs, fuel temperature increases promptly, and

fuel pellets expand rapidly. The fuel pellets then contact with cladding inner wall and push it from inside.
If the cladding has decreased ductility due to corrosion and subsequent hydrogen absorption during normal
operations, it may fail due to the pellet/cladding mechanical interaction (PCMI).fiPRIMI failured

occurs only in a very early stage of the transierd, the cladding temperature remains low at a time of the
failure. Posffailed cladding has a long axial crack and its deformation is limited as illustrated in Fig. 2(a).

Figure 1. Fuel failure modes in an RIA

RIA

| Prompt increase of fuel temperature |

=
| Fuel pellet swelling | Decreased cladding

- ductility

PCMI PCMI failure
| I : High rod internal pressure
ncrease o

Burst
cladding temperature
-

of cladding oxidized cladding

Oxidation and/or melting P Cracking in severely
and partial melting

If the cladding is ductile enough to surviveetstage of the PCMI loading and fuel enthalpy continues to
increase, cladding temperature becomes higher aftecanrenceof DNB. If the rod internal pressure is
higher than the external, the cladding becomes ballooned due to the decreased yialfithzedadding

at the high temperature. The ballooned cladding may be ruptured and the fuel enthalpy at a tifireaf the
burst is determined as a function of rod internal/external pressure difference and cladding temperature.
Failed cladding in thisase has a short axial crack in a ballooned region as shown in Fig. 2(b).

If the rod internal pressurs mot higher and fuel enthalpy reaches much higher, the cladding may fracture
due to severe oxidation and partial melting. Thettle fractur® (or fimelt failured®) can occur in a late

3 Meyer, R., Mc Cardel I, R., Chung, H. , Di amond, D. an
Reactivityl ni t i at ed Acci de n37sNo.4, ppu-R8B,¢189). Safety, Vol
4 | shi kawa, M. and Shiozawa, S., AA Study of Fuel Beh

Re v i e wo0 earMateraldN\pk95, pp.130, (1980).
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phase of the transient, and the fuel enthalpy at a time of the failure is relatively high. The failed rod has a
radial crack as shown in Fig. 2(c).

Figure 2. Schematic diagram of failed rods
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2.2 Thermal failure; brittle fracture and burst

The two failure modeérod bursb andfibrittle fracture described in the latter of the previous section are
categoised as thermal failure and can occur only after an occurrence of DNB. The Jamandstory

criteria regarding the thermal failures are based on NSRR experiments performed-ividdiated, fresh

test fuel rods. The brittle fracture was observed in baseline experiments of the early phase of the NSRR
program. The failure is principdy caused bycladding embrittliemenand he fracture generally occued

the time of quenchlhecracking isenhanced by cladding wall thinning. THeration of stabl&lm boiling

is severalto ten seconds in the tesend his is not sufficient to caudee cladding to become embrittled.
Posttestrodsshowed that the cladding wall near cracked pottecame thin with meltindn the baseline

tests, where theracking occurred, cladding melt was observed. Mattaddingmoved to other locations
insidethe cladding, probablynder gravity or by forces due to boilingae variation othe wall thickness

and the oxidation ratio along tlaxial direction in the claddingndicatethat the oxygermick-up becomes
relatively higher in the thinner regiomhe chddingbecoms more brittle in the thinner &l region and

cannot withstand axial tensile stress ugaenchingAccordingly, Ishikawa and Shiozawa named this type

of failurei c 1 addi ng immesltte afda iolfu riiecd aid their regewlpged®t t | e fr act ul

As for the burst type of cladding failure, a series of NSRR experimkats been conductedith un-
irradiated, prepressurized fuel rodsThe cladding balloonings initiated at the point of the highest
temperatureand once the ballooningtartsit progresse rapidly. The rupture occarat the point of
ballooning initiation due to the extremely high strain ratethim experimentthe burst split was located
nearest the thermocouple which indicated the highest tempeagdttive time of the peak@ssure but the
lowest temperature at the time of the rod bursansienthistories of the rodanternal pressurduring the
experimentshow a typicaresponse in the case of a {pressurizatiorof 2.0 MPa.As shown in Fig3,
Saito et af®’ charactesedthoseinto the followingfour phases:

Phase I: Rapid increase in accordawité the initiation of the poweburst. Rod pressure increadeaim

the rapid thermal expansiaf the fuel pellet whichcoincided with the fuel heatp caused by rapid
energy nsertion. Duringhis period, the increase in the temperature of fill gas is thought to be negligibly
small because of almost adiabatic haaiof the fuel.

® Saito, S. , Il shiji ma, K. ts of Rodi PePresswrisation 8n Light Water Reactot Fauel K.
Behavior during Reactivity Initiated Accident €Conditi
306, (1982).
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Phase II: Gradual increase up to maximum value for several hundred ms aiiétigttien of the pwer
burst, depending on energy depositions, initial ppdssures, etc. Rod pressure increased due to the
increase of gap gas temperature until the ballooning of the cladding became significant.

Phase Ill: Gradual decrease until rod rupture or until iequin was reached if theod did notfail. The
ballooning of the cladding became significant. Roeksure decreased in accordance with the ballooning.

Phase IV: Sudden drop to coolant pressure if the rod ruptured. The rod pressure ctmtitaoedaseni
accordance with the decrease in the temperatures faifehpellet and fill gas if the rod did nfail.

Figure 3. Transient histories of the rodinternal pressureduring the experimentswith pre-pressurised rods
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A threshold of the thermal failures wdsefined in terms of the peak fuel enthalpy and rod internal/external
pressure difference, as shown in Fg.

Figure4. Threshold of the thermal failures
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The dashedine in the figure is a failure threshold derived from the NSRR experiments with a sasgl

pin. When the pressure difference was below 0.6 MPa, cladding fractured with partial melting at a peak
fuel enthalpy of 212 cal/g (0.89 kJ/g) or higher. Above the difference of 0.6 MPa, the failure modes change
to the burst and the threshold decesawith pressure elevation. When a peak fuel enthalpy did not exceed
88 cal/g (0.37 kJ/g), DNB did not occur and therefore a rod dicerperience the thermal failureSince

the thermal failures are strongly affected by rod cooling conditions, the -gimgéxperiments give a less
conservative thresholdn another test series with rod bundle geometry, 15% reduction of the failure
threshold appears due tioe decreased coolability. With the 15% reduction and a 10 cal/g margin, the
acceptable fuel desidimit was determined as a solidhe of Fig.4.
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The rod ballooning was observed also in some experiments with irradiated test fuels, buDiBpfasiure
occurred so far. Figurgshows residual hoop strain of ptest rods as a function of peak fuetralpy. In the
test TK-1 the residual strain reached ~25%, and photographs ié $figwed pellet radial relocatin

Figure5. Residual hoop strain of postest rodsas a Figure6. Posttest TK-1 rod
function of peak fuel enthalpy
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2.3. Mechanicalfailure; PCMI failure

As stated previously, a long axial crack appears in rods failed due to PCMI loading. Fighwweis a
horizontal crossection in the vicinity of a crack generated in the HB&&d’. A brittle fracture appears in

the cladding periphral region where dense hydride clusters have precipitated, and propagates to inside
with a ductile nature. The failure initiation is obviously influenced by the raditlglised hydride layer,

i.e. hydride rim, so it is callethydrideassisted PCMI failred*®®. The HBQ1 rod was sampled from the

2" highest span where the hydrogen concentration in the cladding was the highest in axial distribution, but
the radiallyaveraged hydrogen concentration was ~g0® at most.

Figure7. Crack generated in the HBO-1

Ductile Fracture

6 Fuket a, T. , Sasaji ma, H. , a n dup BARgFuels avithalowT i ZircaloyiB e ha v i
Cladding under RIA Conditions-@62 (208l).cl ear Technol ogy,
7 Fuketa, T., Mori, Y., Sasaji ma, H. , I-up RWR Ruehander K. and

Simulated RIA Condition in 8¢ = N S RCBNIl ,Specialist Meeting on Transient Behaviour of High Bupn
Fuel, Sep. 124, 1995,Cadarache, France, OECD/GD(96)197, pp3%%91996).

8 Fuketa, T., Nagase, F., Il shiji ma, K. andpFBWRsRuebso
Nuclear Safety, Vol.37, No.4, pp.32812, (1996).
9 Meyer, R. , AAn Assessment of-lhueli abemadecindeRosdDyl &t

Vol.155, pp.293311, (2006).
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However, the local hydrogen concentration in the cladding peripheral region well exceeqp2688
shown in Fig.8.%) Incipient cracking occurs in this peripheral region due to the highly concentrated
hydride clusters. Figur@ illustrates the inipient cracks and an occurrence of stremscentratiorat a tip

of the incipient cracksThe incipient cracks penetrate the oxide layer and a layer with high concentrations
of hydride precipitatesfhydride rind. A stress concentration at a tip of theipient cracks drives the
crack propagation to the inner part. Since the oxide layer has a negligibly low tensile stress, the thickness
of the hydride rim controls the stress intensity factor. The hydride rim forms only in-igliessd
annealed (SRA) aldding, but the hydridassisted PCMI failure occurs also in rods with recryistdibn
annealed (RXA) cladding. In the RXA cladding the length of peripheral and radiaiyted hydrides may
control the stress intensity factdfigure 1D compares rolesf the hydride rim in the SRA cladding and the
radially-oriented hydrides in the RXA claddiray the incipient crackindg-uel enthalpy at failure depends
accordinglyon the orientation of hydrides as well as on the amount of hydride precipifttitn.

Figure8. Radial profile of hydrogenconcentration in  Figure 9. Stress oncentration at a tip of incipient
HBO sibling rod crack
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Figure 10. Influence of hydride morphology
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10 Tomi yasu, K., Sugi yama, T. a fPdriphEral KHydtide pn Mechanicafi Fuelf | u e n
Failure under Reactivity ni t i at ed Acci dent Conditionso, J. Nucl ec
pp.733742, (2007).

11 Udagawa, Y., Suzuki MSugi yama, T. and Fuketa, T., fAStress I ntens
RIA-Simulating Experiments for High Bump PWR Fuel s6, J. Nuclear Science an
to be published.

12 Sugiyama, T.,Umeda, M. kuet a, T., Sasaj i ma, H. , UdagawapFuddls and

under Reactivih ni t i at ed Accident Conditionso-5385A2000p1 s of Nuc
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Figure 11 showsthe peak values of cladding residual hoop strain during theRN®Bm temperature tests

with PWR fuels. The nearly straight line in this figure indicates the strain level achievable only by the pellet
thermal expansion. Tests, in which DNB did not occur, generally resulted in theifd@iMéd strains. When

DNB occursduring the transient, the large cladding deformation is caused by the increase of the rod internal
pressure in combination with the decreased vyield stress of the cladding at an elevated tenipettagure.
phase of the PCMI, the deformation is driven dnhsolid thermal expansion of fuel pellets.

This hydrideassisted PCMFailure occurs only in the early stage of the transient wdladding surface
temperature remains in the same levehatonset of the event. If the cladding survives this gdrasethe
behaviour proceeds to the lgiase, posDNB process; then, cladding temperature increases rapidithand
ductility of the cladding increases. Thatashownin Fig. 11 suggested that the cladding deformation was
causedy thesolid thermal expansn of pellets and fissiogasinduced pellet expansion wasgligible in this
early phase. The fissiagasinduced expansiois caused by thermal expansion of fission gas accumulated
fuel grain boundaries, and may have an importaaton loading to # cladding only in the late phase.

Figure 11 Cladding residual hoop strain
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Figure 2 shows data of fuel enthgljincreasest failureas a function oburnups of tested fuel segments. A step
functiortlike failure threshold defined in 1998 by Nucl&afety Commission of Japan is shown in the figure.

Figure12. Burn-up dependent PCMI failure threshold
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The enthalpyncreaseat a time of failure in théestOI-11 on a rod with ZIRLO claddingras muchigher
than those observad previous testsvith Zry-4 claddingin the sameéburnup, about 60 MWd/kgU. The
higher failure energy irthe test Ot11 reflects the better performance of the r@dadding materials in
terms of corrosion, the thinner oxidasd accordingly lower hydrogaontent generated during irradiation
in the PWR. It can be accordingly concluded tihat rod with improved corrosion resistance have larger
safetymargin against the PCMI failure than conventional-Zmods. Although &urnup of the tested rod

is muchhigher,71 MWd/kgU, in thetest VA1, the enthalpyncreaseat failure was64 cal/g (0.27 &/

and remained in the same level compaitimg data obtained in 50 to 60 MWd/kgU. The result suggests
that highburnup structure (rim structure pellet periplery does not have strong effect on reductbn
the failure threshold because the PCMI load is prodpdetharily by solid thermal expansion.

Since the failure threshold formulated as a functiotowftup cannot reflect any improvements of fuel
design, sme proposals have made to describe the threshold with a diffeagaineter. Figure3lshows

data of fuel enthalpies dailure from experiments on PWR fuels with SRA claddiag a function of
cladding oxide layer thickness. The fuel enthalpy at failumeetates closely with the thickness of the
hydride rim, and an amount of hydrogen introduced into the metal during a corrosion process is
proportional to the oxide thickness. Accordingly, the fuel enthalpy at failure correlates well with the oxide
layer thckness.t can be seen that the thinner oxide in thel@lresults irthe higher enthalpy at failure
even with the highburnup of 58 MWd/kgU. Although th&ZIRLO sheathed rod tested ihe VA-1 had a

thick oxide layer of 73 mm, the enthalpyfailure renained64 cal/gwhich was at the same lewglth an

oxide thickness of 40 mm. The formulation of theeshold as a function of oxide thickness may offer an
improvementin establishing a RIA failure threshold particulafty fuel designs with advanced ctiidg
material§?. However, there is room for further improvement, sinceftmulation does not account for

the other factors, e.ydrides distribution and orientation.

Figure 13. Fuel enthalpy at failure as a function of oxide layer thickness
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3. Fuel fragmentation and mechanicalenergy generation

Fuel fragmentation and mechanical energy generation occur when peak fuel enthalpy exceallg 285
(1.19kJ/g) in the NSRR experiments with a fresh singie Higher fuel enthalpy correlates with higher
mechanical energy generatad shown in Fig. 4 Partial melting of pellets waswaysobservedln order to

avoid incipient pellet melting, the Japanese regulatory guideline defines the absolute limit of maximum fuel
enthalpy as 230 cal/g (0.96 kJIig) 1984. It is generally known that the pellet melting occurs at the lower
temperature due tourn-up, additives, such agadolinium and Pu in MOX fuels. It was accordingly required

that the reduction of the melting point was taken into the account for thiestadsait, when the NSC re

13 Fuketa, T., Sugiyama, T. and @UaPYVR Buelsundier ReactiviBaiidied vi o r
Accident Conditio

(0]

nso, J. Nucl ear 8@88,&006e and Technol
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examinedourntup effects on RIA fuel behaviours and issued the regulatory report in 1998. As for the effect of
burrtup on the melting point, the report noted that an assumption consisting of no reduction up to 30 MWd/kg
and 3.2egree/MWd/kg reduction above 30 MWd/kg was acceptable. It has been discussed that the assumption
is overlyconservativebut data regarding the melting point at highamn-up are very limited for the moment.

Figure 14. Mechanical energy generatiordue to pellet melting
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In NSRR experiments with high buup PWR and BWR fueJsvhich resulted in fuel failure, fugellets
were dispersed from the rod, andeve recovered as fragmented particles from capsideer after the
experiment.Crosssectional vieward scanningelectron microscopy imagef the fragmented debrisre
shown in Fig. 15.

The appearance indicates tia tollected fuel particlearenot once molten, as cée expected from the low
maximum fuel temperaturébelow 2100 Kin this caseduring pulse irradiation. Althougthe fragmented
particles remained in the solid phasgnificant mechanical energgenerationswere observed in these
experimentsThe estimation of mechanical wotkieto rod internal gas release and expansion showshat
gas does not have enough potential to producteti@sof mechanical energy. With an extreme assumgpkian
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all of the rod internal gas reaches the maxinfueh temperature, gas internal energynlylimited, whichis

well below the mechanical energy generated. This sughestapid steam generation duetherenthermal
interactionof dispersed fuel fragments with coolant watethis primary source of the mechanical energy
generatedduring the test. The postulated heat flux in this therimi@raction was compared with those in
separateffectsexperiments with powder fuéfs and the comparison corroboratbat the heat flux in this
process is realistidn the current Japanese safetydgline, the mechanical energy generated in the PCMI
failure is evaluated with a formula identical to that for mechanical energy produced by pellet melting.

4. Fissiongasrelease

After the pulsdrradiation experiments, redverage fission gas release wereasured for the test robg

rod puncture and gas analysis. Tdetaare shown in Fig. @ as a function of the pedkel enthalpy.
Except for HBO2, -3, and-4, the highefission gas releaseorrelates with the higher peak fuel enthalpy.
In HBO-2, -3, -4 and Tk, the fission gas releaseached-20%, and thigorresponds to all the fission gas
accumulated in graiboundaries being releasddringthese experiments. Rapid expansion of fission gas
in grain boundaries causes grain boundsgparation, andhen results in fission gas release and fuel
fragmentationThe experiments witkthe high fission gas releasesulted in large rod deformation, except
in HBO-2, -3, and-4. This fact indicates the significant role of fissigas in rod deformation. In HB®, -

3, and-4, DNB did not occur, and cladding temperatures remained in (dviransient signal from the
thermocouple in HBEB showed~670 K at maximum, but the duration of stafilen boiling was very
short and must have been limitamthe local arex.Therefore, the significant role of fissiaras in rod
deformation appears only at higgmperatures, where cladding ductility is enhanced.

Figure 16. Fission gas release (PWR/Uf as a function ofpeak fuel enthalpy
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The Japanese regulatory criteria dat formulate transient fission gas release during an RIA, because

licenseés evaluations for fission gas release from pellets to rod internal gap during normal operations are

conservative enough to encompass the transient release.
5. Possible MOXeffect

As stated previouslyesults from a series of the NSRR experiments onthughup LWR fuels show that the
heavier corrosion of cladding during operationauglear power plantin turn, the larger hydrogen absorption

in cladding results in fuel failuret #he lower enthalpyinder RIA conditionsin particular, the thickness of
hydride rim that appeared in hidgfurnup PWR fuel cladding, i.e. cladding peripheral layer containing dense
hydride clusters, well correlates with fuel enthalpy at failbuel erthalpies at failure in the twecentMOX

14 Sugi yama, T. and Fuket a, T. , i Me ¢ h aym FuelaHailureE under g y
Reactivity Initiated Ac i d e n't Conditionso, J. Nucl ear Sc i8&nc e
(2000).
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tests BZ1 and-2" are consistent with a tendency derived from number of tests efuelS, and indicate that

any MOX effects do not appeesegarding the PCMI failuteThe threshold of fuel failure due to PCMI wnl
depends on the cladding state with the PCMI loading dependent only on the pellet thermal expansion.
Accordingly, the same failure limit is applicable to 1 EDd MOX fuelsSince the temperatuescalation in an

RIA is the most severe in pellet periphemragion, plutonium agglomerates uniformly distributed dV&X

pellets may have weaker, negligible effectlmmPCMI loadinghan highburn-up fuel structure

On the other hand, data regarding the fission gas release indicate a possible MOX lefféission gas
releases during PWR fuel experiments are plotted in FigsBfunction of peak fuel enthalpy.

Figure17. Fission gas release (PWR/MOXas a function ofpeak fuel enthalpy
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Data from NSRR experiments on ATR/MOX fu8land REPNa experiment$*® performed in sodium loop
of French CABRI reactor are included in the figure. It can be seen that the fission gas releases of PWR fuels
correlate with the maximum increase of fuel enthalpy. The ATR/MOX fuels have a homogeneods micro
structure similar to @t in SBR/MOX fuels, and the fission gas releases from the ATR fuels remain in the
same level of those from YQuels. The MIMAS/MOX fuels tested in the RENR experiments and timeost
recenttest BZ3, on the other hand, show the larger fission gas ede#s particular, the fission gas release
of 39.4% in the test B3 is significantly large in comparison with those in tests on fuéls, even if one
takes into consideration the initial fuel enthalpy of 70 J/g (17 cal/g) in the experiment startec:&rolana
condition of 281 deg C. The highest fission gas release among eadhdl@nged from 20 to 30% in the
previous NSRR experiments, and it is generally accepted that the fission gas release achievable-in an RIA
simulating test corresponds to thmtal amount of accumulated fission gas in grain boundaries. In the
MIMAS procedure, a mother blend of uranium/ plutonium mixed oxide is added to natural or deplgted UO
Pelletizing and sintering of this powder mixture create an heterogeneous final pritiuniixed oxide
(U,Pu)Q agglomerates embedded in the matrix of natural or depleted Ping operation cycles in a
nuclear power planthe fission occurs in the agglomerates which reach verythighups compared to the
burnup averaged over the pel. In the MIMAS/MOX fuels, a large amount of fission gas is accumulated in
the Pu agglomerates, and in turn gives the large fission gas release during the RIA transient. It should be
noted that further investigation is needed regarding gas inventoribe grain boundaries and in the Pu
agglomerates in order to promote a better understanding of the fission gas release from MOX fuels.

15 Fuket a, T., Sugi yama, T. , Umed a, M. , Sasaj i ma, H. z
Reactivityl ni t i at ed Acci dent Con 609,tSept G 2009, FRardspreance, 2008)3, Top |
16 Sasaji ma, H. , Fuketa, T., Nakamura, T., Nakamura, J.
under Reactivity Initiated Accident Condi}).ionso, J.

17 Schmit z, F. and -Bpbffects on Ruel Behaviblr gnder Acidem Conditions: the Tests
CABRIRERN a 0 , J. Nucl ear M&4 &999).al s, Vol . 270, pp. 55
18 Papi n, J. AThe Cabri R e s e dnitiatdd AdCidentgs @,m $oir e Btt iufdiyc od |

Report 2002, Institut de Radioprotection et de Sdreté Nucléaire, (2002).
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6. Summary

Two failure modes can be observed with fresh r8agh occur after cladding temperature escalation due

to anoccurrence of DNB. In case with a high rod internal pressure, ballooning and rupture is the mode, and
a failure threshold in terms of fuel enthalpy depends on the pressure. In case with a low internal pressure,
fuel fails due to severe oxidation of cladglim combination with a partial meltingt a relatively high
enthalpy level.Fuel fragmentation and mechanical forces generation is observed with a very high fuel
enthalpy resulting in partial melting of pellets.

A pre-DNB failure, PCMI failure, is obserdewith highburnup PWR and BWR fuel rods. Tesbdswith
thicker oxide layer, higher hydrogen concentration, failed at a lower fuel enthalpy. The results indicate that
the critical factor is whether cladding has enough ductility to survive until thehamheladding temperature
reaches a certain level. Hydride rimadially-localised hydride layerin PWRSRA cladding and radially
oriented hydride clusters in BWRXA cladding have important raen failure of highburnup fuels. In
experiments resultingn the PCMI failure, fuel fragmentation and mechanical energy generation were
observed as po#dilure events. Collected fuel particles were not previously molten. The results indicate
coherent thermal interaction between the particles and coolant V&tEn boundary separation was
observed in extensive area of ptestt fuel pelletsThe separation can cause large fission gas release and
postfailure fragmentationrPCMI load can be explained only by solid thermal expansion of pellets, but a role
of fisson gas in RIA fuel behaviour remains an important pending questishown in Fig. 18

Figure 18. Anticipated fuel behaviour during an RIA
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Current RIA-related Regulatory Criteria in Japan
and Their Technical Basis

OECD/NEA Workshopion
Nuclear Fuel Behavieurduring Reactivity/Initiated Accidents
OECD Headquarters, Pans, France
September9- 11, 2009

This presentation aims to provide a general outline of fuel
behaviour during a reactivity-initiated accident postulated
in lightwaterreactors andto show experimental data
providing technical basis with the current RIA-related
regulatory criteria in Japan.
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Residual Hoop Strain as a function of Peak Fuel Enthalpy
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£ Thelargerod expansion appears with an occurrence of DNB. but
post-DNB failure has notbeen observedintests with irradiated rods.
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£ Abrittle fracture appearsin the cladding peripheral region where dense
hydride clusters have precipitated, and the crack propagatestoinside.
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» :
- Stress concentration

ata tip of incipientcrack

Incipient crack

Through-wall crack
ey L '
R Saa o }Oxide-layer
FHydride rim

£ Theincipientcracks penstrate
the oxide laverand a layerwith
high concentrations of hydride
precipitates, ‘hydride rim’.
Stress concentration

£ Astress concentration at a tip of the incipient cracks drives
the crack propagationtothe inner part.

£ Sincethe oxide laver has a negligibly lowtensile strenath.
the thickness of the hydride rim controls the stress intensity
factor.
2009 RIA WS, Paris
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@ i = O)
Influence of hydride morphology on PCMI failure
PWR cladding BWR cladding
(stress-relieve annealed) (recrystallization annealed)
Burnup: 77 GWad# Stress concentration Burnup: 69 GWwd#

H content: 760 ppm

H content: 300 ppm
Failure at 55 cal/g

Failure at 53 calig

£ Thelength of peripheral,
radially-oriented hydrides
may controlthe stress
intensity factor.

£ Thickness ofthe hydride
rim corresponds tothat
ofincipient crack.

-

£ Fuel enthalpy at failure depends on the orientation of hydrides
aswell as on the amountof hydride precipitation.
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PCMIloading
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£ Residual strains observedintests withoutan occurrence of DNB correspondto
the level achievable cnly bythe pelletthermal expansion. The deformationin
the phase of the PCMI is driven only by the solidthermal expansion of pellets.

£ When DNB occurs during the transient, the large cladding deformationis

caused bythe increase of the rod internal pressure in combination with the
decreased yield stress of the cladding atan elevated temperature.
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Threshold of PCMI failure in terms of
fuel burnup and enthalpy increase
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»
- Fuel enthalpies at failure @

as a function of oxide layer thickness
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£ Thefuelenthalpy at failure correlates closely with the thickness of the
hydride rim, and an amount of hydrogen introduced into the metal during
acorrosion processis proportional to the oxide thickness. Accordingly,
the fuel enthalpy at failure correlates well with the oxide layer thickness.

2009 RIA WS, Paris

Fuelfragmentation and mechanical energy generation @

Fuelfragmentation and mechanical energy generation occurwhen peakfuel
enthalpy exceeds 285 cal/g. Higherfuel enthalpy correlates with higher
mechanical energy generated. Partial melting of pellets was observed.
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Fuel fragmentation in PCMI failure

>| BWR I [ Fr6 23.6% collected

30k I FK7 22.9% collected
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without pellet melting

Fuelfragmentation and mechanical energy generation were observed during
experiments resulting inthe PCMIfailure. Collected fuel particles were finely
fragmented, e.g., abouthalf of fuel pellets became particles smallerthan 0.1
mminthe above cases, and were not previously molten.

Y
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Gap gas ejection

in PCMI failure

Fuel debris

b g 5

Mechanical
Energy Generation

X (Gap gas ejection
and expansion

chanical Energy Generation
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Small potential
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3 Fuelicoolant
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thermalinteraction

Water I Fuel particles remainsin solid
column
St £ Coherentthermalinteraction of
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Mechan I £ Verification with data from particle-fuel experimentl
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3 Fission gas carresponding to all amount of fission gas
accumulatedin grain boundaries released in several tests.

3 Rapid expansion of fission gas in grain boundaries causes grain boundary
separation. andthenresultsin fission gas release and fuel fragmentation.

@

Possible MOX effect @

3 No MOX effectin PCMI failure, sofar.
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3 Fission gasrelease is significantly large inthe MOX.

2009 RIA WS, Paris
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Anticipated processes of fuel behaviours during an RIA

RIA
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. Two failure modes can be observed in tests with fresh rods. Both
occur after cladding temperature escalation at an onset of DNB. In
case with a high rod intemal pressure, ballooning and rupture is the
mode, and a failure threshold in terms of fuel enthalpy depends on
the rod internal-external pressure difference. In case with a low
internal pressure. fuel fails due to severe oxidation with partial meting
of cladding at a high enthalpy level.

. Apre-DNB failure. PCMI failure, is observed with high bumup PWR
and BWR fuel rods. Test specimens with thicker oxide layer. higher
hydrogen concentration, failed at a lower fuel enthalpy. The results
indicate that the critical factoris whether cladding has enough
ductility to survive until the time that cladding temperature reaches a
certain level.

(G

[y

" Hydride rim (radially-localized hydride layer} in SRA cladding and
radially-oriented hydride clusters in RXA cladding have an important
role in failure of high burnup fuels.

Iy

2009 RIA WS, Paris
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Fuel fragmentation and mechanical forces generation were observed
at a very high fuel enthalpy resulting in partial melting of pellets.

© Mechanical energy generated also in experiments resulting in the

PCMI failure of high burmnup fuels. Collected fuel pellets were finely
fragmented. and were not previously molten. The results indicate an
occurrence of coherent thermal interaction between the fine particles
and coolant water.

© Grain boundary separation was observed in extensive area of post-

test high burmnup fuel pellets. The separation can cause large fission
gas release and post-failure fragmentation.

~ PCMI load can be explained only by solid thermal expansion of

pellets. but arole of fission gas in RIA fuel behaviour remains an
important pending question.

2009 RIA WS, Paris
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REGULATORY ANALYSIS OF REACTIVITY TRANSI ENTS

C. E. Beyer
Pacific Northwest National Laboratory, USA

K. J. Geelhood
Pacific Northwest Natioal Laboratory, USA

1. Introduction

This paper will describe modifications made to the FRAPEd@hd FRAPTRAN fuel performance codes

and models that impact reactivity initiated accident (RIA) analyses. The modified models include; 1) an
upper bound empirad and best estimate release models for radioactive isotopes for fast transients, and 2) a
revised cladding failure model that accounts for ductile and brittle failure. Because experimental data exists
for discrete test conditions, the codes and modelasaé to interpolate and to some extent, to extrapolate
these test conditions. An upper bound empirical model for release is used to establish new recommended
release fractions for lorkived and short lived (radioactive) isotopes for RIA evertisese bonding

fission product inventory gap fractions will be included in the forthcoming Draft Guide (DG)ta199
published by the USNRO he public is invited to comment on the proposed analysis methodology and gap
fractionsin DG-1199 during the upcoming plib comment periodA best estimate release model is also
used in FRAPTRAN 1.4 based on grain boundary gas concentrations from FRABRZQN predict
release for RIA events. Code and model predictions will be compared to failure and release data from RIA
tests to demonstrate accuracy.

The release models for RIA analyses will be discussed, followed by the reladdahgfailure model.
2. Fast transient (RIA) release models

The release of radioactive isotopes from a failed fuel rod during a RIA eventsddinto longived (greater

than 1 year hallife) and short lived isotopes (less than 1 yearlifa)f The total release of radioactive isotopes

used for dose evaluations should include the ststady gap inventory (present from normal operatiaor jpoi

the RIA event) plus any fission gas released (FGR) during the RIA event. Therefore, the release is further
divided into the gases released during stestale operation and those gases released during the event itself due
to the large temperature neaseThe release of lonlived isotopes during steadyate and the RIA event will

be discussed first followed by a discussion of release of thelisiedrisotopes.

2.1 RIA release of longlived isotopes

The release of lontived isotopes during stegdtate operation (i.ekrypton-85, cesium134, andcesium

137) can be conservatively estimatedh most fuel performance codes that predict the release of the
stablenoblegasesThis assumes thelease of théonglived isotops is equal to the releasof the stald
isotopes and using trecommendedhcrease in diffusion coefficient for cesiub34 and cesiuri37 of a
factor of 2 compared to the noble gasekaseprovided in the latest proposed ANS 5.4 standard.
Bounding releasgalueshave been caldatedfor the noble gases and lotiged cesiums and provided in
the latest recommended updates to gap release fractions for RIA. @Veséscalculations havieeendone

81



NEA/CSNI/R(2010)7

using the FRAPCOM.3' fuel performance code for the most limiting of current PW& BWR fuel designs
(14x14 and 9x9, respectively) in terms of release and the guidance in the newly proposed ANS 5.% standard
the calculational results are presented in Tabletounding spectrum of PWR power histories were used with
partial power opet@n at an LHGR limit of 14 kW/ft up to 34 GWd/MTU (peak nobatnup). A bounding
spectrum of BWR histories were used with partial power operation up to six months time at different points in
the irradiation at an LHGR limit of 15 kW/ft up t®Z5Wd/MTU (peak nodal burup). Example bounding
histories used for PWR and BWR calculatiaare demonstrated in FigureThe highest release for the leng

lived isotopes always occurred at or near theaifle (peak nodaburnup of 68 GWd/MTU for PWRs and

70 GWH/MTU for BWRs) assumed for this calculation. Idiiig the bounding power histories the stable release
fractions were calculated to exceed the 0.10 fraction recommended in the current Uatryeguides for a

RIA event.This demonstrated the need fmlate the current regulatory guide for RIA events.

Table 1.PWR and BWR fuel rod peak gap release fractions, R/B, based on peak values from
bounding power histories'

Isotope Gap release fractions- 95/95UTL Current
Calculated PWR Calculated BWR Maximum RG 1.183 able 3
14x14design 9x9 design

Kr-85 0.348 0.257 0.35 0.10
[-131 0.073 0.036 0.08 0.08
[-132 0.225 0.111 0.23 0.05
Other robles 0.031 0.016 0.04 0.05
Other lalogens 0.042 0.021 0.05 0.05
Alkali metals 0.457 0.336 0.46 0.12

AGap fractiondor nonLOCA events with exception of RIA events

Figure 1. Assumed PWR and BWR rod linear heat generation limits (solid lines) versus burap along
with example assumed power history (dashed lines) used for FRAPCEBN3 calculation of release
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The releasef long lived isotopes during a RIA event is based on stable noble gas release data from simulated
RIA tests on PWR, BWR, and VVER test rods (shortened rod segments from actual commercially irradiated

1

Lanning, D.D., C.E. Beyer, and K.J. Geelhood. 20FBAPCON3 Updates, including Mixed Oxide Properties,
NUREG/CR6534 (PNNL11513) Vol. 4, U.S. Nuelar Regulatory Commission, Washington D.C.

Turnbull, J.A. and C.E. BeyeBackground and Derivation of ANB4 Standard Fission Product Release Model
PNNL-18490,Pacific Northwest National Laboratory, Richland, WA.
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rods) collected from tests in the CABRNSRR™®’, and BIGR test reactorsThese release data for stable
isotopes are plotted in Figure 2 as a function of enthalpy increase that demonstrates a strong dependence of
release on peak enthalpy increabkee release of stable noble gases in this figure appli¢tse longlived

krypton85 isotope and demonstrates that above an enthalpy increase of ~ 90 cal/gm some of the stable isotope
release exceeds the recommenr@é@ fraction for RIA in the U.S. NRC regulatory guides (Regulatory Guides
1.183 and 1.77). In addition, the release in Figure 2 is only the fraction of gas released during the RIA transient
and does not include the release during normal operation (discussed kli®vejted that some of the BWR

rod segments tested had local releases greate209o fission gas release (FGR) during their base irradiation

and this did not appear to impact (reduce or increase) the release during the simulated égehtiRTAe

release fractions provided in Figure 2 are relative to dked gas produced in thieiel. Therefore, a new
recommended release values will be provided in this paper to replace the value of 0.10 foi8krgpioi®.12

for cesium134 and cesium 37 specified in Regulatory Guides 1.77 and 1.183.

Figure 2.Stablefission gas release data asfunction of peak fuel enthalpy increase from simulated
RIA tests in CABRI, NSRR, and BIGR test reactors
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The pulse widths from these different test reactors varied considerably with the CABRI tests having the
widest pulse width between 9 to 76 millisado(ms), the NSRR tests between 4 to 7 ms, and the BIGR

3

Lemoine, F., J. Papin, J. Frizonnet B . Cazali s, and H. Rigat, AThe Rol e
High BurnUp Fuel Under Reactivity Initiated Accident Col
Fuels- Seminar Proceedings Cadarache Franc®28eptember 2000.

* Fuketa,T . , H. Sasaji ma, Y. Tsuchiuchi, Y. Mori , T. Na k a mt
Bunup PWR Fuels, 0 Proceedings of 1997 International Tc

Oregon, March B, 1997.
® Fuketa, T.. T Sugi yama, H. Sas aj i maimaatirgd) EXperimeNta gnaHige Buupi NS RR |
LWR Fuels, 0 Proceedings of the 2005 Water Re4a,ct or F
October 26, 2005.
Nakamura, T., M. Yoshinaga, M. Takahashidkk onogi , and K. I shiji ma, iBoiling
ReactivityInitiated-Accident Conditons atBura p of 41 t o 4NicleaGTchhotogyvolnld9, pg 144
151, February 2000.
Nakamura, T., K. Kusagaya, T. Fuketa and H. Uetau,  {Blitirup BWR Fuel Behavior Under Simulated
Reactivityl ni t i at ed Ac c NudleanTech®logybli 188, ppR24259) June 2002.
Yegorova, L. et alExperimental Study of Narrow Pulse Effects on the Behavior of High-lufuel Rods ith
Zr-1%Nn Cladding and U@Fuel (VVER Type) under Reactivityitiated Accident Conditions: Program
Approach and Analysis of ResulMUREG/IA-0213, Vol. 1, May 2006.
Regulatory Guide 1.77, Assumptions Used for Evaluating a Control Rod Ejection Atmideressurised Water Reactors,
May 1974.
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tests having the shortest pulse width of 2 to 3 ms. Examination of the data in Figure 2 in terms of pulse
width reveals that pulse width does not appear to have a large influeR¢eRlretween ~ 2 td6 msand

that release primarily increases with increasing enthalpy. Also, power history and fuepboay have

an impact on release but the scatter in the data does not allow a definitive empirical relationship to be
established. However, the FRAPC@N+ and FRAPTRAN 14 codes have been shown to provide a
better prediction for a given power history and bupnlevel than the empirical model (see discussion
below). The release fractions are from test rods with very short fuel lengths such that #ipyenth
increases and release values can be considered to be local rather than-fengtfull WR fuel rod.

An upper 95/95 tolerance level (empirical) curve is presented in Figure 2 that bounds the RIA release data
with the exception of three data pointerh NSRR tests of PWR segmented rods. The upper tolerance
curve does not intercept the origin (a small positive release of 0.01 at zero enthalpy increase);
consequently, a slightly different relationship than the 95/95 tolerance curve is recommendedsitsit p
through the origin such that release fraction for {bwed isotopes can bounded by the relationship:

F (stable) = 0.0022*a&H
where e&@H is the enthal py increase in call/lgm

This relationship provides a zero release at zero enthalpy increase.

The three Bort fuel test rods that are not bounded by the 95/95 curvelB@2, HBO-3, and HB(A4.

These three test rods were refabricated from the sarderigth PWR rod and then RIA tested in NSRR.

The Japan Atomic Energy Research Institute (JAERI) papers pods®n these tests note that the release

data from these three HBO specimens were anomalous compared to the rest of the release data from the
NSRR tests. It should be noted that they are also anomalous to the remainder of the 32 other RIA FGR data
in Figure 2. These JAERI reports noted that the fuel fabrication process for2HEBOand-4 rods was

different (labeled as TypA fuel) than the rest of the HBO test series (labeled as-Byhel), but the

Type-A fuel was used in some of the TK series tesist For example, the F& rod had TypeA fuel with

similar burrup of 50 GWd/MTU but peak enthalpy was over twice as high fordT&s for HBG2

(98 cal/gm versus 37 cal/gm, respectively), thus suggesting that $Kould have significantly higher

FGR. Howvever, the FGR in HBQ was more than twice as high FGR as-FK17.7 versus 8.3). This
suggests that some unknown phenomenon caused higher FGR i2.HBO

It has also been hypothesized that the higher FGR of the-HB&) and-4 rods may be due to their leas
irradiation (commercial reactor) powers being different from the other fuel rods in Figure 2 at equivalent
burnup levels. However, examination of reported histories for bothdTdhd HBG2 test specimens
demonstrated that they had similar base irramtiappower histories. Therefore, base irradiation power
histories do not appear to explain the high release in the-}{B&) and-4 rods unless there are errors in

the base irradiation powers. Consequently, there is no clear explanation for why the HB@ fygbe
experienced significantly higher FGR than any other RIA tests performed in CABRI, NSRR (including
other NSRR tests with Typ& fuel), and BIGR at low fuel enthalpies.

Further examination of Figure 2 also shows that two NSRR BWR specimens andBRERAR specimen

had significantly lower release than the majority of the other test rods. The largest deviation was from a PWR
CABRI test rod (REP N&) with the lowest burup level (33 GWd/MTU) of the Utest rods. The two

NSRR BWR test rods (FA andFK-3) were at relatively low buraps of 45 to 4GWdA/MTU, respectively.

A qualitative theory of fission gas release can partially explain the lower release for these test rods based on
increasing interconnected fission gas bubbles on grain boundariemaevétasing burup. The fission gas

release from the RIA test rods appears to be from the fracturing of the grain boundaries within the Hhigh burn

¥ Geel hood, K.J., C.E. Beyer, and W.G. Luscher-3420009.
and FRAPTRAN 1.4Proceedings of Top Fuel 200Paris, France, Septembef 6, 2009.
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up fuel rim and main body of the fuel and not due to diffusion during the RIA tests. These lowep fusgh

rods have little or no fuel rim and have less grain boundary gas in the main body of the fuel. Therefore, the
lower burrup fuel will have less grain boundary gas than the higheruqufael with the latter having more
inventory for release during the Rt is further noted that the low buup (only 28 GWd/MTU) mixed

oxide fuel (MOX) test rod from CABRI (REP N3 was within the release amounts of the higher-oprn

UO, test rods. This can be explained by the bubble interconnection process, whighk appeaur in MOX

(in the PuGrich particles) at much lower bunps than for UG.

The newly released FRAPCG@EBYM code predicts the grain boundary gas as a functidsurofup more
accurately than FRAPCQOBL3. The newly released FRAPTRAN 1.4 codeisafil this boundary gas from
FRAPCON3.4 to predict the gas release during a RIA evAntomparison of release predictions from
FRAPCON3.4/FRAPTRAN 1.4 to four Cabri UQods (Na2, Na3, Na4 and Nab), four NSRR PWR rods
(HBO-6, OF2, MH-3 and GK1), andtwo NSRR BWR rods (FKL and TS5) demonstrates that this code
combination provides a better prediction than a best estimate empirical (least squares) fit based only on fuel
enthalpy increaseAll of the best estimate code predictions are closer to theumnsebrselease values but the
difference between the code predictions and a best estimate empirical model is only 1 to 3% release (absolute).
For example, the NSRR QP test rod measured 10.2% FGR while the code prediction was 10.35% and the
empirical modelpredicted 13.3%. The exception to this is the Cabri2Nabd with a low burnup
(33GWd/MTU) and high enthalpy (183 cal/gm) where the best estimate code model provided a significantly
better predictionFor example, the best estimate empirical model geavian overprediction of 20% release
(absolute) while FRAPCOIS.4/FRAPTRAN 1.4 predicted the release within less than 1% release (absolute) of
the measured value. The remaining 23 Cabri, NSRR and BIGR test rods, where basstatéeegdyver
histories ar&known, will be used in the future to further verify FRAPCGOM/FRAPTRAN 1.4 predictions of

release during a RIA event. It is concluded that the bounding 95/95 empirical model is adequate for determining
release values for licensing analyses but the FRARGA@/FRAPTRANL.4 code predictions may provide a

better best estimate predictions for a specific fuel rod and RIA event.

There are no release data for the cesium, iodine, or-lsfedtnoble gas isotopes from the RIA test rods.
Therefore, their releaseactions are estimated from the bounding relationship for stable noble gases and
krypton85 above. The release of the ldinggd cesium isotopes (cesiub34 and cesium37) can be
estimated utilising the ANS 5.4 standard recommendation by assuming ibat bas a factor of 2 higher
diffusion coefficient than the noble gases. Because diffusional release is approximately proportional to the
square of the diffusion coefficient, it is assumed that the cesium on the grain boundaries available for
release durig a RIA is proportional to the square root of the ratio of cesainoble gas diffusion
coefficients. The bounding release fraction for the lived cesium isotopes can be expressed as:

F(esium = 0. 00%°%=2*@HOrq2)* eH
where e&@H is the enthalpy increase in call/gm

2.2. RIA release of shotitived isotopes

The iodinel31 shodlived isotope is the major contributor (>95%) that determines the level of dose in terms of
release from the fuel.his is because iodine contributes a significant dose to the thyroid in terms of dose limits
and iodinel31 is the longest lived of the iodine isotopes. There are no release data for thaeshisdtopes

including iodinel31 for a RIA event, only releaslata for the stable noble gases exist; therefore, thdigbdrt

isotope releases must be estimated from the stable noble gas release data and the newly proposed ANS 5.4
release model. For shdited isotopes, the equilibrium release fraction is defias R/B where R is the
equilibrium release rate (e.g., atoms/sec) calculated assuming diffusional release at a given temperature (rod
power) and B (atoms/sec) is the production rate at that rod power. The equilibrium diffusional release is
achieved whenhe fuel temperature (rod power) remains relatively constant for divealfof the release

isotope in question. For shdited isotopes, the shorter the Hifif of the isotope the smaller the value of
release, R/Bfor a given fuel temperaturé&his isbecause the gas is held in the fuel until it diffuses to the
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boundary where it remains until the boundary is saturated when it is then released from the fuel; this holdup
allows for more decay of the isotope of the shorter lived isotopes beforébi celeased herefore, as a result
of holdup in the fuel, an isotope with a shorter Hiédf will decay more than an isotope with a longer -itef

The release of the shdited isotopes of the noble gases and iodine during a RIA is similar t@tlseady

state power operation once the grain boundary is satuiiteslis because once the grain boundaries are
saturated during steadyate operation there is no holdup of the gas on the grain boundaries, and there is no
holdup on grain boundariesrihg a RIA. The actual physical mechanism for release from the boundary is
different between a RIA and that during steathte operationThe RIA release is due to the large
temperature increase within the fuel during this event that fractures the guaitiabies, thus releasing the

gas on the boundaries immediatéfhe grain boundary saturation level for release decreases with fuel
temperature for normal power operation such that an increase in fuel temperature over a few hours from a
power ramp will ado release grain boundary gas similar to a RIA event where the grain boundaries are
fractured.Both mechanisms release all of the grain boundary gas (radioactive and $tabiefore, there is

a ratio between the radioactive R/B release and the stddssedractions that is primarily dependent on the

fuel temperature increase (delta power increasepamelp for both a RIA event and a slow power increase
during normal operationThis ratio can then be used to estimate the release for a given isatopeas
iodine-131, which is of primary importance for dose calculations for a RIA.

Several calculations have been performed with the FRARB®@Node and the proposed revised ANS 5.4
model to examine the ratio between stable noble gas release anédle odliodind.31 for the BWR 89

and PWR 1414 fuel design at power increases of 14, 26, 31, and 41 percent and at rod buerags
between 12 to 38 GWd/MTU he FRAPCON3.4 release model estimates the stable gas release while the
ANS-5.4 release ma is used to ésnate the iodinel31 releaseThe ANS 5.4 model is used for the latter
because it predicts the decay of the isotope during the diffusion process from the fuel and has been verified
against a large amount of shiived isotope release dadburnups up to 80 GWd/MTUOnly the release

of the iodinel31 isotope was examined because it has the highest R/B release of theesheotatiles that

has the largest impact on dose calculati@hg. ratio of the best estimate predicted releaszifins between

the stable noble gases and iodlr#d at a given time step when power is increased provides an indication of
the delay time between when a ioditf#&l atom is produced to when it is released during normal power
operation with little holdupmthe grain boundargxamination of the calculational results demonstrates that
the ratio between the stable isotopes and ietidierelease (e.g.«kdR/B).131), is typically between 6 to 15

when the power is increased between 14 tgettent and b averageburnups are between 12 to
38GWd/MTU. An increase in power of 4dercent for steadgtate power operation results in a delta increase

in stable release fraction of 0.15, which is the upper range of delta release of a RIA for ahHaW&io of
FsandR/By.13; varies depending on power abdrnup. This suggests that the release fraction from decay for
iodine-131 is reduced by a factor of 6 to 15 due to the time for diffusion to the grain boundary and release.
Therefore, to be conservativeigtassumed that the diffusion from the fuel grain matrix to the grain boundary
with no holdup on the grain boundary reduces the fractional release by a factor of 3 compared to the stable
isotopes. As noted, the actual reduction in fractional release cetnjmathe stable isotopes is most likely
between a factor of 6 to 15, but without actual iodiBé release data for test rods with simulated RIA power
increases at variodmirnup levels, it is difficult to determine the exact factor of reduction in selea

The bounding gap release fraction, R/B, for iodli3& and the other shdived isotopes is defined as:

F (short Iife isotopes) = (0.33)*0.0022*a&H =0.
where &H is the enthalpy increase in cal/gm

The combined total RIA gap release fractions equals the sgtatdy gap fraction (Section 2) plus the
transient releases provided in this section, as suisatkin Table 2.
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Table 2.Local gap release fractions for reactivity initiated accidents

Isotope Combined RIA release fraction
Kr-85 ((0.35) + (0.0022 3H) )

I-131 ((0.08) + (0.00073 JH) )

1-132 ((0.23) + (0.00073 JH) )

Other Nobles ((0.04)+ (0.00073 HH) )

Other Halogens ((0.05) + (0.00073 3H) )

Alkali Metals ((0.46) + (0.0031 JH) )

A Assumes no fuel meltingPH= increased fuel enthalpy during RIA event
3. RIA failure models
The FRAPTRAN 1.4 code contains both ductile and brittle cladéiiigre mode$ to predict failure
during RIA. The ductile model is the same as that in FRAPTRAN 1.3. The douwilel predits the

cladding to fail when the predicted cladding plastic strain exceedsré¢décteduniform elongationThis
model is a function of temperauand hydrogen concentration.

UE = min(UE,,UE,,,)

Where:
UE = uniform plastic elongatiofdp
UEy=2.2%
UE,., =AM P Hex>0
UE,., =UE, He,=0
A=1211exp(- 0.00927CT) T<700K
A=1.84080: T>700K
p=1.35523% 0.001783F T<700K
p=0.10713! T>700K
Hex = maX(O, HTot -H Sol)

a -8550 §
H,, =123 10° exple— > 8
> V1 985887CT <
H+o:= total hydrogen in cladding, ppm
T = temperature, K

The predicted minus measured uniform elongation versus excess hydrogen concentration (concentration
greater than solubility) is provided in Figure 3 to demastthe accuracy of the modat. hydrogen évels

greater than approximately 600 ppm the uniform elongation is very low and the claddintytj@isan a

brittle manner.This is illustrated in Figure 4 where uniform elongation (solid data points) is plotted as a
function of the failure stress the measured yield strength (measured yield stress is determined from data
from similar irradiated cladding types at hydrogen levels less than 600 pjpro).the uniform elongation

data are below 0.45%xcept for one datum at 0.8%lso, plotted is thdotal elongation data (open data
points) that has some values that are relatively low but has four data points between 1 to 3.6% strain which is
much higher than what would lexpected for brittle cladding@-his demonstrates that total elongation data
hassignificant scatter and is not a good measure of the strain to failure.
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Figure 3.Predicted minus measured uniform elongation from irradiated samples from the PNNL
database as a function of excess®nmj)drogen (29

Predicted - Measured UE, %
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X
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Figure 4 Mechanical tests at excess hydrogen levels greater than 600 ppm with failure at or below
the yield strength (demonstrates little or no ductility) versus measwd uniform and total elongation
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A brittle failure model was added to FRAPTRAN lagdsumingthat if the cladding excess hydrogen
concentration is greater than 650 ppm, theditaglis predicted to fail when plastic strain exceeds 0.05%.

The failure predictions for 30 Cabri, NSRR and BIGR RIA tests are listed in TablasBatihe ductile

(uniform stain) and brittle failure models. It can be seen in Table 3 that failure efaitare for these 30

tests is correctly predicted for 27 tests. For the remaining three tests, HBO1, RT10 and RT12, the deposited
energy is within 510 cal/g of the enthalpy reigjed to correctly predict failure or non failure. The first two

tests are predicted to have not failed when failure was reported, while the reverse is true for RT12. This
suggests that FRAPTRAN 1.4 provides a reasonably best estimate prediction af fadlire due to a RIA.

Table 3FRAPTRAN 1.4 failure predictions of CABRI, NSRR and BIGR tests

Test Observation Prediction
Cabri UO,
NA1 Failed Failed
NA2 Not failed Not failed
NA3 Not failed Not failed
NA4 Not failed Not failed
NA5 Not failed Not failed
NA8 Failed Failed
NA10 Failed Failed
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Table 3.FRAPTRAN 1.4 failure predictions of CABRI, NSRR and BIGRtest§ Cont 6d)

Test Observation Prediction
Cabri MOX
NAG6 Not failed Not failed
NA7 Failed Failed
NA9 Not failed Not failed
NSRR UG,
FK1 Not failed Not failed
GK1 Not failed Not failed
HBO1 Failed Not failed
HBO5 Failed Failed
HBOG6 Not failed Not failed
MH3 Not failed Not failed
0Ol12 Not failed Not failed
TS5 Not failed Not failed
BIGR
RT1 Not failed Not failed
RT2 Not failed Not failed
RT3 Not failed Not failed
RT4 Not failed Not failed
RT5 Not failed Not failed
RT6 Not failed Not failed
RT7 Not failed Not failed
RTS8 Failed Failed
RT9 Failed Failed
RT10 Failed Not failed
RT11 Failed Failed
RT12 Not failed Failed

4. Conclusions

Bounding models at a 95/95 confidence Ideelrelease to the fuel rod gayere empirically derived from
the Cabri, NSRR and BIGR tests for predictihg release dbnglived isotopeqkrypton85, cesiurl34

and cesiurll37) and short livedsotopes(such as iodind31) for dosedeterminations for RIA events.
Dose calculationgor RIA must include release during both steathte as well as from the RIA event
itself with examples provided in TabR The proposed fission product inventory dagctions forRIA

will be included in the forthcoming D&199. The public is invited to comment on proposed analysis
methodology and gap fractioms DG-1199 during the upcoming public comment period.

The combination of using the FRAPCEBWY codeto calcuate gran boundary gas and the FRAPTRAN
1.4 code to predict the release from the grain bousslaluring a RIA provides a bettévest estimate)
prediction of release for the lofiyed and stale isotopes for this event than a best estimate empirical fit
of the data only in terms of peak enthalpy incred$és is particularly true for the lowdurnup fuel rods
where the grain boundary gas concentration is much lower and releaserisHan for high burap fuel.

The FRAPTRANL1.4 code has demonstratibat it can accurately predict failure and ri@ilure for 27 out

of 30 test rods from Cabri, NSRR@&BIGR testsThose rods wherERAPTRAN 1.4 incorrectly predicted
nonfailure (HBO1 and RT10) and failure (RT12) were withifl® cal/g of the enthalpy geired to
correctly pedict failure or non failure. This demonstrates that FRAPTRANcan predict failure due to a
RIA event in a best estimate manner with reasonable accuracy.
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Regulatory Analysis of Reactivity
Transients

Carl Beyer, PNNL
Ken Geelhood, PNNL

Presented at OEC D/NEA Workshop on Nuclear Fuel
Behavior during Reactivity Accidents

Paris, France September9 — 11, 2009 S

Pacific Northwest

» Radioactive release to gap for RIA licensing
analysesin forthcoming Draft Guide-1199

v Upper bound normal operational release to
gap based on newly proposed ANS-5.4
standard

v"Upper bound transient release to gap based on
empirical model

v Best-estimate transient release to gap based
on FRAPCON3.4/FRAPTRAN1.4 calculation

» Cladding failure threshold for RIA
v Validation of FRAPCON3.4/FRAPTRAN1.4

7~

- T—— Pacific Northwest

Upper Bound Normal Operational
Release to Gap
» 95/95 bounding relationship proposed in new ANS
5.4 Standard,* temperatures predicted FRAPCON3.4

» Bounding power histories for 14x14 and 9x9 fuel
designs

» lodine-131 is the most limiting in terms of dose
because it provides significant dose to the thyroid

* Standard sent to ANSI for approval, background
document for standard currently in publication as
NUREG/CR and PNNL report (PNNL-18490)
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Bounding Kr-85 Peak Release to Gap

95/95) for Normal Operation Occurs EOL

Kr-85 Release 95/95
Peak LHGR, kWit

Rod Average Burnup, GWd/MTU

Bounding (95/95) Release to Gap for
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Transient Release to Gap of Short-
Lived Isotopes

P RIA release data only from stable isotopes

P Short-lived isotopes decay during diffusion to
grain boundary, release is less than stables

b Estimated ratio of stable isotopes to I-131
release based on ANS 5.4 diffusion
coefficients

v'Varies between 6 to 15 for I-131 dependingon
bumup and power forrange of LWR operation

P Conservatively assumed |-131 release factor
of 3 less than stables to estimate [-131
release to gap

7

T Pacific Northwest

92



RIA I-131 Release to Gap for Dose
Consequences

95/95 upper bound from normal operation =
0.08 (for I-131 fraction)

+

95/95 upper bound from RIA transient =
0.0022/3*AH (for I-131fraction)
AH = peak fuel enthalpy increase
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FRAPCONS3.4/FRAPTRAN1.4

Predictions of RIA Data

» Best-estimate release to gap predictions
» Best estimate failure predictions
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Best Estimate Empirical Fit to CABRI

and NSRR Data
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FRAPCON3.4/FRAPTRAN1.4 Predicts RIA Release
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FRAPTRAN-1.4 Failure Model for RIA

Based on Uniform Elongation (UE
Cladding Temperatures < 700K
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Recent CABRI and NSRR Test Rod
Comparisons

Rod Test Reported FRAPTRAN 1.4
Conditions AHmax AHpy AHmax AHpgy

VA-1 NSRR 20°C 133 calig 64+10calig| 132.5callg |64.2calig
stagnantwater

VA-3 NSRR285°C |108callg |82calig 102.3callg [75.4 calig
stagnantwater

CIP0-1 |CABRI280°C |74 calig nofailure |[71.6callg |nofailure
flowing sodium

< Alltests done on high burnup (72-75 GWd/MTU) rods with
ZIRLO™ cladding

<~ FRAPTRAN 1.4 predicted failure or non failure correctly for each
test

+ FRAPTRAN 1.4 predicted maximum and failure enthalpies within
less than 7 cal/g of reported values
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Pacific Northwest

» New methodology proposed for
determining release to gap for determining
dose consequences for RIA in US reactors
— Forthcoming Draft Guide 1199
Comments welcomed from public

» FRAPCON3.4/FRAPTRAN1.4 provides
best estimate failure predictions for RIA
(assistin NRC in determining RIA failure
thresholds)
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Pacific Northwest
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