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ORGANISATION FOR ECO NOMIC CO -OPERATION AND DEVELO PMENT 

The OECD is a unique forum where the governments of 33 democracies work 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 governments respond to 

new developments and concerns, such as corporate governance, the information economy and the challenges of an ageing population. The 
Organisation provides a setting where governments can compare policy experiences, seek answers to common problems, identify good 

practice and work to co-ordinate domestic and international policies. 

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, the Czech Republic, Denmark, Finland, France, 
Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Korea, Luxembourg, Mexico, the Netherlands, New Zealand, Norway, 

Poland, Portugal, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States. The 

European Commission takes part in the work of the OECD. 

OECD Publishing disseminates widely the results of the Organisationôs statistics gathering and research on economic, social and 

environmental issues, as well as the conventions, guidelines and standards agreed by its members. 

This work is published on the responsibility of the Secretary-General of the OECD. 

The opinions 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 AGENC Y 

The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958 under the name of the OEEC European Nuclear 
Energy Agency. It received its present designation on 20th April 1972, when Japan became its first non-European full member. NEA 

membership today consists 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, Norway, Portugal, the 
Slovak Republic, 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: 

ï to assist its member countries in maintaining and further developing, through international co-operation, the scientific, 

technological and legal bases required for a safe, environmentally friendly and economical use of nuclear energy for peaceful 

purposes, as well as 

ï to provide authoritative assessments and to forge common understandings on 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 nuclear activities, radioactive waste management, 
radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law and liability, and public 

information. 

The NEA Data Bank provides nuclear data and computer program services for participating countries. In these and related tasks, the 
NEA works in close collaboration with the International Atomic Energy Agency in Vienna, with which it has a Co-operation Agreement, as 

well as with other international organisations in the nuclear field. 

Corrigenda to OECD publications may be found online at: www.oecd.org/publishing/corrigenda. 
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translation rights should be submitted to rights@oecd.org. Requests for permission to photocopy portions of this material for public or commercial use shall be addressed directly to the Copyright 

Clearance Center (CCC) at info@copyright.com or the Centre français d'exploitation du droit de copie (CFC) contact@cfcopies.com. 
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COMMITTEEON THE SAFE TY OF NUCLEAR INSTAL LATIONS  

Within the OECD framework, the NEA Committee on the Safety of Nuclear Installations (CSNI) is an 

international committee made of senior scientists and engineers, with broad responsibilities for safety 

technology and research programmes, as well as representatives from regulatory authorities. It was set up 

in 1973 to develop and co-ordinate the activities of the NEA concerning the technical aspects of the design, 

construction and operation of nuclear installations insofar as they affect the safety of such installations. 

The committeeôs purpose is to foster international co-operation in nuclear safety amongst the NEA 

member countries. The CSNIôs main tasks are to exchange technical information 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 initiate and conduct programmes to overcome discrepancies, develop improvements and 

research consensus on technical issues; and to promote the co-ordination of work that serves to maintain 

competence in nuclear safety matters, including the establishment of joint undertakings. 

The clear priority of the committee is on the safety of nuclear installations and the design and construction 

of new reactors and installations. For advanced reactor designs the committee provides a forum for 

improving safety related knowledge and a vehicle for joint research. 

In implementing its programme, the CSNI establishes co-operate mechanisms with the NEAôs Committee 

on Nuclear Regulatory Activities (CNRA) which is responsible for the programme of the Agency 

concerning the regulation, licensing and inspection of nuclear installations with regard to safety. It also co-

operates with the other NEAôs 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 occurred in the 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 Group 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 aims at facilitating 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 Workshop on ñNuclear Fuel Behaviour during Reactivity Initiated Accidentsò 

was held in Paris, France, on 9-11 September 2009. The workshop was organised jointly by the 

ñCommittee for the Safety of Nuclear Installationsò of the OECD and the French ñInstitut de 

Radioprotection et de S¾ret® Nucl®aireò (IRSN). 

The current proceedings provide summary of the results of the workshop with the text of the papers given 

and presentations made. 
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EXECUTIVE SUMMARY  

1. Introduction 

This report documents the proceedings of the Workshop on ñNuclear Fuel Behaviour during Reactivity 

Initiated Accidentsò held in Paris, France, on 9-11 September 2009. The workshop was organised jointly 

by the ñCommittee for the Safety of Nuclear Installationsò of the OECD and the French ñInstitut de 

Radioprotection et de S¾ret® Nucl®aireò. 

More than 90 specialists representing 19 countries and international organizations attended the workshop. 

A total of 25 papers were presented. 

2. Background 

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 occurred in the 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. 

Historically, the worst reactivity initiated accident 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 prompted much research into the subject. 

In the early 1990s, 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 acceptance criteria for RIA, which at the time were 

based largely on test results for un-irradiated 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 reactors. 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 done on pre-irradiated 

samples. Pulse irradiation tests generally show that cladding failure occurs at lower 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 failure mode are attributed to the combined effects of clad tube embrittlement and aggravated 

pellet-clad mechanical interaction (PCMI) in high-burnup fuel rods. 

Modelling of reactivity initiated accidents involves the simultaneous solution of equations for neutron 

transport, heat transport within the fuel rods and across the clad-to-coolant interface, mechanical behaviour 

of fuel and cladding, and coolant thermal-hydraulics. These equations are strongly interconnected and 

dependent on both space and time. Since they cannot be solved in full detail in core-wide 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 coolant pressure 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 boundary and long-term 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 authorities usually (but 

not always) postulate two kinds of enthalpy limits: 

¶ A definite limit for core damage, which must not be transgressed at any axial position in any fuel 

rod in the core. 

¶ Fuel rod failure thresholds that define whether a fuel rod should be considered as failed or not in 

calculations of radioactive release. 

In late 1993 and early 1994, two high-burnup 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 high-burnup fuel rods have been conducted in 

France, Japan and Russia. Separate effect test programmes 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. Objectives and structure of the workshop 

The main objective of the workshop was to review the current status of the experimental and analytical studies of 

the fuel behavior during the RIA transients and the acceptance criteria for RIA in use and under consideration. 

The workshop was organized 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 by a conclusion session. 

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 reproduced below. 

Session 1: Recent experimental results and experimental techniques used 

This session was chaired by Motoe Suzuki (JAEA, Japan) and Carlo Vitanza (HRP, Norway). Five papers 

were presented in this session. 

The NSRR reactor continues to produce valuable RIA data and more 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 testing to actual cases. 

The discussion pointed out that mechanical testing needs substantial interpretation in order to become 

applicable, and this requires use of validated codes. The quite different testing approaches presented in the 

session also indicate that a generally 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 appropriate to complement in reactor testing. 

Considering the large deformation mentioned above, the expert group may also address how the results from 

mechanical testing should be ñtranslatedò into information practically applicable for reactor cases. 

However, laboratory mechanical tests will not substitute reactor tests, which remain the pillar for RIA fuel studies. 
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Session 2: Modeling and data interpretation 

This session was chaired by John Voglewede (NRC, USA) and Martin Zimmermann (PSI, Switzerland). 

Four papers were presented in this session. 

Development and use of computer codes in the simulation and analysis of the reactivity-initiated accident 

have clearly been subject to considerable effort. The codes are useful in providing a better understanding of 

fuel behavior 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 actually tested. Nor 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: 

¶ Transient DNB modeling. 

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

¶ Consideration of more advanced thermal-hydraulic modeling to include azimuthally heterogeneous 

coolant conditions (likely to be implemented through proper coupling of already available thermal-

hydraulic codes, sub-channel 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 tests. In future experimental programs, preference 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 limitations give rise to the question of ñWhen will the RIA codes be good enough?ò The codes and 

models now in use appear to be adequate to be used in the process of establishing regulatory criteria. 

However, they do not appear adequate to resolve some technical issues, such as the role of transient gas 

release in determining cladding failure. 

Session 3: Code assessment 

This session was chaired by Zoltan Hozer (KFKI, Hungary) and Robert Montgomery (Anatech, USA). 

Three papers were presented in this session. 

The presented papers underlined the importance of initial state conditions for RIA simulations. The correct initial 

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 removal from the cladding may significantly influence rod failure, close link 

with thermal hydraulic calculations is needed for RIA analyses (e.g. to better describe DNB conditions in 

such fast transients, when steady state correlations are no more 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 validation must be performed before the application of 

transient fuel behavior codes for the safety analysis of NPPs. 

Considering the significant differences in the capabilities of current transient fuel behavior codes, further 

discussions are proposed on key (important) behavior/phenomena to be included in the models. 

Session 4: RIA core analysis 

This session was chaired by Marek Stepniewski (Vattenfall Nuclear Fuel AB, Sweden). Two papers were 

presented in this session. 
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Having in mind the obligation of NPP utilities to 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 unexpected. One possible 

explanation to that is that there is a gap between current level of codes and methods used for RIA analysis for 

safety evaluation when still ñoldò acceptance criteria are applied and codes and methods level used for 

development of failure thresholds 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 thermal-hydraulics (i.e. full heat transfer regime map) but also codes comparable 

with thermo-mechanical 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 

criteria is a way to go, however, one should be very careful applying statistical methods to RIA ï the same 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 potential for improvement of codes and models applied to RIA 

simulation: DNB and post-DNB phase modeling, clad to coolant heat transfer modeling, coolant properties 

at RIA (rapid transition from CZP to local bulk boiling in BWR). 

In previous sessions it was expressed strong need for a credible ñtranslatorò from laboratory data to reactor 

conditions. This would result in acceptance criteria based on fuel failure mechanisms which are relevant 

for conceivable accident scenarios (core and fuel conditions). 

The recommendation 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 codes. Another possible way is development of suitable simplified thermo-

mechanical models which can be implemented in current transient analysis tools. 

Session 5: Revision and application of safety criteria 

This session was chaired by Jose Manuel Conde (CSN, Spain) and Nicolas Waeckel (EdF, 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 and post-DNB phases 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 non-spalled rods, as well as the low number of MOX experiments. The 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 related to the need to determine adequate mechanical test 

methods representative 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 the J-integral, and the discussion about 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 used, and the discussion is again not closed. 

5. General conclusions and recommendations 

With reference to the previous OECD RIA workshop that was held in Aix-en-Provence in 2002, very significant 

progresses were made and documented during the present workshop. From 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 view, transient 
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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 the ALPS-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 Mechanical Interaction (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 thickness in the cladding). 

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 agreement with existing experimental results, it was identified 

that different codes use different assumptions and this raises the question of the validity of extrapolations 

to reactor conditions. It was then recommended that the CSNI organize a benchmark between existing 

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 post-rupture phenomena 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 to UO2 fuel. 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 order to be 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 on claddings in 

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 expected to exist during a RIA transient. Hence, the use of these 

experimental results for reactor applications remains an open issue. It was 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 rely on the heavy 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 failure limits over the 

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 include post-boiling and post-failure 

phenomena in future versions of the 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 mechanical testing 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. 
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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, SE-75183 Uppsala, Sweden 

Jan In de Betou 

Swedish Radiation Safety Authority, SE-17116 Stockholm, Sweden 

1. Introduction  

Reactivity initiated accidents (RIAs) are nuclear 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 cases, the fuel rods may be shattered and 

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 core components, 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 pressure of the 

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 from the calculations is the space-time variation of power across 

the reactor core under the accident. To assess the consequences of the accident, these data are compared with 

results from pulse irradiation tests, carried out on instrumented fuel rodlets in dedicated research reactors. 

These tests are done to provide information on the fuel rod behaviour under RIA-like conditions, and in 

particular, on possible fuel failure mechanisms. Additional tests, performed under well-controlled out-of-

reactor laboratory conditions, are sometimes used to supplement the pulse-irradiation tests. 

Hence, our current understanding of reactivity initiated accidents and their consequences is based largely on 

three sources of information: i) best-estimate computer analyses of the reactor response to postulated accident 

scenarios, ii) pulse-irradiation tests on instrumented fuel rodlets, carried out in research reactors, iii) out-of-

pile separate effect tests, targeted to explore key phenomena under RIA conditions. In recent years, we have 

reviewed, compiled and analysed these three categories of data. The results is a state-of-the-art report on fuel 

behaviour under RIA conditions, which is currently being published by the OECD Nuclear Energy Agency, 

Committee on the Safety of Nuclear Installations.
1
 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 is UO2, but the report covers also 

(U,Pu)O2 mixed oxide (MOX) fuel, gadolinium-bearing 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 following presentation is to give a brief summary of the report. 

                                                      
1
  Fuel Behaviour under Reactivity Initiated Accident (RIA) Conditions, (In Press), Committee on the Safety of 

Nuclear Installations, Nuclear Energy Agency, OECD, Paris, France. 
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2. Best-estimate computer analyses of RIAs 

Modelling of reactivity initiated accidents involves the simultaneous solution of equations for neutron 

transport, heat transport within the fuel rods and across the clad-to-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 core-wide analyses on the computers available today, 

various simplifications are usually employed in engineering analyses. The primary output from the core-

wide analysis is the space-time variation of coolant properties and fuel assembly power. The power 

histories of individual fuel rods are then calculated 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 the core-wide analyses, 

designated codes can be used to analyse the thermo-mechanical behaviour of particular fuel rods in detail, 

and to assess the risk for fuel rod failure. 

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

(REA) in pressurised 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 scenarios, and they 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 an REA or RDA depend on the 

accident scenario - most 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 challenging conditions 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 state-of-the art computer analyses of REAs and RDAs 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 on fuel burn-up. 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 its burn-up dependent content of fissile isotopes. The driven component stems from the 

external neutron flux, which depends on the burn-up 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 fuel burn-up, core loading pattern, the distance from the ejected control rod, and 

the reactivity worth of the ejected rod. Results of three-dimensional core kinetics analyses of postulated 

REAs and RDAs typically show that only 10-20% 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 6³6 to 8³8 array of fuel assemblies around the rod, calculations suggest 

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

In figure 1, we summarise open-literature results on core-wide maximum values for the fuel enthalpy 

increase, obtained from independent three-dimensional core kinetics analyses of REA and RDA at EOC 

conditions. The core-wide 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 the core, is an important parameter 

for assessment of fuel integrity, and a key result in any analysis of RIA. The results are plotted with respect 

to prompt reactivity insertion, Dr-b, where Dr is the reactivity insertion caused by the ejected control rod, 

and b is the effective fraction of delayed neutrons. In the calculations, the REA was assumed to take place 

at hot zero power (HZP) core conditions and the RDA at cold zero power (CZP). With regard to reactivity 

addition, these are the most severe initial conditions for control element ejections in PWRs and BWRs. 
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Figure 1. Calculated max fuel enthalpy increase under a) HZP REA and b) CZP RDA.
1
  

In the calculations, both accidents are assumed to occur at end of cycle conditions. 

 

The calculated results for the maximum fuel enthalpy increase in figure 1 follow a linear trend with respect 

to prompt reactivity insertion. For Dr-b beyond 4×10
-3
, 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 high reactivity additions 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 Half Maximum) for HZP 

REA and CZP RDA at EOC conditions, obtained from three-dimensional 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. This is 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 reported state-of-the-art 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 

submodels for vapour generation in the coolant are empirically based and rely on experimental data obtained 

under quasi-static test conditions. When these submodels are used in simulations of RIAs, they seem to 

overestimate the transient vapour generation and its associated reactivity feedback. Likewise, current 

submodels for clad-to-coolant heat transfer are generally designed for analyses of steady-state reactor 

operation and mild transients, and they are known to be inaccurate for modelling RIAs. More appropriate 

models for transient clad-to-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 used in computer codes for stand-alone analyses of fuel rod 

thermo-mechanical performance under RIAs are considerably more sophisticated than those used for fuel 

rod thermal analyses in large code systems for core-wide analyses of RIAs. Stand-alone codes for fuel rod 

transient analyses, such as FALCON, FRAPTRAN, SCANAIR and TRANSURANUS, are generally quite 

successful in reproducing the results of pulse-irradiation tests on single fuel rodlets, when it comes to 

temperatures and fuel rod deformations, provided that the cladding 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 pre-test cladding corrosion is known and can be used as input to the analysis. However, due 

to the lack of appropriate clad-to-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 models mentioned above could hopefully improve the situation. 

Figure 2. Calculated power pulse width (FWHM) under a) HZP REA and b) CZP RDA.
1
  

In the calculations, both accidents are assumed to occur at end of cycle conditions. 

 

3. Pulse-irradiation tests on instrumented fuel rodlets 

To date, more than a thousand pulse-irradiation tests on un-irradiated LWR fuel rods and about 140 tests 

on pre-irradiated samples have been carried out in six different test facilities. Most of the data pertain to 

PWR type of rods, and the great majority of tests have been done on UO2 fuel. However, some data are 

also available for other kinds of fuel material, such as (U,Pu)O2 mixed oxide fuel, gadolinium-bearing UO2 

and inert matrix fuel. From these tests, it has been found that the fuel rod behaviour under a reactivity 

initiated accident is affected primarily by the: 

¶ 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 pre-accident width of the pellet-clad gap, the internal gas 

pressure in the fuel rod, and the distribution of gaseous fission products in the fuel pellets. 

¶ Fuel rod design. Parameters of particular importance are the internal fill gas pressure, clad 

tube wall thickness, fuel pellet composition (UO2/PuO2/Gd2O3, enrichment) and the fuel 

pellet geometrical design (solid/annular). 

These factors 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 summarise 

the main results from pulse-irradiation tests on un-irradiated and pre-irradiated fuel. 

3.1. Pulse-irradiation tests on un-irradiated fuel rodlets 

Pulse-irradiation tests carried out on fresh (un-irradiated) fuel can be largely divided into two groups: 

¶ Tests done to establish thresholds, in terms of peak fuel enthalpy, 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. 

¶ 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 computer codes. The effects 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 has been studied 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 result of film-boiling and 

impaired clad-to-coolant heat transfer. Two limiting failure modes are observed: fracture of the overheated 

and oxygen-embrittled 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 

summarises enthalpy thresholds for the two failure modes, reported from pulse-irradiation tests on fresh 

UO2 fuel rodlets of various designs. Observed thresholds for dispersal of fuel into the coolant are also 

included in the table. An important conclusion is that cladding failure does not necessarily lead to fuel 

dispersal in tests on fresh fuel. This is particularly true for ballooning-type cladding failures. 

Table 1. Thresholds, in terms of fuel pellet radial average specific enthalpy, reported for limiting 

failure modes and fuel dispersal of fresh UO2 fuel rods.
1
 DP denotes the difference between fuel rod 

internal fill gas pressure in cold condition and coolant pressure (MPa). 

 
SPERT 

US 

PBF 
US 

IGR 
KZ 

HYDRA  
RU 

NSRR 
JP 

Test conditions      

Coolant temperature  [K]  293 538 293 293 293 ï 578 

Coolant velocity  [ms
-1
] 0 0.5 0 0 0 ï 1.8 

Coolant pressure  [MPa] 0.1 6.45 0.1 ï 16 0.1 0.1 ï 16 

Power pulse width  [ms] 13 ï 31 11 ï 16 100 ï 1000 4 ï 8 4 ï 7 

Fuel rod type BWR PWR VVER VVER BWR/PWR 

Test results      

Failure enthalpy, quenching [Jg
-1
] 860 ï 940 940 ï 1050 1130 - 920 

Failure enthalpy, ballooning [Jg
-1
] - - 

670 

(DP=2.4) 

670 

(DP=2.4) 

900 ï 590 

(DP=0.25-3.0) 

Fuel dispersal threshold [Jg
-1
] 1005 1045 1130 - 1045 

3.2. Pulse-irradiation tests on pre-irradiated fuel rodlets 

Key data for pulse-irradiation tests on pre-irradiated fuel rodlets, as well as for the six pulse reactors in 

which the tests were done, are summarised 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 high-burn-up fuel rods fail either by cladding high-temperature ballooning and burst, or at low 

temperature, by pellet-clad mechanical interaction (PCMI) during the early heat-up stage of the accident. 

The high-temperature failure mode is observed for pre-irradiated VVER fuel rods, whereas pre-irradiated 

PWR and BWR rods fail almost exclusively by PCMI. 
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Table 2. Overview of pulse reactor tests on pre-irradiated LWR fuel rods.
1
 

 SPERT 
US 

PBF 
US 

IGR 
KZ 

BIGR 
RU 

NSRR 
JP 

CABRI  
FR 

Test conditions       

Coolant medium Stagnant 

water 

Flowing 

water 

Stagnant 

water 

Stagnant 

water 

Stagnant 

water 

Flowing 

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 11-16 600-950 2-3 4-7 9-75 

Fuel rods tested       

Number of tests 

(PWR/BWR/VVER//MOX) 

10 

(0/10/0/0) 

17 

(17/0/0/0) 

13 

(0/0/13/0) 

12 

(0/0/12/0) 

58 

(32/17/0/9) 

14 

(10/0/0/4) 

Burn-up  [MWdkg
-1
HM

-1
] 1-32 0-6.1 47-49 47-60 20-77 33-76 

Clad oxide thickness  [µm] 0-65  0-5 5 3-7 4-73 10-126 

Rod active length [mm] 132 º 1000 150 140-150 122-135 440-1000 

Peak fuel enthalpy  [Jg
-1
] 

 (calg
-1
) 

570-1180 

(137-282) 

770-1190 

(185-285) 

255-1051 

(61-251) 

481-787 

(115-188) 

155-657 

(37-157) 

343-832 

(82-199) 

Lowest failure  [Jg
-1
] 

enthalpy (calg
-1
) 

356 

(85) 

586 

(140) 

737 

(176) 

687 

(164) 

222 

(53) 

117-151 

(28-36) 

* Standard cooling conditions used in most of the NSRR tests on pre-irradiated fuel. A new test capsule, allowing 

high coolant temperature and pressure, has just recently been taken into operation. 

The high-temperature failures observed for VVER fuel correlate well with peak fuel enthalpy: tests on 

VVER fuel with burn-up in the range 47-60 MWd(kgU)
-1

 in the IGR and BIGR facilities suggest a 

failure threshold of about 650 Jg
-1
. The situation is much different for the PCMI-induced failures of 

PWR and BWR fuel. This is illustrated by figure 3a, which shows the results of all available pulse-

reactor tests on pre-irradiated PWR and BWR rodlets with UO2 and MOX fuel. The data are plotted in 

terms of peak fuel enthalpy increase during the test, rather than peak enthalpy, since the former parameter is 

more directly related to the PCMI-induced clad loading. From figure 3a, it is clear that failed rods and survivals 

are interspersed in the diagram, especially for fuel burn-ups beyond 40 MWd(kgU)
-1
. One reason for this scatter 

is that the degree of cladding corrosion has a strong effect on the susceptibility to PCMI-induced failure. 

However, the degree of cladding corrosion alone cannot explain the scatter, as evidenced by figure 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 due to the fact 

that pre-irradiated test rods, which are re-fabricated from full-length fuel rods, are insufficiently pre-conditioned 

to reach an equilibrium pellet-clad contact state before testing. In most pulse reactors, it is not possible to 

operate the test rodlets at pre-conditioning power to reach the equilibrium state. 

The assumedly insufficient pre-conditioning is not the only reason to question whether the performed pulse 

reactor tests reproduce the true fuel rod behaviour under RIAs: Firstly, most tests have to 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. Secondly, about thirty of the pre-irradiated test rods, namely those in the SPERT and 

NSRR/JMTR tests, had atypical design and/or were pre-irradiated under atypical reactor conditions. 

Unfortunately, these rods make up most of the available test data for the burn-up range of 10 to 40 

MWd(kgU)
-1
. It should also be remarked that all tests, except for those in the PBF and CABRI, were done on 

rodlets with very short (120-150 mm) active length. Finally, pulse widths in the NSRR (4-7 ms) and the 

BIGR (2-3 ms) were much 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 power pulse 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) fuel burn-up and b) clad oxide thickness for pre-

irrad iated PWR and BWR fuel rodlets.
1
 Filled symbols represent failed rods, open symbols are 

survivals. Crosses indicate tests done on samples with hydride blisters in the cladding tube. 

 

From table 1 in section 3.1, it is clear that RIA simulation tests on un-irradiated fuel rodlets generally result in fuel 

dispersal, when the peak fuel enthalpy exceeds roughly 1000 Jg
-1
. Pulse reactor tests on pre-irradiated fuel rods 

show that fuel may be dispersed into the coolant at significantly lower fuel enthalpy, when the fuel burn-up 

exceeds approximately 40 MWd(kgU)
-1
. The fuel dispersal occurs in connection with PCMI-type cladding 

failure; the ballooning and burst type of failure does not lead to significant fuel dispersal. Figure 4a shows the 

measured fuel dispersal from 25 pre-irradiated UO2 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 UO2 fuel inventory was dispersed into the coolant under the tests, whereas open symbols are 

samples with no or marginal fuel loss. Obviously, for samples with fuel burn-up less than 40 MWd(kgU)
-1
, 

there was no fuel dispersal for peak fuel enthalpies below 800 Jg
-1
. However, the situation is much different 

at high burn-up. In the upper burn-up range of figure 4a, i.e. in the range of 44 to 77 MWd(kgU)
-1
, we find 

that significant (>10%) fuel dispersal was reported for enthalpies far below 800 Jg
-1
 in eleven of the sixteen 

tests. These sixteen high-burn-up tests are plotted 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 for high-burn-up than for low-burn-up 

fuel. Firstly, for a given fuel energy deposition, the cladding cracks are generally larger and wider for the 

high-burn-up fuel. This is most likely a result of hard PCMI and/or a more embrittled cladding in the high-

burn-up fuel rods. The larger crack opening area eases the dispersal of fuel particles. Secondly, high-burn-

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 cladding cracks under the power pulse. 
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Figure 4. Peak fuel enthalpy versus a) fuel burn-up and b) fuel pellet loss for pre-irradiated UO 2 

fuel rodlets that have failed by PCMI in pulse irradiation tests.
1
 Filled symbols in figure 4a are 

samples with more than 10% observed fuel loss during the test, open symbols are samples with no or 

marginal fuel loss. Figure 4b shows only the tests with burn-up > 40MWd(kgU)
-1
. 

 

4. Out-of-reactor separate effect tests 

In addition to pulse-irradiation tests, several out-of-reactor separate effect test programs have been 

conducted to explore the fuel behaviour under RIA conditions. These tests, which are briefly summarised 

below, are less costly than pulse-irradiation tests and allow key phenomena to be studied under well-

controlled 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 been conducted to study these properties 

in detail. The objective has been to understand and quantify the observed degradation in fuel rod 

survivability at high burn-up, and most tests have therefore been focused on the embrittling effects related 

to cladding waterside corrosion, i.e. cladding oxidation and hydrogen uptake. These effects have been 

investigated by testing in-reactor corroded cladding, taken from high-burn-up fuel rods, as well as un-

irradiated samples that have been artificially oxidized and hydrided under well-controlled 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 can be controlled in detail, which makes it possible to investigate the importance of e.g. hydride 

blisters to the cladding embrittlement. 

Table 3 summarises seven test programs, which were aimed to study the mechanical properties of irradi-

ated and/or corroded 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 the PCMI-induced 

loading conditions expected in high-burn-up fuel rod cladding during the early stage of an RIA. 

However, the rapid heat-up 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 200 Ks
-1
 in the French 

PROMETRA program, all tests in table 3 were done at constant and uniform temperature. We note 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 stress biaxiality 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 rate.
1
 

Tests conducted by 

(country) 

Test*  

method 

Cladding 

material 

Irradiated, 

un-irradiated 

Strain rate 

[ s
-1
 ] 

Temperature 

[ K ]  

IRSN/EDF/CEA (FR) 
TAT, RTT, 

MAN, CBT 

Zr-4, M5, 

ZIRLO 
I+U 10

-3
 ï 5 293 ï 1373 

Kurchatov Institute (RU) 
TAT, RTT, 

CBT 
E110 I+U 10

-3
 ï 0.5 293 ï 1400 

GNF/Toshiba (JP) OBT Zr-2 I+U 10
-3
 ï 8 293 

JAEA (JP) CBT Zr-4 U 10
-4
 ï 0.3 293 ï 620 

ANL/PSU (US) RST Zr-4 U 10
-3
 ï 0.2 293 ï 573 

KAERI (KR) RTT Zr-4, HANA-4 U 10
-2
 ï 1 293 ï 623 

Studsvik (SE) EDC Zr-4, ZIRLO I 1 ï 10 298 ï 613 

* TAT: Tube axial tension test, RTT: Ring tensile test, MAN: Mandrel test, CBT: Closed-end burst test,  

 OBT: Open-end burst test, RST: Ring stretch test, EDC: Expansion-due-to-compression test. 

4.2. Tests on clad-to-coolant transient heat transfer 

Due to rapid heating and deformation of the cladding tube, clad-to-coolant heat transfer is different during RIAs 

than under steady-state operating conditions or slow overpower transients. As already mentioned in section 3, of 

particular concern with respect to fuel rod failure under RIAs is the occurrence of a clad-to-coolant boiling 

crisis, i.e. a transition to a regime with film-boiling and low heat transfer at the clad-to-coolant interface. This 

phenomenon has been studied in a series of out-of-pile experiments 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 Ks
-1
 revealed significant kinetic effects in the clad-to-coolant heat transfer: The critical heat flux, i.e. the 

threshold heat flux at which a boiling crisis occurred, was 2-12 times higher in the transient tests than under 

steady-state conditions. The critical surface temperature, i.e. the surface temperature at which the transition to 

film-boiling took place, was also higher in the transient tests. In the film-boiling regime, the magnitude of the 

heat flux was 2-25 times higher than under steady-state conditions. The differences between transient and 

steady-state heat transfer were observed to increase with increasing heating rate. 

The PATRICIA tests were carried out with an air-filled Inconel tube as a proxy for a true fuel rod. The 

Inconel tube was free from surface oxide, in contrast to most fuel rods. This remark is important, since 

pulse-irradiation 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 temperatures than fresh rods 

without a surface oxide layer. The effect is attributed to oxide-induced improvement of surface wettability, 

caused primarily by a change in chemical potential. 

4.3. Tests on fuel-coolant interaction 

A major safety concern in reactivity initiated accidents 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 nearby fuel assemblies, other core 

internals and ultimately also the reactor pressure vessel. 

By convention, the degree of fuel-coolant interaction is quantified with the energy conversion ratio, which 

is the ratio of the mechanical energy generated in the coolant to the thermal 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 of 

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 in PBF and NSRR typically fall in the range 10
-4
 ï 10

-2
, 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 particles are about an 

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 fuel under reactivity initiated accidents. The presentation is a brief summary of a comprehensive report 

on this subject,
1
 which is currently being published by the OECD Nuclear Energy Agency. The aforementioned 

report attempts to summarise the current state of 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 out-of-pile separate effect tests. In addition, the report deals with the following issues: 

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

Á Phenomena with particular importance to fuel behaviour under RIAs, e.g. fuel failure mechanisms. 

Á Influence of burn-up-dependent state of fuel and cladding on the response to RIAs. 

Á Methods and predictive computer 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. 
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CURRENT RIA -RELATED REGULATORY CR ITERIA IN JAPAN  

AND THEIR TECHNICAL B ASIS 

Toyoshi Fuketa and Tomoyuki Sugiyama 

Japan Atomic Energy Agency, Japan 

Abstract 

This paper aims to provide a general outline of fuel behaviour during a reactivity-initiated accident (RIA) postulated 

in light water reactors (LWRs) and to show experimental data providing technical basis with the current RIA-related 

regulatory criteria in Japan. The safety evaluation guideline for the reactivity-initiated events in LWRs was 

established by the Nuclear Safety Commission (NSC) of Japan in 1984 based mainly on the results of the NSRR 

experiments. In the guideline, an absolute limit of fuel enthalpy during an RIA is defined in order to 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 and system pressure. All of the NSRR data used for the guideline were 

limited to those derived from the experiments with fresh, un-irradiated fuel rods. For this reason, the guideline noted 

that the failure threshold should be revised by further experimental efforts on irradiated fuel rods. A series of 

experiments with pre-irradiated fuel rods were accordingly initiated in 1989, and the NSC issued a regulatory report 

regarding behaviour of burn-up fuels during a postulated RIA in 1998. The PCMI-failure threshold in terms of fuel 

burn-up and enthalpy increase was defined in the report. 

1. Introduction  

In the first nuclear reactor CP-1, a person on the floor physically withdrew a control rod. If the reaction 

threatened to grow out of control he could re-insert his control rod, and an automatic control rod would 

also insert itself if the reaction reached a certain pre-set level. In case of emergency, another person, who 

stood on the balcony with an axe, would cut a rope and release another emergency control rod into the pile. 

The last line of defence consisted of a "liquid-control squad" that stood on a platform, ready to flood the 

pile with a cadmium-salt solution. The first nuclear reactor was equipped with multiple and diverse control 

system.
1
 In the very beginning stage of developing power-producing reactors, a possible power excursion 

was one of primary concerns. A number of test reactors, such as the Boiling Water Reactor Experiment 

(BORAX) I to V and the Special Power Excursion Reactor Test (SPERT), were constructed in Idaho, 

United States in order to experimentally determine reactor kinetics and to demonstrate self-limiting 

characteristics. In July 1954, the BORAX-I, facility was destroyed during the final experiment with a rapid 

withdrawal of a control rod. Fuel plate fragments were scattered for a distance of 60 to 90 m. In January 3, 

1961, the famous SL-1 accident occurred. A recent study analyzed that the core power level reached nearly 

20 GW in just 4 ms, precipitating the reactor accident and steam explosion.
2
 One 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 

capsule or loop, such as the SPERT program in the Capsule Driver Core facility (SPERT/CDC), had been 

initiated and the Nuclear Safety Research Reactor (NSRR) program followed. 

The current safety evaluation guideline for the reactivity-initiated events in LWRs was established by the 

Nuclear Safety Commission (NSC) of Japan in 1984 based mainly on the results of the NSRR experiments. 

                                                      
1 ñThe Manhattan Project; An Interactive Historyò, www.cfo.doe.gov/me70/manhattan, Office of History and 

Heritage Resources, U.S. Department of Energy. 

2 ñSupercriticalò, System Failure Case Studies, Vol.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 defined in order to 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 and system pressure. All of the NSRR data used for the guideline 

were limited to those derived from the experiments with fresh, i.e. un-irradiated fuel rods. For this reason, the 

guideline had adopted a peak fuel enthalpy of 85 cal/g (0.36 kJ/g) as a provisional failure threshold of pre-

irradiated fuel rod during an RIA; and this failure threshold is used to evaluate number of failed pre-irradiated 

fuel rods, and to assess source term regarding fission gas release in a postulated RIA. This failure threshold 

enthalpy of 85 cal/g was derived from only one experiment, i.e. the test 859
3
 performed in the SPERT/CDC 

facility. Hence, the guideline noted that the failure threshold should be revised by further NSRR experiments 

with irradiated fuel rods. A series of experiments with pre-irradiated fuel rods were initiated in 1989, and the 

NSC issued a regulatory report regarding behaviour of burn-up fuels during a postulated RIA in 1998. The 

PCMI-failure threshold in terms of fuel burn-up 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 Fig. 1. After an onset of an RIA, rod ejection 

accident (REA) in PWRs or rod drop accident (RDA) 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). This ñPCMI failureò 

occurs only in a very early stage of the transient, and the cladding temperature remains low at a time of the 

failure. Post-failed 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 
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If the cladding is ductile enough to survive the stage of the PCMI loading and fuel enthalpy continues to 

increase, cladding temperature becomes higher after an occurrence of DNB. If the rod internal pressure is 

higher than the external, the cladding becomes ballooned due to the decreased yield stress of the cladding 

at the high temperature. The ballooned cladding may be ruptured and the fuel enthalpy at a time of the ñrod 

burstò is determined as a function of rod internal/external pressure difference and cladding temperature. 

Failed cladding in this case has a short axial crack in a ballooned region as shown in Fig. 2(b). 

If the rod internal pressure is not higher and fuel enthalpy reaches much higher, the cladding may fracture 

due to severe oxidation and partial melting. The ñbrittle fractureò (or ñmelt failureò
4
) can occur in a late 

                                                      
3 Meyer, R., McCardell, R., Chung, H., Diamond, D. and Scott, H., ñA Regulatory Assessment of Test Data for 

Reactivity-Initiated Accidentsò, Nuclear Safety, Vol.37, No.4, pp.271-288, (1996). 

4 Ishikawa, M. and Shiozawa, S., ñA Study of Fuel Behavior under Reactivity Initiated Accident Conditions - 

Reviewò, J. Nuclear Materials, Vol.95, pp.1-30, (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 

 
 a) b) c) 

2.2. Thermal failure; brittle fracture and burst 

The two failure modes ñrod burstò and ñbrittle fractureò described in the latter of the previous section are 

categorised as thermal failure and can occur only after an occurrence of DNB. The Japanese regulatory 

criteria regarding the thermal failures are based on NSRR experiments performed with un-irradiated, fresh 

test fuel rods. The brittle fracture was observed in baseline experiments of the early phase of the NSRR 

program. The failure is principally caused by cladding embrittlement and the fracture generally occurs at 

the time of quench. The cracking is enhanced by cladding wall thinning. The duration of stable film boiling 

is several to ten seconds in the tests, and this is not sufficient to cause the cladding to become embrittled. 

Post-test rods showed that the cladding wall near cracked portion became thin with melting. In the baseline 

tests, where the cracking occurred, cladding melt was observed. Molten cladding moved to other locations 

inside the cladding, probably under gravity or by forces due to boiling. The variation of the wall thickness 

and the oxidation ratio along the axial direction in the cladding indicate that the oxygen pick-up becomes 

relatively higher in the thinner region. The cladding becomes more brittle in the thinner wall region and 

cannot withstand axial tensile stress upon quenching. Accordingly, Ishikawa and Shiozawa named this type 

of failure ñcladding melt failureò instead of ñcladding brittle fractureò in their review paper
(4)

. 

As for the burst type of cladding failure, a series of NSRR experiments
5
 had been conducted with un-

irradiated, pre-pressurized fuel rods. The cladding ballooning is initiated at the point of the highest 

temperature, and once the ballooning starts it progresses rapidly. The rupture occurs at the point of 

ballooning initiation due to the extremely high strain rate. In the experiment, the burst split was located 

nearest the thermocouple which indicated the highest temperature at the time of the peak pressure but the 

lowest temperature at the time of the rod burst. Transient histories of the rod internal pressure during the 

experiments show a typical response in the case of a pre-pressurization of 2.0 MPa. As shown in Fig. 3, 

Saito et al.
(5)

 characterised those into the following four phases: 

Phase I: Rapid increase in accordance with the initiation of the power burst. Rod pressure increased from 

the rapid thermal expansion of the fuel pellet which coincided with the fuel heat-up caused by rapid 

energy insertion. During this period, the increase in the temperature of fill gas is thought to be negligibly 

small because of almost adiabatic heat-up of the fuel. 

                                                      
5
 Saito, S., Ishijima, K., Shiozawa, S. and Iwata, K., ñEffects of Rod Pre-Pressurisation on Light Water Reactor Fuel 

Behavior during Reactivity Initiated Accident Conditionsò, J. Nuclear Science and Technology, Vol.19, No.4, pp.289-

306, (1982). 
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Phase II: Gradual increase up to maximum value for several hundred ms after the initiation of the power 

burst, depending on energy depositions, initial rod pressures, etc. Rod pressure increased due to the 

increase of gap gas temperature until the ballooning of the cladding became significant. 

Phase III: Gradual decrease until rod rupture or until equilibrium was reached if the rod did not fail. The 

ballooning of the cladding became significant. Rod pressure decreased in accordance with the ballooning. 

Phase IV: Sudden drop to coolant pressure if the rod ruptured. The rod pressure continued to decrease in 

accordance with the decrease in the temperatures of the fuel pellet and fill gas if the rod did not fail. 

Figure 3. Transient histories of the rod internal pressureduring the experiments with pre-pressurised rods 

 

A threshold of the thermal failures was defined in terms of the peak fuel enthalpy and rod internal/external 

pressure difference, as shown in Fig. 4. 

Figure 4. Threshold of the thermal failures 
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The dashed-line in the figure is a failure threshold derived from the NSRR experiments with a single test 

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 mode changes 

to the burst and the threshold decreases with 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 did not experience the thermal failures. Since 

the thermal failures are strongly affected by rod cooling conditions, the single-pin experiments give a less 

conservative threshold. In another test series with rod bundle geometry, 15% reduction of the failure 

threshold appears due to the decreased coolability. With the 15% reduction and a 10 cal/g margin, the 

acceptable fuel design limit was determined as a solid-line of Fig. 4. 
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The rod ballooning was observed also in some experiments with irradiated test fuels, but no post-DNB failure 

occurred so far. Figure 5 shows residual hoop strain of post-test rods as a function of peak fuel enthalpy. In the 

test TK-1 the residual strain reached ~25%, and photographs in Fig. 6 showed pellet radial relocation.
6 

Figure 5. Residual hoop strain of post-test rods as a 

function of peak fuel enthalpy 

Figure 6. Post-test TK-1 rod 
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2.3. Mechanical failure; PCMI failure  

As stated previously, a long axial crack appears in rods failed due to PCMI loading. Figure 7 shows a 

horizontal cross-section in the vicinity of a crack generated in the HBO-1 rod
.7
. A brittle fracture appears in 

the cladding peripheral region where dense hydride clusters have precipitated, and propagates to inside 

with a ductile nature. The failure initiation is obviously influenced by the radially-localised hydride layer, 

i.e. hydride rim, so it is called ñhydride-assisted PCMI failureò
6,8,9

. The HBO-1 rod was sampled from the 

2
nd

 highest span where the hydrogen concentration in the cladding was the highest in axial distribution, but 

the radially-averaged hydrogen concentration was ~400 ppm at most. 

Figure 7. Crack generated in the HBO-1 
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6 Fuketa, T., Sasajima, H., and Sugiyama, T., ñBehavior of High Burn-up PWR Fuels with Low-Tin Zircaloy-4 

Cladding under RIA Conditionsò, Nuclear Technology, Vol.133, pp.50-62, (2001). 

7 Fuketa, T., Mori, Y., Sasajima, H., Ishijima, K. and Fujishiro, T., ñBehavior of High Burn-up PWR Fuel under a 

Simulated RIA Condition in the NSRRò, CSNI Specialist Meeting on Transient Behaviour of High Burn-up 

Fuel, Sep. 12-14, 1995,Cadarache, France, OECD/GD(96)197, pp.59-85, (1996). 

8 Fuketa, T., Nagase, F., Ishijima, K. and Fujishiro, T., ñNSRR/RIA Experiments with High Burn-up PWR Fuelsò, 

Nuclear Safety, Vol.37, No.4, pp.328-342, (1996). 

9 Meyer, R., ñAn Assessment of Fuel Damage in Postulated Reactivity-Initiated Accidentsò, Nuclear Technology, 

Vol.155, pp.293-311, (2006). 
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However, the local hydrogen concentration in the cladding peripheral region well exceeds 2500 ppm as 

shown in Fig. 8.
(8)

 Incipient cracking occurs in this peripheral region due to the highly concentrated 

hydride clusters. Figure 9 illustrates the incipient cracks and an occurrence of stress concentration at a tip 

of the incipient cracks. The incipient cracks penetrate the oxide layer and a layer with high concentrations 

of hydride precipitates, ñhydride rimò. A stress concentration at a tip of the incipient 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 stress-relieved 

annealed (SRA) cladding, but the hydride-assisted PCMI failure occurs also in rods with recrystallisation 

annealed (RXA) cladding. In the RXA cladding the length of peripheral and radially-oriented hydrides may 

control the stress intensity factor. Figure 10 compares roles of the hydride rim in the SRA cladding and the 

radially-oriented hydrides in the RXA cladding on the incipient cracking. Fuel enthalpy at failure depends 

accordingly on the orientation of hydrides as well as on the amount of hydride precipitation.
10,11,12 

Figure 8. Radial profile of hydrogen concentration in 

HBO sibling rod 

Figure 9. Stress concentration at a tip of incipient 

crack 
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Figure 10. Influence of hydride morphology 
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10 Tomiyasu, K., Sugiyama, T. and Fuketa, T., ñInfluence of Cladding-Peripheral Hydride on Mechanical Fuel 

Failure under Reactivity-Initiated Accident Conditionsò, J. Nuclear Science and Technology, Vol.44, No.5, 

pp.733-742, (2007). 

11 Udagawa, Y., Suzuki, M., Sugiyama, T. and Fuketa, T., ñStress Intensity Factor at the Tip of Cladding Incipient Crack in 

RIA-Simulating Experiments for High Burn-up PWR Fuelsò, J. Nuclear Science and Technology, Vol.46, No.10, (2009), 

to be published. 

12 Sugiyama, T., Umeda, M. Fuketa, T., Sasajima, H., Udagawa, Y. and Nagase, F., ñFailure of High Burn-up Fuels 

under Reactivity-Initiated Accident Conditionsò, Annals of Nuclear Energy, Vol.36, pp.380-385, (2009). 
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Figure 11 shows the peak values of cladding residual hoop strain during the NSRR room 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 the PCMI-induced strains. When 

DNB occurs during the transient, the large cladding deformation is caused by the increase of the rod internal 

pressure in combination with the decreased yield stress of the cladding at an elevated temperature. In the 

phase of the PCMI, the deformation is driven only by solid thermal expansion of fuel pellets. 

This hydride-assisted PCMI failure occurs only in the early stage of the transient when cladding surface 

temperature remains in the same level at the onset of the event. If the cladding survives this early phase, the 

behaviour proceeds to the late-phase, post-DNB process; then, cladding temperature increases rapidly and the 

ductility of the cladding increases. The data shown in Fig. 11 suggested that the cladding deformation was 

caused by the solid thermal expansion of pellets and fission-gas-induced pellet expansion was negligible in this 

early phase. The fission-gas-induced expansion is caused by thermal expansion of fission gas accumulated in 

fuel grain boundaries, and may have an important role on loading to the cladding only in the late phase. 

Figure 11. Cladding residual hoop strain 
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Figure 12 shows data of fuel enthalpy increases at failure as a function of burn-ups of tested fuel segments. A step 

function-like failure threshold defined in 1998 by Nuclear Safety Commission of Japan is shown in the figure.  

Figure 12. Burn-up dependent PCMI failure threshold 
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The enthalpy increase at a time of failure in the test OI-11 on a rod with ZIRLO cladding was much higher 

than those observed in previous tests with Zry-4 cladding in the same burn-up, about 60 MWd/kgU. The 

higher failure energy in the test OI-11 reflects the better performance of the new cladding materials in 

terms of corrosion, the thinner oxides and accordingly lower hydrogen content generated during irradiation 

in the PWR. It can be accordingly concluded that the rod with improved corrosion resistance have larger 

safety margin against the PCMI failure than conventional Zry-4 rods. Although a burn-up of the tested rod 

is much higher, 71 MWd/kgU, in the test VA-1, the enthalpy increase at failure was 64 cal/g (0.27 kJ/g) 

and remained in the same level comparing the data obtained in 50 to 60 MWd/kgU. The result suggests 

that high burn-up structure (rim structure) in pellet periphery does not have strong effect on reduction of 

the failure threshold because the PCMI load is produced primarily by solid thermal expansion. 

Since the failure threshold formulated as a function of burn-up cannot reflect any improvements of fuel 

design, some proposals have made to describe the threshold with a different parameter. Figure 13 shows 

data of fuel enthalpies at failure from experiments on PWR fuels with SRA cladding as a function of 

cladding oxide layer thickness. The fuel enthalpy at failure correlates 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 thickness. It can be seen that the thinner oxide in the OI-11 results in the higher enthalpy at failure 

even with the high burn-up of 58 MWd/kgU. Although the ZIRLO sheathed rod tested in the VA-1 had a 

thick oxide layer of 73 mm, the enthalpy at failure remained 64 cal/g which was at the same level with an 

oxide thickness of 40 mm. The formulation of the threshold as a function of oxide thickness may offer an 

improvement in establishing a RIA failure threshold particularly for fuel designs with advanced cladding 

materials
(13)

. However, there is room for further improvement, since the formulation does not account for 

the other factors, e.g. hydrides distribution and orientation. 

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

Fuel fragmentation and mechanical energy generation occur when peak fuel enthalpy exceeds 285 cal/g 

(1.19 kJ/g) in the NSRR experiments with a fresh single-pin. Higher fuel enthalpy correlates with higher 

mechanical energy generated as shown in Fig. 14. Partial melting of pellets was always observed. In order to 

avoid incipient pellet melting, the Japanese regulatory guideline defines the absolute limit of maximum fuel 

enthalpy as 230 cal/g (0.96 kJ/g) in 1984. It is generally known that the pellet melting occurs at the lower 

temperature due to burn-up, additives, such as gadolinium, and Pu in MOX fuels. It was accordingly required 

that the reduction of the melting point was taken into the account for the absolute limit, when the NSC re-

                                                      
13 Fuketa, T., Sugiyama, T. and Nagase, F., ñBehavior of 60 to 78 MWd/kgU PWR Fuels under Reactivity-Initiated 

Accident Conditionsò, J. Nuclear Science and Technology, Vol.43, No.9, pp.1080-1088, (2006). 
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examined burn-up effects on RIA fuel behaviours and issued the regulatory report in 1998. As for the effect of 

burn-up on the melting point, the report noted that an assumption consisting of no reduction up to 30 MWd/kg 

and 3.2 degree/MWd/kg reduction above 30 MWd/kg was acceptable. It has been discussed that the assumption 

is overly conservative, but data regarding the melting point at higher burn-up are very limited for the moment. 

Figure 14. Mechanical energy generation due to pellet melting 
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In NSRR experiments with high burn-up PWR and BWR fuels, which resulted in fuel failure, fuel pellets 

were dispersed from the rod, and were recovered as fragmented particles from capsule water after the 

experiment. Cross-sectional view and scanning electron microscopy images of the fragmented debris are 

shown in Fig. 15. 

Figure 15. Fuel particles collected after PCMI failure  
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The appearance indicates that the collected fuel particles are not once molten, as can be expected from the low 

maximum fuel temperature (below ~2100 K in this case) during pulse irradiation. Although the fragmented 

particles remained in the solid phase, significant mechanical energy generations were observed in these 

experiments. The estimation of mechanical work due to rod internal gas release and expansion shows that the 

gas does not have enough potential to produce this level of mechanical energy. With an extreme assumption that 
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all of the rod internal gas reaches the maximum fuel temperature, gas internal energy is only limited, which is 

well below the mechanical energy generated. This suggests that rapid steam generation due to coherent thermal 

interaction of dispersed fuel fragments with coolant water is the primary source of the mechanical energy 

generated during the test. The postulated heat flux in this thermal interaction was compared with those in 

separate-effects experiments with powder fuels
14

, and the comparison corroborates that the heat flux in this 

process is realistic. In the current Japanese safety guideline, the mechanical energy generated in the PCMI 

failure is evaluated with a formula identical to that for mechanical energy produced by pellet melting. 

4. Fission gas release 

After the pulse-irradiation experiments, rod-average fission gas release were measured for the test rods by 

rod puncture and gas analysis. The data are shown in Fig. 16 as a function of the peak fuel enthalpy. 

Except for HBO-2, -3, and -4, the higher fission gas release correlates with the higher peak fuel enthalpy. 

In HBO-2, -3, -4 and TK-1, the fission gas release reached ~20%, and this corresponds to all the fission gas 

accumulated in grain boundaries being released during these experiments. Rapid expansion of fission gas 

in grain boundaries causes grain boundary separation, and then results in fission gas release and fuel 

fragmentation. The experiments with the high fission gas release resulted in large rod deformation, except 

in HBO-2, -3, and -4. This fact indicates the significant role of fission gas in rod deformation. In HBO-2, -

3, and -4, DNB did not occur, and cladding temperatures remained in low. (A transient signal from the 

thermocouple in HBO-3 showed ~670 K at maximum, but the duration of stable film boiling was very 

short and must have been limited to the local area.) Therefore, the significant role of fission gas in rod 

deformation appears only at high temperatures, where cladding ductility is enhanced. 

Figure 16. Fission gas release (PWR/UO2) as a function of peak fuel enthalpy 
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The Japanese regulatory criteria do not formulate transient fission gas release during an RIA, because 

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

conservative enough to encompass the transient release. 

5. Possible MOX effect 

As stated previously, results from a series of the NSRR experiments on high burn-up LWR fuels show that the 

heavier corrosion of cladding during operations in nuclear power plants, in turn, the larger hydrogen absorption 

in cladding results in fuel failure at the lower enthalpy under RIA conditions. In particular, the thickness of 

hydride rim that appeared in high burn-up PWR fuel cladding, i.e. cladding peripheral layer containing dense 

hydride clusters, well correlates with fuel enthalpy at failure. Fuel enthalpies at failure in the two recent MOX 

                                                      
14 Sugiyama, T. and Fuketa, T., ñMechanical Energy Generation during High Burn-up Fuel Failure under 

Reactivity Initiated Accident Conditionsò, J. Nuclear Science and Technology, Vol.37, No.10, pp.877-886, 

(2000). 
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tests BZ-1 and -2
15

 are consistent with a tendency derived from number of tests on UO2 fuels, and indicate that 

any MOX effects do not appear regarding the PCMI failure. The threshold of fuel failure due to PCMI only 

depends on the cladding state with the PCMI loading dependent only on the pellet thermal expansion. 

Accordingly, the same failure limit is applicable to UO2 and MOX fuels. Since the temperature escalation in an 

RIA is the most severe in pellet peripheral region, plutonium agglomerates uniformly distributed over MOX 

pellets may have weaker, negligible effect on the PCMI loading than high burn-up fuel structure. 

On the other hand, data regarding the fission gas release indicate a possible MOX effect. The fission gas 

releases during PWR fuel experiments are plotted in Fig. 17 as a function of peak fuel enthalpy. 

Figure 17. Fission gas release (PWR/MOX) as a function of peak fuel enthalpy 
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Data from NSRR experiments on ATR/MOX fuels

16
 and REP-Na experiments

17,18
 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 homogeneous micro-

structure similar to that in SBR/MOX fuels, and the fission gas releases from the ATR fuels remain in the 

same level of those from UO2 fuels. The MIMAS/MOX fuels tested in the REP-Na experiments and the most 

recent test BZ-3, on the other hand, show the larger fission gas releases. In particular, the fission gas release 

of 39.4% in the test BZ-3 is significantly large in comparison with those in tests on UO2 fuels, even if one 

takes into consideration the initial fuel enthalpy of 70 J/g (17 cal/g) in the experiment started from a coolant 

condition of 281 deg C. The highest fission gas release among each UO2 fuel ranged 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 the total 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 depleted UO2. 

Pelletizing and sintering of this powder mixture create an heterogeneous final product with mixed oxide 

(U,Pu)O2 agglomerates embedded in the matrix of natural or depleted UO2. During operation cycles in a 

nuclear power plant, the fission occurs in the agglomerates which reach very high burn-ups compared to the 

burn-up averaged over the pellet. 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 inventories in the grain boundaries and in the Pu 

agglomerates in order to promote a better understanding of the fission gas release from MOX fuels. 

                                                      
15  Fuketa, T., Sugiyama, T., Umeda, M., Sasajima, H. and Nagase, F., ñBehavior of LWR/MOX Fuels under 

Reactivity-Initiated Accident Conditionsò, Paper 2083, TopFuel 2009, Sept. 6-10, 2009, Paris, France, (2009). 

16  Sasajima, H., Fuketa, T., Nakamura, T., Nakamura, J. and Kikuchi, K., ñBehavior of Irradiated ATR/MOX Fuel 

under Reactivity Initiated Accident Conditionsò, J. Nuclear Science and Technology, 37, 5, 455 (2000). 

17  Schmitz, F. and Papin, J., ñHigh Burn-up Effects on Fuel Behaviour under Accident Conditions: the Tests 

CABRI REP-Naò, J. Nuclear Materials, Vol.270, pp.55-64, (1999). 

18  Papin, J., ñThe Cabri Research Program for Study of Reactivity-Initiated Accidentsò, Scientific and Technical 

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

Two failure modes can be observed with fresh rods. Both occur after cladding temperature escalation due 

to an occurrence 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 cladding in combination with a partial melting at 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 observed with high burn-up PWR and BWR fuel rods. Test rods with 

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 the time that cladding temperature 

reaches a certain level. Hydride rim, radially-localised hydride layer, in PWR/SRA cladding and radially-

oriented hydride clusters in BWR/RXA cladding have important roles in failure of high burn-up fuels. In 

experiments resulting in the PCMI failure, fuel fragmentation and mechanical energy generation were 

observed as post-failure events. Collected fuel particles were not previously molten. The results indicate 

coherent thermal interaction between the particles and coolant water. Grain boundary separation was 

observed in extensive area of post-test 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 a role 

of fission gas in RIA fuel behaviour remains an important pending question as shown in Fig. 18. 

 

Figure 18. Anticipated fuel behaviour during an RIA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

?

DNB

Late phase (Post-DNB)Early phase (Pre-DNB) Post-failure events

Thermal interaction

of fuel fragments

with coolant water

Hydride-assisted

PCMI failure

PCMI

Loading

Rapid expansion of

accumulated fission gas

Mechanical energy

generation

Fission gas release

Large deformation/ballooning

or post-DNB failure

Solid

thermal expansion

Fuel Fragmentation

Decreased strength

of cladding

Cladding temperature

increase

Grain boundary separationfission-gas-induced

pellet expansion

Prompt increase of fuel temperature

Increase of 

rod internal pressure

Incipient cracking

in cladding periphery

Decreased cladding

ductility due to 

hydrides precipitation

RIA

Pellet/cladding contact

(gap closure) ?

DNB

Late phase (Post-DNB)Early phase (Pre-DNB) Post-failure events

Thermal interaction

of fuel fragments

with coolant water

Hydride-assisted

PCMI failure

PCMI

Loading

Rapid expansion of

accumulated fission gas

Mechanical energy

generation

Fission gas release

Large deformation/ballooning

or post-DNB failure

Solid

thermal expansion

Fuel Fragmentation

Decreased strength

of cladding

Cladding temperature

increase

Grain boundary separationfission-gas-induced

pellet expansion

Prompt increase of fuel temperature

Increase of 

rod internal pressure

Incipient cracking

in cladding periphery

Decreased cladding

ductility due to 

hydrides precipitation

RIA

Pellet/cladding contact

(gap closure)



 NEA/CSNI/R(2010)7 

 73 

 
 

 
 

 



NEA/CSNI/R(2010)7 

 

 74 

 
 

 
 

 



 NEA/CSNI/R(2010)7 

 75 

 
 

 
 

 



NEA/CSNI/R(2010)7 

 

 76 

 
 

 
 

 



 NEA/CSNI/R(2010)7 

 77 

 
 

 
 

 



NEA/CSNI/R(2010)7 

 

 78 

 
 

 
 

 



 NEA/CSNI/R(2010)7 

 79 

 
 

 
 

 



NEA/CSNI/R(2010)7 

 

 80 

 
 



NEA/CSNI/R(2010)7 

 

 81 

REGULATORY ANALYSIS OF REACTIVITY TRANSI ENTS 

C. E. Beyer 
Pacific Northwest National Laboratory, USA 

K. J. Geelhood 

Pacific Northwest National Laboratory, USA 

1. Introduction  

This paper will describe modifications made to the FRAPCON-3 and FRAPTRAN fuel performance codes 

and models that impact reactivity initiated accident (RIA) analyses. The modified models include; 1) an 

upper bound empirical 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 models are used 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 long-lived and short lived (radioactive) isotopes for RIA events. These bounding 

fission product inventory gap fractions will be included in the forthcoming Draft Guide (DG) 1199 to be 

published by the USNRC. The public is invited to comment on the proposed analysis methodology and gap 

fractions in DG-1199 during the upcoming public comment period. A best estimate release model is also 

used in FRAPTRAN 1.4 based on grain boundary gas concentrations from FRAPCON-3.4 to 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 revised cladding failure model. 

2. Fast transient (RIA ) release models 

The release of radioactive isotopes from a failed fuel rod during a RIA event is divided into long-lived (greater 

than 1 year half-life) and short lived isotopes (less than 1 year half-life). The total release of radioactive isotopes 

used for dose evaluations should include the steady-state gap inventory (present from normal operation prior to 

the RIA event) plus any fission gas released (FGR) during the RIA event. Therefore, the release is further 

divided into the gases released during steady-state operation and those gases released during the event itself due 

to the large temperature increase. The release of long-lived isotopes during steady-state and the RIA event will 

be discussed first followed by a discussion of release of the short-lived isotopes. 

2.1. RIA release of long-lived isotopes 

The release of long-lived isotopes during steady-state operation (i.e., krypton-85, cesium-134, and cesium-

137) can be conservatively estimated with most fuel performance codes that predict the release of the 

stable noble gases. This assumes the release of the long-lived isotopes is equal to the release of the stable 

isotopes and using the recommended increase in diffusion coefficient for cesium-134 and cesium-137 of a 

factor of 2 compared to the noble gases release provided in the latest proposed ANS 5.4 standard. 

Bounding release values have been calculated for the noble gases and long-lived cesiums and provided in 

the latest recommended updates to gap release fractions for RIA events. These calculations have been done 
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using the FRAPCON-3.3
1
 fuel performance code for the most limiting of current PWR and BWR fuel designs 

(14x14 and 9x9, respectively) in terms of release and the guidance in the newly proposed ANS 5.4 standard
2
; 

the calculational results are presented in Table 1. A bounding spectrum of PWR power histories were used with 

partial power operation at an LHGR limit of 14 kW/ft up to 34 GWd/MTU (peak nodal burn-up). 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 to 20 GWd/MTU (peak nodal burn-up). Example bounding 

histories used for PWR and BWR calculations are demonstrated in Figure 1. The highest release for the long-

lived isotopes always occurred at or near the end-of-life (peak nodal burn-up of 68 GWd/MTU for PWRs and 

70 GWd/MTU for BWRs) assumed for this calculation. Utilising the bounding power histories the stable release 

fractions were calculated to exceed the 0.10 fraction recommended in the current U.S. regulatory guides for a 

RIA event. This demonstrated the need to update 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
À
 

Isotope Gap release fractions - 95/95 UTL  Current  

RG 1.183 table 3  Calculated PWR 

14x14 design 

Calculated BWR 

9x9 design 

Maximum 

Kr-85 0.348 0.257 0.35 0.10 

I-131 0.073 0.036 0.08 0.08 

I-132 0.225 0.111 0.23 0.05 

Other nobles 0.031 0.016 0.04 0.05 

Other halogens 0.042 0.021 0.05 0.05 

Alkali metals 0.457 0.336 0.46 0.12 
À
Gap fractions for non-LOCA events with exception of RIA events 

Figure 1. Assumed PWR and BWR rod linear heat generation limits (solid lines) versus burn-up along 

with example assumed power history (dashed lines) used for FRAPCON-3.3 calculation of release 
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The release of 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. 2005, FRAPCON-3 Updates, including Mixed Oxide Properties, 

NUREG/CR-6534 (PNNL-11513) Vol. 4, U.S. Nuclear Regulatory Commission, Washington D.C. 
2
  Turnbull, J.A. and C.E. Beyer, Background and Derivation of ANS-5.4 Standard Fission Product Release Model, 

PNNL-18490, Pacific Northwest National Laboratory, Richland, WA. 
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rods) collected from tests in the CABRI
3
, NSRR

4,5,6,7
, and BIGR

8
 test reactors. These 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 increase. The release of stable noble gases in this figure applies to the long-lived 

krypton-85 isotope and demonstrates that above an enthalpy increase of ~ 90 cal/gm some of the stable isotope 

release exceeds the recommended 0.10 fraction for RIA in the U.S. NRC regulatory guides (Regulatory Guides 

1.183
1
 and 1.77

9
). 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 above). It is noted that some of the BWR 

rod segments tested had local releases greater than 20% fission gas release (FGR) during their base irradiation 

and this did not appear to impact (reduce or increase) the release during the simulated test RIA event. The 

release fractions provided in Figure 2 are relative to the total gas produced in the fuel. Therefore, a new 

recommended release values will be provided in this paper to replace the value of 0.10 for krypton-85 and 0.12 

for cesium-134 and cesium-137 specified in Regulatory Guides 1.77 and 1.183. 

Figure 2. Stable fission gas release data as a function 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 millisecond (ms), the NSRR tests between 4 to 7 ms, and the BIGR 

                                                      
3
 Lemoine, F., J. Papin, J. Frizonnet, B. Cazalis, and H. Rigat, ñThe Role of Grain Boundary Fission Gases in 

High Burn-Up Fuel Under Reactivity Initiated Accident Conditions,ò Fission Gas Behavior in Water Reactor 

Fuels - Seminar Proceedings Cadarache France, 26-29 September 2000. 
4
 Fuketa, T., H. Sasajima, Y. Tsuchiuchi, Y. Mori, T. Nakamura, and K. Ishijima, ñNSRR/RIA Experiments with High 

Burn-up PWR Fuels,ò Proceedings of 1997 International Topical Meeting on Light Water Fuel Performance, Portland, 

Oregon, March 2-6, 1997. 
5
 Fuketa, T., T. Sugiyama, H. Sasajima and F. Nagase, ñNSRR RIA-simulating Experiments on High Burn-up 

LWR Fuels,ò Proceedings of the 2005 Water Reactor Fuel Performance Meeting, Kyoto, Japan, pp. 633-645, 

October 2-6, 2005. 
6
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 Yegorova, L. et al, Experimental Study of Narrow Pulse Effects on the Behavior of High Burn-up Fuel Rods with 
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 Regulatory Guide 1.77, Assumptions Used for Evaluating a Control Rod Ejection Accident for Pressurised Water Reactors, 
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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 influence on FGR between ~ 2 to 76 ms and 

that release primarily increases with increasing enthalpy. Also, power history and fuel burn-up may have 

an impact on release but the scatter in the data does not allow a definitive empirical relationship to be 

established. However, the FRAPCON-3.4 and FRAPTRAN 1.4
10

 codes have been shown to provide a 

better prediction for a given power history and burn-up level than the empirical model (see discussion 

below). The release fractions are from test rods with very short fuel lengths such that the enthalpy 

increases and release values can be considered to be local rather than for a full-length LWR 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 points from 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 recommended that passes 

through the origin such that release fraction for long-lived isotopes can bounded by the relationship: 

F (stable) = 0.0022*æH 

where æH is the enthalpy increase in cal/gm 

This relationship provides a zero release at zero enthalpy increase. 

The three short fuel test rods that are not bounded by the 95/95 curve are HBO-2, HBO-3, and HBO-4. 

These three test rods were refabricated from the same full-length PWR rod and then RIA tested in NSRR. 

The Japan Atomic Energy Research Institute (JAERI) papers and reports on 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 for HBO-2, -3, and -4 rods was 

different (labeled as Type-A fuel) than the rest of the HBO test series (labeled as Type-B fuel), but the 

Type-A fuel was used in some of the TK series test rods. For example, the TK-4 rod had Type-A fuel with 

similar burn-up of 50 GWd/MTU but peak enthalpy was over twice as high for TK-4 as for HBO-2 

(98 cal/gm versus 37 cal/gm, respectively), thus suggesting that TK-4 should have significantly higher 

FGR. However, the FGR in HBO-2 was more than twice as high FGR as TK-4 (17.7 versus 8.3). This 

suggests that some unknown phenomenon caused higher FGR in HBO-2. 

It has also been hypothesized that the higher FGR of the HBO-2, -3, and -4 rods may be due to their base 

irradiation (commercial reactor) powers being different from the other fuel rods in Figure 2 at equivalent 

burn-up levels. However, examination of reported histories for both TK-4 and HBO-2 test specimens 

demonstrated that they had similar base irradiation power histories. Therefore, base irradiation power 

histories do not appear to explain the high release in the HBO-2, -3, and -4 rods unless there are errors in 

the base irradiation powers. Consequently, there is no clear explanation for why the HBO Type A fuel 

experienced significantly higher FGR than any other RIA tests performed in CABRI, NSRR (including 

other NSRR tests with Type-A fuel), and BIGR at low fuel enthalpies. 

Further examination of Figure 2 also shows that two NSRR BWR specimens and one CABRI PWR specimen 

had significantly lower release than the majority of the other test rods. The largest deviation was from a PWR 

CABRI test rod (REP Na-2) with the lowest burn-up level (33 GWd/MTU) of the UO2 test rods. The two 

NSRR BWR test rods (FK-1 and FK-3) were at relatively low burn-ups of 45 to 41 GWd/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 boundaries with increasing burn-up. The fission gas 

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

                                                      
10

 Geelhood, K.J., C.E. Beyer, and W.G. Luscher. 2009. ñNew Release of Fuel Performance Codes, FRAPCON-3.4 

and FRAPTRAN 1.4, Proceedings of Top Fuel 2009, Paris, France, September 6-10, 2009. 
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up fuel rim and main body of the fuel and not due to diffusion during the RIA tests. These lower burn-up fuel 

rods have little or no fuel rim and have less grain boundary gas in the main body of the fuel. Therefore, the 

lower burn-up fuel will have less grain boundary gas than the higher burn-up fuel with the latter having more 

inventory for release during the RIA. It is further noted that the low burn-up (only 28 GWd/MTU) mixed 

oxide fuel (MOX) test rod from CABRI (REP Na-9) was within the release amounts of the higher burn-up 

UO2 test rods. This can be explained by the bubble interconnection process, which appears to occur in MOX 

(in the PuO2 rich particles) at much lower burn-ups than for UO2
3
. 

The newly released FRAPCON-3.4 code predicts the grain boundary gas as a function of burn-up more 

accurately than FRAPCON-3.3. The newly released FRAPTRAN 1.4 code utilises this boundary gas from 

FRAPCON-3.4 to predict the gas release during a RIA event. A comparison of release predictions from 

FRAPCON-3.4/FRAPTRAN 1.4 to four Cabri UO2 rods (Na-2, Na-3, Na-4 and Na-5), four NSRR PWR rods 

(HBO-6, OI-2, MH-3 and GK-1), and two NSRR BWR rods (FK-1 and TS-5) demonstrates that this code 

combination provides a better prediction than a best estimate empirical (least squares) fit based only on fuel 

enthalpy increase. All of the best estimate code predictions are closer to the measured release 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 OI-12 test rod measured 10.2% FGR while the code prediction was 10.35% and the 

empirical model predicted 13.3%. The exception to this is the Cabri Na-2 rod with a low burn-up 

(33 GWd/MTU) and high enthalpy (183 cal/gm) where the best estimate code model provided a significantly 

better prediction. For example, the best estimate empirical model provided an overprediction of 20% release 

(absolute) while FRAPCON-3.4/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 base steady-state power 

histories are known, will be used in the future to further verify FRAPCON-3.4/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 FRAPCON-3.4/FRAPTRAN-1.4 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 short-lived noble gas isotopes from the RIA test rods. 

Therefore, their release fractions are estimated from the bounding relationship for stable noble gases and 

krypton-85 above. The release of the long-lived cesium isotopes (cesium-134 and cesium-137) can be 

estimated utilising the ANS 5.4 standard recommendation by assuming that cesium has a factor of 2 higher 

diffusion co-efficient 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 during a RIA is proportional to the square root of the ratio of cesium-to-noble gas diffusion 

coefficients. The bounding release fraction for the long-lived cesium isotopes can be expressed as: 

F (cesium) = 0.0022*æH*(2)
0.5

 = 0.0031*æH 

where æH is the enthalpy increase in cal/gm. 

2.2. RIA release of short-lived isotopes 

The iodine-131 short-lived isotope is the major contributor (>95%) that determines the level of dose in terms of 

release from the fuel. This is because iodine contributes a significant dose to the thyroid in terms of dose limits 

and iodine-131 is the longest lived of the iodine isotopes. There are no release data for the short-lived isotopes 

including iodine-131 for a RIA event, only release data for the stable noble gases exist; therefore, the short-lived 

isotope releases must be estimated from the stable noble gas release data and the newly proposed ANS 5.4 

release model. For short-lived isotopes, the equilibrium release fraction is defined as 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 when the fuel temperature (rod power) remains relatively constant for 3 half-lives of the release 

isotope in question. For short lived isotopes, the shorter the half-life of the isotope the smaller the value of 

release, R/B, for a given fuel temperature. This is because the gas is held-up 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 before it can be released. Therefore, as a result 

of hold-up in the fuel, an isotope with a shorter half-life will decay more than an isotope with a longer half-life. 

The release of the short-lived isotopes of the noble gases and iodine during a RIA is similar to that for steady-

state power operation once the grain boundary is saturated. This is because once the grain boundaries are 

saturated during steady-state operation there is no holdup of the gas on the grain boundaries, and there is no 

holdup on grain boundaries during a RIA. The actual physical mechanism for release from the boundary is 

different between a RIA and that during steady-state operation. The RIA release is due to the large 

temperature increase within the fuel during this event that fractures the grain boundaries, thus releasing the 

gas on the boundaries immediately. The 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 also 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 stable). Therefore, there is 

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

fuel temperature increase (delta power increase) and burn-up for both a RIA event and a slow power increase 

during normal operation. This ratio can then be used to estimate the release for a given isotope, such as 

iodine-131, which is of primary importance for dose calculations for a RIA. 

Several calculations have been performed with the FRAPCON-3.4 code and the proposed revised ANS 5.4 

model to examine the ratio between stable noble gas release and the release of iodine-131 for the BWR 9×9 

and PWR 14×14 fuel design at power increases of 14, 26, 31, and 41 percent and at rod average burn-ups 

between 12 to 38 GWd/MTU. The FRAPCON-3.4 release model estimates the stable gas release while the 

ANS-5.4 release model is used to estimate the iodine-131 release. The 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 short-lived isotope release data at burn-ups up to 80 GWd/MTU. Only the release 

of the iodine-131 isotope was examined because it has the highest R/B release of the short-lived volatiles that 

has the largest impact on dose calculations. The ratio of the best estimate predicted release fractions between 

the stable noble gases and iodine-131 at a given time step when power is increased provides an indication of 

the delay time between when a iodine-131 atom is produced to when it is released during normal power 

operation with little holdup on the grain boundary. Examination of the calculational results demonstrates that 

the ratio between the stable isotopes and iodine-131 release (e.g., Fstable/R/BI-131), is typically between 6 to 15 

when the power is increased between 14 to 41 percent and rod average burn-ups are between 12 to 

38 GWd/MTU. An increase in power of 41 percent for steady-state 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 an LWR. The ratio of 

Fstable/R/BI-131 varies depending on power and burn-up. 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 conservative, it is assumed 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 compared to the stable isotopes is most likely 

between a factor of 6 to 15, but without actual iodine-131 release data for test rods with simulated RIA power 

increases at various burn-up levels, it is difficult to determine the exact factor of reduction in release. 

The bounding gap release fraction, R/B, for iodine-131 and the other short-lived isotopes is defined as: 

F (short life isotopes) = (0.33)*0.0022*æH =0.00073*æH 

where æH is the enthalpy increase in cal/gm 

The combined total RIA gap release fractions equals the steady-state gap fraction (Section 2) plus the 

transient releases provided in this section, as summarised in Table 2. 
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Table 2. Local gap release fractions for reactivity initiated accidents 

Isotope Combined RIA release fraction
À 

Kr-85 ( (0.35) + (0.0022 * )H) )  

I-131 ( (0.08) + (0.00073 * )H) ) 

I-132 ( (0.23) + (0.00073 * )H) ) 

Other Nobles ( (0.04) + (0.00073 * )H) ) 

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

Alkali Metals  ( (0.46) + (0.0031 * )H) ) 
À
 Assumes no fuel melting, DH= increased fuel enthalpy during RIA event 

3. RIA failure models 

The FRAPTRAN 1.4 code contains both ductile and brittle cladding failure models to predict failure 

during RIA. The ductile model is the same as that in FRAPTRAN 1.3. The ductile model predicts the 

cladding to fail when the predicted cladding plastic strain exceeds the predicted uniform elongation. This 

model is a function of temperature and hydrogen concentration. 

),min( 0 HexUEUEUE=  
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UE = uniform plastic elongation, % 
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HTot = 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 demonstrate the accuracy of the model. At hydrogen levels 

greater than approximately 600 ppm the uniform elongation is very low and the cladding typically fails in a 

brittle manner. This is illustrated in Figure 4 where uniform elongation (solid data points) is plotted as a 

function of the failure stress to the measured yield strength (measured yield stress is determined from data 

from similar irradiated cladding types at hydrogen levels less than 600 ppm). All of the uniform elongation 

data are below 0.45% except for one datum at 0.8%. Also, plotted is the total 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 be expected for brittle cladding. This demonstrates that total elongation data 

has significant 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 hydrogen (293KÒTÒ755K and 0ÒūÒ14x10
25
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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 measured uniform and total elongation 
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A brittle failure model was added to FRAPTRAN 1.4 assuming that if the cladding excess hydrogen 

concentration is greater than 650 ppm, the cladding is predicted to fail when plastic strain exceeds 0.05%. 

The failure predictions for 30 Cabri, NSRR and BIGR RIA tests are listed in Table 3 utilising the ductile 

(uniform strain) and brittle failure models. It can be seen in Table 3 that failure or non-failure for these 30 

tests is correctly predicted for 27 tests. For the remaining three tests, HBO1, RT10 and RT12, the deposited 

energy is within 5-10 cal/g of the enthalpy required 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 of fuel rod failure due to a RIA. 

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

Test Observation Prediction 

Cabri UO2   

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 BIGR tests (Contôd) 

Test Observation Prediction 

Cabri MOX    

NA6 Not failed Not failed 

NA7 Failed Failed 

NA9 Not failed Not failed 

NSRR UO2   

FK1 Not failed Not failed 

GK1 Not failed Not failed 

HBO1 Failed Not failed 

HBO5 Failed Failed 

HBO6 Not failed Not failed 

MH3 Not failed Not failed 

OI2 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 

RT8 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 level for release to the fuel rod gap were empirically derived from 

the Cabri, NSRR and BIGR tests for predicting the release of long-lived isotopes (krypton-85, cesium-134 

and cesium-137) and short lived isotopes (such as iodine-131) for dose determinations for RIA events. 

Dose calculations for RIA must include release during both steady-state as well as from the RIA event 

itself with examples provided in Table 2. The proposed fission product inventory gap fractions for RIA 

will be included in the forthcoming DG-1199. The public is invited to comment on proposed analysis 

methodology and gap fractions in DG-1199 during the upcoming public comment period. 

The combination of using the FRAPCON-3.4 code to calculate grain boundary gas and the FRAPTRAN 

1.4 code to predict the release from the grain boundaries during a RIA provides a better (best estimate) 

prediction of release for the long-lived and stable isotopes for this event than a best estimate empirical fit 

of the data only in terms of peak enthalpy increase. This is particularly true for the lower burn-up fuel rods 

where the grain boundary gas concentration is much lower and release is lower than for high burn-up fuel. 

The FRAPTRAN 1.4 code has demonstrated that it can accurately predict failure and non-failure for 27 out 

of 30 test rods from Cabri, NSRR and BIGR tests. Those rods where FRAPTRAN 1.4 incorrectly predicted 

non-failure (HBO1 and RT10) and failure (RT12) were within 5-10 cal/g of the enthalpy required to 

correctly predict failure or non failure. This demonstrates that FRAPTRAN 1.4 can predict failure due to a 

RIA event in a best estimate manner with reasonable accuracy. 
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