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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS 

The Committee on the Safety of Nuclear Installations (CSNI) is responsible for NEA 
programmes and activities that support maintaining and advancing the scientific and 
technical knowledge base of the safety of nuclear installations. 

The Committee constitutes a forum for the exchange of technical information and for 
collaboration between organisations, which can contribute, from their respective 
backgrounds in research, development and engineering, to its activities. It has regard to 
the exchange of information between member countries and safety R&D programmes of 
various sizes in order to keep all member countries involved in and abreast of 
developments in technical safety matters. 

The Committee reviews the state of knowledge on important topics of nuclear safety 
science and techniques and of safety assessments, and ensures that operating experience 
is appropriately accounted for in its activities. It initiates and conducts programmes 
identified by these reviews and assessments in order to confirm safety, overcome 
discrepancies, develop improvements and reach consensus on technical issues of common 
interest. It promotes the co-ordination of work in different member countries that serve to 
maintain and enhance competence in nuclear safety matters, including the establishment 
of joint undertakings (e.g. joint research and data projects), and assists in the feedback of 
the results to participating organisations. The Committee ensures that valuable end-
products of the technical reviews and analyses are provided to members in a timely 
manner, and made publicly available when appropriate, to support broader nuclear safety. 

The Committee focuses primarily on the safety aspects of existing power reactors, other 
nuclear installations and new power reactors; it also considers the safety implications of 
scientific and technical developments of future reactor technologies and designs. Further, 
the scope for the Committee includes human and organisational research activities and 
technical developments that affect nuclear safety. 
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Executive summary 

This report documents the proceedings of the Workshop on Pellet-Cladding Interaction 
(PCI) in Water-Cooled Reactors held in Lucca, Italy on 22-24 June 2016. The workshop 
was organised jointly by the Nuclear Energy Agency (NEA), Nuclear and INdustrial 
Engineering (NINE, Italy) and the Institut de Radioprotection et de Sûreté Nucléaire 
(IRSN, France). 

About 80 specialists representing 19 countries and 41 organisations attended the 
workshop. A total of 31 presentations were given, arranged in 3 technical sessions 
(experiments and analysis; modelling and simulation; design verification methodologies), 
with an introductory session and a concluding session. 

The proceedings include the 27 papers received and the 31 presentations given during the 
meeting. They also include technical session summaries drafted by the session chairs, as 
well as an overall summary of the workshop taking into account the discussions that took 
place during the concluding session. 

Regarding the role of cladding design on the mitigation of stress corrosion cracking 
(SCC) driven by PC(M)I, the following conclusions were derived: 

· Liner fuel remains of interest to fuel designers.
· Texture controlled cladding shows improved resistance to (SCC-)PCI failure.
· Cladding design seems to be more effective than cladding material (alloy) with

respect to the mitigation of the SCC driven by PC(M)I.

Regarding the role of fuel pellet design on PCI mitigation it can be stated that: 

· Available experiments and analyses on pellet additive effects do not fully explain
all aspects of the potential PCI benefits.

· There is some evidence that additives trap aggressive species in the fuel.
However, it has been shown through multiple experimental programmes that very
low concentrations of aggressive species are sufficient to drive PCI.

· The role of oxygen liberation seems important. There is some evidence that
additives release oxygen to the gap and that this serves to oxidise and protect
cladding ID cracks.

Today, the conventional 1.5-D and new 3-D codes remain complementary. The 1.5-D codes 
still form the basis of industrial applications as a result of run time constraints. Although 
3-D modelling is largely progressing to address specific phenomena that are mandatory for
PCI, multi-scale modelling is not yet used as a predictive tool to evaluate the PCI failure
risk.

PCI risk prevention is efficiently integrated in operational rules based on mastered 
methodologies that include these 1.5 D fuel-performance codes in combination with 
technological limits. However, although they have proven to be practicable for the design, 
evaluation methods remain complex and time consuming. Operators expressed their 
strong interest in simpler and faster PCI risk assessment tools. 
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http://www.ansys.com/
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INL    Idaho National Laboratories (United States) 

JAEA    Japan Atomic Energy Agency (Japan) 

LHR    Linear heating rate 
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MANTA   Thermal-hydraulic systems code (Framatome) 

MIR    Methodology used to kinetically analyse PCI (Framatome) 
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MOX  Mixed-oxide fuel 

NNL   National Nuclear Laboratory (United Kingdom) 

MPS  Missing pellet surface 

NEA  Nuclear Energy Agency 

NRA   Nuclear Regulatory Authority (Japan) 

OSIRIS   Test reactor at CEA Saclay (France) 

OTS  Operation technical specifications 

OXIRED   Radial oxygen distribution model of the Transuranus code (Karlsruhe, 
   Germany) 

PACE   Pellet-associated cladding degradation 

PCI  Pellet-cladding interaction 

PCMI  Pellet-clad mechanical interaction 

PIE   Post-irradiation examination 

PMG  Power manoeuvring guidance 

PWR   Pressurised-water reactor 

RIA  Reactivity-initiated accident 

SCC  Stress corrosion cracking 

SCIP  Studsvik Cladding Integrity Project  

SED  Strain energy density 

SMART:  Three-dimensional neutronic code 

SQA  Software quality assurance 

TREAT  Transient Reactor Test Facility (INL) 
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TREQ   Fuel-rod thermal-mechanical code (European Fuel Group) 

VNIINM  Scientific Research Institute of Inorganic Materials (Russia) 

WGFS   Working Group on Fuel Safety 

WWER  Vodo-vodianoï energuetitcheski reactor, or water-water energy reactor  
   of Russian design 
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1. Introduction

This report documents the proceedings of the Workshop on Pellet-Cladding Interaction 
(PCI) in Water-Cooled Reactors held in Lucca, Italy, on 22-24 June 2016. The workshop 
was organised jointly by the Nuclear Energy Agency, Nuclear and INdustrial Engineering 
(NINE, Italy) and the Institut de Radioprotection et de Sûreté Nucléaire (IRSN, France). 

About 80 specialists representing 19 countries and international organisations attended 
the workshop. A total of 31 presentations were given. 
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2. Background

Renewable sources of energy have an increasing share in the energy mix in a number of 
NEA countries. A specific feature of some of those energy sources is that their output is 
essentially variable in time. For example, solar and wind generation depend significantly 
on weather conditions. Hence, the predictability of their output with time has some 
intrinsic limitations.  

Another feature of renewable energy sources is that they are often widely distributed over 
the countries and operated by multiple utilities. Thus, their controllability is less than that 
of more centralised production means.  

Finally, in some areas, the grid capacity may also be a limiting factor and the output of 
large production units may need to be finely and rapidly adjusted to ensure the safe 
operation of the grid.  

With this background, some recent studies and technical meetings1,2,3  have pointed out 
that an increasingly flexible operation of NPPs will probably be required in the future. By 
flexible mode of operations it is here meant “non-baseload”, i.e. load following, 
frequency control, power modulation (changes in the units’ power output on request from 
the grid), etc.  

However, the flexible operation of NPPs has implications on the fuel behaviour as it is 
well known that power variations may induce strong pellet-cladding interactions with a 
risk of clad failures and radioactive fission product releases in the primary circuit.  

The last issue of the IAEA review of fuel failures in water-cooled reactors in 20104

showed that PCI-stress corrosion cracking (SCC) remains one of the causes identified. 
One of the main solutions to reduce the number of clad failures caused by PCI-SCC 
consists of imposing restrictions on the power variations adopted by nuclear power plant 
operators. Also, fuel vendors still continue their efforts to design fuels with increasing 
resistance to PCI-SCC: this ranges from fuels with additives (Cr, Al, Si) to an 
optimisation of the pellet shape. Another option – which is already widely used among 
BWR fuel assemblies – is the use of a clad inner liner. Also the procedures for loading of 
the pellets into the fuel rod have been modified to reduce chipping of the pellet surface.  

The last seminar on PCI-SCC was held more than 10 years ago.5 In the meantime, a 
number of projects have been conducted and have provided updated results (e.g. 

1. Load-following operating mode at nuclear power plants (NPPs) and incidence on operation and 
maintenance (O&M) costs. Compatibility with wind power variability, EUR 24583 EN – 2010.

2. The Economics of the Long-term Operation of Nuclear Power Plants, NEA No. 7054, 2012.
3. IAEA Technical Meeting on Flexible (non-baseload) operation approaches for nuclear power 

plants, 2013.
4. Review of fuel failures in water cooled reactors, IAEA STI/PUB/1445, 2010.
5. Pellet-clad Interaction in Water Reactor Fuels, NEA No. 6004, 2005.
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experimental outcomes from Halden, SCIP I or SCIP II international programmes). In 
parallel to this, the simulation methods have been further developed, not only by moving 
from one to three dimensions, but mainly by adopting a multi-scale approach in order to 
provide deeper understanding of the basic phenomena involved in the process. The NEA 
Expert Group on Multi-scale Modelling of Fuels has published a state-of-art-report on 
this particular topic.6 Benchmarks have also been organised notably during the course of 
the SCIP programme and the IAEA FUMEX III project. In some countries, national 
research programmes have also produced new results.  

In conclusion, since the last OECD PCI seminar, a considerable amount of new 
developments and results have been produced. Thus, after more than ten years, it 
appeared desirable to reconsider the recommendations of the last seminar in light of the 
new findings.  

As research results have become available, specific methodologies for assessment of fuel 
designs in relation to flexible and more demanding modes of operations, or in order to 
better account for uncertainties, have been improved. With regard to the 2004 workshop, 
this new aspect was also addressed in the workshop. 

  

                                                      
6.  “State-of-the-Art Report on Multi-scale Modelling of Nuclear Fuels”, NEA/NSC/R/(2015)5, 

2015. 
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3.  Objectives and structure of the workshop 

The main objective of the workshop was to identify the current status of experimental and 
analytical studies related to pellet-cladding interaction (PCI) and PCI-SCC for water-
cooled reactors. Recommendations from the last NEA PCI workshop were reviewed and 
progresses made were summarised. 

Extending the scope of the previous meetings, the workshop also addressed the 
methodologies used or planned for use in the member countries for the assessment and 
evaluation of fuel designs and safety with respect to flexible and demanding modes of 
reactor operations. 

The workshop was organised around three technical sessions: 

· experiments and analysis; 
· modelling and simulation; 
· design verification methodologies. 
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4.  Summary of the technical sessions 

Each technical session was summarised by the session chairpersons. These summaries are 
reproduced below. 

4.1. Session 1 – Experiments and analysis 

This session was chaired by M. Amaya (JAEA, Japan), M. Bales (NRC, USA) and 
W. Wiesenack (HRP, Norway). Nine papers were presented in this session.  

The first paper, presented by W. Wiesenack of the Halden Reactor project, provided a 
summary of experimental observations related to PC(M)I from Halden Reactor fuels 
testing. The presentation included explanation of the unique in situ instrumentation used 
in Halden’s experiments that allows for in-core measurement of PC(M)I effects. The 
author presented Halden data that indicate that the onset of PCMI shifts to higher power 
due to fuel – cladding accommodation. Axial ratcheting effects were not identified in the 
presented Halden data. One of the experiments showed a complex interaction of fission 
gas release and PCMI, and it was concluded that despite numerous experimental efforts 
on PC(M)I, there remains a lack of an integral fuel model able to explain all observations. 

The second paper, presented by A. Yamauchi of NRA, provided an overview of 
experimental studies on hydride-induced failures during power ramps. The NRA 
experiments provided evidence that outside-in cracking, postulated as a hydride-induced 
failure mechanism during a power ramp, could be reproduced in laboratory tests. Time 
dependent formation of radial hydrides in the outer region of cladding, fracture of radial 
hydrides and crack propagation by DHC govern the process. The presented study also 
investigated the possibility that hydrides could reorient under AOO conditions. The study 
showed that BWR claddings were vulnerable to hydride reorientation at linear heat 
generation rates above 35 kW/m. Similar tests for PWR claddings did not show evidence 
of hydride reorientation. Differences in the results of BWR and PWR cladding were 
observed and attributed to temperature and stress effects. 

The third paper, presented by F. Corleoni of Studsvik, summarised the chemical and 
structural characteristics of ramp tested fuel with additives. He showed that the Studsvik 
ramp database indicates that there is a PCI benefit using additives/dopants in the fuel. It 
was speculated that this PCI benefit is derived from additives trapping aggressive species 
in the fuel, and some PIE examinations where shown to corroborate this theory. Other 
observations suggest that the PCI mitigation seen in fuels with Gd or Al-Cr may be due to 
oxygen release from additive elements. Examination results were presented that revealed 
a thin oxide layer within the fresh exposed crack surface after ramp testing, suggesting 
that oxygen may be present in the gap and sufficient to oxide fresh crack surfaces, 
protecting them from aggressive species. Another important finding from Studsvik’s 
ramp database is that Al-Si is better at retaining volatile, potentially aggressive, elements 
within the fuel. 
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The fourth paper, presented by R. C. O’Brien of INL, provided an update of TREAT 
capabilities and experimental planning activities. TREAT is a power pulse reactor which 
can produce pulse widths typical of LWRs. Transient testing of ATF concept fuels in 
TREAT is scheduled for 2018. The planned transient tests include RIA, LOCA, AOOs 
(fuel melting, ramps, reduced flow), and possibly beyond design-basis accident scenarios. 
Continuation of LWR fuel transient testing is also expected in the TREAT reactor. 

The fifth paper, presented by V. I. Arimescu of Areva, discussed the possible mitigating 
effects of slow power ramps and speculated whether these effects were mechanical or 
chemical in nature. The presentation provided evidence that ramp speed influences peak 
cladding stress, that both slow and stepwise ramps show PCI benefits. The presentation 
also argued that oxide formation and healing can win over chemical attack. The 
presentation concluded that both mechanical and chemical effects played a role and called 
for the development and use of a multiple-parameter PCI threshold combined with 
uncertainty analysis. 

The sixth paper, presented by P. Frankel of University of Manchester, provided an 
overview of the Pellet-Associated Cladding Degradation (PACE) programme. PACE is a 
collaborative research consortium to investigate pellet-cladding interaction designed to 
bring together capabilities of leading academic institutions and industry based knowledge 
and experience. The presentation highlighted that the collaboration enables systematic 
study of possible PCI mechanisms and noted that a number of PACE associated projects 
have already started. The PACE programme has been designed to keep modellers and 
experimenters working closely together to design better experiments and fine-tune 
models to support improved understanding of PCI phenomena.  

The seventh paper, presented by N. Murakami of MNF, discussed the possibility that 
texture controlled cladding material could offer improved PCI performance. The 
presentation provided experimental evidence showing that that texture controlled 
cladding is more PCI failure resistant. The experimental results suggest that it is possible 
to operate with higher PCI failure threshold of 2 kW/m applicable to burn-up up to 80 
MWd/kg. 

The eighth paper, presented by D. Le Boulch of CEA, summarised testing and modelling 
efforts related to iodine-induced stress corrosion cracking (I-SCC) in zirconium alloys. 
The CEA research indicated that pressurised iodine vapour showed an I-SCC threshold of 
~240 MPa for fresh CWSR Zry4 and ~150 MPa for irradiated CWSR Zry-4. The 
Kachanov-Miller model was presented, which simulated I-SCC initiation and the stress 
intensity factor kSCC for irradiated CWSR Zry-4. The model was shown to well predict 
time to failure under iodine exposure. 

The ninth paper, presented by A. Casagranda of INL, focused on 3D Modelling of PCMI 
with a missing pellet surface (MPS) defect. In preparation of an MPS in-pile test, BISON 
predicted measureable clad deformations (> 20 microns) at MPS. This work showed that 
the fuel/cladding contact model (glued or sliding) significantly influences certain 
cladding results and that higher fuel temperatures are predicted in MPS pellets. 

4.2. Session 2 – Modelling and simulation 

This session was chaired by C. Delafoy (Areva, France), T. Forgeron (CEA, France) and 
P. Van Uffelen (ITU, UE). Ten papers were presented in this session. 
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The first paper, presented by N. Waeckel (EDF), gives an overview of the efforts to 
address the PCI-SCC issue for more than 30 years in the French Nuclear R&D 
community. Industrial robust “PCI design approaches” were developed and licensed in 
order to calculate the corresponding margins available in a core at any time, in each fuel 
rod, for various fuel reload patterns in normal and AOOs conditions. In these approaches, 
a failure threshold is defined based on the interpretation of a power ramp test database 
using a validated fuel-performance code. The same fuel-performance code is then used to 
quantify the in-reactor PCI-SCC margins and to define the operation restrictions. 
Independently, a “Multi-scale R&D approach” is considered to shed light on the PCI-
SCC phenomena, from the pellet centre to the clad inside surface. The aim is to provide 
the industry with insights on various SCC mechanistic scenarios based on promising 
hypotheses as pellet thermal chemistry and oxygen radial thermal diffusion. Such an 
R&D approach is well suited to explain why specific fuels (e.g. Cr2O3-doped or MOX 
fuel pellets) exhibit better PCI-SCC resistance or to confirm that the fuel-performance 
code used in the design approach includes relevant models to assess the PCI-SCC failure 
risk. 

The second paper, presented by H.G. Sonnenburg (GRS) deals with a modelling approach 
deduced from Studsvik Hardening-RelaXation (HRX) tests to predict the creep of Zry-2 
and then clad peak stress under load-follow operation, which may induce PCI failures. 
The TESPA-ROD code applies a Norton creep law with parameters developed to predict 
the thermal creep of a-Zr material under LOCA transient conditions. Applying this creep 
model to HRX tests gives good predictions for the first load cycle. However, it turns out 
that this approach is inappropriate when the strain hardening mechanism becomes 
obvious, i.e. when long-term creep is to be considered. The Norton creep law was 
therefore modified with a reset of the creep rate reduction when the stress reaches zero, 
hence the reduction progresses with a doubled velocity. This relative complex algorithm 
applies for Zry-2, for stress levels ranging from zero up to plasticisation and for 
temperatures between 310-360°C. Nevertheless, the application of the same approach for 
M5 and Zirlo turned out to be unsuccessful. 

The third paper, presented by J.Y.R. Rashid (Anatech, United States), describes a 
generalised failure model for the BISON fuel-performance code in normal conditions, 
AOOs and accident situations. In all these situations, the cladding failure emanates from 
service-induced inner or outer cladding surface flaws acting as nucleation sites for 
fracture initiations. Therefore, the premise of the model is to use a simple measure that 
recognises the presence of a flaw without the explicit representation of the flaw geometry. 
To that end, the path-independent J-Integral methodology of elastic-plastic fracture 
mechanics was adapted. The purpose is to have a direct evaluation of the J-integral as a 
function of the strain energy density only. For a discrete notch-type form of damage 
either at the outside or inside diameter of the cladding, the far-field strain energy density 
is calculated with respect to an un-cracked body. The resulting disturbance function is a 
measure of how the local strain energy field is modified by the notch. The disturbance 
function depends on the sharpness of the notch. Relatively large disturbance would 
characterise a PCI-MPS mode whereas small values would characterise RIA and LOCA. 
Relationships are established between the critical strain energy density and the fracture 
toughness which is a function of the material, the fluence/BU, the temperature, the 
hydrogen content, etc. OverRamp and TransRamp tests as well as some CABRI RIA REP 
Na tests were analysed with the BISON code. In all cases very good agreement is found 
between the calculations of the strain energy density and the model’s critical (failure) 
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strain energy density. According to these evaluations it is concluded that this 
development is analytically robust. 

The fourth paper, presented by F. Feria (CIEMAT), focuses on the use of version 3.5 of 
the FRAPCON 1.5-D code for assessing the gaseous swelling effect on PCMI for a Zirlo 
cladded 16x16 fuel rod up to a burn-up of 75 GWd/tU. The code uses purely empirical 
correlations supported by slow ramp tests to simulate the effect of gaseous swelling 
without increasing computational costs. The cited modelling is expressed in terms of 
strain, which is calculated as a linear triangular function of fuel temperature, leading to an 
effect initiated from ~1 000°C and reaching a maximum at about 1 400°C. Moreover, the 
model is phased in between 40 and 50 GWd/tU by applying a factor that varies linearly 
from 0 to 1. Accordingly, the gaseous swelling strongly affects the fuel surface 
displacement during base irradiation from 40 GWd/tU, whereby the actual contribution of 
this mechanism is controlled by the decreasing fuel temperature. Under ramp conditions 
the calculations point out implications on safety margins related to the activation of 
gaseous swelling. The stress margin shows a decrease during start-ups from 33 to 
50 GWd/tU and lower power increment is allowed from 65 GWd/tU. Considering this 
significant effect, a critical review of the gaseous swelling model used in FRAPCON is 
recommended in order to derive a better description of this phenomenon with possibly a 
mechanistic approach. 

The fifth paper, presented by E. Federici (CEA), synthesises the knowledge acquired 
from the co-operative R&D programme between CEA, EDF and Areva NP about the PCI 
I-SCC mechanisms, and provides an overview of the corresponding modelling in the 
ALCYONE application. More precisely, the authors summarised the effects caused by 
thermal expansion and cracking, fuel creep and swelling, as well as the iodine release, 
and how these mechanisms are integrated in the ALCYONE code. Some details were 
provided about the smeared pellet cracking model, which relies on two physical 
parameters: critical stress and fracture energy. These have been fitted on the basis of 
bending and indentation tests, as well as post irradiation examinations of the cracking 
patterns. A second model that was highlighted deals with fuel creep, consisting of two 
stationary temperature-activated mechanisms (diffusion and dislocation creep). 
Compression tests in combination with finite element modelling are used to infer the 
creep model parameters for fresh fuel, along with an inverse analysis of the dishing filling 
ratio on longitudinal metallographic examinations for assessing their burn-up 
dependency. In the final part, the authors outlined the validation process that is based on 
50 ramp tests on UO2 and MOX fuel with both Zry-4 and M5 cladding carried out in the 
OSIRIS test reactor. The post irradiation examination data used are the cladding average 
outer diameters and the heights of the ridges, and could be simulated satisfactorily. 
Finally, an overview of ongoing developments has been given concerning the possibility 
to model the thermo-chemistry of irradiated UO2 fuel in transient conditions, and the 
development of a damage model for the cladding to be used in PCI I-SCC conditions. 

The sixth presentation provided an overview of the R&D activities at VNIIM for PCI in 
WWER fuel. The modelling activities involved both the 1.5D START-3A code, as well 
as the 2D and 3D calculations using the ANSYS finite element code. The former code is 
applied for the design and interpretation of ramp tests in test reactors, and provides input 
parameters (e.g. about gaseous swelling) for the subsequent analysis with the ANSYS 
code. The multi-dimensional finite element code is also applied for the design and 
interpretation of separate-effect laboratory experiments by means of the mandrel test. The 
combination of these analyses has led to define the stress limits. In particular, the 
maximum tensile stresses in the fuel were found to be 568 MPa, while the corresponding 
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limit in the cladding was found to be 190 MPa in front of the fuel cracks. An example 
was provided of a mandrel test as well as for a ramp test, in which it was shown that the 
multi-dimensional analysis by means of ANSYS was able to reproduce the detrimental 
effect of a missing chip, and the START-3A calculations were shown to be in good 
agreement with the finite element results without consideration of the pellet defect. 

In the seventh paper, preliminary thermo-chemical-mechanical simulations of power 
ramps were presented by J. Sercombe (CEA). The simulation tool includes the fuel-
performance code ALCYONE coupled with the radial thermo-diffusion of oxygen based 
on the OXIRED model and fission product chemistry modelled by means of the ANGE 
software. The main purpose was to assess the impact of the oxygen redistribution on the 
fission products thermo-chemistry and on corrosive fission gas release, which is 
considered to play a major role in PCI-SCC. This was triggered by observations made on 
fuel rods after a power ramp. More precisely, the pronounced reduction of molybdenum 
oxides and chromium oxides at the pellet centre, highlighted by EPMA measures, are 
considered to result from the oxygen depletion at the pellet centre. The latter is 
considered to result from the small hypostoichiometry of irradiated UO2 fuels in 
combination with the high thermal gradient across the pellet. This thermo-diffusion of 
oxygen is found to modify greatly the concentration of the gas species of interest for I-
SCC, i.e. I2, CsI and TeI2. The coupled simulations showed that the release of iodine 
presents two steps that are related to the kinetics of the oxygen redistribution. During the 
first step TeI2 would be released, which is considered to form ZrI4 and to initiate I-SCC. 
In the second step, iodine is released in the form of CsI along with some minor quantity 
of Cs. Because these are considered to be non-corrosive to zirconium alloys, the 
simulations indicated a limited time window for I-SCC during power ramps. 
Nevertheless, further work is ongoing with respect to the model of gaseous release for the 
60 species considered, as well as on the thermo-diffusion of oxygen in slightly 
hypostoichiometric UO2. 

The eighth paper, presented by R. Daum (EPRI), presented the statistic approach 
developed by EPRI in order to improve the Power Maneuvering Guidance (PMG) for 
PWR and BWR operators, taking into account the statistical distribution of the size of the 
missing pellet surface (MPS) fuel type defects. Based on the feedback experience of fuel 
failures root causes analysis and established PCI-SCC and PCMI assessment thresholds 
derived from integral tests, the methodology uses the FALCON fuel-performance code 2-
dimensionnal capabilities in (R-z) for localising the maximum hoop stress zone and (R-q) 
for the evaluation of the stress concentration factor induced by the MPS defect. 3-
dimensional ABAQUS analysis completed the evaluation of the impact of the axial 
extension of the defect. Based on the knowledge of the operational environment 
(distribution of nodal peak power, delta power and burn-up) on the one hand and on the 
MPS size distribution data from the fabrication process on the other hand, the 
probabilistic approach allows to better evaluate the risk of the duty-related failure 
assuming the impact of MPS defects and to adapt the PMG for a better operational 
efficiency (compared to those derived from conservative deterministic approaches). 

The ninth paper, presented by R. Williamson (INL), dealt with the Verification and 
Validation of the INL finite element fuel-performance code BISON, for the PCMI 
application. Due to multiple and interdependent complex phenomena involved, the 
simulation of the nuclear fuel behaviour is a challenging topic and post irradiation 
measurements give global parameters issued from path-dependent complex histories. 
After having recalled the main features of the BISON Code (multi-dimensional, multi-
physics, etc.), the essential importance of the verification work that must precede the 
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validation step was pointed out. Based on an original software quality assurance (SQA) 
programme and taking advantage of the methodology set up for the development of the 
open-source MOOSE software, the BISON team uses the Gitlab repository allowing 
version management with detailed information, total traceability and secured archives. 
The Verification process also includes unit testing based on specially designed cases with 
analytically known solutions and classical non-regression testing. The verification of 
solutions is then carried out by comparison of simulation results with available data in 
terms of fuel centreline temperature (FCT), fission gas release (FGR) and rod diameter 
profiles over a data base of typical well-characterised PWR fuel rods. The accuracy is 
given as a function of the mesh refinement and time discretisation. For the Validation of 
the PCMI application, BISON code results have been compared with the measurements 
of about 50 integral rod LWR experiments (FCT, FGR, diameters before and after tests). 
If the temperatures and FGR appear to be reasonably well predicted, many questions arise 
from the analysis of the rod diameter evolution during the transients and several 
hypotheses are proposed. The necessity to take into account the separate effects tests (e. 
g. clad creep tests IFA-685) in the validation process was also pointed out. Parametric 
studies and comparisons of predicted and measured data at different stages of power ramp 
experiments are presented and discussed. Priorities for future developments are derived 
towards a better simulation of PCMI, including more realistic mechanical models such as 
smeared cracking, creep and relocation recovery for oxide fuels. 

The tenth paper presented the first results of the OECD/NEA benchmark on the pellet-
clad mechanical interaction modelling with various fuel-performance codes. The 
benchmark started in June 2015 and involves 18 organisations in 12 NEA member 
countries. A detailed status of the benchmark, achieved and expected results, was 
presented by G. Rossiter (NNL). The participants use various codes (fuel-performance 
codes 1.5-D, 2-D, 3-D, alone or in conjunction with general thermomechanical finite 
element method based codes). Four cases were selected: the two first cases are 
hypothetical beginning of life cases on short segment (10 pellets) and full length typical 
PWR rods, the third one is the IFA-118 experiment carried out in the frame of the Halden 
Reactor Project (1969-70) and the fourth one the end of life experiment IFA-629 (2004). 
Cases 1 and 2 computations are achieved. The case 1 detailed results (fuel stack and clad 
elongations, rod diameter and hoop stress profiles) exhibited significant discrepancies for 
some participants for initial step of calculation (zero time). The first elements of analysis 
were presented. Questions concerning the implementation of very basic physical data 
such as thermal dilatation parameters may arise, among other. First conclusions were 
derived from case 1: fuel pellet cracking pattern, fuel-clad friction, fuel relocation are key 
modelling assumptions; similar behaviour in terms of stack elongation or outer diameter 
during the power transient are generally observed; the predicted peak hoop stress, often 
considered as a key parameter for PCMI can vary from 100 to 300 MPa.  

4.3. Session 3 – Design verification methodologies 

This session was chaired by C. Anghel (Westinghouse Electric, Sweden), N. Waeckel 
(EDF, France) and J. Zhang (Tractebel, Belgium). Four of the five papers foreseen for 
this session were presented (i.e. one paper was never received).  

In the first paper, Christine Delafoy (Areva) presented some fuel manufacturing 
improvements and a PCI resistant fuel design. Effective hardware solutions have been 
successfully implemented in Areva manufacturing plants to eradicate MPS occurrences. 
Areva developed and optimised Cr2O3 doped fuel pellets to enhance PCI-SCC resistance 



NEA/CSNI/R(2018)9 │ 19 
 

PELLET-CLADDING INTERACTION (PCI) IN WATER-COOLED REACTORS 
      

of the fuel in LWRs, such allowing significant upgrade of flexible operation. During the 
development of various types of doped fuels, Areva noticed the detrimental effect of 
other dopants such as Nb, Si or Ti. Cr2O3 doped fuel pellets bring direct relief of peak 
cladding stress by virtue of enhanced creep deformation and of the presence of more 
numerous and smaller outer pellet radial cracks, which reduce stress concentration at the 
cladding inner surface. In addition, evolution of chemical state of chromium during ramp 
test and induced effect on oxygen potential may contribute to SCC mitigation. Areva 
mentioned that Cr doped fuel has been successfully commercialised for BWR. It must be 
noted that Areva BWR doped fuel rods do not include a cladding liner, such increasing 
the cladding bearing capacity. The PWR version includes Cr doped fuel pellets with high 
performance M5 cladding. According to the ramp tests data base, PWR and BWR Cr 
doped fuel rods exhibit similar performances. Regarding doped fuel behaviour at HBU, 
higher fission gas retention of Cr2O3 doped fuel allows lower end of life rod internal 
pressure which is beneficial for LOCA and possibly for RIA transients. Regarding 
reprocessing, comprehensive scoping analysis has shown there is no significant difference 
with standard UO2. The assistance asked if the “short pellets” concept is still under 
investigation. Areva said yes, mechanistic multi-scales models which are still under 
development are usefully used to analyse the experimental results obtained so far. 

In the second paper, Clara Anghel (Westinghouse) presented the new Westinghouse 
BWR fuel concept with HiFi cladding + liner + ADOPT pellets to minimise waterside 
corrosion/ hydriding and maximise PCI and PCI-SCC margins. Westinghouse developed 
lined cladding for BWR applications. Inner liner provides a 15 to 20 kW/m gain on the 
PCI-SCC failure threshold and the benefits remain under all types of fuel operation 
conditions and temperatures. Since this gain is derived from stepwise power ramps, 
Westinghouse convened that it should be confirmed using more prototypical test 
conditions. According to Westinghouse, significant benefit of the liner cladding is 
obtained in the case of fuel relocation or pellet defects such as missing pellet chips. One 
example of a fuel rod with liner cladding and ADOPT fuel that showed significant 
resistance to fuel relocation was presented. According to Westinghouse, “doped” fuel (i.e. 
ADOPT) doesn’t exhibit any benefit in normal operation (no creep benefit below 
1 300°C) but generate more dense peripheral radial cracking (which is beneficial for PCI 
and PCI-SCC). Other possible beneficial effects such as the changes of the oxygen 
potential and formation of alternate/modified fission product secondary phases as a result 
of the dopants in the pellets are under investigation. Westinghouse is ready to develop a 
lined cladding for PWR applications, too. 

The third paper was not presented at the meeting, but N. Doncel (ENUSA) sent the 
presentation. ENUSA developed a methodology to evaluate the risk of fuel rod failure 
due to PCI mechanism throughout the development of an effective stress limit, called 
“PCI Technological Limit” (PCI-TL) based on the analysis of experimental power ramps 
to discriminate between failed and non-failed rods. Using this PCI-TL ENUSA developed 
a specific methodology to determine the maximum allowable ERPO duration with no 
restriction on the ramp rate when coming back to full power. This methodology was 
tested with a demonstration case and is available for its licensing and future applications. 

In the fourth paper, Lucile Daniel (Areva) presented the two primary PCI methodologies 
at Areva: the MIR methodology and the Allowable Power methodology. Both approaches 
are based on thermal-mechanics computations of class-II transients, at each time step and 
for various BU. The margin to rod failure is given by the comparison of the cladding 
strain energy density (SED) to a threshold previously determined using a representative 
experimental power ramp tests database. The two approaches use different way of 
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calculating the neutronic class-II transients: MIR methodology includes full core 3D 
kinetics calculations (SMART code) coupled with a system code (MANTA) to account 
for I&C and safety systems, while Allowable Power methodology uses 3D steady-state 
(SMART) with bounding loop parameters. The comprehensive analysis using MIR 
methodology allows defining the plant Operating Technical Specifications. However, this 
detailed approach implies a significant number of computational cases, such limiting its 
use to the equilibrium cycle. On the other hand, the Allowable Power approach proposed 
by Areva NP, is efficient enough to perform cycle-by-cycle analysis. To take advantage 
of the strong points of both approaches in order to cover extended flexible operations (so-
called flexibility cycles), a coupled methodology is developed: a generic PCI study on the 
equilibrium cycle is carried out with both MIR and Allowable Power methodologies 
whereas studies on flexibility cycles are performed with the Allowable Power 
methodology. In the near future, extended manoeuvrability of the nuclear power plants 
will imply using additional features such as: 

· the Gliding Threshold methodology specifically considered for EPR reactors; 
· an evolution of the Core Monitoring System. 

The fifth paper was presented by Philippe Paulin (EDF). He first indicated the main 
operational constraints related to PCI-SCC at EDF:  

· Potential reduction of manoeuvrability, if the margins between the normal 
operation conditions (including load follow and frequency control) and protection 
thresholds are insufficient; 

· Limitation of Extended Low Power Operation durations; 
· Limitation on core reloads variability. 

Examples of industrial needs regarding manoeuvrability and operation at intermediate 
power are presented. The best way to address these operational requirements consists in 
using high PCI-SCC performance fuel designs. In addition, a simplified "PCI with 
variability" approach is being licensed to improve the robustness of the current generic 
PCI studies which is focused on the “equilibrium cycle”. EDF has defined "variable" 
Operation Technical Specifications (OTS), including a "penalty" on PCI margins while 
maintaining a generic design approach. EDF recalled that OTS are rather complex and 
suggested to ask for experienced operators on both primary and secondary sides of the 
Nuclear Power Plant (human factors should not be neglected). 

In the sixth paper, R. Daum (EPRI) presented the industrial initiative for PCI mitigation. 
EPRI has provided a 4-step PCI failure risk assessment procedure: this helps utilities to 
perform an independent PCI margins evaluation. This procedure needs to be adapted to 
mixed cores. 

The seventh paper was given by Jinzhao Zhang (Tractebel). He indicated that due to the 
expansion of renewable energy sources in Europe, power modulations are requested for 
certain Belgian NPPs at 50%NP during 72h during Week-Ends, then back to normal 
power at 1%NP/min max (this ramp rate is related to operational constraints rather than to 
PCI limitation). A load pattern PCI risk assessment tool is developed to enhance the 
loading pattern fuel reliability and design assessment. Load pattern PCI risk assessment is 
based on the use of simple PCI correlations to assess the PCI margins to be comparable to 
the previous cycle and to the fuel vendor analysis. Analysis can be performed within a 
few hours (rather than 4 weeks by the fuel vendor). It is hoped to define simpler “all 
included” operational or design limits to avoid time-consuming analysis, but these design 
limits may lead to unbearable operational constraints.  



NEA/CSNI/R(2018)9 │ 21 
 

PELLET-CLADDING INTERACTION (PCI) IN WATER-COOLED REACTORS 
      

Finally, in the eighth paper, Laureline Barbié (EDF) confirmed that the MIR approach 
(see Areva’s paper above) is comprehensive but rather time and resources consuming. As 
mentioned by Philippe Paulin earlier, EDF is developing a new promising “static 
approach” to cover variable reload patterns, while reducing the calculation time to less 
than 4 weeks, without unbearable restriction as compared to the comprehensive MIR 
approach. One potential option to simplify PCI-SCC design and reduce operational 
constraints could be to implement on line automatic systems (like for EPR), but this 
imply additional on-site modifications and heavy licensing work. 
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5.  General conclusions and recommendations 

On the basis of the discussions that took place during the conclusion session, the 
chairpersons formulated general conclusions and recommendations. 

Regarding the role of cladding design on the mitigation of SCC driven by PC(M)I 
mitigation, the following conclusions were derived: 

· Liner fuel remains of interest to fuel designers. 
· Texture controlled cladding shows improved resistance to (SCC-)PCI failure. 
· Cladding design seems to be more effective than cladding material (alloy) with 

respect to the mitigation of the SCC driven by PC(M)I. 

Regarding the role of fuel pellet design on PCI mitigation it can be stated that: 

· Available experiments and analyses on pellet additive effects do not fully explain 
all aspects of the potential PCI benefits.  

· There is some evidence that additives trap aggressive species in the fuel. 
However, it has been shown through multiple experimental programmes that very 
low concentrations of aggressive species are sufficient to drive PCI.  

· The role of oxygen liberation seems important. There is some evidence that 
additives release oxygen to the gap and that this serves to oxidise and protect 
cladding ID cracks. 

PCI benefits seen in modern “PCI resistant fuel”, as well as further developments in PCI 
resistance will likely not be explained through mechanical effects alone; chemistry effects 
also play an important role. This means that fuel-performance models must also deal with 
chemistry effects if they seek to make accurate predictions of PCI failure limits. In 
general, however, it appears that mechanical aspects are better understood than chemical 
aspects of PCI benefits. 

Experimental programmes and analyses focused on identifying the relevant parameter to 
characterise the clad failure risk (linear heat rate, cladding strain, cladding stress, strain 
energy density, etc.) still present a complex picture. LHR appears to be the primary 
driver, but insufficient to discriminate failure/non-failure in detail. Experiments therefore 
largely address LHR (RTL) and ΔLHR, even though time appears to play a role as well. 

There are encouraging active research programmes that have a clear objective to co-
ordinate and create links between separate effects modelling and experiments. These 
programmes have already provided important insights into some phenomena at play in 
PCI, including missing pellet surfaces, crack growth in the presence of iodine, and fission 
gas migration. They also reveal a finer level of refinement that could be illuminated with 
future experiments. 

Despite a number of research programmes highlighting separate effects and concerted 
efforts to model the existing PCI experimental database, it appears that the existing PCI 
models are not able to distinguish “failure” from “non-failure” points in code predictions. 
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This is probably because the existing PCI experimental database, while very large, is 
extremely heterogeneous, and because of the stochastic nature of some phenomena 
involved (e.g. cracking pattern). This may result in residual retention of conservatism for 
PCI prevention thresholds. Separate effects studies are proving to be more valuable in 
discerning the impact of various PCI variables for modellers, and promising 
collaborations between PCI experimental programmes and PCI modelling programmes 
are taking place all over the world. 

In response to the question of whether experiments, in-pile or out-of-pile, on fresh or 
irradiated material, are still needed to investigate PCI, the audience and session chairs 
unanimously confirmed that they are necessary. However, it was also noted that the 
number of PCI failures is nowadays very limited in the existing nuclear fleet, diminishing 
the safety concerns due to PCI. 

Today, the conventional 1.5-D and new 3-D codes remain complementary. The 1.5-D 
codes still form the basis of industrial applications as a result of run time constraints. The 
PCI risk prevention is efficiently integrated in operational rules based on mastered 
methodologies that include these 1.5 D fuel-performance codes in combination with 
technological limits. 

It remains more challenging to explain why some rods did not fail under power transient 
conditions or why some fuel pellet types exhibit a higher PCI resistance with respect to 
standard UO2 fuel. Multi-dimensional modelling is needed to understand experimental 
PCI failures because these occur at pellet interfaces, where local deformations develop 
that cannot be reproduced by 1.5-D codes. Although 3-D modelling is largely progressing 
to address specific phenomena (temperature, gaseous swelling, mechanics, etc.) that are 
mandatory for PCI, multi-scale modelling is not yet used as a predictive tool to evaluate 
the PCI failure risk. Computational material science, which typically considers smaller 
scales, might also be useful but is still at an embryonic state in the PCI field.  

A prerequisite for further progress is the definition of a PCI failure criterion. It is 
considered that PCMI must be evaluated before PCI, and several parameters that can be 
model-dependent are still candidates (stress, strain, strain energy density, damage 
parameter, etc.) although some of them cannot be measured directly. 

With respect to modelling and simulation, a number of recommendations were therefore 
identified: 

· More effort is needed to integrate and to analyse the effect of uncertainties in the 
verification and validation of codes. Several statistical approaches are being 
considered, but need to be consolidated. 

· Out-of-pile separate-effect tests generally lead to a relevant model for one 
phenomenon but they are not straightforward in deriving a relevant global failure 
threshold when applied in a fuel-performance code. Comprehensive advanced 
multi-physics modelling has to be continued for better quantitative analysis. 

· 3-D modelling should be more systematically involved in the design and 
interpretation of discriminant experiments (for example to study MPS adverse 
effects).  

· In order to validate a significant step in modelling PCI such as 3-D calculations 
coupling thermal-mechanical and thermo-chemistry, dedicated experiments 
should be carried out. Examples could include assessing oxygen thermo-
migration during power transient conditions or characterising in-pile fuel creep. 
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· It is generally well accepted that iodine is the cladding corrosive agent for PCI but 
further work is necessary to consolidate the carrier species (i.e. Te, Cs, etc.) and 
the migration kinetics from the pellet centre to the cladding inner surface.  

· Within the NEA, different groups are involved in multi-scale and multi-physics 
benchmarks. PCMI analysis by means of 1.5-D codes is being considered. 
However, since various modelling capabilities were presented during the seminar 
in order to address the specific impact of MPS on PCI, this could be the subject of 
a benchmark for 3-D codes as follow-up to the current PCMI benchmark. 

Fuel vendors are proposing various fuel concepts to mitigate PCI-SCC failures risks. The 
first approach is the use of additive fuels. For BWR and PWR, Areva proposes a Cr2O3 
doped fuel concept with no lined cladding recovering the thermal-mechanical design 
margins of the standard cladding. Westinghouse showed that the benefit of the ADOPT 
pellet is a high temperature effect: it would not bring benefits at normal operating 
conditions but would bring significant benefits in case of transients or accident 
conditions. The second approach is the use of advanced cladding materials. Areva 
proposes high performance Zry-2 claddings with or without liner for BWR and M5® alloy 
for PWR. Westinghouse proposes as BWR fuel the combination of ADOPT pellets with 
liner cladding for improved PCI performance and corrosion resistance for all operation 
conditions gaining significant margins in demanding operation conditions, which include 
transients and accident scenarios that could occur in commercial nuclear power plants.  

To address PCI, operators have developed operational limits and PCI risk assessment 
guidance and methods. EDF identified the main operational constraints related to PCI-
SCC. To complement the comprehensive but time-consuming kinetic methodology (MIR 
method), a new simpler “static PCI” methodology has been developed to cover variable 
reload patterns and improve the overall robustness of the PCI-SCC design studies. 
Licensing of the simplified "PCI with variability" approach is ongoing. EPRI has 
provided a 4-step PCI failure risk assessment procedure: this helps utilities to perform an 
independent PCI margins evaluation. Tractebel-ENGIE has developed a tool for fast 
evaluation of the PCI risk of a loading pattern for flexible core design. 

Various PCI design analysis methodologies were developed by fuel vendors. ENUSA 
proposes a methodology to evaluate the risk of fuel rod failure due to PCI mechanism 
throughout the development of an effective stress limit, called “PCI Technological Limit” 
based on power ramps to discriminate failed from non-failed rods. Areva proposes a set 
of different PCI methodologies for PWR reactors to support utilities for a more flexible 
nuclear energy production. 

In order to respond to the needs of the safety authorities and the industry, it is still 
important to improve our mechanistic understanding of the complex mechanisms and 
phenomena that take place in the fuel and in the pellet-clad interface during normal and 
AOOs conditions. In particular, the following SCC “mitigators” phenomena need further 
investigations: 

· Assess oxygen potential variations, oxygen thermal diffusion and oxygen 
availability at the cladding/liner inner surface (and quantify their impact on SCC). 

· Assess the crack pattern development in the pellet periphery and quantify its 
influence on PCI crack initiation at the cladding/liner inner surface. 

· Confirm fission products retention in additive fuel is beneficial in normal 
operation and in transient conditions.  
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· Measure high temperature creep of the different doped pellet variants – are 
differences between the effects of different dopants significant? 

· Develop representative ramp testing and improved modelling to define reliable 
PCI-SCC failure limits and to compare various cases (e.g. Stair-case vs. single 
ramp – what are the differences and what would be generated in terms of margins 
to PCI cl ad failure). 

Although they have proven to be practicable for the design, evaluation methods remain 
complex and time consuming. Operators expressed their strong interest in simpler and 
faster PCI risk assessment tools. 
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Appendix A: Workshop programme 

 
Wednesday 22 June 2016 

Introduction Session – Chairs: M. Cherubini – M. Kissane – M. Petit 

09:30 Introductory remarks M. Cherubini/M. Kissane N.IN.E/OECD 

09:45 Recall of the conclusions and recommendations from the 2004 
OECD seminar on PCI 

M. Petit IRSN 

10:10 Electric system & Flexible Power Operation : Economic Issues M. Moatti EDF 

10.40 – Break 

 11:00 A regulator’s perspective M. Bales NRC 

11:30 Ramp Testing at the Studsvik R2 Reactor 1969-2005 J. K.-H. Karlsson, 
F. Corleoni 

STUDSVIK 

12.00 – Lunch 
 

Session 1: Experiments and Analysis, Part 1 – Chairs: M. Amaya, M. Bales, W. Wiesenack 

13:30 Experimental observations related to PC(M)I in Halden Reactor 
fuels testing 

W. Wiesenack HRP 

13:55 An Overview of Experimental Studies on the Hydride- 
Induced Fuel Failure during Power Ramp 

A. Yamauchi et al. S/NRA 

14:20 Chemical and structural characterisation of ramp tested fuel with 
different additives 

D. Jädernäs et al. STUDSVIK 

14:45 Resumption of Transient Testing at the Idaho National Laboratory 
TREAT Reactor: Development of Experimental and Analytical 
Capabilities in Support of the Accident Tolerant Fuels Campaign 

R.C. O’Brien et al. INL 

15.10 – Break 

Session 1: Experiments and Analysis, Part 2 – Chairs: M. Amaya, M. Bales, W. Wiesenack 

15:30 Slow Power Ramps: Are the Mitigating Factors Mechanical or 
Chemical in Nature? 

V.I. Arimescu,  
J. K-H. Karlsson 

AREVA/STUDSVI K 

15:55 Pellet-Associated Cladding Degradation (PACE) 
A collaborative  research consortium to investigate pellet-cladding 
interaction 

P. Frankel U Manchester 

16:20 Improving PCI performances of texture 26 controlled cladding 
material 

N. Murakami, Y. Kameda MNF/KEPCO 

16:45 Testing and Mode ing  Iodine-induced Stress Corrosion 
Cracking (I-SCC) in Zircaloy a oys 

D. Le Boulch et al. CEA/EDF/AREVA 

17:10 Analysis of Experimental Fuel Rod Parameters using 3D 
Mode ing of PCMI with MPS Defect 

A. Casagranda et al. INL 

17.35 – Adjourn 
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Thursday 23 June 2016 

Session 2: Modelling and simulation, part 1 – Chairs: C. Delafoy, T. Forgeron, P. Van Uffelen 

09:00 General overview of the French effort to address the SCC- PCI 
issue 

N. Waeckel EDF 

09:25 Mode ing  Approach in TESPA-ROD Code Deduced from 
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1. Introduction 

The Pellet-Cladding Interaction (PCI) issue is of a particularly high concern in France because of the 

specificities of the French electric system : 

 the size of the nuclear fleet (63.1 GW), which leads to situations where the available nuclear power 

is greater than the electric demand 

 the significant variability of the load on a daily and on a weekly basis 

 the annual seasonality of the French electric system 

These characteristics have always induced a significant amount of load-following from the French NPPs, 

and that trend is increasing with the development of renewable sources of energy such as wind and PV 

generation. 

Other types of reduced power operation may be needed in specific situations, e.g. when an outage affects 

a given component of an NPP, or when an environmental constraint arises (temperature limits) in such a 

way that the plant operation may be pursued but only at a lower power. It is economically very interesting to 

keep the plant operating instead of shutting it down for a potentially significant amount of time, that may 

reach sometimes up to several months. 

EDF NPPs protection systems and Operating Technical Specifications are designed in such a way that no 

PCI failure can occur in case of an abnormal operational occurrence (AOO) initiated during an operation at 

reduced power.  

That requirement leads to maximum authorized extended low power operation (ELPO) durations.  

The economic stakes associated to the capacity of performing load-following or ELPOs are significant, 

whether linked to the inherent specificities of the French electric system or to the specific technical needs of 

a given NPP in case of a component outage for example. The paper presents a focus on the impact of the 

inherent specificities of the French electric system. 

2. Electricity generation 

With a total installed capacity of 93 GW in mainland France, EDF owns the largest generation fleet in 

Europe, with 58 PWRs amounting to an installed nuclear power of 63,1 GW.… 

 

Figure 1 

 



… leading in 2015 to a very large share of nuclear generation (91,5%) 

 

                                                             Figure 2 

 
 

3. Seasonality of the electric system  

3.1 On the side of the load 

The marked annual seasonality of the French electric system has always been a strong incentive to plan 

refueling outages in lower demand periods (late spring, summer, beginning of fall).  

Winter is the most critical period, with a significantly higher load than in summer and a higher sensitivity to 

temperature variations, due to the important use of electric heating in France ; a decrease of 1°C of the 

average winter temperature in France leads to an increase of the load of about 2400 MW. 

In summer, the load is significantly lower even with the development of the air conditioning, which is not 

important enough to offset the specificity induced by the electric heating ; an increase of 1°C of the average 

summer temperature leads to an increase of the load of about 500 MW. 

The figure below illustrates the French load seasonality (red curve) compared to other European countries : 

 

Figure 3 

 
 

 

Prospective studies confirm that this seasonality trend will remain in the long term.  

 



Load variability is also typically shaped over a week, and on an even shorter term basis, over a day.  

: 

Figure 4 

Load variability over a week 

 
 

 

 

Figure 5 

Load variability over a day 

 
 

 

Nuclear generation meets the load deducted from hydraulic and renewable energy sources. Thus, it is also 

directly impacted by fluctuations affecting these energy sources, which can be very high, both on an annual 

and a daily scale : hydraulic generation my vary by ~15 TWh between a dry and a wet year ; French wind 

power may vary by up to 6 GW between 2 successive days.  

3.2 On the side of nuclear generation 

Given the important share of nuclear generation, French nuclear power plants are directly involved in the 

flexible operation needed to meet load fluctuations over the year, the week, and even the day. 

French NPPs are operated with standardized core managements that are designed to match the electric 

system seasonality as best as possible. For that reason, 12-month and 18-month cycles are favored, to 

schedule the nuclear fleet outages in the lower demand periods. 

 



Figure 6 

Number of PWR planned outages / week 

 
However, standardized core managements can not lead systematically to the economically optimized 

outage periods. For that reason, NPPs in France have always needed to use flexible operation with low 

power. The amount of nuclear energy not generated because of operation at reduced power is called 

“modulation”.  

Depending on all the uncertain variables affecting load and all types of generation means, the annual 

volume of modulation may vary between ~5 to ~20 TWh. In order to optimize the refueling outages 

scheduling, that modulation will preferably be scheduled between April and September, during Christmas 

break, but also during nights and week-ends when the load is lower. 

 

Thus, flexible power operation is linked to refueling outages scheduling and to the economic stakes 

associated to the core management strategies. 

 

 

Figure 7 

Illustration of typical flexible operation observed on a PWR over a year 

 
Power variations are of several types : 

- Primary frequency control leads to very quick (on a few seconds notice) and local power variations 

to automatically correct electricity supply & demand unbalances resulting in frequency variations. 

Primary frequency control leads to a new equiIibrium in the interconnected grid, with a frequency 

different from the reference frequency. The minimal primary reserve of a PWR is 2% NP (Nominal 



Power) ; taking into account the possible unbalance of 0,4% that may be observed between the 

electric power and the thermal power, the instruction for maximum power with minimum primary 

reserve is 97,6% NP.   

- Remote load dispatch control automatically re-establishes the reference frequency in order to 

reconstitute the primary reserve on a few minutes notice ; the contribution of a PWR to that type of 

remote control amounts to 5% NP, and is available only when the plant also contributes to primary 

frequency control ; the instruction for maximum power with a 5% contribution to remote control is 

97,6%-5% = 92,6% NP. 

- Load-following is associated to a power decrease under 92% NP, for a maximum duration of 8 

hours over a 24-hour period. Load-following is usually associated with remote load dispatch & 

primary frequency control.  

All those types of power variations are associated to a fixed penalty in terms of PCI margin. 

- When the power decrease leads to a power level under 92% NP for a duration greater than 8 hours 

over a 24-hour period, that power decrease is dubbed Extended Low Power Operation (ELPO), with 

PCI margins decreasing when the duration of the ELPO increases. 

The power variations observed on Figure 7 are most of the time rather short, illustrating frequency control 

and load-following more than ELPO, with low power accommodating mostly nights and weekends load 

reductions. However the development of renewable energy sources may also sometimes lead to a few 

days long ELPOs. 

4. Economic  issues associated to nuclear flexible operation 

4.1 Modulation and refueling outages schedule 

As illustrated on Figure 8, 18-month cycles, such as the ones implemented on about half of EDF NPPs, 

lead to alternating cycles covering only one winter (such as the one from spring of year N to fall of year 

N+1) and cycles covering two winters (such as the one from fall of year N+1 to spring of year N+3).  

Figure 8 

 

That type of outages scheduling leads to increase the plant availability in winter time, and contributes thus 

to decrease the risk of power shortage during that period. Modulation is particularly necessary to succeed 

in keeping the outages of the « 2-winter cycles » out of the winter periods. 

As illustrated on Figure 7, modulation needs due to the optimization of outages scheduling are mostly met 

through load-following and ELPO on short periods (weekends), which are also needed in order to balance 

electricity demand and supply on a real time basis. 

As mentioned earlier, high economic stakes are linked to the possibility of scheduling modulation during 

long cycles, especially the ones covering two winters. These economic stakes are very much impacted by 

electricity market prices. To give an idea of the amounts at stake with illustrative figures, scheduling 7 days 

of modulation at a cost of 10 €/MWh (modulation being scheduled in off-peak periods) on a 1300 MW plant 



to postpone a winter stop by a week (with a price differential of 20 €/MWh between a January week and an 

April week) can save 2 M€.  

4.2 Load-following  

High economic stakes are also linked to load-following capacities, that enable to decrease generating 

power for a few hours without shutting down plants, for instance during the night when the load is low, or 

during a sunny afternoon when PV generation is high. 

Without that load-following capacity, operating the electric system during those periods would lead to 

shutdown one or several nuclear plants, for a minimum duration of 24 hours, which would then impose to 

start other more costly generations means (coal, gas,…) to meet the peak load of the next day.  

4.3 ELPO needs due to unexpected events  

Some ELPOs result from unexpected events or partial unavailabilities affecting a component of the plant 

(steam generator, transformer, generator, condenser…) ; environmental constraints (limit on the coolant 

temperature,…) may also induce ELPOs. That type of ELPO may be necessary for a long duration, 

reaching sometimes several months. 

The capacity to operate a nuclear plant at reduced power instead of shutting down that plant can be easily 

estimated on the basis of the energy generated by the plant during the ELPO valued at market price, minus 

the nuclear fuel cost. For a 1300 MW plant operating 10 days at 60% NP, the benefit of operating the plant 

even at reduced power instead of shutting down that unit amounts to an order of several million Euros 

depending on the electricity market prices. 

5. Conclusion 

Given the share of nuclear generation in the French electric system, flexible power operation is very 

important for French PWRs ; more precisely : 

- it contributes to the optimization of the refueling outages scheduling, in coherence with the electric 

system seasonality characteristics ; 

- it contributes to the balance between supply & demand, with economic benefits associated to 

avoiding starting more costly generation means to meet the peak daily load ; 

- in case of an unexpected event affecting a component of the plant, it enables to keep a PWR in 

operation and generate electricity over sometimes significant durations, instead of shutting down 

that PWR. 

The total economic benefit associated to the flexible operation of the 58 French PWRs is significant, even 

with the current rather low electricity market prices.  
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Abstract 

Experiments related to PC(M)I constitute an important part of the fuels testing programme in the Halden 
reactor. Over the years, they have addressed stress corrosion cracking, power cycling, and the 
behaviour of fuel exposed to fast and slow power changes. 

The first part of the paper is a brief overview of instrumentation applied to assess PC(M)I in-pile and 
typical results. Next, two experiments are looked at in more detail. 

The burnup of the fuels from commercial nuclear power stations was in the range 54 – 60 MWd/kgU. The 
main objective of the tests was to investigate the onset and evolution of fission gas release, but cladding 
elongation as an indicator of PCMI both in terms of straining the cladding and relaxation was measured 
as well. Both experiment exhibit similar features in terms of shift of onset of PCMI and stress relaxation. 
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1. INTRODUCTION 

Experiments related to PC(M)I constitute an important part of the fuels testing programme in the Halden 
reactor. The issues which over the years have been addressed in experiments include stress corrosion 
cracking (SCC) and the role of aged and fresh fission products in SCC (e.g., [1]) as well as power cycling 
and the behaviour of fuel exposed to fast and slow power changes (.e.g., [2], [3]). Experiments of this 
type conducted in the 1980s often used special designs like fuel fabricated with a small pellet-cladding 
gap to accentuate certain developments during irradiation. 

Power cycling experiments not only addressed PCMI, but also fission gas release. No clear evidence of 
enhanced gas release under load follow simulation was found at that time [4]. 

General developments related to PCMI at high burnup as seen in experiments in the Halden Reactor 
programme were summarised in [5]. 

This paper examines more closely two more recent experiments with respect to PCMI. They both used 
high burnup fuel from irradiations in commercial nuclear power reactors. The primary purpose of these 
experiments was actually not to study PCMI, but fission gas release. However, being also re-
instrumented with cladding elongation detectors in addition to fuel temperature and rod pressure 
sensors, valuable information can be obtained from the measured cladding elongation data. 

The paper does not offer models or correlations for modelling. Rather, the intention is to point out 
developments and interaction of phenomena which are part of the total picture of fuel behaviour, but 
often not well rendered by fuel modelling codes – if at all. 

2. INSTRUMENTATION 

A general overview of instrumentation available in Halden Reactor fuel irradiation experiments is given in 
[6]. Pellet-clad mechanical interaction (PCMI) can be directly measured in-pile in two ways: 

• The diameter gauge is moving along the length of a rod, measuring the clad diameter at power. 
The instrument has three feelers which are lightly pressed against the cladding and moved up 
and down with a hydraulic drive system. With each stroke, the instrument is calibrated against 
precise steps machined into the end plug, and the resolution is in the micrometer range. Typical 
applications are the detection of pellet deformation imposed on the cladding (primary and 
secondary ridges), cladding creep-down and creep-out, and crud build-up. 

• The cladding elongation detector is a combination of an LVDT and a ferritic core attached to 
one end of the cladding. The measurement is relative to the rig structure. For high burnup, 
bonded fuel, cladding elongation reflects the length change of the fuel inside the cladding, for 
example due to swelling. 

Cladding elongation can also provide information on diametral deformation. The close relation 
between hoop strain and axial strain, both in terms of magnitude and relaxation behaviour, has 
been shown with Halden Project data comparing elongation and diameter changes obtained in-
pile for the same rod [7], Figure 1. 

The main application of the cladding elongation detector is to monitor the elongation response to 
power changes. However, using noise analysis, information on the onset and degree of PCMI 
can also be obtained from steady state data [8]. It is often found, for example in lift-off tests, that 
pellet-cladding contact exists even if the gap between these components is nominally open. 
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Since axial elongation can be measured more easily and frequently than diametral deformation, 
the data should not be neglected. However, the difficulties of modelling axial PCMI for the whole 
length of a fuel rod are recognised, and only few codes include the effect in a non-simplistic way. 

 
Figure 1 - Axial and diametral deformation show similar trends [7] 

PCMI is a strong function of the pellet-cladding gap. Information on the state of the fuel with respect to 
the contact situation, i.e., open or closed gap, can also be derived from other types of measurements, 
notably hydraulic diameter measurements which relate the flow of gas through the fuel stack to a ‘wetted 
perimeter’ as a measure of the gas permeability and mechanical “looseness” of the fuel stack composed 
of fragmented pellets. An example is shown in Figure 2. 

 
Figure 2 – Response of hydraulic diameter to changing power 
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3. RESULTS FROM TWO EXPERIMENTS 

The Halden Reactor Project has for a long time conducted experimental series with the main objective to 
assess fuel thermal properties (fuel temperature) and fission gas release of commercial fuel base-
irradiated to medium and high burnup. Usually, two refabricated segments are tested side-by-side where 
one of them is instrumented with a cladding elongation detector. The information that can be derived 
from the measurements includes: 

• Onset of PCMI and change of the onset point 
• Strength of PCMI 
• Axial ratcheting if present 
• Relaxation of PCMI at constant power 
• Fuel swelling 

Two experiments will be looked at in more detail in these regards. 

3.1 Experiment 1 

The main fuel and cladding properties of Experiment 1 are compiled in Table 1. The irradiation was done 
in HBWR conditions, i.e., boiling coolant at about 235°C and 28 bar pressure. The fuel for the 
refabricated segment was base-irradiated at an average power of about 200 W/cm, but the EOL power 
was only about 130 W/cm at the end of stretch-out operation. 

Table 1 – Main properties of Experiment 1 

Fuel, as fabricated 
Fuel density (% of th. d. by immersion) 95.32 
Enrichment (%) 4.487 
Grain size (µm) 9.3 
Pellet diameter / length (mm) 8.192 / 13.78 
Dishing diameter / depth (mm) 6.00 / 0.32 
Shoulder width (mm) 0.56 

Cladding, as fabricated 
Material CWSR Zry-4 
Inner / outer diameter (mm) 9.5 / 8.36 

Refabricated segment 
Burnup after base irradiation (MWd/kgUO2) 54.7 
Active fuel length (mm) 441 

3.1.1 Irradiation history in the Halden Reactor 

The test irradiation history is shown in Figure 1 (power) and Figure 2 (cladding elongation). In this crude 
form, the data do not reveal much about the phenomena mentioned in the introduction of this chapter. 
There may be relaxation, but the elongation response is influenced by decreasing power after each 
ascent to full power. And there may be fuel swelling transmitted to the cladding since the decreasing 
power during the two longer cycles is accompanied by approximately constant or even slightly increasing 
cladding elongation. But the picture is not really clear without some data treatment or zooming in on 
details of the irradiation history. 
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Figure 3 - Power history (E1) 

 
Figure 4 - Cladding elongation history (E1) 

3.1.2 Overview of developments seen in the data 

Figure 6 presents the data as cladding elongation versus heat rate. Several features become apparent: 

• Cladding elongations at first follows thermal expansion (the calculated curve is shifted to coincide 
with the initial thermal expansion part). 

• After a transition period, cladding elongation follows fuel expansion. The transition from thermal 
expansion to fuel expansion is initially sharp (ramps 1, 2, 3) and becomes more gradual with 
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increasing number of power increases. The onset of PCMI is approximately at the EOL power to 
which the fuel had accommodated. (Actually, ramp 1 shows much earlier onset, but this is 
probably due to fuel fragment relocation caused by handling and refabrication.) 

• Fuel – cladding accommodation is manifest in a shift of the point of contact (as far as it can be 
defined) to higher power from ramp 1 to ramp 6 and then stays approximately the same till ramp 
10. Creep is not detectable in this phase. 

• The onset is at lower power for ramps 11 and 12 which are preceded by much longer un-
interrupted irradiation than the other ramps. 

• There is a tendency of more severe PCMI in the sense that the final slope after onset of PCMI 
becomes steeper. This development is summarised in Figure 5. The calculated cladding 
elongation after onset of PCMI in Figure 6 is based on the axial expansion at the outer edge of 
the shoulder between pellet dishing and chamfer. In order to achieve a steeper slope, the axial 
contact point must move towards the pellet centre. 

• Signs of relaxation can be seen in the curves of the first ramps. This development is further 
discussed in the next section. 

 

 
Figure 5- Cladding elongation slopes 



- 7 - 
 

 
Figure 6- Cladding elongation versus power (curves are offset by 0.075) 
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3.1.3 Fuel creep and stress relaxation 

The circles in Figure 6 mark where cladding elongation decreases at constant or nearly constant power 
due to relaxation of the PCMI-induced stresses. The development with time is shown in Figure 7. Since 
the power is not constant, the relaxation kinetics can be made clearer by subtracting the contribution 
caused by changing power and also fuel swelling. The data reduced in this way are shown in Figure 8. 

 
Figure 7 - Cladding elongation versus time 

 
Figure 8 - Cladding elongation versus time, normalised (ramp 4 in two parts) 
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For the analysis of these developments, irradiation induced fuel creep is assumed to be proportional to 
fission rate density (power) and stress [9]: 

𝜀�̇�𝑖𝑖 ∝ 𝜑 ∙ 𝜎 

where ϕ = fission rate (cm-3∙s-1) and σ = stress (MPa). 

If there is firm contact between pellet and cladding, cladding elongation change will reflect fuel elongation 
change. Since the average axial stress σ in the fuel is proportional to the elastic cladding elongation ΔL 
above thermal expansion, the cladding response to fuel creep at constant power can be expressed as: 

𝑑∆𝐿
𝑑𝑑

= −𝑏 ∙ ∆𝐿 

∆𝐿 = ∆𝐿0 ∙ 𝑒−𝑏∙𝑡 

where ΔL is the cladding elongation in excess of thermal expansion, corrected for fuel swelling (0.07 
vol.% per MWd/kgU according to Figure 9) and small power changes, and b is a quasi-constant which 
depends on cladding properties defining σ, and on power defining φ. 

Table 2 contains constituents of the relaxation equation for the four power ramps shown in Figure 7. 
They are obtained through least squares fitting of the cladding elongation after the end of the power 
increase. 

Table 2 – Parameters of relaxation equation 

Ramp # Final power 
kW/m 

Maximum ΔL0 
mm 

Optimal ΔL0 
mm 

1/b 
hours ΔL0,opt*LHR/b 

ΔL 
first hour 

µm 

2 16 0.11 0.035 4 2.24 7.74 

3 19 0.13 0.072 24 32.83 2.94 

4a 19.5 0.16 0.053 60 62.01 0.88 

4b 20.7 0.20 0.061 50 63.14 1.21 

6 20 0.16 0.029 60 34.80 0.48 

Two developments become apparent: 

• The “optimal ΔL0“, i.e., the pre-exponential factor for a best fit of the observed relaxation, is only 
about a third of the available elongation ΔL0 above thermal expansion. 

• The time constant 1/b increases from ramp to ramp. This becomes even clearer when 1/b is 
multiplied with ΔL0,opt and LHR to which b is assumed to be proportional. Concurrent with the 
decrease of the time constant goes a decrease of the initial (first hour) relaxation rate. 

All in all, these developments may be interpreted as a sign of the fuel becoming more compact and stiffer 
as internal voids are used up by fuel creep. This is in line with the observation that the interaction slope 
increases as shown in Figure 5. 

Finally, Figure 9 shows the entire development where the effect of changing power is eliminated using 
the elongation slope correlation identified in Figure 5. The normalisation results in a swelling rate of 0.7 
%/(10 MWd/kg U). 
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Figure 9- Cladding elongation versus burnup, normalised 

3.2 Experiment 2 

The main fuel and cladding properties of Experiment 2 are compiled in Table 3. The fuel of the test 
segment was base-irradiated in a commercial PWR at an average power of about 140 W/cm, but the 
EOL power was only about 87 W/cm. In the HBWR, irradiation continued in a loop providing PWR 
thermal-hydraulic conditions, i.e., coolant at about 290°C and 155 bar pressure. 

For comparison with experiment 1, it is important to note that cladding diameter and thickness are the 
same. The active fuel stack of experiment 2 is about 10% shorter. 

Table 3 – Main properties of Experiment 2 

Fuel, as fabricated 
Fuel density g/cm3) 10.5 
Enrichment (%) 2.8 
Gadolinia (%) 8.0 
Grain size (µm) n/a 
Pellet diameter / length (mm) 8.191 / 9.64 
Dishing diameter / depth (mm) n/a (dished) 
Shoulder width (mm) n/a (chamf.) 

Cladding, as fabricated 
Material ZIRLO 
Inner / outer diameter (mm) 9.5 / 8.36 

Refabricated segment 
Burnup after base irradiation (MWd/kgUO2) 48.0 
Active fuel length (mm) 405 

3.2.1 Irradiation history in the Halden Reactor 

The test irradiation history is shown in Figure 10 (power) and Figure 11 (cladding elongation). After start-
up, the power was increased in steps of 2 kW/m followed by hold times of one to two days. After the end 
of a hold period, before going to the next power level, the power was lowered to about 12 kW/m. The 
purpose of this decrease was to allow released fission gas trapped in the fuel column to reach the 
plenum and the pressure sensor. 

In contrast to the previous experiment, considerable relaxation is apparent after each power increase 
and during the long-term irradiation as high power. 
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Figure 10- Power history (E2) 

 
Figure 11- Cladding elongation history (E2) 

3.2.2 Overview of developments seen in the data 

Figure 12 presents the data as cladding elongation versus heat rate in a similar way as for experiment 1. 
Curves are successively shifted by 0.1 mm and numbered starting with 0 for the first power increase. 
This numbering was chosen to associate a power increase with the end of a power down / power up 
cycle with the same number. Apparent features are: 

• The first onset of PCMI (ramp with lowest starting point in Figure 12) is more gradual and earlier 
than in experiment 1. The earlier onset is probably due to a lower EOL power (87 W/cm versus 
130 W/cm). 

• After thermal expansion and a transition period, cladding elongation follows fuel expansion. 
(Some ramps do not show the transition because the power dips did not go low enough to leave 
the PCMI stage.) 

• Fuel – cladding accommodation is manifest in a shift of the transition from thermal expansion to 
PCMI to higher power, compare the first ramp and the last two. 

• The slope after onset of PCMI becomes steeper after the first ramp. 

• Relaxation is considerable and clearly visible after all ramps (feature also seen in Figure 11). 
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Figure 12 - Cladding elongation versus increasing power 
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3.2.3 Fuel creep and stress relaxation 

As already mentioned, the primary purpose of experiment 2 was fission gas release investigation. In 
such experiments, power is increased in steps followed by a hold period to release fission gas. Figure 13 
shows the cladding elongation response during the holding time, normalised to the average power during 
the respective hold. The decrease during the hold time is quasi-linear with the exception of the first hold 
(uppermost curve in Figure 13) and possibly curve four. It is therefore not meaningful to try to fit an 
exponential function on this range of time and elongation change. 

The rate (slope in mm/hour) increases from hold 1 to hold 3 which may be explained with increasing 
power and increasing ΔL above thermal expansion. The slope then decreases (curve 6, slope 00181 
mm/h, has less ΔL for generating the axial stress than curves 4, 5 and 7) which can be a sign of internal 
voids being more and more filled by the creep process similar to what was observed in experiment 1. 

3.2.4 Power down – power up cycles 

The power down-up cycles, which are executed to let the released fission gas leave the fuel stack to be 
registered by the pressure sensor in the plenum, are a kind of power cycling. A question associated with 
power cycling is whether axial ratcheting can occur. The eight cycles in experiment 2 are shown in Figure 
14. The down and up curves in cycles 1 to 3 are perfect repetitions, so there is no axial ratcheting. In 
cycles 4 to 7, the up-curve is first equal to or above the down-curve and then crosses the down-curve 
and stays a little below. This development, which is the opposite of what would occur if there is axial 
ratcheting, becomes more and more evident with increasing number of cycles and may be connected 
with fission gas release that sets in after cycle 4. 

Rod pressure versus power is shown in Figure 15 for cycles 4 to 8. Cycles 1 to 3 are not displayed 
because they are similar to cycle 4, all with yet no fission gas release. From cycle 5 on, the following can 
be seen: 

• At a certain point, the down-curve deviates from being parallel to the preceding up-curve. This is 
due to released fission gas leaving the fuel stack and reaching the plenum with the pressure 
sensor, thus increasing the measured rod pressure. 

• The point of deviation from the parallel course occurs at ever higher powers from one cycle to 
the next. This is interpreted as being due to fuel and cladding creep occurring during the hold 
period between an up- and down-cycle which causes the fuel stack to open earlier with each 
cycle when the fuel contracts thermally. For cycle 8, where the down-ramp occurs after a long 
period of relaxation, fission gas seems to seep out right from the beginning of the contraction. 

The fact that elongation increases more for the up-ramps could be explained with an influence of 
released fission gas in fuel cracks on effective fuel thermal conductivity. Since there is always some 
PCMI, and since the fuel expands more with decreased conductivity, there is more axial fuel expansion 
and thus PCMI than during the preceding down-ramp. This is true to a certain point because relaxation 
moved the point of beginning of strong PCMI to higher power. 

None of cycles, with the exception of the last one (number 8), goes down far enough to leave the state of 
PCMI and reach free thermal expansion. At the same time, the slight increase of elongation during the 
low power hold of cycle 8 is difficult to explain since free thermal expansion means no PCMI. 
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Figure 13 – Cladding elongation versus time for ramps 0 to 7 

 
Figure 14 – A power down – up cycle 

 
Figure 15 – Onset of delayed fission gas release on power reduction 
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4. DISCUSSION AND SUMMARY 

Relaxation 

Experiment 2 seemingly shows much more relaxation than experiment 1. However, the different 
conditions, especially the amount of PCMI, must be taken into account in a comparison. For ramps in 
experiment 2 without decrease to free expansion, PCMI or ΔL above thermal expansion can be 
estimated if it is assumed that there is no permanent cladding elongation during the first cycles. 
According to Figure 12, the onset of PCMI appears to be at about 0.2 mm, and the maximum elongation 
at the beginning of each cycle can be taken from Figure 11. For comparison with experiment 1, the first 
hour ΔL can be normalised with the maximum ΔL, power, and fuel stack length (441 mm vs. 405 mm), 
see Table 4. The initial relaxation after ramp 0 is evaluated separately (row 00, duration about 6 hours). 

Table 4 – Normalised relaxation 

Ramp # Final power 
kW/m 

Maximum ΔL0 
mm 

ΔL 
first hour 

µm 

Normalised to 
max. ΔL = 0.1 
max LHR = 20 
Length 441/405 

Burnup increment 
since test start 
MWd/kgUO2 

Experiment 1 
2 16 0.11 7.74 8.80 0.021 
3 19 0.13 2.94 2.38 0.060 
4a 19.5 0.16 0.88 0.56 0.139 
4b 20.7 0.20 1.21 0.58 0.172 
6 20 0.16 0.48 0.30 0.458 

Experiment 2 
00 15.4 0.45 25.0 7.21 0.001 
0 14.3 0.47 2.77 0.90 0.020 
1 16.0 0.47 2.81 0.81 0.060 
2 17.8 0.52 3.00 0.71 0.092 
3 19.7 0.59 2.74 0.51 0.127 
4 21.5 0.59 2.50 0.43 0.203 
5 23.3 0.53 1.81 0.32 0.251 
6 23.0 0.59 2.04 0.33 0.329 

Experiment 1 and 2 are also compared graphically in Figure 16. 

 
Figure 16- Cladding elongation 
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Both experiment show strong initial relaxation which may be attributed to removal of pellet fragment 
mismatch caused by refabrication and handling. Thereafter, the normalised relaxation rates are similar. 

Onset of PCMI 

In experiment 1, the onset of PCMI during the first three ramps is characterised by a sharp transition 
from free thermal expansion to strong cladding elongation driven by fuel expansion. In experiment 2, the 
first PCMI onset is more gradual. Also experiment 1 eventually shows a gradual transition. In both 
experiments, the onset of PCMI shifts to higher power from ramp to ramp as a consequence of fuel – 
cladding accommodation. 

It should be noted that the gradual transition from free thermal expansion to fully developed PCMI cannot 
be explained by more and more pellets coming into hard contact with the cladding as power increases. 
For one thing, the axial power distribution is not peaked enough (peak-to-average < 1.05) to cover the 
power change of the transition. For another, stronger relaxation at the power peak will reduce PCMI 
more at that position and should result in a more simultaneous contact along the entire fuel stack and 
thus a more abrupt transition, which is contrary to observation. 

Axial ratcheting 

Axial ratcheting effects were not identified in the data. Experiment 2 with a number of down-up cycles 
either showed the up-curve to be a perfect repetition of the preceding down-curve, or some other 
development possibly due to fission gas release, but eventually with less PCMI on the up-curve instead 
of more. 

Experiment 2 was not designed to address power cycling and cannot be used to find a final answer to 
the effect on fuel performance. Cycle 8 is the only cycle where fuel and cladding were sufficiently 
accommodated to each other and where power was increased back to the same level as would be the 
case for power cycling. However, the data analysis is complicated by superposition of fission gas release 
which may influence PCMI via fuel temperature. 

Modelling 

The underlying problem is that of describing the mechanical, thermal and gas permeability properties of a 
randomly cracked stack of fuel pellets where fragments can separate (relocate) and interact with each 
other and the cladding. 

Various approaches are in use for addressing the mechanical aspects of fragmented fuel, for example by 
modifying the elastic properties as in [10], [11]. Jernkvist [12] proposed a continuum model for cracked 
UO2 fuel which also includes an influence on thermal properties, but a comparison of the model with the 
type of PCMI shown in this paper was not given in the publication. 

Williford et al. [13] proposed a “crack compliance model” that links the free space and the stresses in the 
fuel. The model predicts that there is always some contact between the fuel fragments as well as the fuel 
and the cladding. It was tested with good results against experiments with zero and low burnup fuel. 

An integral fuel model that can explain all observations, i.e., gradual transition from thermal expansion of 
the cladding to full PCMI, relaxation, shift of PCMI onset, gas flow through the fuel stack, and possibly 
thermal feedback leading to “crossing down-up curves” is still a challenge to formulate. 
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Abstract 

 

 A hydride-induced fuel failure initiating at the cladding outer surface and penetrating inwards 

(outside-in cracking) was observed on high burnup BWR fuel rods in power ramp tests. In contrast 

to BWR fuel rods, no fuel failure with outside-in cracking was observed on PWR fuel rod.  

 In order to confirm whether material of PWR fuel cladding is resistant to outside-in cracking 

or the test temperature is not favorable for outside-in cracking, expansion due to compression 

(EDC) tests for irradiated PWR fuel cladding were performed at the temperatures of 573 K (300
o
C) 

and 658 K (385
o
C) considering the temperature conditions of BWR and PWR. Incipient cracks at 

the cladding outer surface were formed on specimens tested at both temperatures, however, 

propagated only at 573 K. 

 The outside-in cracking of BWR fuel cladding was studied to clarify its mechanism and 

occurrence condition. Based on post-ramp examinations, the process of outside-in cracking was 

hypothesized to initiate with the cracking of zirconium hydrides precipitated in radial direction 

(radial hydrides) at the cladding outer rim induced by hydrogen thermal diffusion during power 

ramp and to propagate by delayed hydride cracking (DHC) process. The series of experiments 

utilizing a test device simulating power ramp conditions were performed. The hydrogen thermal 

diffusion test and subsequent analysis clarified time to form radial hydrides at cladding outer rim as 

a function of linear heat generation rates (LHGR). Crack propagation behavior was examined using 

pre-cracked cladding tube specimens. Average crack propagation rate in radial direction was 

obtained in relation to the stress intensity factor at the tip of the pre-crack. Outside-in cracking 

simulation test was also performed and threshold tensile stress of around 640MPa for incipient 

crack formation was evaluated based on the results. 

 

 

1. Introduction 

 Experimental programs had been carried out on fuel assemblies irradiated in commercial 

BWR and PWR to verify the reliability and margins of fuel designs for burnup extension
[1-4]

. As a 

part of the program, power ramp tests for irradiated fuel rods having local burnups of 40-60 

MWd/kgU were performed to assess fuel integrity under pellet-cladding mechanical interaction 

(PCMI) condition during operational transient. Fuel cladding materials subjected to power ramp 

tests included Zr-lined Zircaloy-2 for BWR and low-Sn Zircaloy-4, MDA and ZIRLO for PWR. 

 Some BWR and PWR fuel rod segments with local burnups lower than 50 MWd/kgU failed 

during power ramp tests exhibiting typical features of PCMI-induced stress corrosion cracking 

(SCC) starting at the cladding inner surface. Another type of fuel failure initiating at the cladding 

outer surface and penetrating inwards (outside-in cracking) was observed on four BWR fuel rod 

segments with local burnups around 55-60 MWd/kgU. Typical metallograph of the specimen failed 

by outside-in cracking is shown in Fig. 1. Threshold power level of this type of failure seemed to 

have a trend to decrease with the increase in burnup. Detailed post-ramp examinations on the failed 



   

rods suggested a failure mechanism relating to the hydrides precipitated in the radial direction 

(radial hydrides) at the cladding outer rim
[5]

. 

 In contrast to BWR fuel rods, no fuel failure with outside-in cracking was observed for PWR 

fuel rod segments of local burnups higher than 50 MWd/kgU during power ramp tests. Post-ramp 

examinations on the non-failure PWR fuel rod having a local burnup of around 60 MWd/kgU 

exhibited several incipient cracks of the cladding outer rim. Propagation of these cracks stopped at 

the boundary between the outer region which had high concentration of hydrides (hydride rim) and 

matrix
[4]

. In order to confirm whether material of PWR fuel cladding is resistant to outside-in 

cracking or the test temperature is not favorable for outside-in cracking, expansion due to 

compression (EDC) tests using irradiated PWR fuel cladding were performed at the temperatures of 

573 K and 658 K considering the operating temperature conditions of BWR and PWR. 

 Since the outside-in cracking was considered to be a potential issue for the high burnup fuel 

integrity during power ramp events such as operational transient, the research program has been 

carried out to clarify its mechanism and occurrence condition for the assessment of fuel integrity
[6]

. 

This paper overviewed experimental studies on the outside-in cracking fuel failure induced by the 

hydrides during power ramp events. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Experimental procedures 

2.1 PWR claddings 

 Cracking behavior of PWR fuel rods was examined 

by EDC test at the temperature of 573 K and 658 K 

considering the operating temperature conditions of 

BWR and PWR. An aluminum mandrel inserted into an 

irradiated PWR cladding tube specimen was axially 

compressed as shown in Fig. 2 to make radial expansion 

simulating PCMI. Test specimens were expanded up to 

about 3% diameter increase and then the compressions 

by pushrods were instantly released (ramp-and-release) 

or held for 240 minutes (ramp-and-hold). Metallographic 

examination was performed after the EDC test. 

 

2.2 BWR claddings 

 Based on the results of post-ramp examinations on the failed BWR fuel rods, the outside-in 

cracking process has been hypothesized as follows; when a power ramp event occur, increased 

   100m 

Fig. 1 Typical metallograph of BWR fuel cladding failed by outside-in cracking during ramp test 
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Fig. 2 Method of EDC test 

Pushrod 



   

local power causes PCMI and higher temperature gradient. Hydrogen picked-up to cladding and 

stored mainly at Zr-liner during normal operation diffuses to colder outer rim and precipitates as 

brittle hydride in radial direction due to PCMI-induced hoop stress. Crack initiates with the fracture 

of radial hydrides and propagates by DHC process. 

 Factors affecting the process such as hydrogen thermal diffusion and crack propagation were 

examined by the series of tests described later utilizing the test device simulating power ramp 

condition. Fig. 3 illustrates the schematic diagram of the test device. The cladding tube specimens 

were equipped with a central heater to generate radial temperature gradient along tube wall. 

Pressure vessel filled with water simulating BWR conditions. Cladding outer surface was kept at 

constant temperature. Hoop stress on cladding wall was induced by internal pressurization.  

 Test specimens were prepared from irradiated and unirradiated Zr-lined Zircaloy-2 cladding 

tubes of BWR 8X8 and 9X9A designs with recrystallization annealing (RXA). Irradiated specimens 

were prepared from fuel rods irradiated in commercial BWRs for 5 cycles up to assembly average 

burnups of 47.9 MWd/kgU for 8X8 and 53.0 MWd/kgU for 9X9A fuel assemblies. Hydrogen 

contents of as-irradiated 8X8 and 9X9A specimens were around 220 ppm and 100 ppm, 

respectively. Hydrogen-charged specimens were also prepared; unirradiated specimens and 

as-irradiated 9X9A specimens were immersed into aqueous solution of LiOH at 563 K (290
o
C) to 

obtain the target hydrogen contents of 200-400 ppm. Typical metallographs of irradiated cladding 

tube specimens are shown in Fig. 4. 
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Fig. 2 Schematic diagram of the thermal diffusion test deviceFig. 3 Schematic diagram of test device to 
examine simulating power ramp 
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Fig. 4 Typical metallographs of irradiated cladding tube specimens 



   

2.2.1 Hydrogen thermal diffusion test 

 In order to investigate hydrogen thermal diffusion behavior, cladding outer surface 

temperature was kept at 561 K (288
 o
C) for the duration of 30-120 minutes. A nominal hoop stress 

of 200-650 MPa made by internal pressure and linear heat generation rate (LHGR) of 30-45 kW/m 

were applied in each tests. Metallographic examination was performed after the test to observe 

hydride distribution and morphology. Since the effective local heat flux should be affected by 

eccentricity of the internal heater and axial heat conduction, maximum effective LHGRs were 

obtained by analysis using finite element analysis code ANSYS taking into account those effects 
[7]

. 

 

2.2.2 Crack propagation test 

 Crack propagation behavior was examined using pre-cracked cladding tube specimens. An 

incipient crack (pre-crack) of around 0.1 mm depth was prepared by periodic compressive loading 

together with the iodine methanol solution (I2/CH3OH) on the scratched surface
[8]

. Each 

pre-cracked tuber specimen was kept at its outer surface temperature of 561 K with the constant 

hoop stress of 200-400 MPa. After the crack propagation test, depths of the propagated cracks were 

measured by scanning electron microscope observations of the fracture surfaces. 

 

2.2.3 Outside-in cracking simulation test 

 Outside-in cracking failure behavior of irradiated cladding tube was examined by the similar 

test procedure to the hydrogen thermal diffusion test but higher hoop stresses were applied. 

Cladding tube specimens were kept at an outer surface temperature of 561 K with the varied 

maximum effective LHGRs in the range of 37-48 kW/m. Nominal hoop stresses of 600-750 MPa 

were applied to the specimens by internal pressurization. Each test was terminated after 120 

minutes or when rapid decrease of internal pressure indicating specimen failure was detected. Hoop 

stress at the outer surface was analyzed using a finite element analysis code ANSYS. Maximum 

effective LHGR was also obtained by FEM analysis considering effects of eccentricity of 

the internal heater and axial heat conduction. 

 

3. Results and discussions 

3.1 Cracking behavior of PWR fuel rods 

 Post-test metallographs together with time dependent change of specimen diameter and 

compression load to pushrod are shown in Fig. 5. Under the ramp-and-release condition, several 

incipient cracks were observed in the hydride rim region on the specimens tested at both 

temperatures. The load-time curve of the specimen tested at 573 K under the ramp-and-hold 

condition shows a stepwise decrease after about 60 min suggesting the failure (Fig. 5(b)). The 

appearance of through crack was similar to those which were observed in the post-ramp 

examinations on the BWR fuel rod (Fig. 1). Several non-penetrated cracks which propagated 

deeper than incipient ones were also observed. On the other hand, step-wise change in the 

load-time curve was not seen on the specimen tested at 658 K under ramp-and-hold condition (Fig. 

5(d)). Crack depth of this specimen was comparable to the ones of tested under ramp-and-release 

condition at both temperatures showing no indication of propagation. The crack bluntings were 

observed on the specimens tested at 658 K and possibly brought by the higher matrix deformability 

due to higher temperature. Non-propagation at 658 K could be attributed to relaxation of stress 

concentration caused by the crack blunting. This result could describe the power ramp test results 

on PWR fuel rod which exhibited incipient cracks but no indication of propagation. 

 



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 BWR claddings 

3.2.1 Hydrogen thermal diffusion test 

 Metallographs of irradiated 8X8 and 9X9A specimens after the thermal diffusion test for 120 

minutes with a heater LHGR of 45kW/m and hoop stresses up to 650 MPa are shown in Fig. 6. A 

large number of radial hydrides were seen on the irradiated 9X9A specimen tested with a hoop 

stress of 200 MPa and its number density increased by increasing hoop stress. No clear radial 

hydride was seen on the irradiated 8X8 specimens tested with hoop stresses of 200 MPa and 400 

MPa. On the other hand, the irradiated 8X8 specimen tested with a hoop stress of 650 MPa showed 

a large number of radial hydrides at the cladding outer rim. Larger number of hydrides in non-radial 

directions were observed on the pre-test 8X8 specimens compared to the pre-test 9X9A specimens. 

Such hydrides may trap the diffused hydrogen and inhibit the precipitation in radial direction
 [7]

. 

These test results suggested that stress level higher than 400 MPa was required for radial hydride to 

precipitate at the cladding outer rim, possibly depending on the condition of pre-existing hydrides. 

Fig. 7 shows typical metallographs after the hydrogen thermal diffusion tests for 120 minutes under 

conditions of different LHGRs. Radial hydrides are observed at the outer rims of specimens tested 

under LHGR of higher than 35 kW/m and their lengths appear to increase with increasing LHGR, 

i.e. temperature gradient in the specimen wall. 

 Fig. 8 summarizes the results of the hydrogen thermal diffusion test. Based on the test results, 

hydrogen thermal diffusion behaviors were analyzed using the hydrogen dissolution and 

precipitation model proposed by Takagi, et al.
[9]

, and diffusion coefficient obtained by Sawatzky
[10]

.  

Hydride was assumed to precipitate immediately when local hydrogen content at the cladding outer 

surface exceeded the terminal solid solubility. Analyzed times to hydride precipitation at the 

cladding outer rim for various initial hydrogen contents as function of LHGRs are shown in Fig. 9. 

Difference between 8X8 and 9X9A specimens was attributed to different radial temperature profiles 

due to different geometries. 

 

Fig. 5 Typical metallographs of post-EDC test specimens together with time dependent change of 
compression load to pushrod and diameter 
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3.2.2 Crack propagation test 

 An example of the pre-crack is shown in Fig. 10. Average crack propagation rate in radial 

direction calculated by dividing the depth of the propagated crack by test duration is shown in Fig. 

11 in relation to the stress intensity factor KI at the pre-crack tips. Several specimens showed no 

crack propagations. For these specimens, the average propagation rates are plotted as zero in Fig.11. 

Except these specimens, average propagation rates of the irradiated specimens appear larger than 

those of unirradiated ones and varied in the range of about 30-70x10
-8

 m/s for the stress intensity 

factor KI less than about 10 MPa･m1/2
. For KI of around 12 MPa･m1/2

, average propagation rates of 

the irradiated specimens were around 220x10
-8 

 m/s.  

 

3.2.3 Outside-in cracking simulation test 

Test results are summarized in Table 1. Time to failure varied in the range of 

15-94 minutes. Typical metallographs after the test are shown in Fig. 12. Lengths of 

radial hydrides in the intact specimens measured in cross section metallographs were 

longer than those in the failed specimens because of longer test durations. No incipient 

Pre-test 231 ppm-H 200MPa 231 ppm-H 400MPa 208 ppm-H 650MPa 220 ppm-H 

(a) Irradiated 8X8 specimens 

Pre-test 276 ppm-H 200MPa 261 ppm-H 400MPa 249 ppm-H 

(b) Irradiated and hydrogen-charged 9X9A specimens 

100m100m

Fig. 6 Metallographs of irradiated 8X8 and 9X9A specimens after thermal diffusion tests for 120 

minutes under varied hoop stresses and heater LHGR of 45 kW/m 

100m100m

No heat flux 261 ppm-H 30 kW/m 301 ppm-H 35 kW/m 269 ppm-H 45 kW/m 261 ppm-H 

Fig. 7 Metallographs of irradiated 9X9A specimens after thermal diffusion test for 120 minutes 

with hoop stress of 200 MPa under varied LHGR of the internal heater 



   

crack at the outer surface was observed on the intact specimens. Fig. 13 shows a 

typical SEM image of fracture surface of a failed specimen. The fracture surface from 

the outer surface to 400 m depth indicates brittle feature. At about 400-500 m depth, 

mixed feature of brittle/ductile fracture was observed. A map of specimen outer surface 

hoop stresses and maximum effective LHGRs is shown in Fig. 14 with symbols 

discriminating failed or intact specimen. The hoop stress threshold between intact and 

Fig. 8 Map of maximum effective LHGR and 
test duration 

Fig. 9 Analyzed time to hydride precipitation at 

the cladding outer rim as a function of 

LHGR 
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failure could be 640 MPa in this 

study. 

  

4. Mechanism of outside-in cracking 

process 

 According to the test results, the 

mechanism of outside-in cracking 

process was understood as following 

three steps as schematically 

illustrated in Fig. 15.  

 

(1) Radial hydride precipitation at 

cladding outer rim 

 Hydrogen picked up to cladding 

and stored mainly at Zr-liner during 

normal operation diffuses to cladding 

outer rim during power ramp. Brittle 

hydride precipitates in radial 

direction due to PCMI-induced hoop 

stress as a potential site of incipient 

crack. This is a time dependent 

process. Power level, cladding 

geometry and initial hydrogen 

content have an influence on time to 

the hydrogen thermal diffusion and 

the radial hydride precipitation.  

 

 

 

 

 

Table 1 Results of outside-in cracking simulation test on 

irradiated cladding tube specimens 

S
p

ec
im

en
 Max. 

effective  

LHGR 

(kW/m) 

Hoop stress (MPa) 
Intact 

or 

Failed 

Test 

duration 

(min) 

Radial 

hydride 

length 

(m) 

Plast. 

deform. 

(%)*2 
Nominal 

Outer 

Surface 
*1 

8
X

8
 
 

47.9 650 609 Intact 120 95 0.3 

37.0 

700 

648 Intact 120 179 0.4 

42.5 652 Intact 120 162 0.3 

47.9 655 Failed 94 45 0 

47.9 655 Failed 84 54 0 

37.0 

750 

701 Failed 34 46 0 

42.5 705 Failed 26 18 0.2 

47.9 708 Failed 15 15 0 

9
X

9
A

 

42.4 
600 

565 Intact 120 120 0.1 

47.1 567 Intact 120 138 0.1 

47.1 670 644 Failed 71 23 0 

37.2 

700 

669 Failed 75 64 0 

42.4 672 Failed 53 53 0 

47.1 675 Failed 28 44 0 

47.1 675 Failed 39 36 0 

47.1 675 Failed 50 48 0 

42.4 

730 

703 Failed 51 29 0 

42.4 703 Failed 91 11 0 

47.1 705 Failed 28 22 0 

 *1: Analyzed by FEM 

 *2: Circumferential plastic elongation after the test 

Fig. 12 Typical metallographs of 9X9A specimens after outside-in cracking simulation test 

Intact Failed 

Max. effective LHGR  : 42.4 kW/m 
Hoop stress  : 672 MPa 
Test duration  : 53 min. 
Length of hydride : 53 m 

Max. effective LHGR  : 42.4 kW/m 
Hoop stress  : 565 MPa 
Test duration  : 120 min. 
Length of hydride : 120 m 



   

(2) Crack initiation 

 Radial hydride fractures due to hoop stress resulting in crack initiations. The minimum hoop 

stress at the cladding outer surface to cause crack initiation is estimated to be about 640 MPa. 

 

(3) Crack propagation 

 Incipient crack propagates by the DHC process; repeated precipitation of brittle hydride at the 

crack tip and its fracture results in crack extension. This is also a time dependent process. The 

initial propagation is assumed to occur in a brittle manner and transit to the mixed brittle/ductile 

mode fracture. Finally, rapid ductile fracture penetrates the cladding wall. 

 

 

 

 

 

Fig. 13 Typical SEM images of fracture surface after outside-in cracking simulation test  
(irradiated 9X9A, maximum effective LHGR : 42.4kW/m, outer surface hoop stress: 672MPa) 
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inner surface 

Fig. 14. Plot of specimen outer surface stress and effective LHGR 

550

600

650

700

750

30 35 40 45 50

O
u
te

r 
su

fa
c
e

h
o

o
p

 s
tr

es
s 

(M
P

a)

Max. effective LHGR (kW/m)

Outer surface
Intact Failed hoop stress (MPa)   

609
648 – 655
701 – 708
565 – 567

644
669 – 675
703 – 705

8X8

9X9



   

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Summary 

 Experimental studies have been carried out on the outside-in cracking fuel failure observed in 

the power ramp tests in order to clarify its mechanism and occurrence conditions for the assessment 

of fuel integrity during power ramp. 

 EDC test on PWR fuel cladding tube specimen at 573 K under a ramp-and-hold condition 

showed outside-in cracking which was similar to those which were observed on BWR fuel rods. On 

the other hand, the specimen tested at 658 K did not fail. It could be attributed to the relaxation of 

stress concentration caused by the crack blunting. This result could describe the power ramp test 

results on PWR fuel rod which exhibited incipient cracks but no indication of propagation. 

 Factors affecting the outside-in cracking process such as hydrogen thermal diffusion and crack 

propagation were examined by the series of tests utilizing the test device simulating power ramp 

condition. 

 Hydrogen thermal diffusion test suggested that the number density of radial hydrides at the 

cladding outer rim increased with increasing hoop stress. The lengths of radial hydrides at the 

cladding outer rim seemed to increase with increasing LHGR. Based on the test results, hydrogen 

thermal diffusion behaviors were analyzed and times to hydride precipitation at the cladding outer 

rim as a function of LHGR are obtained. 

 Crack propagation behavior was examined using pre-cracked cladding tube specimens. 

Average crack propagation rate in radial direction was calculated in relation to the stress intensity 

factor at the tip of the pre-crack. Except non-propagated specimens, the average propagation rates 

of the irradiated specimens varied in the range of about 30-70x10
-8

 m/s for the stress intensity 

factor KI less than about 10 MPa･m1/2
. For KI of around 12 MPa･m1/2

, the average propagation 

rates of the irradiated specimens were around 220x10
-8 

 m/s.  

 Based on outside-in cracking simulation test, the threshold tensile stress of around 640MPa for 

crack initiation was evaluated. 

 The mechanism of outside-in cracking was clarified and reasonably demonstrated by the series 

of experimental studies. The occurrence condition in terms of time to formation of radial hydride at 

cladding outer rim, crack initiation and crack propagation rate were also obtained. 
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ABSTRACT 
 

Mitigating pellet cladding interaction (PCI) stress corrosion cracking failures is a common goal for the 

nuclear industry to increase operating margins and safety. A part of the Studsvik Cladding Integrity Project II 
(SCIP II) focuses on the PCI failure mechanisms. Many additive pellets seem to be more resistant to PCI 
failures but little is known about why. The present work’s main focus is on analysing the elemental and 

isotopic distributions in the pellets before and after a power transient. The aim is to gain further 
understanding of how different elements redistribute at high temperatures. The main analytical techniques 
applied are scanning electron microscopy with wavelength dispersive spectroscopy, transmission electron 

microscopy with energy dispersive spectroscopy and laser ablation combined with inductively coupled 
plasma mass spectrometry measurements. Different types of pellets were analysed, Cr2O3/Al2O3 doped 
and Al2O3/SiO2, Gd2O3 additive pellets as well as a standard pellet. Results from the present study indicate 

that incomplete solution of Gd2O3 into the UO2 matrix during fabrication can cause release of oxygen from 
the hot center parts of the pellet. For the Cr2O3/Al2O3 doped fuel increased amounts of Cr was measured in 
the pellet center after the transient. Cr containing precipitates were observed in the pellets and it is known 

that the dissociation temperature of such precipitates can be relatively low.  Iodine was measured in 
conjunction with the Al-Si containing additive phase. These findings can all be connected to the PCI 
behaviour of a fuel rod. 

 
 

 

1. INTRODUCTION 
 

The properties of uranium dioxide (UO2) nuclear fuel can be altered by adding various 
additives and dopants, as well as changing the sintering conditions. One benefit achieved 
doing this has been a decreased susceptibility to pellet cladding interaction (PCI) failure. 
Several possible mechanisms for achieving this has been proposed, e.g.: 

 

 Doping using cations having different valences (e.g. Cr2O3, SiO2, MgO, Nb2O5, TiO2), 
thought to change the gas diffusion rate in UO2 due to a change of the defect structure in 
the lattice. Dopants can also act as grain growth promoters during manufacturing, and 
alter the fuel pellet creep rate. The same effect can also be achieved by altering the O/U 
ratio.1,2,3,4 

 Adding secondary phases in the UO2 matrix. These phases pose as a possible trapping 
site for fission products and may influence the mechanical properties of the pellet.5 
 

Fuels containing additives and/or dopants have also been reported to be resistant to PCI 
failures.6,7 The same mechanisms as stated above seem to be the cause of this mitigating 
effect.  

 
However, the PCI failure mechanism, especially regarding fuel pellet chemistry and 
mechanical properties, is not yet fully understood. One part of the Studsvik Cladding Integrity 



Project II (SCIP II) focuses on gaining further understanding of this phenomenon. In order to do 
so, detailed chemical and microstructural analyses on modern pellets having different  
as-fabricated chemistries have been performed. The objective is to further understand the role 
of additives/dopants on the pellet chemistry and microstructure at high burnup and during 
power transients in the reactor. 
 

2. EXPERIMENTAL DETAILS 
 

Three different additive/dopant fuels as well as standard fuel have been characterized in 
base-irradiated and ramp tested condition. All power ramp tests were performed in a similar 
manner, in the Halden research reactor in Norway (single step ramps, 12-17 h conditioning at 
low power, 12 h hold time at high power), simulating a power transient. Details on the different 
fuel types are presented in Table 1. 

 

Pellet type: 
Average Burnup (local) 

[MWd/kgU] 
Ramp power (local) 

[kW/m] 

Std. pellet 57 (50) 31 (30) 

Al-Si pellet 44 (48) 48 (40) 
Al-Cr pellet 58 (56) 38 (30) 

Gd pellet 53 (53) 42 (41) 
Table 1. Ramp tested fuel rodlet details 

 
The resulting radial temperature and burnup profiles were different for the different fuel rods. 
The resulting radial temperature and burnup profiles are plotted in Fig. 1, and must be 
considered when interpreting the results. 
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Fig. 1. Radial burnup profiles and temperature profiles during ramp testing calculated using the 

FTEMP code for the local ramp powers and samples listed in Table 1. 
 
Detailed characterizations and transmission electron microscopy (TEM) sample preparation 
were performed at different pellet radii using a Zeiss Auriga field emission gun scanning 
electron microscope (FEG-SEM) equipped with a focused ion beam (FIB) source. A JEOL 840 
SEM was used for some of the imaging and analyses. The analytical equipment capabilities 
include wavelength dispersive spectroscopy (WDS/EPMA) and electron backscatter diffraction 
(EBSD). The analytical equipment was supplied by Oxford and Edax.  WDS gives elemental 
information in the pellet and EBSD gives the microstructural orientation of the crystal lattice in 
the pellet. 
 
The post-ramp conditions were more extensively studied than the pre-ramp conditions. The 
sample cut from the rod was a 1 mm wide matchstick shaped sample covering a full diameter 
of the pellet cross section.  
 



For measurement of the volatile fission products in the pellet, especially iodine, Laser ablation 
(LA) combined with inductively coupled plasma mass spectrometry (ICP-MS) measurements 
were performed. The laser ablates the sample surface, creating an aerosol. A carrier gas 
transports the aerosol to the ICP where it is ionized. The ions are thereafter identified using a 
mass spectrometer. The laser spot size used was 12 µm.  
 
The TEM samples were shipped to NFD (Nippon Nuclear Fuel Development Co., Ltd.) for TEM 
analyses. Final thinning was performed by FIB and TEM observations and EDX analyses were 
performed using a Hitachi HD-2300A scanning TEM (STEM) and AMETEK Apollo-X EDS. 
 

3. RESULTS & DISCUSSION 
 

3.1.  Ramp test database data for Gd and other additive/dopant fuels 
 

As a part of SCIP II, a large ramp database containing most of the ramps performed in the 
Studsvik R2 test reactor was compiled. In order to see if any benefit can be observed for the 
Gd fuel and other additive/dopant fuel, ramp test data were plotted together with the failure limit 
proposed by the database. The failure limit was fitted to data from the full database of ramp 
tests including all types of ramp rods. The results can be observed in Fig. 2 for the Gd and 
other additive/dopant fuels. As can be observed, the number of ramp tests performed are 
relatively few. However, none of the 7 tested Gd rods failed and only 1 out of 12 rods containing 
other additive/dopant failed in a ramping regime where standard fuel rods normally fail. Thus, 
there seems to be a benefit of additives/dopants, in this case Gd and mainly Cr-base doped 
fuel. 
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Fig. 2. Ramp step as a function of burnup for the Gd fuel (left) and other additive/doped fuel 

(right). [a.u.] refers to arbitrary units. 
 
3.2. Gd fuel post-irradiation and post-ramp examinations 
 

Trapping of aggressive fission products within the fuel is one suggested mitigating mechanism. 
However, Fig. 3 shows that both Cs and Cd reach the cladding inside through cracks in the 
fuel. LA-ICP-MS also showed similar results (not included in paper). The low detection limit 
using this method also showed that Te and I was present in the cracks in the fuel periphery.  
Thus, in terms of EPMA and LA-ICP-MS analyses, no trapping effect of fission products could 
be observed. 



 
Fig. 3. WDS maps showing Cs and Cd reaching the cladding inside through fuel cracks. 

 
The high O/U fuel ramp tests performed in the Studsvik R2 reactor suggests that a possible 
PCI remedy is oxygen release during the transient from the pellet itself.3 The mitigating 
mechanism would be that oxygen competes with any corrosive agents in the fuel for access to 
the fresh metal surface resulting in the formation of an oxide barrier layer in the incipient cracks 
stopping the PCI crack from propagating. 
 
As observed in the oxygen profile plot in Fig. 4 there seems to be a lower oxygen content in the 
pellet center region (r<1.5 mm, T>1800°C) after, compared to before ramp. This suggests a 
release of oxygen from the hot center parts of the pellet during the transient. 
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Fig. 4. WDS oxygen profile in Gd fuel before and after ramp testing as function of pellet radius. 
Coloured lines added to clarify differences. [a.u.] refers to arbitrary units. 

 
In Fig. 5, the Gd concentration as a function of pellet radius before and after ramp is plotted. 
The Gd is inhomogeneously distributed. Furthermore, it seems as if the Gd homogenizes 
during the transient, more clearly observed in Table 2. The standard deviation, a measure of 
the spread of the measurements, is halved comparing before and after the transient, in the hot 
center region of the pellet. If Gd is dissolved in the UO2 lattice during the transient it would 
result in one free oxygen atom per two Gd atoms dissolved. This oxygen could thus be 
released and help oxidizing the cladding inside. Another observation made is that at these very 
high fuel center line temperatures, grain growth and grain boundary sweeping is observed, 
resulting in bubble free grains in the center region. This resulted in an increased fission gas 
release rate, measured by LA-ICP-MS. 
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Fig. 5. WDS Gd concentration as a function of pellet radius before and after ramp testing. 

 
 

 

Standard deviation/Average Gd concentration 

Gd fuel r<1.5 mm r>1.5 mm 

Post-ramp 0.2 0.5 

Pre-ramp 0.4 0.5 

Table 2. The spread of the Gd concentration in the hot and cold regions of the fuel. 
 

 
Fig. 6. SEM micrographs in secondary electron (SE) and backscattered electron (BSE) mode 
at r=0 mm and 2 mm. Red circles show areas virtually free from intragranular pores after ramp 

testing. 
 
3.3 Al/Cr additive/doped fuel post-irradiation and post-ramp examinations 
 

Trapping of potentially aggressive fission products may occur in the additive phases in the 
Al-Cr additive fuel, see Fig. 7. In the hot pellet center region the Al-Cr additive phases contain 
Cs. LA-ICP-MS measurement performed on the same pellet type (not presented here) 
suggests that other volatile species (I and Te) are co-deposited together with Cs. However, Cs, 
I, Te and Cd are observed in increased levels in cracks anyway indicating that the trapping 

 

 

r=0 mm SE r=0 mm BSE 

r=2 mm SE r=2 mm BSE 



mechanism, if present, is not an efficient enough remedy for PCI failures. It cannot be 
concluded though, that the kinetics of the release is not different due to the different pellet 
types studied. In order to clarify the trapping effect, more kinetic experiments are required. 
Moreover, the chemical form of aggressive FPs should be also further clarified. 
 
 

 
Fig. 7. WDS maps showing Al-Cr additive phase containing Cs in the hot center region of the 

pellet, no Cs in the colder regions. 
 

The LA-ICP-MS diametrical scan performed on this fuel, see Fig. 8, shows that Cr has 
migrated towards the pellet center during the high temperature transient. A similar scan before 
ramp showed no increased Cr content in the pellet center. A closer study, performed using the 
TEM shows that Cr is present in the pellet center as Ba-Cr-Zr and possibly U and O containing 
precipitates, see Fig. 9. The amount of oxygen in the particle was difficult to measure. It should 
be noted that similar oxides are known to have a relatively low dissociation temperature e.g. 
BaO2 decomposes at 1200°C [8], Cr2O3 at 1470°C [9] and BaCrO4 melts and decomposes at 
210°C [10].  
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Fig. 8. Cr migrated towards the center of the pellet after a transient measured by LA-ICP-MS. 
[a.u.] refers to arbitrary units. 
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Fig. 9. TEM/EDS map showing a Ba-Cr-Zr and possibly U and O containing precipitate in the 

pellet center region after ramp testing. 
 
Calculations for the Ba-Cr-U-Zr-O system were performed using the Thermo-Calc 4.1 software 
with the NUCL10 database. The amount of each element used as input data was 0.2 moles for 
simplicity, in total 1 mole material. Fig. 10 shows the phase composition as a function of 
temperature. As observed, a number of phases are present in this system depending on 
temperature. Apart from a number of solid phases, Fig. 10 also shows liquid and gas phases 
and the amount of oxygen in solid, liquid and gaseous states as a function of temperature. A 
liquid phase is formed at around 730°C and gaseous oxygen starts to form at around 1800°C. 
Although this temperature is higher than that attained during the ramp test, it is shown that 
oxygen release into the gaseous phase from this system is thermodynamically possible. It is 
likely that the temperature for forming gaseous oxygen could shift both up and down 
depending on the chemical composition and exact environment in the pellet during operation. 
Thus, more accurate calculations could probably be performed if more information was 
available on the exact composition and phase of the Ba-Cr-Zr containing precipitates and 
environment in the fuel. 
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Fig. 10. Thermo-Calc results showing the phase composition as a function of temperature for 
the Ba-Cr-U-Zr-O system (left). LIQ denotes a liquid and GAS a gaseous phase. The amount 
of oxygen in gas state of aggregation as a function of temperature for the Ba-Cr-U-Zr-O system 

(right). 
 
3.4 Al-Si additive fuel post-irradiation and post-ramp examinations 

 
Similar to the Al-Cr additive fuel, the Al-Si additive phases do trap Cs and I, see Fig. 11 and Fig. 
12. LA-ICP-MS confirms these finding. 

 



 
Fig. 11. WDS maps showing Al-Si additive phase containing Cs in the hot center region of the 

pellet, no Cs in the colder regions. 
 

 
Fig. 12. TEM/EDS maps showing Cs and I in conjunction with Al-Si additive phase and Mo 

precipitate. Standard fuel EDS maps are also included for comparison. 
 

Fig. 13 and Fig. 14 show the chemical profiles for a number of volatile species in the fuel 
after ramp testing. In Fig. 13, the Cs profiles show that in the warm center regions of the fuel,  
the Cs average level does not decrease as is the case for standard fuel. Instead, spots with 
high Cs content are observed most probably corresponding to trapping in additive phases. 
Thus, the Al-Si additive phase seems to better retain the volatile elements. A similar 
observation is made in Fig. 14. The inventory of the volatile species do not decrease as a 
function of temperature as expected. A standard fuel profile of the volatile species would have 
a V shape in the hot pellet center. Instead, only some release to the rod free volume is 
observed, more or less homogenous regardless of temperature in the pellet center. This shows 
that the retention capacity of this fuel is improved, compared to other fuel types. 
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Fig. 13. WDS radial Cs profile before and after ramp testing. 
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Fig. 14. LA-ICP-MS diametrical profile for some of the volatile isotopes and Al and Si in the 
Al-Si fuel pellet. 

 
However, even though trapping occurs in the additive fuels, calculations together with data 
from out-of-pile mandrel tests indicate that only ppm levels of the iodine produced by fissions 
during irradiation is needed in order to cause PCI. Thus, this work seems to show that there are 
no significant benefit regarding retention of volatile species in additive phase particles . 
However, more detailed characterizations able to measure the kinetics of release may give 
further information regarding this. 
 

4. CONCLUSIONS 
 

The following conclusion can be made from this work: 

 Cs was measured in the Al/Cr and Al/Si additive phases mainly in the center regions 
of the fuel (T>1300°C). Iodine was measured in the Al-Si additive phases. 

 Al-Si additive fuel is better at retaining volatile elements within the fuel. 



 Gd homogenization during the ramp test possibly releases oxygen to the fuel free 
volume. It could mitigate PCI. 

 Cr migrates towards the hot pellet center forming Ba-Cr-Zr and possibly U and O 
containing precipitates. This could help mitigate PCI by dissociation, releasing oxygen, 
during high temperature transients. This statement is supported by thermodynamic 
calculations. 
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ABSTRACT 
The motivation for and initial experiments to be performed following the resumption of transient testing at the 
Idaho National Laboratory’s TREAT reactor is presented. Experimental test vehicles and the instrumentation that 
is being developed to determine thermal and PCI / PCMI driven performance phenomena are provided. The 
analytical and modeling techniques used in experiment design activities and performance prediction of fuel 
specimens are also presented with examples for state-of-the-art fuels and an ATF concept. 

1. INTRODUCTION 
Since 2012, the United States Department of Energy (DOE) has initiated and led an Accident Tolerant Fuels 

(ATF) research, development and demonstration program in collaboration with several industrial, national 
laboratory, and academic partners under the Fuel Cycle Research & Development (FCRD) Advanced Fuels 
Campaign (AFC). The ATF program supports research into the concept development, fabrication, irradiation 
performance evaluation and accident environment testing of a number of candidate fuels for the replacement of 
the existing fuels used in the current light water power reactor (LWR) fleet and future power reactors [1]. The 
candidate fuel concepts under investigation by the ATF program include several advanced cladding concepts used 
in conjunction with both traditional ceramic (UO2) fuel pellets and advanced composite fuel pellets such as 
UN-U3Si2. Similarly, some fuel concepts that are under investigation are examining the use of traditional cladding 
materials such as Zircaloy in conjunction with advanced composite fuel pellet designs that may provide enhanced 
safety performance under accident conditions such as their exposure to high temperatures and steam such as those 
experienced under Reactivity Initiated Accidents (RIA) and Loss of Coolant Accidents (LOCA). Overall, these 
fuel concepts aim to improve their reaction kinetics with steam in order to reduce oxidation of claddings and 
hydrogen production, minimize fuel Pellet to Cladding Mechanical Interactions (PCMI) and Fuel to Cladding 
Chemical Interactions (FCCI), and improve fission product retention under these credible accident conditions [2]. 

Two irradiation campaigns (ATF-1 and ATF-2) for the ATF program were developed for testing candidate 
fuels in the Advanced Test Reactor at the Idaho National Laboratory. The Test matrix under ATF-1 and ATF-2 
provides excellent initial screening and insight into the performance of ATF fuel concepts under irradiation in 
prototypical operating environments for LWRs [3]. Following the ATF-1 and ATF-2 campaigns, the ATF 
program will perform transient testing of fuel concepts in the Transient Reactor Test (TREAT) reactor at the 
Idaho national laboratory under the ATF-3 campaign. The ATF-3 campaign will primarily focus on the 
determination of concept fuel performance during exposure to short duration critical heat transients such as those 
experienced in RIA events under prototypical environmental conditions for Pressurized Water Reactors (PWR). 
Other prototypical heating and credible accident environments will also be studied in future testing. Overall, the 
testing methodology that is being developed initially for ATF fuels will facilitate future testing of other fuel 
systems such as for fast reactor and high temperature reactor systems. 

mailto:Robert.Obrien@inl.gov
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2. ATF-3 TRANSIENT TESTING OVERVIEW 
The purpose of ATF-3 is to evaluate the performance of fuel concepts under transient nuclear heating and 

accident environments. Specifically, ATF-3 will initially perform prototypical RIA transient testing in the TREAT 
reactor using a static environment irradiation vehicle but other advanced accident environmental testing will be 
evaluated and may be executed such as LOCA and testing under flowing water conditions. Both fresh and 
irradiated concept fuel specimens from the ATF-1 and ATF-2 campaigns will be tested under the ATF-3 
campaign. The total energy deposited (TED) within candidate fuel specimens will be varied as a function of their 
level of burnup due to prior irradiation as required by the U.S. Nuclear Regulatory Commission NUREG codes. 
Figure 1 illustrates the experimental investigation envelopes for concept fuels in different emulated accident 
environmental conditions. 

 
Figure 1. Transient testing Total Energy Deposition (TED) envelopes that can be applied to different design base 
and accident condition testing in the TREAT reactor for existing LWR, ATF and AFC fuel concepts. 

In order to perform the testing under ATF-3, several self-contained multi-purpose test vehicles are currently 
being developed for TREAT [4] to accommodate the fuel specimens in static wet (PWR H2O), steam, and flowing 
LWR H2O (forced convection) environments. The ATF-3 campaign will be divided into 2 initial series with the 
specific test objectives of testing both fresh and irradiated fuel specimens under transients that are characteristic 
of RIAs. See Figure 2. These initial series will focus on providing a PWR Hot Zero Power (HZP) water 
environment. Each series will be initiated by a number of calibration transient tests performed in instrumented 
calibration test vehicles that will provide neutronically similar characteristics of to be tested with ATF fuel 
concept specimens. These calibration transients will be executed to verify and validate the transient design and 
performance of the test vehicle prior to the use of prototype fuel rodlets. Of primary importance is to ensure that 
the correct energy deposition within the fuel specimen will be achieved within any given configuration of the test 
vehicle and accident condition to be emulated. The use of instrumentation such as thermocouples and fission 
wires will be essential in the performance of calibration testing. 
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Figure 2. The ATF-3 campaign series, their objectives, and transient test environments. 

A conservative approach to testing the fuel concept rodlets will be executed in order to maximize the science 
return with a limited number of irradiated specimens, while pushing each specimen towards the failure thresholds 
for traditional, state of the art LWR fuels. A comparison of the ATF concept fuels will be made with reference to 
current state of the art zirconium clad UO2 fuels. Characteristic of this approach, calibration rodlets of each 
concept will be subjected to a series of calibration transients to verify the computed Power Coupling Factors 
(PCF) used in experiment design and to ensure good accuracy in delivering the prescribed energy during tests 
with prototype specimens. Data from in-situ instrumentation and radiochemistry analyses will be used to verify 
the computed Power Coupling Factor (PCF) and to determine Transient Correction Factors (TCF) where 
necessary. This verification procedure will be implemented in intervals between progressively higher energy 
depositions during calibration tests. For fresh fuel specimens, typical RIA TEDs will be made at 711 J/g. Typical 
RIA TEDs for samples irradiated at 50-70 GWd/mt will be initiated in the range of 200 J/g to 628 J/g with the 
potential to continue beyond these energies to investigate thresholds for complete release of fission products from 
irradiated specimens. An example of a fresh UO2 fueled zircaloy rodlet failure severity as a function of TED is 
provided in Figure 3 to illustrate the importance of the approach to RIA TED magnitude specification. 

 
Figure 3. Illustration of the severity of fuel rodlet failure as a function of successively larger TED as tested in the 
SPERT-IV facility. 
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Initial testing under the ATF-3-1 and ATF-3-2 series will be performed in water at prototypical pressures of 
15.5 MPa provided by the Multi-SERTTA test vehicle. The effects of PPT and RIA energy deposition in the 
presence of forced convection through prototypical coolant flow rates will be later investigated via the use of the 
TWERL water loop test vehicle. Similar total energy deposition ranges and intervals will be used to determine 
thresholds for fuel failure mechanisms in this environment through the ATF-3-3 series. 

3. EXPERIMENT DESIGN AND SCHEDULE 
The ATF-3-1 and ATF-3-2 test plans and matrices are currently being developed to accommodate each 

concept fuel specimen and will be initially published in June of Fiscal Year (FY) 2016. This test matrix will be 
evaluated and refined subject to down selections made by the FCRD program following completion of the ATF-1 
and ATF-2 irradiation cycles and subsequent PIE. Current experiment and test vehicle development activities aim 
to complete initial prototyping and qualification of the SERTTA static test vehicle in early to mid FY 2017. This 
will allow for the assembly of initial calibration experiments for use under ATF-3-1 to be performed as early as 
summer 2017. The aggressive schedule that is currently being developed will ensure that ATF-3 campaign 
experiments will be available and ready to install into the TREAT reactor prior to its resumption of operation. A 
basic timeline is provided for the testing schedule in Figure 2 above. 

4. TREAT REACTOR CAPABILITIES AND IRRADIATION 
VEHICLES 

TREAT is an air-cooled reactor where the driver core is made up of urania dispersed in graphite blocks and 
encapsulated in zirconium-alloy cans. The substantial graphite thermal mass provides the primary heat sink for 
transient-deposited energy with pronounced negative reactivity temperature feedback. This self-limiting 
characteristic makes the reactor inherently safe and relatively easy to operate. The square pitch gridplate can 
accommodate 19 × 19 fuel assemblies, each being 10cm square in cross section with 1.2m of active core length. 
Hydraulically-driven fast-acting transient rods can provide prompt reactivity step insertions and virtually any 
combination of transient shaping to simulate a brief periods of steady state operation, power ramps, and 
post-SCRAM nuclear decay heat (see Figure 4 and Figure 5). TREAT is able to deposit more than 2000MJ core 
energy in natural shaped pulses less than one second in duration with instantaneous powers as high as 16GW. 
TREAT’s core can deposit 2900MJ energy in shaped transients ranging from a few second to several minutes in 
duration [5]. Large step insertions that are quickly followed by rapid reintroduction of control rods can produce 
“clipped” pulses for core energy releases of approximately 1400MJ with very brief durations (pulse width less 
than 100ms) [6]. 

 
Figure 4. Simple Representation of Various Transient Shapes [7] 
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Figure 5. Overview of Treat Features[8]. 

TREAT primary role is to provide the desired neutron flux to the experiment. Other experiment boundary 
conditions (pressure, temperature, coolant medium, convective heat transfer), along with safety containment and 
support for specimens and instruments, are typically provided within “package-type” experiment vehicles [6]. 
Experiment vehicles typically displace a few driver fuel assemblies in the central region of the core. TREAT 
experiment devices are typically designed to be self-contained and can be assembled/disassembled remotely in 
hot cell facilities, transported in shielded casks, and lowered directly into the core with plug-in connections for 
power, instrumentation, and other necessary leads (see Figure 6). [9] 

 
Figure 6. Example Core Map Left [10], Package Type Vehicle in TREAT Core ¾ Section View. 
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Much of TREAT’s experiment history was focused on testing in recirculating sodium loops. While the 
historic sodium-loop design philosophy will provide the basis for future TREAT experiment vehicles, some 
new-to-TREAT test vehicle designs will be needed to support LWR-environment testing. The first new test 
vehicle planned for use in the restarted TREAT is a multiple capsule version from the family of vehicles known as 
Static Environment Rodlet Transient Test Apparatuses (hereafter referred to as Multi-SERTTA). The SERTTA 
devices will be general purpose vehicles capable of providing inert gas, water (up to PWR conditions), and steam 
within vessel-like capsules. The Multi-SERTTA vehicle design is particularly novel as it makes use of the full 
active core length in TREAT to test four small rodlets (~12cm length), each within its own hermetic boundary. 
This approach will aid in high-throughput testing during the early phases of ATF transient testing to better serve 
fuel concept evaluation and phenomena identification. Further detail on ATF transient testing plans can be found 
elsewhere[11]. 

Multi-SERTTA’s outer containment is a leak-tight sheet-metal shell. Four small vessels are housed within. 
The vessels are made from tremendously-strong nickel-based superalloys to maximize geometry available for 
specimens and instrumentation while minimizing through-wall neutron absorption for stronger core-to-specimen 
power coupling. Each vessel is connected to an adjacent expansion tank strategically placed axially between 
rodlets to maximize neutron delivery to the specimen. This design will enable the vessel pressure to remain below 
supercritical water conditions during planned testing for better simulation of PWR boiling and post critical heat 
flux quench. See Figure 7. 

 
Figure 7. Multi-SERTTA Full Assembly. 

Multi-SERTTA is inherently limited in geometry available for instrumentation, but careful placement and 
specially-designed brazed penetrations for leads enable a respectable array of instruments including several 
cladding thermocouples, capacitance-based boiling detectors, micro-pocket fission detectors, optical pyrometry, 
environment pressure-transducers, and vessel-mounted accelerometers. The desired environment pressure and 
temperature is achieved by gas pre-charge and electrical heaters prior to initiating the transient excursion. The 
current Multi-SERTTA specimen holder and instrument package is intended for ATF rodlets in PWR 
environments. The head unit is modular to support different specimen and instrument needs as they may arise. A 
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refractory crucible and melt catcher protect the vessel from attack should molten fuel be ejected from rodlets. 
Neutron-absorbing hafnium foil flux collars can be wrapped around the vessel to adjust core-to-specimen power 
coupling to achieve the desired energy deposition level in each of the four specimens. See Figure 8. 

 
Figure 8. Multi-SERTTA, ATF Instrument Array. 

The first design configuration for Multi-SERTTA will use flux shaping collars to counteract TREAT axial 
flux profile; thereby equilibrating energy depositions in each of the four vessels. This will be paired with 
PWR-water starting environment conditions and short-pulse transients intended to simulate PWR hot zero power 
reactivity initiated accidents (HZP RIA). Future designs configurations may use the axial profile advantageously, 
and could even exacerbate this axial gradient with flux collars, to give markedly different specimen energy 
injections in each vessel. Such a test could be particularly useful in achieving four distinct specimen energy 
injections with a single fixed pulse width. The Multi-SERTTA could also be operated with inert gas environments 
for comparison to similar water-environment tests to isolate the effects of boiling boundary conditions. 

A similar vehicle termed Super-SERTTA will also be deployed a short time later to expand upon several data 
opportunities. First, the Super-SERTTA will be a single-vessel design to give greater useable test volume. This 
will allow for longer specimens, and perhaps even small bundles, combined with more instrumentation. A larger 
internal volume will give enhanced energy handling capabilities. TREAT’s experiment safety analysis derives 
from the reactivity available in the transient rods prior to test initiation, and limits energy release solely upon the 
reactor’s negative temperature feedback [12]. As a result, Super-SERTTA’s enhanced energy containment 
capacity will be needed to allow for pulses initiated at TREAT’s minimum period, with the intent to perform a 
clip shortly thereafter either with existing control, or further enhanced by a to-be-installed 3He injection system 
[13], in order to achieve pulse widths truly representative of HZP RIA’s. Lastly, Super-SERTTA will represent a 
simpler internal containment structure with only one closure flange near the top; greatly facilitating loading of 
pre-irradiated fuel specimens remotely in shielded hot cells. Although Multi-SERTTA is capable of housing 
pre-irradiated specimens, the scarcity of such specimens, and time invested into their irradiation prior to transient 
testing, will likely make Super-SERTTA the vehicle of choice for these crucial tests. See Figure 9. 
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Figure 9. Super-SERTTA Concept. 

A wealth of good work can be accomplished in static environments, especially owing to the relatively ease of 
designing, constructing, and operating static environment vehicles. Still, many transient scenarios cannot be 
adequately simulated without forced convection heat transfer representing the reactor design environment. 
Beyond the ATF-3-1 and ATF-3-2 test series, a new-to-TREAT capability will be made for future LWR fuel tests 
in the TREAT Water Environment Recirculating Loop (TWERL). The current concept for the TWERL will retain 
all of the LWR functionality of the Super-SERTTA, with added enhancements for forced convection. The 
TWERL will consist of a simple high-pressure piping system with heaters, pumps, and operational instruments 
(flow meters, pressure transducers, coolant temperatures) all self-contained within a leak-tight metallic canister. 
Interfaces for test train loading in hot cells, hoisting, instrument/power connections, and pump-cooling lines will 
all exist at the TWERL’s top region. TWERL’s canned-motor centrifugal pump necessitates a larger cylindrical 
core footprint. The baseline TWERL design will support modular test trains as one highly instrument rod, or 
two/three PWR rods in individual flow tubes, or even a four-rod bundle. Additional modules and adaptations of 
Multi-SERTTA will enable rapid loop pressure blowdown to simulate LOCA conditions. Lastly, although a 
sufficient-capacity compact water pump has not yet been designed, core physics analysis show that TREAT is 
capable of driving a nine-rod bundle of high burnup PWR fuel for transient testing in a future water loop concept 
known as the Super-TWERL [14]. See Figure 10. 
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Figure 10. TWERL in Core ¾ Section View Left, TWERL Conceptual Layout Right. 

5. MULTIPHYSICS ANALYSES 
In order to support transient test design, several modeling and analysis techniques are being implemented. 

These include modeling and simulation focused on the neutronics and power coupling between the TREAT 
reactor driver core and the specimens on test in addition to thermal and mechanical responses of specimens to 
prescribed transients. Examples of use of these techniques are provided below. 

5.1 Neutronics Modeling 
Neutronics analysis is used to estimate core power to specimen power coupling and is described in terms of a 

power coupling factor (PCF) which is given in units of either watts per gram of specimen per mega-watt TREAT 
core power or Joules per gram specimen per mega-Joule TREAT core energy. Preliminary neutronics analysis has 
been conducted for the current Multi-SERTTA design with and without instrumentation. All analysis has been 
conducted using Monte Carlo N-Particle (MCNP) Version 6.1 with ENDF/B-VII.1 nuclear data. Example 
neutronics analyses are provided for a UO2/Zircaloy state of the art fuel pin. Vertical and horizontal profiles of the 
TREAT core containing the Multi-SERTTA vehicle are provided in Figure 11 and Figure 12, respectively. 
Figure 13 shows a vertical profile of a single Multi-SERTTA unit as simulated in MCNP with various horizontal 
profiles provided in Figure 14 (primary vessel head and expansion tank), Figure 15 (fuel pin, detectors, and clamp 
heater), and Figure 16 (spider connection). 
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Figure 11. Vertical profile of TREAT core containing Multi-SERTTA vehicle. 

 
Figure 12. Horizontal profile of TREAT core containing Multi-SERTTA vehicle. 
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Figure 13. Vertical profile of single Multi-SERTTA unit. 

 
Figure 14. Horizontal profile of Multi-SERTTA unit through primary vessel head and expansion tank. 
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Figure 15. Horizontal profile of Multi-SERTTA unit through fuel pin, detectors, and clamp heater. 

 
Figure 16. Horizontal profile of Multi-SERTTA unit through spider connection. 
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The computed PCFs for the reference test pin configuration with compressed water (16 MPa, 320°C) with 
argon cover gas (16 MPa, 320°C) are provided at the top of Table 1. Unit 3 (third from the top of the 
Multi-SERTTA stack) is the optimum location for maximizing PCF, followed by Unit 2. Table 1 includes 
calculated variations in PCF due to changes in the vehicle, experiment, and core conditions. 

Table 1. Computed PCFs (W/g-MW) for varying Multi-SERTTA conditions. 

Vehicle Modifications 
Unit 1 Unit 2 Unit 3 Unit 4 vs. Ref 1 vs. Ref 2 vs. Ref 3 vs. Ref 4 

PCF 1σ PCF 1σ PCF 1σ PCF 1σ %PCF 1σ %PCF 1σ %PCF 1σ %PCF 1σ 

Reference 1.102 0.005 1.663 0.006 1.742 0.006 1.317 0.005 -- -- -- -- -- -- -- -- 

Unit 3 Only -- -- -- -- 1.857 0.007 -- -- -- -- -- -- 6.6 0.5 -- -- 

No graphite block 1.116 0.005 1.660 0.006 1.742 0.006 1.273 0.005 1.3 0.7 -0.2 0.5 0.0 0.5 -3.3 0.6 

No Pb block 1.100 0.005 1.656 0.006 1.752 0.006 1.317 0.005 -0.2 0.7 -0.4 0.5 0.6 0.5 0.0 0.6 

W replacing 
Pb block 

1.091 0.005 1.658 0.006 1.746 0.006 1.324 0.006 -1.0 0.6 -0.3 0.5 0.3 0.5 0.5 0.6 

Experiment Medium                 

Reference 1.102 0.005 1.663 0.006 1.742 0.006 1.317 0.005 -- -- -- -- -- -- -- -- 

Ref Cooled RT 1.095 0.005 1.648 0.006 1.720 0.006 1.299 0.006 -0.6 0.6 -0.9 0.5 -1.3 0.5 -1.3 0.6 

H2O @ STP 1.564 0.007 2.409 0.009 2.509 0.009 1.790 0.008 41.9 0.9 44.9 0.8 44.1 0.8 35.9 0.8 

Steam 0.857 0.004 1.223 0.004 1.287 0.005 1.077 0.004 -22.2 0.5 -26.5 0.4 -26.1 0.4 -18.2 0.5 

D2O @ STP 0.906 0.004 1.299 0.005 1.373 0.005 1.130 0.005 -17.8 0.5 -21.9 0.4 -21.2 0.4 -14.2 0.5 

Polyethylene 1.710 0.008 2.631 0.010 2.735 0.010 1.946 0.009 55.2 1.0 58.2 0.8 57.1 0.8 47.8 0.9 

Ar Covergas 0.863 0.004 1.238 0.005 1.303 0.005 1.107 0.004 -21.7 0.5 -25.5 0.4 -25.2 0.4 -15.9 0.5 

Sodium 0.825 0.004 1.187 0.004 1.243 0.005 1.048 0.004 -25.1 0.5 -28.6 0.4 -28.6 0.4 -20.4 0.5 

Temperature Effect of Core                 

@ 300 K 1.095 0.005 1.648 0.006 1.720 0.006 1.299 0.006 -- -- -- -- -- -- -- -- 

@ 400 K 1.209 0.005 1.810 0.007 1.899 0.007 1.461 0.006 10.4 0.7 9.8 0.6 10.4 0.6 12.4 0.7 

@ 600 K 1.425 0.006 2.113 0.007 2.223 0.007 1.736 0.006 30.1 0.8 28.2 0.7 29.3 0.6 33.6 0.8 

@ 800 K 1.601 0.006 2.387 0.008 2.511 0.008 1.988 0.007 46.1 0.9 44.8 0.7 46.0 0.7 53.0 0.8 

Vertical Displacement                 

Reference 1.102 0.005 1.663 0.006 1.742 0.006 1.317 0.005 -- -- -- -- -- -- -- -- 

+1 cm 1.060 0.005 1.633 0.006 1.754 0.006 1.366 0.006 -3.8 0.6 -1.8 0.5 0.7 0.5 3.8 0.6 

+2 cm 1.011 0.005 1.609 0.006 1.767 0.007 1.421 0.006 -8.2 0.6 -3.2 0.5 1.4 0.5 8.0 0.6 

+3 cm 0.972 0.005 1.559 0.006 1.777 0.007 1.462 0.006 -11.8 0.6 -6.3 0.5 2.0 0.5 11.0 0.6 

+4 cm 0.925 0.005 1.523 0.006 1.796 0.007 1.523 0.006 -16.0 0.6 -8.4 0.5 3.1 0.5 15.7 0.7 

+5 cm 0.888 0.004 1.503 0.006 1.785 0.007 1.570 0.006 -19.4 0.5 -9.6 0.5 2.5 0.5 19.2 0.7 

+6 cm 0.841 0.004 1.447 0.006 1.793 0.007 1.602 0.006 -23.7 0.5 -13.0 0.5 2.9 0.5 21.7 0.7 

+7 cm 0.794 0.004 1.407 0.006 1.783 0.007 1.648 0.006 -27.9 0.5 -15.4 0.5 2.3 0.5 25.2 0.7 

+8 cm 0.753 0.004 1.370 0.006 1.770 0.007 1.683 0.006 -31.7 0.5 -17.6 0.5 1.6 0.5 27.8 0.7 

Fuel Pin Burnup                 

0 GWD/MTU 1.102 0.005 1.663 0.006 1.742 0.006 1.317 0.005 -- -- -- -- -- -- -- -- 

10 GWD/MTU 1.041 0.005 1.566 0.006 1.648 0.006 1.246 0.005 -5.5 0.6 -5.8 0.5 -5.4 0.5 -5.4 0.6 

30 GWD/MTU 0.894 0.004 1.350 0.005 1.411 0.005 1.068 0.004 -18.9 0.5 -18.8 0.4 -19.0 0.4 -18.9 0.5 

50 GWD/MTU 0.747 0.003 1.118 0.004 1.170 0.004 0.890 0.004 -32.2 0.4 -32.8 0.4 -32.8 0.3 -32.4 0.4 

70 GWD/MTU 0.628 0.003 0.938 0.004 0.984 0.004 0.741 0.003 -43.0 0.4 -43.6 0.3 -43.5 0.3 -43.7 0.3 

 
Investigations were made into modifications of the primary vehicle design to include removal of the graphite 

reflector block at the bottom of the secondary vessel, removal of the lead shield block at the top of the secondary 
vessel, and replacement of the shield block material with tungsten. These changes did not significantly impact 
PCF and were within the statistical uncertainty of the calculations. Performing an experiment with only the Unit 3 
primary vessel with respective instrumentation can increase the PCF by 6.6 ± 0.5%. 
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Actual core operations, especially transients, are not isothermal. However, to investigate the feedback effect 
on PCF due to increased core temperature, isothermal calculations were performed for the entire TREAT core, 
including Multi-SERTTA experiment, at 300, 400, 600, and 800 K. The effective PCF of 1.0 at reference 
conditions of 300 K increases to 1.11, 1.30, and 1.47 for the higher respective temperatures. Based on isothermal 
transients and core operating temperature, a transient correction factor (TCF) would be expected to be less 
than 1.30. As core heating occurs during an actual transient, peak assemblies will achieve higher temperatures 
sooner, reducing core reactivity, and terminating core power increase. This effect will propagate as a wave from 
the peak assemblies through the adjacent core assemblies and eventually the experiment. Without performing 
actual transient studies, a best estimate of the TCF can also be obtained by looking at prior experimental 
measurements using the nearly identical core layout of the M8CAL core configuration. Over the M8CAL series of 
transients, TCF values ranged from 0.95 to 1.27. However, generally a TCF of 0.95 to 1.0 was for the full-slotted 
core configuration and 1.1 to 1.2 for the half-slotted core configuration, the latter of which applies to planned 
Multi-SERTTA experiments. It can be assumed that a TCF of 1.1 to 1.2 would similarly apply to the 
Multi-SERTTA experiments with a highly unlikely worst case of 1.4. Actual calibration testing performed upon 
reactor restart will be used to validate expected PCF and TCF values for the Multi-SERTTA experiments. 

5.2 Experiment Thermal Analysis 
Defining the thermal response of the experimental vehicle is crucial for ensuring safe experiment operation 

under unplanned events in the test reactor as well as for ensuring the experiment vehicle will provide the desired 
experimental boundary conditions to the test specimen. Therefore, several types of analyses have been performed 
to conservatively define safety limitation of the experimental vehicle as well as best-estimate predictions of the 
vehicle performance during transients. For the Multi-SERTTA experiment vehicle, finite element analysis (FEA) 
provides the predicted temperature distributions of the vehicle hardware prior to and post-transient initialization 
using the commercial code, ABAQUS [15]. The thermal-hydraulic conditions within the test environment, which 
define the experimental boundary conditions for the test specimen, are modeling using RELAP5 [16]. 

Material deposition energies come from the prediction of power coupling factors (PCF) provided by 
neutronics, given in units of heat generation per unit mass per MW reactor power. A RELAP5 point-kinetics 
model of the TREAT core generates reactor power profiles used as input to the transient analyses. Depending on 
the characteristic time of a given analysis, a variety of sub-models of the experimental vehicle may be considered 
with associated boundary conditions. The exterior of the secondary enclosure has several air channels providing 
forced convection cooling during pre-test heat up conditions. During a transient, the exterior of the can may be 
considered adiabatic. Between the secondary and primary enclosures, both radiation and natural convection heat 
transfer modes are modeled in the gaps. The FEA model of a single Multi-SERTTA vessel unit is shown in 
Figure 17. 
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(a) (b) 

Figure 17. 3D model mesh of single Multi-SERTTA unit: a) full 3D view (outer secondary containment cutaway); 
b) cross-section view. 

An example of pretest heated conditions for a dry capsule with a specimen heated to 300°C (572°F) is given 
in Figure 18a. The results show a wide range of temperatures across the vehicle components. The outer enclosure 
reaches a maximum temperature of ~150°C (302°F). The expansion tank region of the vehicle has similar peak 
temperatures. Instrument feedthroughs are located in the vessel head of the primary containment, which reaches 
peak temperatures ~250°C (482°F). The resulting temperature distribution corresponding to the peak primary 
vessel temperature reached during a transient depositing 840 J/g-UO2 (200 cal/g-UO2) in the test specimen is 
shown in Figure 18b. 
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(a) (b) 

Figure 18. Examples of temperature predictions for the Multi-SERTTA vessel (in °F): a) Steady-state temperature 
results for the 3-D cutaway of the Multi-SERTTA with a test specimen in an argon environment heated to 300°C 
(572°F); b) 

5.3 Thermal-Hydraulic Environment 
Due to the dominant multi-phase heat transfer effects created during RIA transients, the thermal-hydraulic 

response of the Multi-SERTTA vessel has been modeled using the RELAP5-3D code [16]. A UO2/zircaloy rodlet 
has been selected for baseline modeling case for this study. The RELAP5 model consists of a rodlet suspended in 
water. Inert gas fills the volume above the water and into the expansion tank. Model heat structures include a 
multilayer wall made of an inner vessel crucible composed of a low thermal conductivity ZrO2 and the outer 
Inconel-718 vessel wall. This vessel heat structure plays a minimal role for these short transient analyses only 
absorbing minimal energy system over longer times. The heat structure representing the rodlet consists of ten 
10.16 mm UO2 pellets with a diameter of 8.26 mm. The top and bottom pellets are assumed to be 
depleted-uranium insulators. Exterior to the fuel is a 0.025 mm gas gap separating the fuel from an outer cladding 
layer composed of zircaloy with a 0.597 mm thickness. A model nodalization diagram and simplified schematic 
of the Multi-SERTTA vessel are shown in Figure 19. 
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Figure 19. RELAP5 model description for a single Multi-SERTTA vessel – Left: RELAP5 nodalization diagram, 
Middle: schematic representation of modeled components, Right: CAD rendered cross section. 

A Gaussian function is a good representation of expected RIA power pulses generated by TREAT [17]. The 
pulse widths studied in this analysis include 30 ms, 90 ms, and a baseline case of 160 ms at full-width, 
half-maximum (FWHM). The effect of the pulse width is expected to play a dominant role on fuel performance. 
Figure 20 shows power profile and total energy deposition as a function of time for assumed (not calculated) 
30 ms, 90 ms, and 160 ms FWHM power pulses with a total energy deposition of 711 J/g-UO2. The energy is 
applied uniformly to the fuel. 

 
Figure 20. Power (solid) and specific energy deposition (dashed) for assumed Gaussian-shaped pulse for various 
FWHM RIA pulses resulting in 711 J/g-UO2 energy deposition. 

The baseline RIA case for initial conditions of 280°C and 15.8 MPa with a 160 ms FWHM, 711 J/g-UO2 
(shown in Figure 20). An additional case was run with similar parameters but with an energy deposition of 
962 J/g-UO2. Each case was run using the previously described RELAP5 model. These results show 
representative thermal-hydraulic conditions within the Multi-SERTTA vessel. The model was run for 100 s, 
however, because the system is relatively adiabatic, little of interest happens beyond the first 30 seconds after the 
transient initialization. Several pulse widths were analyzed and some effects are discussed later, however, the 
general response characteristics of the system were found to be insensitive to pulse width. 
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Figure 21 shows the resulting thermodynamic conditions of the coolant next to the fuel. Figure 21a shows the 
response for a 711 J/g-UO2 pulse for bounding thermal conditions applied to the fuel-cladding gap (high 
resistance/no resistance). Figure 21b shows the nominal response of the vessel to a 962 J/g-UO2 energy deposition 
The resulting pressure response shows a steady increase of pressure to a maximum value of ~16.9 MPa and 
~18.1 MPa for the lower and higher energy depositions, respectively. Similarly, the water temperature rises 
gradually to a final temperature of ~348°C and 355°C, respectively. Figure 21 also plots the corresponding fluid 
volume saturation temperature for each case. Later in the analysis, the fluid temperature approaches and remains 
slightly below the saturation point. The case of no fuel-cladding gap resistance, shown in Figure 21a, results in a 
more rapid increase to final conditions but with similar end states. 

  
(a) (b) 

Figure 21. Vessel pressure, coolant temperature, and saturation temperature next to the axial center of the fuel in 
the rodlet (volume 7 from bottom) during a 160 ms FWHM pulse. (a) Energy deposition is 711 J/g-UO2 RIA 
pulse, red represents no fuel-cladding gap resistance. (b) Energy deposition is 962 J/g-UO2 RIA pulse. 

The evolution of void fraction during the transient nuclear event is of importance not only for heat transfer 
performance but also to neutronics effects within the test specimen. Figure 22 presents the predicted void fraction 
in the volume next to the uppermost fuel pellet in the rodlet. Based on a 160 ms pulse width, the results show the 
formation of void during the transient. Additional cases run with shorter pulse widths found that as pulse width 
shortens, the void formation can occur just after the nuclear excursion. The void fraction is predicted to be ~ 2% 
for the volume. The application of the RELAP5 void generation models to this pool configuration needs 
validation. 

  
(a) (b) 

Figure 22. Void fraction in the volume next to the mid-height location of the fuel stack (pellet 6 from bottom) 
during a 160 ms FWHM RIA pulse. (a) Energy deposition is 711 J/g-UO2 RIA pulse, red represents no 
fuel-cladding gap resistance. (b) Energy deposition is 962 J/g-UO2 RIA pulse. 
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Figure 23 shows calculated temperature responses at various radial locations at the rodlet midplane. These 
results do not include the effects of thermal expansion on heat transfer through the gas gap, which plays an 
important role in the dynamic process. To understand the sensitivity of this effect, Figure 23a shows a comparison 
case for no gap resistance. For the case of a nominal gas gap, the peak outer cladding surface temperatures are 
expected to be underpredicted. In contrast, the perfect contact between the fuel and cladding (red) will provide the 
upper temperature bound for the gas gap effect. For case (a) with high gap resistance, the maximum cladding 
surface temperature of 739°C is reached at ~1.1 seconds. For no gap resistance, the peak temperature is 1330°C 
at ~0.42 seconds. In case (b), the peak temperature is 879°C at ~1.3 seconds after the power transient peak. The 
effect of a quenching event later in the transient, ~15-25 seconds, is also seen in the resulting temperature profiles 
where the cladding surface cools back to the temperature of the fluid. The time of quench is driven by the thermal 
constants of the system and the amount of energy deposited in the pulse. 

  
(a) (b) 

Figure 23. Rodlet temperatures at the mid-height location (pellet 6 from bottom) during a 160 ms FWHM RIA 
pulse. Thermal expansion effects are not included in the model. (a) Energy deposition is 711 J/g-UO2 RIA pulse, 
red represents no fuel-cladding gap resistance. (b) Energy deposition is 962 J/g-UO2 RIA pulse. 

Surface heat transfer coefficient (HTC) is shown in Figure 24. At the initiation of the transient, HTC rises 
quickly to a peak value of ~260 kW m−2 K−1

 in all cases. After critical heat flux (CHF) is reached, it drops off to 
the film boiling regime. In all cases, a transition is clearly marked for surface rewetting and emergence of nucleate 
boiling with a sharp peak of HTC. The application of RELAP5 heat transfer models for transient, pool boiling 
conditions still requires validation effort and will be the subject of future works [18]. 

  
(a) (b) 

Figure 24. Heat transfer coefficient at the mid-height location (pellet 6 from bottom) during a 160 ms FWHM 
RIA pulse. (a) Energy deposition is 711 J/g-UO2 RIA pulse, red represents no fuel-cladding gap resistance. 
(b) Energy deposition is 962 J/g-UO2 RIA pulse. 

0

500

1000

1500

2000

2500

3000

0 10 20 30 40 50

R
od

le
t T

em
pe

ra
tu

re
s,

 °C

Time, s

Fuel Centerline
Outer Fuel Surface
Inner Cladding Surface
Outer Cladding Surface

black = High Gap Resistance
red = No Gap Resistance

0

500

1000

1500

2000

2500

3000

0 10 20 30 40 50

R
od

le
t T

em
pe

ra
tu

re
s,

 °C

Time, s

Fuel Centerline
Outer Fuel Surface
Inner Cladding Surface
Outer Cladding Surface

0

50

100

150

200

250

300

0 5 10 15 20 25 30

H
ea

t T
ra

ns
fe

r C
oe

ffi
ci

en
t, 

kW
·m

-2
·K

-1

Time, s

black = High Gap Resistance
red = No Gap Resistance

0
100
200
300

0 Time, s

0

50

100

150

200

250

300

0 5 10 15 20 25 30

H
ea

t T
ra

ns
fe

r C
oe

ffi
ci

en
t, 

kW
·m

-2
·K

-1

Time, s

0

100

200

300

0 0.25 0.5



 

20 
 

Figure 25 presents these results for different initial test conditions. Also included in this figure, a case was 
included showing the pressure effect of including the cladding oxidation during the transient. The RELAP5 model 
incorporates the Cathcart model with no oxide at initialization [19]. The results demonstrate the significant energy 
capacity of Multi-SERTTA. In all cases shown, results show similar trends. At higher energy depositions of 
1380 J/g-UO2, pressures start to approach the “threshold” of achieving supercritical conditions. At low energy 
depositions, substantial margin exists. The effect of initial temperature shows more rapid pressurization at higher 
temperatures. The inclusion of Zr-cladding oxidation illustrates the increasing effect at higher energy depositions 
where increased cladding temperature drives the reaction to much higher rates. Even with great energy capacity, 
the energy depositions in the range of interest (~711-962 J/g-UO2) result in non-negligible pressure rise for 
thermomechanical fuel performance calculations and should be considered in design of experiments for 
Mulit-SERTTA. 

 
Figure 25. Maximum vessel pressurization for various energy deposition levels with different initial 
thermodynamic states of the vessel. The total mass of UO2 present in the specimen is 47.7 g (8 pellets). 

Thermal-hydraulic analyses have been performed utilizing ABAQUS and RELAP5 to characterize the 
thermal-hydraulic boundary conditions seen by a test specimen in Multi-SERTTA and to assess the performance 
limitations of the Multi-SERTTA vehicle. Temperature and pressure predictions show a wide range of operability 
for specimen energy depositions. The present study was performed for a UO2/zircaloy rodlet composed of 10 total 
pellets with insulator pellets on each end. The results show that for energy depositions less than ~1380 J/g-UO2, 
the vessel environment remains sub-supercritical. Two extremes of gap conductance show significant effect on 
event timing and peak cladding temperature but little effect on end state conditions. Inclusion of oxidation has 
increasing impact for increasing energy depositions. The effect of oxidation is non-negligible for planned TREAT 
experiments in the range of explored energy depositions and will require cladding-specific analyses. Pulse width 
has little impact on thermal hydraulic conditions under the assumptions used in this analysis. Pulse width does 
affect event timing and is expected to play a role in transient boiling phenomena. The model used in this work has 
been coupled to the fuel performance code, BISON, to accomplish best estimate predictive capability for Multi-
SERTTA experiments. Future work will include benchmarking the RELAP5 heat transfer performance on 
selected transient tests in pool conditions. Further exploration of transient boiling effects will be performed as part 
of this effort. 
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5.4 BISON and RELAP5 Modeling 
An example of fuel performance modeling work is presented for a specimen of UO2 clad with a SiC-SiC 

composite in comparison to state-of-the-art Zircaloy clad UO2. This modeling was performed using BISON 
coupled to RELAP5. Such modeling can support experiment design in either targeting energy depositions to 
promote a PCI response or in the design of specimen geometric characteristics to promote similar PCI responses 
at a given energy deposition. BISON is a finite element-based nuclear fuel performance code being developed by 
the Idaho National Laboratory (INL). The code is applicable to a variety of fuel forms including LWR fuel rods, 
TRISO particle fuel, metallic rod and plate fuel. It solves fully-coupled equations of thermos-mechanics and 
species diffusion under steady-state and transient conditions for 1D spherically symmetric, 2D axisymmetric and 
3D geometries [20,21]. Recently, results from BISON have been included in an OECD/NEA RIA fuel codes 
benchmark [22,23] to assess the capability of fuel performance codes during RIA events. In this works, RELAP5 
[16] is used to provides thermal-hydraulic boundary conditions to BISON. 

This example study focuses on two different UO2-Zr geometries, fresh fuel geometry and a simulated high 
burnup geometry. Additionally a preliminary study on a UO2-SiC/SiC concept will be investigated. The geometry 
is representative of the fuel rodlets to be tested in the SERTTA capsule. The rodlet was modeled using a 2D-RZ 
geometry as depicted in Figure 26. 

 
Figure 26. Rodlet CAD model and equivalent BISON 2D-RZ model. 

The characteristics of the fuel as modelled are: 

• UO2 with 4.9% enrichment 

• Pellet height of 1.016 cm (0.4 in) 

• 10 pellet stack with depleted uranium pellets on the top and bottom 

• Pellet diameter of 8.255 mm (0.325 in) with no dishing or chamfer 

- UO2-SiC/SiC concept has a pellet diameter of 7.73 mm 
• Fuel theoretical density of 10970 kg/m3 at 20°C 
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The ten pellets are modeled as a single smeared pellet with the power levels in the depleted end pellets at 
8.5% of that applied to the remaining pellets. The UO2-Zr fresh fuel geometry case assumes a porosity of 4%, fuel 
roughness of 2 µm, and an initial fuel to cladding gap of 89 µm. The UO2-Zr simulated high burnup fuel geometry 
has a porosity of 8%, a fuel roughness of 4 µm to simulate the porous rim structure, and no initial gap. The 
UO2-SiC/SiC concept assumes a porosity of 4%, roughness of 2 µm, and initial gap of 8 µm. The fuel is modeled 
as fresh/unirradiated specimens, therefore no irradiation dependent material properties are used. The fuel thermal 
and mechanical properties were taken from [24,25]. 

In the UO2-Zr concepts, the cladding is standard Zircaloy-4 with a 0.597 mm thickness. The cladding 
roughness is specified at 1 µm. The UO2-SiC/SiC concept has a cladding thickness of 0.8 mm and an estimated 
roughness of 4 µm. The rodlet is filled with helium at 2 MPa at room temperature. Due to the short duration of a 
RIA and fresh fuel being modeled, cladding creep was not included. However instantaneous plasticity is a major 
factor for RIAs due to the rapid expansion of the fuel into the cladding. The plastic strain was modeled with an 
isotropic plasticity model in BISON using yields strength data from Geelhood et al. [26] for the Zircaloy cladding, 
the remaining thermal and mechanical property data for the cladding was taken from [25]. The mechanical 
properties for the SiC/SiC cladding are proprietary but the thermal conductivity was estimated at ~4 W·∙m−1·∙K−1 
according to [27] and the specific heat was from [28]. 

The thermal hydraulic conditions in the Multi-SERTTA capsule are pool conditions. BISON has the 
capability to model thermal hydraulic conditions with its built-in coolant channel model [20], however this model 
was designed for steady state and slow operating transients [29]. Additionally, the capsule device will experience 
pressurization effects as energy is injected into the system. Therefore to obtain more accurate thermal-hydraulic 
and pressure boundary conditions, RELAP5 was coupled to the BISON simulation. Figure 27 shows a schematic 
of the RELAP5 model and the corresponding Multi-SERTTA capsule geometry it was derived from. The model 
consists of the Zircaloy cladding heat structure suspended in a pool of water. A plenum volume of argon is above 
the water volumes and is connected to the expansion tank. The outer wall heat structure consists of multiple layers 
including: an inner crucible vessel of ZrO2 and the outer Inconel-718 pressure vessel wall. The thermal properties 
for ZrO2 and Inconel-718 were from [30,31,32]. The outer wall heat structure surface is modeled with an insulated 
boundary condition given the small time scales. 
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Figure 27. Multi-SERTTA test capsule and corresponding RELAP5 model. 

The RELAP5 and BISON models were coupled with python scripting. The fuel pellets were not included in 
the RELAP5 model as the cladding provided the link between the two models. The cladding-coolant heat transfer 
and capsule pressure were passed to the BISON model. For each timestep, BISON provides an axial temperature 
profile of the inside of the cladding that is passed into the RELAP5 model as a boundary condition. The RELAP5 
model calculates the resulting exterior axial cladding temperature profile and water pressure (capsule pressure), 
which is passed back to BISON as boundary conditions. Timesteps were forced at 5e-4 s for a time period twice 
as long as the full width of the pulse then increased to 1e-3 s until 2.0 s then slowly increased to 0.25 s at the end 
of the simulation at 200 s. In most cases the forced timestep was smaller than the recommended timestep used in 
BISON’s adaptive timestepping algorithm, but if necessary BISON could take smaller timesteps to achieve 
convergence and stop at the required time to exchange information with RELAP5. 

Historically the U.S. Nuclear Regulatory Commission (USNRC) has stated that reactivity excursions cannot 
result in a radial average fuel enthalpy greater than 1172 J/g (280 cal/g ) at any axial location in any fuel rod [33]. 
More recently a report supporting a revised acceptance criteria for PWR RIA events proposes a lower limit of 
960 J/g (230 cal/g ) for burnup less than 30 GWd/MTU. This limit is to ensure core coolability, while lower 
values of 711 J/g (170 cal/g) are used to indicate thresholds for cladding failure [34]. Initial testing in TREAT for 
Zircaloy-clad UO2 pellets enriched at 4.95% will target the latter of these two energy depositions of 711 J/g 
(170 cal/g) radial average fuel enthalpy, and will not likely be greater than 960 J/g (230 cal/g) until later testing 
campaigns. 

The TREAT reactor is capable of a wide variety of transient excursions. The transients can be terminated by 
the core’s natural response to negative temperature reactivity which can result in a power pulse with a full-width 
at half-maximum (FWHM) of a few hundred milliseconds, or the pulse can be clipped by insertion of the transient 
control rods which could results in FWHM pulses less than 100 milliseconds [35]. The current target pulse for 
SERTTA in TREAT is 160 ms FWHM and 711 J/g of deposited energy. In addition to the targeted pulse, pulse 
widths of 10 and 90 ms FWHM will be studied for qualitative effects of pulse width PCMI. Figure 28 shows the 
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power profile and total energy deposition as a function of time for the three pulses mentioned above. The shape of 
the power pulses are approximated by a Gaussian function, in reality most PWR RIA pulses have a low power 
period after the peak of the pulse due to delayed neutrons. This tail is one to two orders of magnitude less than the 
peak of the power pulse and has little influence on the thermal and mechanical response of the fuel rod [34]. 

 
Figure 28. Power profiles and energy injected for a 10, 90, and 160 ms FWHM pulse resulting in 711 J/g 
(170 cal/g) energy deposition into the fuel. 

These simulations are representative of a RIA power excursion at hot zero power (HZP) conditions, namely 
water at 280°C and 15.8 MPa (2300 psi). The BISON simulation begins at −100 s at room temperatures and 
pressures and ramps to HZP conditions during the first 50 s. The HZP conditions are held constant for the 
remaining 50 s to initialize the model to the HZP conditions. The RELAP5 model is initialized to HZP steady 
state conditions. The power pulse for all cases begins at time equal to 0.0 seconds with the Gaussian pulse profile 
set to begin from zero power at four standard deviations from the mean. 

All cases were subject to 711 J/g of injected energy into the fuel pellets as can be seen from Figure 28. The 
differences in pulse widths, geometry and properties result in minor variations of the calculated radial average 
enthalpy in the fuel. The evolution of radial average enthalpy in the fuel is plotted in Figure 29. Figure 29a shows 
the comparison between the two UO2-Zr cases which show small variations in the maximum radial average 
enthalpy from pulse widths but the results for the two geometries are almost identical. Figure 29b shows a 
comparison between the fresh fuel geometries of the UO2-Zr and UO2-SiC/SiC concepts. The two cases are very 
similar with the UO2-SiC/SiC cases having higher maximum radial average enthalpies compared to the UO2-Zr 
cases. The maximum and minimum values of parameters of interest of for all nine cases are in Table 2. 
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Figure 29. Radial average enthalpy at the mid-length location of the fuel. (a) UO2-Zr cases for the three pulse 
widths. (b) UO2-Zr and UO2-SiC/SiC fresh fuel cases. 

Table 2. Output parameters of interest for nine cases modeled. 
 UO2-Zr 0 µm gap UO2-Zr 89 µm gap UO2-SiC/SiC 85 µm gap 

10  
ms 

90  
ms 

160  
ms 

10  
ms 

90  
ms 

160  
ms 

10  
ms 

90  
ms 

160  
ms 

Max. Radial Average Enthalpy (J/g) 775 750 733 770 751 736 781 761 747 
Max. Fuel Centerline Temp. (K) 2559 2558 2558 2559 2559 2559 2559 2558 2558 
Max. Fuel Surface Temp. (K) 1869 1527 1495 1886 1495 1450 2031 1687 1655 
Max. Cladding Interior Temp. (K) 1323 1323 1323 1365 1365 1364 1407 1411 1405 
Max. Cladding Surface Temp. (K) 1262 1262 1262 1301 1301 1300 1047 1049 1047 
Max Hoop Strain (mε) 21.10 20.53 20.15 2.72 2.37 2.29 5.94 5.51 5.53 
Max Hoop Strain Rate (mε/s) 19161 2080 1161 8539 425 366 5305 229 164 
Max Hoop Stress (MPa) 431 376 366 34 0 0 128 102 102 
Min Hoop Stress (MPa) -124 -127 -127 -119 -120 -119 -183 -180 -177 
Film Boiling Duration (s) 14.8 14.8 15.0 16.0 16.1 16.2 12.4 12.5 12.6 

 
Though not directly applicable to PCMI failure of the fuel rod are the cladding inside and surface 

temperatures. These are plotted in Figure 30 and Figure 31. The inside temperature of the cladding for the UO2-Zr 
cases (Figure 305a) are very similar with a small deviation at ~20s when quenching occurs. There is more 
deviation in the fresh fuel cases (Figure 30b). The UO2-SiC/SiC cases have a higher temperature which is due to 
the higher roughness assumed for the SiC/SiC composite cladding. The higher roughness increases resistance 
across the gap resulting in higher temperatures of the cladding interior surface and fuel exterior surface. Figure 31 
shows the cladding surface temperature for all the cases. There is very little difference between the UO2-Zr cases, 
but a considerable temperature difference of the cladding surface temperature between the Zr cladding and the 
SiC/SiC cladding. This is due to the low thermal conductivity applied to the cladding in the BISON model. In the 
future more experimental measurements on the final SiC/SiC cladding concepts will need to be performed to 
provide better estimations for the cladding temperature. 

(a) (b)
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Figure 30. Cladding inside temperature at the mid-length location of the fuel. (a) UO2-Zr cases for the three pulse 
widths. (b) UO2-Zr and UO2-SiC/SiC fresh fuel cases. 

 
Figure 31. Cladding exterior surface temperature at the mid-length location of the fuel. (a) UO2-Zr cases for the 
three pulse widths. (b) UO2-Zr and UO2-SiC/SiC fresh fuel cases. 

The cladding hoop strain is plotted in Figure 32. The hoop strain consists of the elastic, plastic, and thermal 
strain components. There are considerable differences between the two UO2-Zr concepts. The fresh fuel geometry 
with the initial 89 µm exhibits almost no strain throughout the entire simulation. Whereas the simulated higher 
burnup fuel with an initial gap of 0 µm shows considerable strain in the cladding. In comparison the SiC/SiC 
cladding shows approximately three times as much strain as the fresh UO2-Zr cases. The majority of the strain in 
the UO2-Zr cases is due to the fuel cladding gap closing due to thermal expansion of the fuel. Figure 33 shows the 
gap width evolution for all the cases. In all the fresh UO2-Zr cases the gap closes slightly after the peak power in 
the power pulse and remains closed until ~2 s. When the gap is closed the cladding is displaced with the 
expansion of the fuel. The amount this displacement correlates to elastic or plastic strain is dependent on the 
temperature and stress state in the cladding, but the total strain is controlled by the fuel. In the SiC/SiC cases only 
the 10 ms FHWM pulse closes the gap, and it is only for a very short period of time. The longer pulse width cases 
never result in fuel contacting the cladding, yet these cases have a higher total strain than the UO2-Zr 89 µm gap 
cases. This is due to the very large temperature variation between the inside and surface temperatures of the 
SiC/SiC cladding. Figure 34a shows cladding temperatures for the UO2-Zr 89 µm cases, there is very little 
difference between the inside and outside temperatures in the Zr cladding. This results in very little thermal strain. 
Figure 34b shows the cladding inside and outside temperature of the SiC/SiC cladding. There is approximately a 
350K difference between the inside and outside of a 0.8 mm thick cladding. This results in a large amount of 
thermal expansion difference between the inside and outside of the cladding which induces the strain. 

(a) (b)

(b)(a)
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Figure 32. Cladding exterior surface hoop strain at the mid-length location of the fuel. (a) UO2-Zr cases for the 
three pulse widths. (b) UO2-Zr and UO2-SiC/SiC fresh fuel cases. 

 
Figure 33. Gap width evolution at the mid-length location of the fuel. (a) UO2-Zr cases for the three pulse widths. 
(b) UO2-Zr and UO2-SiC/SiC fresh fuel cases. 

 
Figure 34. Cladding interior and exterior temperatures at the mid-length location of the fuel. (a) UO2-Zr 89 µm 
gap cases for the three pulse widths. (b) UO2-SiC/SiC 85 µm fresh fuel cases. 

(b)(a)

(b)(a)

(b)(a)
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Figure 35 shows the cladding strain rate for all the cases. All the 10 ms FWHM pulses result in a high strain 
rate in the cladding. This could be a concern in the SiC/SiC cladding due to the brittle nature of ceramics. 

 
Figure 35. Cladding exterior surface hoop strain rate at the mid-length location of the fuel. (a) UO2-Zr cases for 
the three pulse widths. (b) UO2-Zr and UO2-SiC/SiC fresh fuel cases. 

Figure 36 shows the hoop stress in the cladding for all the cases. In the UO2-Zr cases there are considerable 
differences in the maximum stress in the cladding between the fresh fuel geometry and the high burnup geometry. 
The fresh fuel geometry cases exhibit very little tensile stress in the cladding, most of the stress is compressive 
due to the high external pressure from the coolant. The high burnup geometry resulted in very large stresses in the 
cladding. This is expected due to no initial gap between the fuel and cladding. The effect of pulse width on the 
maximum stress in the cladding was less than expected. The 90 and 160 ms cases had very similar maximum 
stresses. The UO2-SiC/SiC cases (Figure 36b) exhibit more stress than the similar UO2-Zr cases, but as was 
previously discussed this stress is due to the temperature difference across the cladding. In the UO2-SiC/SiC 
10 ms case a perturbation on the profile can be seen. This initial stress is due to the gap closing and contact 
between the fuel and cladding. When the gap begins to open the stress deceases until the temperature difference 
induces additional stress. 

 
Figure 36. Cladding exterior surface hoop stress at the mid-length location of the fuel. (a) UO2-Zr cases for the 
three pulse widths. (b) UO2-Zr and UO2-SiC/SiC fresh fuel cases. 

(b)(a)

(b)(a)
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6. TRANSIENT INSTRUMENTATION 
Implementation of the science-based, engineering-focused model for nuclear fuels and materials development 

requires access to unique irradiation services. These include the ability to conduct experiments ranging from 
carefully controlled microstructural evolution experiments to explore isolated physical phenomena in nuclear 
materials under irradiation through the full scale engineering tests for demonstration and qualification. This broad 
spectrum of tests is integrated through the use of modern multi-physics modeling and simulation tools. To enable 
this methodology, experimenters must implement instrumentation strategies that provide researchers with access 
to data streams well beyond those historically available. Consequently, advanced fuels and materials development 
programs hinge on a well-coordinated and innovative instrumentation development, qualification, and deployment 
program. To support delivery of the broad range of technologies required for this purpose, a dedicated TREAT 
instrumentation program is beginning to take shape. 

The TREAT sensor development program must address the full breadth of TREAT instrumentation needs. 
This includes qualification of ‘off-the-shelf’ technology for the transient environment, adaptation of existing 
instruments to the unique transient testing needs, and development of new instruments for anticipated unique 
transient testing applications. Among other objectives, instrument qualification efforts to support initial testing 
will provide detailed descriptions of temporal response and the interaction of the sensor with the radiation fields 
during a test. The current instrument activities to support ATF and other near term DOE program objectives are 
briefly summarized below. 

Early transient testing experimenters at TREAT will require access to a catalog of reliable, well-qualified 
instruments with a demonstrated performance history in the unique transient testing environment. This class of 
instruments will likely consist of devices used historically during in-pile transient tests at TREAT, Power Burst 
Facility (PBF), Special Power Excursion Reactor Test Program (SPERT), or other reactors that have been 
reconstituted and qualified for modern use. Additionally, technologies used in transient test facilities such as 
CABRI and NSRR will be considered part of this category. Several instruments of this type are anticipated for use 
in TREAT but will require limited testing and integration into the TREAT experiment vehicles. Some examples 
of current instruments of interest and their applications include: 

• Thermocouples – used in Multi-SERTTA; measure temperature data for experiment vehicle, test specimen 
environment, and test specimen cladding; 

• Pressure Transducers – used in Multi-SERTTA; measure test specimen environment pressure. 

• Accelerometer/Microphone – used in Multi-SERTTA; provide acoustic data for timing of boiling events 
and/or cladding rupture, etc.; 

• Linear Voltage Differential Transformer (LVTD) technologies – a variety of applications including fuel 
plenum pressure, fuel and cladding elongation, flow rate, etc. The combined effects of PCMI driven 
phenomena can be detected using these technologies; 

• Ultrasonic technologies – a variety of applications including fuel centerline temperature and coolant 
characteristics such as voiding. 

The TREAT experiments program is already actively pursuing the RD & D of several advanced instrument 
technologies to meet near-term experimental programmatic goals while establishing the measurement capabilities 
for ongoing experimentation. Current instrument development activities to support experimentation at the restart 
of TREAT in the Multi-SERTTA test vehicle are focused on three instrument technologies, each having high 
potential impact on science as well as broader interest from the international community: 

• Micro-Pocket Fission Detector – used in Multi-SERTTA; measure transient neutron flux; the primary goal of 
current development efforts is modification of the sensor to perform in a high pressure, high flux environment 
and better understand transient capabilities; 
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• Capacitive Void Sensor – used in Multi-SERTTA; measure transient voiding data with emphasis on CHF 
timing with the possibility for quantification of void fraction; ongoing efforts include significant experimental 
development and computational modeling support; 

• IR Pyrometer – used in Multi-SERTTA; measure fast-response transient surface (cladding) temperature 
Currently a two-pronged approach with the acquisition of an off-the-shelf system with extensive environment 
qualification testing and analysis and a university partnership to develop a custom solution for TREAT 
experiments. 

Beyond the initial planned transient testing, several measurement needs have been identified to support 
multiple experimental testing vehicles having environments ranging from gas, steam, water, and sodium under 
stagnant and flowing conditions. Continued development of advanced modeling and simulation tools will provide 
unique opportunities for model-informed instrumentation targets for experiment phenomena of interest. The 
rebirth of transient testing in the United States provides a unique opportunity to establish (in some cases 
reestablish) experimental measurement capabilities as well as develop the next generation of transient testing 
instruments. 

7. POST IRRADIATION EXAMINATION 
In accordance with historical transient testing at TREAT, the Post Irradiation Examination for the ATF fuels 

tested at TREAT will mostly be prepared for at the INL’s Hot Fuels Examination Facility (HFEF). HFEF 
provides both large air cells for contamination control and experiment disassembly purposes and a large argon 
atmosphere hot cell for detailed examination and sample preparation. HFEF will be equipped with new work 
tables in its air cell to facilitate disassembly of ATF-3-1 experiments and the assembly/disassembly of ATF-3-2 
experiments. All PIE and data gathered will be performed in accordance with detailed PIE plans. However, the 
general approach to PIE for the ATF-3 series is outlined below. 

 
Populated transient test vehicle (prior to commencement of transient testing): 

• The TREAT reactor radiography station will be operated following the arrival of experiments at the TREAT 
facility and in between incremental energy deposition experiments (where applicable) to determine the 
positioning of specimens with the transient test vehicle. Assurance of correct fuel specimen location within 
the test vehicle following transportation to the TREAT facility is essential prior to transient testing. At that 
time, any in-pile instrumentation that must be connected or in sight of the fuel specimen will also be verified 
for its positioning. 

Populated transient test vehicle (following removal from secondary containment post transient test): 

• Visual examination will establish the general condition of the primary containment vessel, instrumentation 
feed through seals and peripheral equipment connected to the pressure vessel. 

• Neutron and high energy X-ray radiography (if available) will be used to determine the condition and location 
of fuel specimens prior to depressurization of the irradiation vehicle primary vessel / test section. This will be 
used to determine fuel condition and if water displacement techniques will be required in order to facilitate 
sample collection and the performance of non-destructive and destructive PIE on specimens. 

• Depressurization of the primary containment vessel will be performed in conjunction with gas sample 
collection. Gas samples will be processed and analyzed for composition and fission product concentration. 

• Water removal and sample collection for water chemistry analysis eg. via ICPMS to determine cladding and 
fuel coolant reaction product species and concentration, if any. 

• Neutron and high energy X-ray radiography (if available) will be used to determine the condition and location 
of fuel specimens prior to opening and removal from the irradiation vehicle primary vessel / test section. 
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Fuel specimens, non-destructive PIE: 

• Visual examination will establish general condition of the fuel specimens. 

• Dimensional examination will quantify dimensional changes in the specimens, e.g. elongation, radial 
swelling, and bowing.  

• Eddy current examination will quantify the thickness of the surface oxide layers, if applicable. 

• Axial, and radial gamma scanning of the specimens will be used to determine the fuel location/relocation and 
fission product distribution. 

• Thermal analysis measurements will be performed if available. 

• Where severe fuel failure and relocation within the transient test vehicle has occurred (as would be indicated 
in vehicle radiography), sample collection will be facilitated through the displacement 

The approach for destructive PIE is summarized below and will be performed in a combination of the INL 
HFEF, analytical lab, IMCL and other appropriate facilities: 

Fuel Specimens, Destructive PIE: 

• Microstructural analysis of several sample sections from each specimen will be performed to determine the 
effects of transient testing including PCMI, PCCI, irradiation creep of materials, cross-sectional swelling 
profiles, cladding ballooning, fission gas bubble morphology / distribution and microhardness.  

• Selected samples will be transferred to the analytical laboratory for burn-up analysis in irradiated samples 
(optional for fresh fuel tests). This data will be used to benchmark as-run physics calculations and gamma 
scans for calculation of plate average, local, and peak burn-up. 

• Thermophysical properties of specimen samples will be measured where required. 

Completion of destructive PIE will be documented in follow-on PIE reports. A final summary report of each 
ATF-3 series will be produced. The remains of the ATF-3 fuel specimens and will be retained in the HFEF 
storage location or other suitable storage for potential future use or final disposition. 

 

8. SUMMARY 
The Idaho National Laboratory is preparing to restart the TREAT reactor to support transient testing in the 

United States. The facilities, transient test vehicles and testing methodology will allow for the determination of 
the behavior of traditional and state-of-the-art fuels under transient accident conditions such as RIA to provide a 
comparison to test specimens of accident tolerant fuels. The performance behaviors that will be of most 
significance to the early tests under the ATF-3 series will be driven by PCI and specifically PCMI. The modeling 
and analytical techniques that are being implemented, such as in the examples provided above, are being used to 
provide prediction of the PCI response under the conditions in TREAT tests. These predictions allow for 
instrumentation and post irradiation examination (PIE) needs to be evaluated and qualified prior to restart and 
testing. It is anticipated that by embracing a combination of both state of the art instrumentation and new 
advanced in-pile instrumentation, a greater understanding of PCI and thermal driven fuel performance can be 
developed and the modeling techniques can be refined and validated. 

Beyond the scope of ATF testing, the instrumentation, transient test vehicles and methodology being 
developed will be applicable to the testing of other fuel systems. For example, TREAT technology recovery 
efforts that are being performed in parallel to the ATF program are re-establishing transient testing capabilities for 
sodium environments by developing a MK IV sodium loop irradiation vehicle. 
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NOMENCLATURE 
AFC Advanced Fuels Campaign 

ATF Accident Tolerant Fuels 

ATF-3 ATF Transient Testing Campaign 

ATF-3-1 Transient tests with fresh ATF concept Fuels and baseline UO2/Zr specimens 

ATF-3-2 Transient tests with irradiated ATF concept fuels and baseline UO2/Zr specimens 

DOE Department of Energy 

FCCI Fuel-Cladding Chemical Interactions 

FCMI Fuel-Cladding Mechanical Interactions 

FCRD Fuel Cycle Research & Development 

FY Fiscal Year 

HFEF Hot Fuels Examination Facility 

HZP Hot Zero Power 

INL Idaho National Laboratory 

LHGR Linear Heat Generation Rate 

LOCA Loss of Coolant Accident 

LWR Light Water Reactor 

PCF Power Coupling Factor 

PCI Pellet Cladding Interactions 

PCMI Pellet Cladding Mechanical Interactions. 

PIE Post Irradiation Examination 

PPT Prototypical Power Transients 

PWR Pressurized Water Reactor 

RIA Reactivity Initiated Accident 

TED Total Energy Deposition 

TREAT Transient Reactor Test 
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ABSTRACT:  
 

It is acknowledged that one way to mitigate PCI failures is to reduce the rate of power 
increase, especially in the final stage of a power ramp.  Relatively few slow power ramps 
have been performed in test reactors and also very few modeling studies of slow power ramps 
have been reported to date.  Nevertheless, all operating guidelines have provisions that 
impose a low ramp rate and therefore there exists an extensive operational experience dataset 
that supports the benefits of slow ramps.  
 
As it is generally accepted PCI failures are a consequence of an SCC process that requires 
simultaneous action of mechanical (hoop stress) and chemical corrosive agents (I or Cd) in 
the presence of a susceptible material.  The thermochemical environment, with oxidizing 
conditions being of special interest, also plays an important role.  To date, the mechanisms 
by which slow ramps prevent or delay the PCI failure process are not fully elucidated and 
several hypotheses have been proposed related to both the mechanical and chemical 
components of PCI.  The present review that is complemented by experimental and 
theoretical new research aims at advancing the understanding of the mitigating factors 
associated with slow ramps [1]. 

 
The following mechanisms were considered as candidates for explaining low ramp rate 
benefits: 1) Reduced stress by cladding creep, 2) Reduced stress by pellet creep and dish 
filling, 3) Disconnect between the time of peak stress and the time of release of 
SCC-aggressive chemical species, 4) Increased Fission gas Release (FGR) with associated 
reduced gaseous swelling, 5) Increased pellet compliance – fragment re-arrangement with 
resultant inward movement, 6) Healing of oxide layer cracks on cladding inner surface– 
enough time for re-passivation of cladding inner surface during a slow ramp.  

 
These mechanisms were considered in relation to several failure criteria, including peak 
stress, strain energy density and other cumulative damage formulations. Towards a tentative 
working hypothesis for PCI mitigation by low ramp rate, the normalized results of certain 
fuel codes that have been part of the Third SCIP MWS [2] are used in the paper in order to 
support or question the applicability of different possible mechanisms, considered as potential 
mitigating factors in slow ramps. In addition, the results of out-of-pile biaxial tests on 
irradiated cladding are presented for a loading scheme that aimed at reproducing the stress 
rate conditions of a slow ramp; the relatively small contribution of stress relaxation during the 
power increase stage of a slow ramp that was noticed in code calculations was confirmed by 
the mechanical biaxial tests.   

 



 

2 
 

Preliminary conclusions will be succinctly presented, emphasizing the following major 
outcome of the current study: 

-  Pure mechanical effects do not seem to fully explain the slow ramps’ benefits - the 
competition between the oxide formation and healing and the SCC-aggressive agent 
chemical attack could be an important dynamic factor leading to slow ramp benefits.   

 

The paper will conclude with recommendations for future studies, both theoretical and 
experimental. 
  

1. PCI phenomenology in relation to slow ramps 
 
It is generally accepted that one way to mitigate PCI failures is to reduce the rate of power 
increase, especially in the final high power end of a power ramp. However, relatively few 
slow power ramps have been performed in test reactors and also very few modeling studies of 
slow power ramps have been reported to date. The impact of high burnup was the main goal 
in the first and second SCIP Modeling Workshops (MWS) [3, 9].  Recently, the Third SCIP 
MWS was organized to investigate another important aspect, namely the PCI mitigating 
effects of lowering the ramp rate. To that end, the Super Ramp-Extension (SRX) BWR low 
ramp-rate subprogram (part of the international SR program performed at Studsvik), 
comprising 8 tests, was used together with a set of SCIP single-step and staircase ramps.  
 
It is a little over 55 years since the first PCI-type defect was observed during a program GE 
undertook to determine the impact of fuel centerline melting on fuel performance [4].  Soon 
thereafter GE investigators determined that the most likely failure mechanism was SCC.  
Similar failures occurred in other reactors and intense research was devoted to both 
understanding PCI-SCC failure mechanisms, as well as identifying engineering solutions.  
General understanding of the PCI-SCC process has been obtained through this intense   
world-wide research effort, however, both major and some detailed features are still being 
debated, e.g. iodine was proposed as the chemical agent responsible for SCC, but cadmium can 
also produce SCC and some chemical considerations favor Cd presence in the fuel rod at the 
time of the power ramp more than iodine.   
 
Based on in-reactor power ramp tests the following factors have been identified as important in 
causing PCI-SCC: Linear Heat Generation Rate, LHGR, both as Ramp Terminal Level, RTL, 
as well as LHGR increment, ramp LHGR increase rate, and time at RTL. Pure mechanical 
fracture was initially proposed, but experimental evidence showed SCC is operating, however, 
if strain rate is very high SCC has no time and pure overload mechanical failure occurs. At 
moderate and lower strain rate, a SCC process occurs, but the details of chemical stage are still 
to be clarified; for the assumed I as aggressive chemical agent, it can be either surface 
adsorption or weakening of Zr atomic bonds, or diffusion at the crack tip. 
 
The maximum (peak) stress achieved during a power ramp is directly proportional to the 
LHGR increment, but also dependent on the initial LHGR level and previous power history, 
which determines the fuel state at the beginning of the power ramp and especially the 
pellet-cladding gap that affects the peak stress magnitude.  The RTL mainly determines 
Fission Gas Release, FGR, and the release of the SCC aggressive chemical species is assumed 
simultaneous with FGR.  The earlier studies, e.g. [5,6] determined that a power ramp failure 
threshold of the type LHGR increment vs. initial LHGR, is the best suited correlation to 
describe fuel PCI performance during power ramps.  This is theoretically based on the 
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previous considerations of LHGR increment and RTL (which is initial LHGR plus LHGR 
increment) implications on the two major variables, stress and aggressive chemical agent that 
need to act together to cause SCC.   
  
The other two factors mentioned above are related to the kinetics of the SCC process, which is 
classically divided into incubation, initiation and propagation.  Once the mechanical and 
chemical factors are active simultaneously, the time at high stress and the strain rate during the 
power increase stage are important parameters affecting the outcome of the SCC process, by 
either delaying or stalling altogether the SCC crack in any of the three stages mentioned above. 
  
The iodine-induced SCC process has been studied by out-of-pile parametric studies [4, 14] at 
constant stress, CST or constant strain rate, CRT and some of the main conclusions are as 
follows: 

- Steepest slope of stress vs. failure time at intermediate stress level 
- Saturation at low stresses, with what is interpreted as a stress threshold, however, this 

threshold is dependent on failure time, and SCC failure occurs even at a low stress if 
time is long enough. 

SCC typically produced pinhole type cracks. In power ramps in the reactor, the power is not 
shut down immediately and the pinhole crack extends axially and appears as a narrow short 
axial crack.  The connection between CST and CRT results is the strain rate, which is lower 
the lower the stress in the CST tests is. 
  
This brief account of PCI phenomenology is illustrated in Figure 1, where the classical Wenn 
diagram showing the needed overlap between the mechanical and chemical aggressive species 
attack is complemented by the “fuel rod chemistry” circle, which represents the impact of the 
above mentioned oxidizing conditions within the fuel rod, with the ensuing clad inner surface 
oxide effects, shown as a side contributing factor.  Also, the important role played by cladding 
texture and other properties is highlighted, too.  
 
2. Existing slow ramp data  
 
International programs dedicated to power ramps for both PWR and BWR fuel rods have been 
carried out and most of the data are now in public domain. These power ramp programs took 
place from the mid-1970’s, with the bulk of the data accumulated before mid-1990’s, being 
characterized by a large diversity of fuel pellet and cladding materials, as well as rod designs 
were used in the power ramp programs. 
       
Therefore, the analysis of the power ramps in the different international programs is 
complicated because of the diversity of fuel designs and fabrications; however, clearer trends 
and interpretations are possible if the homogeneous sub-sets of fuel rods (i.e. same fabrication 
and irradiation conditions) are analyzed, such as the SRX data set presented herein. 
 
As part of the SCIP II program a task was devoted to the collection of data and review of the 
more than 1100 ramp tests performed at the Studsvik R2 reactor between 1970 and 2005. The 
most common ramp rate in the ramp database is 100 W/cm/min which was used in more than 
50% all ramp tests. Almost all ramp tests after 1990 have been performed at this ramp rate. 
Only about 10% of all ramp tests have been slow ramps. By grouping the ramp data in a slow 
group (< 1 W/cm/min) and a standard group (~100 W/cm/min) and considering only BWR 
ramp tests with non-remedy fuel, the fractions of failed ramp tests are 14 % and 48 %, which 
indicates that overall, there are fewer BWR PCI failures at slow ramp rates than at higher 
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ramp rates. Furthermore, staircase ramp tests may be considered as a special case of slow 
ramp tests. By comparing BWR staircase ramp tests, i.e. ramp tests performed with small 
successive power steps and a 1 h hold time at each step, with single-step ramp tests on 
non-remedy fuel, the single step (100 W/cm/min) ramp tests on average fail at about 5 kW/m 
lower power than the staircase ramp tests. This also points toward the beneficial effect of a 
low ramp rate. 
 
Figure 2 shows all the slow ramp tests available in the Studsvik power ramp database. There is 
no clear separation of failed and non-failed ramp tests for low ramp rates. In addition, Figure 2 
suggests that the power threshold for failure is not higher for low ramp rates than for higher 
ramp rates. This indicates that the interpretation of the power ramp programs is difficult due to 
the wide diversity of fuel conditions, cladding materials and testing conditions.  Furthermore, 
few ramp test programs in the past have isolated the ramp rate dependence from other 
parameters making it difficult to determine the effect of the ramp rate on failure thresholds. 
 
In the OVER-RAMP program (1977-1980) three PWR rod segments from the same father 
rod were ramp tested with the ramp rates 1 W/cm/min and 100 W/cm/min resulting in failure 
at both ramp rates and for the same power of 42.5 kW/m. The third segment was ramp tested 
to 40 kW/m at 100 W/cm/min and survived. This indicates that a factor 100 in ramp rate may 
not be sufficient to avoid failure, while lowering the ramp power and power step appears 
more efficient in avoiding rod failure. 
 
In the SUPER-RAMP program (1980-1983), a group of eight BWR ramp tests were 
performed at very low ramp rates of ~0.03-0.06 W/cm/min. However, no reference tests were 
made at higher ramp rates on the same material. These slow ramp tests were performed with 
the aim of determining a safe ramp rate, below which PCI failure would not occur. Five of the 
eight tests resulted in rod failure and the results could not easily be interpreted. For example, 
two rods failed at lower RTL than their sibling rods tested at the same test conditions. Some 
of the failures probably occurred due to missing pellet surfaces and this may have had a 
strong influence on the results. 
 
The ramp tests used in the 3rd SCIP MWS [8] include both PWR and BWR fuel rods taken from 
the SCIP I (2004-2009), SCIP II (2009-2014) and SRX programs (1984-1986), [7]. Eleven tests 
have been performed in the Studsvik R2 reactor and one (GE-1) in the Halden test reactor. The 
water loop provides the pressure and temperature simulating BWR or PWR conditions. The 
rod linear heat generation rate (LHGR) is measured via a fast acting calorimetric technique and 
the LHGR is controlled using a neutron absorbing screen of He-3 gas surrounding the rodlet. 
The rig is also equipped with a rod elongation detector. The ramp test is performed by first 
conditioning the rodlet at a pre-determined conditioning power level (CPL) for a given 
conditioning time. The rod power is then ramped at a controlled ramp rate to the desired ramp 
terminal level (RTL) by reducing the He-3 gas pressure. After reaching the RTL the power is 
kept constant until failure is detected or until the pre-established hold time expires, which is 
long enough to declare non-failure (NF), as PCI failures occur soon after reaching RTL, 
typically within minutes to a couple of hours. 
 
Five of the 12 tests resulted in rod failures. Four of the failures were classical PCI type failures, 
while the failure of GE-1 was most likely initiated by PCI, but PIE metallography showed outer 
clad crack propagation was assisted by a hydrogen-assisted outside-in crack mechanism. 
 
The 2x4 BWR series of ramp tests (OA1-1 – OA1-4) and (OL1-1 – OL1-4) is almost unique 
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among Studsvik ramp test series in that the ramp rate was the only test parameter changed 
between the tests for each of the two series that differed by initial gap (see Table 1). The rodlets 
originated from the same segmented father rod and have practically identical as-fabricated 
properties, power history and burnup (minor differences in fill gas pressure, fuel impurity level 
and grain size are not significant for power ramp performance). Hence, the selected tests are 
well-suited for the 3rd MWS with focus on the examination of the mitigating effects of the ramp 
rate. 
 
3. Selected results of the 3rd SCIP Modeling Workshop regarding slow ramps 
 
3.1 Overall codes benchmarking 

 
The base irradiation and fuel rod characterization were in most cases sufficiently satisfactory 
and efforts were made to assure similar coolant T/H conditions for all codes.  Nevertheless, 
differences between codes were observed, noticeably deviations between the different codes 
are present even in the preconditioning state, being higher for the mechanical variables than for 
the temperature distribution.  The fuel rod state after base irradiation and just prior to the 
power ramp in the test reactor was in most cases similar for all codes, but larger differences 
appeared in particular cases.  Therefore, the spread of ramp results of the participating codes is 
in part caused by this scatter in the pre-ramp fuel state. 
 
A standard output format was requested for all codes to report results for thermal and 
mechanical parameters, such as fuel pellet and clad temperatures, gap and clad stresses, etc., 
which were considered relevant for PCI assessment.  In summary, the scatter noticed in the 
previous 2nd SCIP MWS was also observed in the 3rd MWS. 
 
Good agreement between the codes was noticed with regards to temperature calculations for all 
cases; the deviations for maximum fuel temperatures predictions reached values near 25-30% 
in some cases. The thermal behavior for OA1’s-OL1’s cases shows lower deviations in clad 
temperature results between the different codes, around 5%, but in the case of fuel centerline 
temperatures the deviations were as high as 30% (even 40-45% for OL1-1 and OL1-3).  
 
The end-of-life gaps calculated by the participating codes showed a very large scatter, 
especially for the staircase xM3 ramp, with its ten ramp steps. This case, the only one that can 
be compared to experimental measurements, shows a general trend of over prediction for all 
codes.  
 
The experimental trend for residual permanent hoop strains available for xM’s and GE-1 rods 
is captured by the predictions in different ways: approximately half of the code results for xM1, 
xM2 fall in the region of maximum experimental data at middle height of the rodlet, except the 
highest local peaks, which are not well predicted, while the other results are mainly under 
predicted. Most of the codes over predicted the maximum strains for the staircase xM3 power 
ramp, while half of codes over predicted and the other half under predicted the maximum strain 
for staircase GE-1 power ramp. 
 
Some PIE findings were consistent with code predictions of the OA1’s-OL1’s cases: a) most 
codes show higher elongation in OL1-1(48 kW/m) than OA1-1 (44 kW/m), b) the final gap was 
lower in OA1-1 than OL1-1, as expected, c) higher temperatures were found in OLs than OAs 
as reported in PIE for larger GAP rods (OLs). 
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Most of the codes fall in a region reasonably close to rod axial elongation measurements. More 
details can be found in [8]. 
 
Regarding predictions of failure/no failure in the simulated cases, these results are obtained: 
correct prediction for all the five simulated cases with PRIME code, one correct prediction 
(xM2) in the three simulated cases with ROPER code, five in the twelve cases with FALCON 
(EPRI), one (GE-1, if gaseous fuel swelling activated) in four simulated cases with 
FRAPTRAN code (CIEMAT) and one correct prediction (xM3) from the total twelve cases 
simulated with FRAPTRAN code by USNRC. 
      
PRIME predictions of failure were reported for the failed GE-1 rod and four SRX rods, two of 
which failed; on a relative basis the DI (Damage Index) values for the two non-failed rods are 
below those of the three failed rods, however, the DI values are spread over two orders of 
magnitude, and no quantitative failure threshold was defined, but rather a propensity to failure 
was associated to the DI model.  This was linked to the need for a multiple-parameter PCI 
threshold in combination with an uncertainty analysis.  It is also remarked that full analysis 
with ENIGMA’s PCI model (completed just after the MWS meeting) produced similar 
inconclusive results: predicted the failure of OA1-3 and GE-1, but not of OA1-4, while the 
non-failed xM3 was predicted as failed.  In any case, for all PCI models reported it was 
difficult to clearly distinguish the ramp rate effect that was experimentally observed.  
 
 
3.2 Cladding stress evolution 

 
The cladding stress evolution during the power ramp is monotonically increasing (after the gap 
is closed) as the pellet practically imposes its deformation on the cladding, thus we are dealing 
with a strain-imposed boundary condition for the cladding.  In fast single ramps and for most 
slow ramps, the peak stress achieved at the top of the ramp is mostly elastic, i.e. there is not 
enough time during power ascension for cladding creep (thermal creep dominates) to cause 
permanent strain and this partly relax the stress.    
 
On the other hand, during the hold time at the RTL, stress relaxation typically occurs, both 
because of purely mechanical stress relaxation in the cladding and also by pellet creep and 
extrusion into pellet-end dishes, which are present in most designs.  It is remarked that fission 
gas release and gaseous swelling also play major roles, the former by supplying the aggressive 
SCC agent (be it I or Cd) and the latter by dampening stress relaxation.  It is therefore 
recognized that proper modeling of both pellet and cladding thermal-mechanical processes is a 
pre-requisite for assessing PCI behavior – moreover, fuel thermochemistry is still not fully 
addressed. 
 
This overall evolution is illustrated in Figure 3.  During power ramp up, the stress is basically 
elastic and very little if any relaxation occurs even for slow ramps. During hold time at RTL or 
during step hold times when power is high enough, stress relaxation occurs. 
 
During the hold time of a single step ramp as well as during power steps of a staircase ramp, the 
stress relaxes exponentially; however, an important observation was that the maximum stress 
after step power changes in the latter case remains practically the same for the high power steps.  
This could be an interesting feature that differentiates the single slow ramps from stepwise 
ramps. 
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The stresses predicted by the codes spanned quite a large scatter band and three groups could 
be identified, with a relatively lower dispersion within each group.  The large scatter is not 
unexpected because stress is not part of the fuel performance variables that are scrutinized in 
design/licensing analyses.  Strain on the other hand is the main concern as it is subject to 
regulatory acceptance criteria.  Therefore, code calibrations that focus on strain predictions 
could lead to different stress outcomes, especially as in many instances the codes are biased 
conservatively for licensing applications and an overestimate of strain is translated into an 
under estimate of stress (biasing creep or plastic models to over predict strains leads to more 
stress relaxation and hence lower stresses).   
 
In addition, the mechanical behavior is quite different for the two main metallurgical states of 
Zr alloys, namely CWSR (Cold Worked Stress Relieved) and RXA (Recrystallized Annealed), 
being harder for the former, and the default material condition is different for different codes.  
Although irradiation hardening greatly reduces the difference between as-manufactured 
CWSR and RXA materials, creep behavior both thermal and irradiation-enhanced remains 
different.  Detailed information regarding the mechanical properties of the different cladding 
types of the MWS fuel rods was not available; hence a calibration of the mechanical models in 
all fuel codes was not possible. 
 
An added source of different stress predictions is the different approaches used by different 
codes in order to model permanent deformation.  Some codes use a combination of plasticity 
and creep models, while others employ a unified constitutive equation (the strain rate is 
calculated as function of stress, temperature, irradiation, etc.). 
 
Such a discrepancy in calculated stresses was noted before, during the preliminary phase of the 
1st SCIP MWS [9], between RODEX4 (main relevant features described in [10]) and 
FEMAXI-6.  Initially FEMAXI-6 produced significantly lower stresses than RODEX4 and 
after replacing the original creep model with a more recent “Halden” model and also 
implementing strain hardening features of the MATPRO-11 plasticity model (details in [9]) the 
stresses predicted by FEMAXI were in line with RODEX4 and the conclusion was that the 
changes in the cladding mechanical model led to more adequate stress results.  Therefore, the 
predicted stress is considered code dependent and therefore, any PCI failure model that 
involves stress will also be code dependent. 
 
Regardless of the difference in stress levels between the codes, all of them show similar trends 
for all cases.  Specifically, very little stress difference is predicted for failed and non-failed 
cases, a typical example being the RODEX4 results shown in Figure 3, where the failed rods 
are plotted with dashed line. 
 
Another observation was with respect to the expected sensitivity of the peak stress to initial 
pellet-cladding gap, which is larger for OL1 rods than for OA1 rods and hence lower stresses 
are expected for OL1 rods (hot-cell PIE indicated larger pre-ramp gap for OL1 rods); indeed, 
most codes predicted lower stresses for those OL1 rods ramped in similar conditions to OA1 
rods.  
 
4. Cladding stress relaxation during the power ramp 

 
In SCIP II Hardening-Relaxation (HRX) tests were performed with the objective of simulating 
the cladding hoop stress behaviour in ramp tests. The HRX tests are performed by internal 
pressurization of a defueled and refabricated cladding tube sample. The test is performed with 
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strain control. The sample strain is increased at a controlled strain rate up to a constant target 
strain, i.e. the hardening phase. The total strain is then kept constant and the sample relaxes the 
stress through creep of the material, i.e. the relaxation phase. During relaxation the elastic 
strain decreases and plastic strain increases, while the total strain is kept constant. The test 
activates plasticity and creep mechanisms such as strain hardening and dislocation creep in the 
material. 
 
The test material was taken from a BWR fuel rod with recrystallized Zry-2 cladding with liner. 
The local burnup at the position of the test sample was 66.5 MWd/kgU. Two HRX tests were 
performed at 290 °C representing the cladding outer wall temperature. First a slow 33-hour 
(0.0003%/min) strain increase simulating a reactor start-up ramp followed by relaxation for 24 
hours. The second test was a 2 min (0.3 %/min) strain increase simulating a standard ramp test. 
The test results shown in Figure 4 show a 41 MPa reduction (or 7% on a relative basis) in 
maximum achieved hoop stress for the slow ramp relative to the fast ramp. The stress-strain 
figure shows that the fast ramp results in completely elastic behaviour and the slow ramp 
agrees for hoop stresses up to about 480 MPa. Hence, only above this high stress there is a large 
enough creep rate to give a non-negligible stress reduction in the hardening phase of the slow 
ramp. 
 
In-reactor conditions the temperature gradient across the cladding would increase during a 
power ramp and the average temperature in the cladding after a power increase would be about 
20 °C higher than the temperature used in the HRX test. Thus, a somewhat larger stress 
reduction could be expected at the somewhat higher temperature, but it would still be small and 
much less than 100 MPa. 
 
The ramp rates used in the HRX test correspond to power ramp rates of 0.01 kW/m/min and 
10 kW/m/min, assuming a 20 kW/m ramp step. The slowest ramp rate in the SRX program is 
of the same order as the slow ramp rate in the HRX test. The hoop stress calculations for the 
SRX rods shown in Figure 3, which includes models for fuel thermal expansion and creep, 
cladding temperature and creep in the ramp test, reach a maximum cladding hoop stress of less 
than 500 MPa. Comparing with the HRX tests it is clear that the stress reduction due to 
cladding creep in the slow SRX power ramp tests is small. 
 
The relaxation phase of the HRX tests shown in Figure 4 illustrates the slow relaxation of 
recrystallized Zry-2 cladding at BWR temperatures. The final stress after 24 h relaxation is 500 
MPa for both strain rates which corresponds to a total of 17% stress reduction by creep during 
the hardening and relaxation phases. The slow relaxation promotes PCI crack propagation 
since the stress continues to be high during the hold time. The stress relaxation for 
stress-relieved cladding at PWR temperatures is larger than for the BWR case. This is due to 
the difference in temperature, but also to the difference in creep strength of the cladding heat 
treatment. For PWR conditions the stress relaxation is significant preventing crack propagation 
of cracks which have not reached a critical length within some minutes after the maximum 
stress is achieved. The difference between BWR and PWR cases is illustrated by the calculated 
stress evolutions shown in Figure 3 for BWR rod OA1-3 and PWR rod xM3. 
 
The residual creep strain after unloading of the sample is 0.1 %. This can be compared to the 
residual strain measured on the surviving SRX rods of about 0.3 % after 12 h of hold time at 
power. This difference in residual strain suggests that the fuel pellet has also undergone creep 
relaxation resulting in permanent plastic deformation of the pellet preventing full release of the 
elastic stress and strain of the cladding. 
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5. Candidate Slow Ramp Mitigating Factors  
      
The following mechanisms were considered as candidates for explaining low ramp rate 
benefits: 1) Reduced stress by cladding creep, 2) Reduced stress by pellet creep and dish filling, 
3) Lack of synchronization between the maximum stress and Fission Gas Release (FGR), 4) 
Increased FGR with associated reduced gaseous swelling, 5) Increased pellet compliance – 
fragment re-arrangement with resultant inward movement, 6) Healing of oxide layer cracks on 
cladding inner surface– enough time for re-passivation of cladding inner surface during a slow 
ramp. These mechanisms were considered in relation to several failure criteria. 
      
In order to analyze the results of the current MWS, some remarks are in order with regards to 
thermal-mechanical modeling in the participating fuel codes.  The PCI process is a global 
manifestation of both the pellet and the cladding behavior during prior base irradiation as well 
as during the power ramp.  The former is important in establishing the fuel rod state at the 
beginning of the power ramp, especially the condition of the pellet-to-cladding gap.  To that 
end all fuel processes, such as densification, solid swelling, burnup degradation of thermal 
conductivity, etc., as well as cladding thermal and irradiation creep must be modeled 
appropriately.   
      
One particular model is related to pellet cracking, which is either directly modeled (RODEX4, 
ALCYONE, etc.) or represented by a relocation model (FRAPCON, FALCON, etc.).  The 
initial pellet-to-cladding gap is important because it is subtracted from total pellet expansion 
during the ramp and thus could lower the cladding tensile hoop stress during ramp if open at the 
beginning of the ramp.   
      
It is worth mentioning in this context, as it was often remarked in previous papers, that cladding 
stress is greatly impacted by only a relatively small uncertainty associated to all fuel rod 
parameters that control the pellet-to-cladding gap: e.g. a resulting gap uncertainty of about 13 
µm (which is less than 10% of the initial as-fabricated gap) is translated into 100 MPa variation 
for the hoop stress of a BWR fuel rod cladding. 
 
The mitigating effect of a staircase ramp test, which is equivalent to a low ramp rate test, is 
obvious from the comparison of the tests on PWR rodlets xM2 and xM3. A single fast ramp test 
from 20 to 50 kW/m resulted in PCI failure, while in a staircase ramp, the xM3 fuel rodlet did 
not fail until the final RTL of about 70 kW/m, reaching a temperature close to fuel centerline 
melting. 
      
The peak stress levels and times at high stress in the case of the SRX rods are compared to xM2 
single and xM3 staircase ramps in Figure 3, as calculated with RODEX4. The observation 
regarding a weak dependence of the peak stress on ramp rate for the SRX ramps is supported 
by the results of the other codes that simulated all those cases ([2]). 
      
The stresses predicted by RODEX4 for xM2 and xM3 have a similar evolution with a rapid 
drop and exponential decay (Figure 3), as expected, but the stress is higher for xM2, albeit its 
failure at ~ 2 min after reaching RTL makes its time at high stress shorter. Therefore, the 
staircase ramp has the same effect (if not stronger) as a slow ramp in that the stress reached at 
the same power is lower than for a single ramp.  It is remarked that the calculated peak stress at 
the beginning of the high power steps exceeds the level of the minimum stress during the xM2 
time at RTL (until failure) therefore, a peak stress or a cumulative damage index criterion will 
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not be able to clearly distinguish between the two. 
      
An additional observation for the staircase ramp was made based on the stress distribution 
calculated by ALCYONE and RODEX4(also described in [2] for another staircase ramp) 
across the cladding thickness, namely hoop stress higher at cladding inner radius at the 
beginning, followed by higher stress at cladding outer radius; this is another mitigating factor 
of the staircase ramp, as SCC cracks are initiated at cladding inner radius and the diminishing 
stress at that location might lead to slowing down or even arresting a potential SCC crack. 
 
6. Suggested Slow Ramp Mitigating Mechanism  
               
The hot-cell PIE examination of some of the SRX rods [7], indicated complete coverage of 
cladding ID by an oxide layer between 1 and 8 µm, suggesting oxygen was readily available 
during the power ramp. This is further supported by a previous study [11], which showed much 
less PCI propensity of hyperstoichiometric UO2, and based on hot-cell PIE of pellet and 
cladding attributed the increased PCI resilience to the inhibiting effect of oxygen that mainly 
prevents crack propagation.  In this regard, it is important to note the important role that fuel 
chemistry might be an important factor with respect to PCI mechanism, by controlling the 
oxygen supply to the cladding and/or affecting the transport of SCC aggressive species to the 
cladding. 
 
The following is a brief summary of some of the literature references regarding the role played 
by oxidizing conditions and clad inner oxide.   

 
In [12] it is reported that the presence of moisture, deliberately added to “doped” fuel rods 
consisting of irradiated cladding and fresh duel, inhibited the SCC action of I when both I and 
moisture were added to the doped fuel rods.  This was further confirmed by stressed-split rings 
studies, in which SCC-prone cold-drawn Zircaloy did not fail when water was deliberately 
added to iodine; the inhibiting effect of moisture on SCC was explained by the possibility of 
repairing the surface oxide at points of breakdown that would otherwise be nuclei for iodine 
attack.  Moreover, [12] states that studies in Canada, UK and US indicated that iodine-induced 
SCC is strain rate dependent, the strain-to-failure falling with the strain rate in the range 10-3 to 
10-6 s-1.  Below 10-7 s-1 the strain-to-failure goes up and below 10-8 s-1 no failure occurs, 
presumably because the stress is too low, and the tubes deformed by creep only at a stress 
below the failure threshold. 

 
The role played by the clad inner oxide layer was emphasized in [13] in the context of studying 
the role of dislocation channeling in localizing deformation of irradiated Zircaloy: it was 
observed by SEM examination that SCC cracks were restricted to the regions of severe local 
strain, elsewhere with the same stress but no localized large strain, no SCC cracks were 
observed.  This observation was corroborated with a local strain threshold that has to be 
exceeded in order to break the surface oxide film in order for the SCC attack to occur.  
 
These strain rate effects were confirmed in [14], where studies regarding the iodine-induced 
SCC susceptibility with strain rate were presented.  It was reported that SCC susceptibility 
increased with decreasing strain rate, so that below 21x10-3 min-1 the reduction of area was 
substantially diminished by the presence of I to become independent of strain rate, whereas at 
higher strain rate, ductile failure occurred, which was explained by SCC not having time to act 
for very fast mechanical deformation.  This is supported by [15] in which it is mentioned that 
the change in failure from mechanical to SCC occurs at a strain rate of about 3-5 10-3 min-1.  



 

11 
 

Moreover, it is speculated in [12] that the SCC inhibition at very low strain rates not seen in that 
study, it is because of the absence of the oxide film repassivation process, as the tests were done 
in a mixture of inert gas and iodine. 
 
The same conclusions are reached in [16], where it is speculated that a certain strain rate has to 
be reached and maintained by the sufficiently high stress, in order to continuously rupture the 
surface film.  Furthermore, [17] is cited regarding the possibility that SCC involves rupture of 
a surface Zr-I film, because the studies in [17] indicated that SCC occurs in the temperature and 
I concentration domain where condensed Zr-I phase is stable.  
 
A more recent confirmation is provided in [18] where it is concluded that breaking of the 
surface protective film that is required for SCC to occur, is counteracted by its healing at low 
strain rates, of course in the necessary oxidizing environment. 
 
An additional circumstantial evidence is provided by the Super Ramp program [19], where it is 
noticed during hot-cell PIE that the BG8-1 fuel rod subjected to a slow ramp and unexpectedly 
failed, had a missing pellet surface defect, MPS, at the location of the primary PCI crack.  It is 
speculated that the presence of MPS prevented clad inner oxidation, which it is known that 
occurs when pellet and cladding are in contact, allowing SCC attack at that location; of course 
the additional bending stress at clad inner surface is a contributing MPS effect.  
 
An added case in point was the indication from all code results that slow ramps do not imply 
significantly lower peak stress at RTL, which was supported by SCIP II HRX experimental 
results, described in the previous section. 
 
7. Conclusions 

 
The preliminary conclusions of the MWS studies, [2], are as follows:  
a) When cladding strain rate is higher than stress relaxation rate, clad stress is increasing: the 
faster the power increase, the higher the peak cladding stress is;  
b) The stepwise ramp appears to be a variant of a slow ramp, both showing PCI benefits; 
c) Pure mechanical effects do not seem to fully explain the slow ramps’ benefits - the 
competition between the oxide formation and healing and the SCC-aggressive agent chemical 
attack could be an important dynamic factor leading to slow ramp benefits.   
 
With regards to PCI-failure models, the remark made often in the past was reinforced by this 
study, namely that no single-parameter based failure threshold is able to fully segregate failures 
from non-failures, viz. the conservatively defined failure threshold, such as a power or stress 
threshold [20, 21], is a sufficient condition that a failure might occur, but not a necessary 
condition that a failure will occur once the threshold is exceeded. 
 
The promising results shown by some stress-FGR combination of PCI failure models is 
consistent with the above statement, however, the quantitative features of the models deserve 
further elaboration.  It is remarked again that the unavoidable variability of material properties 
in combination with other environmental uncertainties cannot be removed and hence a 
statistical model (e.g. as described in [22]) is the proper tool for a predictive capability of PCI 
failures.   
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Table 1: 3rd SCIP MWS power ramp cases 

 
 

 

 

 

 

Rodlet name    xM1 xM2 xM3 GE-1 OA1-1 OA1-2 OA1-3 OA1-4 OL1-1 OL1-2 OL1-3 OL1-4 

PWR/BWR  PWR PWR PWR 
BWR BWR BWR BWR BWR BWR BWR BWR BWR 

Cladding alloy/type  
MDA 
SR 

ZIRLO 
SR 

ZIRLO 
SR 

Zr-2 
RX 

Zr-2 
RX 

Zr-2 
RX 

Zr-2 
RX 

Zr-2 
RX 

Zr-2 
RX 

Zr-2 
RX 

Zr-2 
RX 

Zr-2 
RX 

Diametral gap µm 170 170 170 190 130 130 130 130 210 210 210 210 

Clad outer diameter mm 9.5 9.5 9.5 10.27 12.24 12.24 12.24 12.24 12.24 12.24 12.24 12.24 

Clad thickness/radius  0.13 0.13 0.13 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 

Burnup MWd/kgU 45 30 30 47 30.5 30.5 30.5 30.5 30.5 30.5 30.5 30.4 

Ramp rate, or 
No steps x ∆ step 

kW/(m.min) 
kW/m 

9.8 
 

10.6 
 

 
10x60 

 
6x60 

0.0125 
 

0.0267 
 

0.056 
 

0.028 
 

0.0125 
 

0.0567 
 

0.0583 
 

0.0133 
 

Ramp terminal LHGR 
(RTL), Peak value kW/m 50.1 50.3 70.0 54.8 44 44 44 44 48 48 44 44 

Conditioning LHGR 
(CPL) kW/m 20.1 19.8 20.1 20.1 27.5 27.5 27.5 27.5 27.5 27.5 27.5 27.5 

Conditioning ramp rate W/(cm.min) 3.5 3.9 3.5  0.4 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 

Conditioning time hr 18.0 18.1 18.0 17.6 1 1 1 1 1 1 1 1 

Hold time at RTL min 8 20 73 84 720 720 300 185 720 720 720 600 

Failure status   F F NF F NF NF F F NF NF NF NF 

Time to failure min 1.3 1.75  - 59 - - 85 145 - - - - 
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Figure 1 

 

 

Figure 2 Ramp terminal power (RTL) as a function of ramp rate for slow ramp tests in the Studsvik ramp database 
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Figure 3 Comparison of stress evolution for MWS rods with RODEX4 

 

 

 

Figure 4 Stress-strain curves and relaxation as a function of time from HRX tests on irradiated Zry-2 at 290 °C. 
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Pellet‐Associated Cladding Degradation (PACE): a Collaborative Research 
Consortium to Investigate Pellet-Cladding Interaction 

 
P. Frankel 

University of Manchester, UK 

 
Abstract  

PCI is clearly a very complex phenomenon, requiring improved understanding of a number of 

interdependent material behaviours. Combining the strengths and capabilities of a range of 

institutions interested in this area with current industry knowledge and experience will provide a 

strong platform to achieving this goal. The overriding aim of the PACE consortium is to coordinate 

research activities in order to provide a more mechanistic understanding of the PCI phenomena. 

The PACE programme includes experimental and theoretical investigations focusing on a range of 

aspects related to PCI. These Projects are associated with cladding degradation as well as fuel pellet 

related investigations, with an emphasis on complimenting experimental investigations with 

simulations covering a range of length-scales from macroscopic modelling to atomistic studies. The 

programme currently includes academic and industrial and member1 from the UK, USA, Canada, 

France and Sweden, with each member contributing to the research and knowledge exchange. 

The talk will give an overview of the PACE consortium and highlight current and planned 

investigations. State-of-the-art Experimental techniques such as high-resolution 

chemical/orientation mapping by TEM will complement atomistic simulations to provide a new 

understanding of the underlying mechanisms of PCI. Investigations aim to characterise samples from 

PCI occurring under reactor conditions, as well simulating cladding failure by I-SCC on proton 

irradiated and cold worked materials. Macroscopic FE simulations of strain distribution and pellet 

cracking are compared to novel peridynamics models capable of predicting pellet fracture. 

 

 

 

 

Editor’s note: a full paper was not received from this participant 

                                                           
1
 Current members of PACE include: Boise State University, Imperial College London, University of Manchester, 

Queen’s University, CNL, NNL, PSI, AMEC FW, Studsvik, EDF, Rolls Royce and Westinghouse. 
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Improving PCI performances of texture controlled cladding material 
 

Nozomu MURAKAMI (Mitsubishi Nuclear Fuel, Co. Ltd.) 

Yasushi KAMEDA (The Kansai Electric Power Co. Inc.) 

 

Abstract 

In this paper, texture controlled cladding material by means of the current modern fabrication process show good 

property of resistance to PCI failure, based on a number of power ramp test results of Zircaloy‐4 and MDA 

cladding, current standard PWR fuel cladding material of Japanese PWR fuel, and advanced corrosion resistance 

cladding material of M‐MDATM. 

Collaborating with Japanese PWR utilities, Mitsubishi Nuclear Fuel, Co. Ltd. (MNF) has studied a virtue of radial 

texture controlled cladding material from point of improving PCI resistance. 

PCI failure mechanism is known as stress‐corrosion‐cracking by combination with cladding inner stress due to 

pellet‐cladding‐mechanical‐interaction, and corrosive atmosphere at cladding inner side due to corrosive, 

aggressive fission product, such as iodine and cesium. Texture controlled cladding is manufactured as zirconium 

hexagonal crystal structure is tilted with specific slope to cladding circumferential direction in order to inhibit SCC 

cracking propagation.   

Based on a number of power ramp test results, texture controlled cladding showed good PCI resistance From 

these data, higher PCI failure thresholds can be applied for the moderately texture controlled cladding fabricated 

by the current fabrication process.   

 

 

1. Introduction 

Pellet Cladding Interaction (PCI) failure mechanism is 

known as stress corrosion cracking (SCC) by 

combination with cladding inner stress due to 

pellet‐cladding mechanical interaction (PCMI), and 

corrosive atmosphere at cladding inner side due to 

corrosive, violent fission product (FP), such as iodine 

(I) and cesium (Cs). PCI is associated with local power 

ramps during reactor startup, power maneuvering 

such as load‐follow operation, or anticipated 

operational occurrences (AOOs) . In Japan, based on 

various power ramp tests, occurrence of PCI failure 

thresholds are defined with ramp terminal power 

(Pmax) level versus burn‐up, and power increase (ΔP) 

versus burn‐up.   

Collaborating with Japanese PWR utilities, Mitsubishi 

Nuclear Fuel, Co. Ltd. (MNF) has studied a virtue of 

radial texture controlled cladding material from point 

of improving PCI resistance. In this paper, 

improvement of resistance to PCI failure is described. 

 

2.    Overview of PCI failure mechanism and 

prevention 

PCI failure mechanism is known as SCC. Basically SCC 

is caused with combinations of following three 

fundamental conditions: 
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I. tensile stress,   

In a PWR fuel rod, circumferential tensile stress is 

applied due to pellet‐cladding mechanical 

interaction. Tensile stress increase when fuel rod 

power increases due to pellet thermal expansion. 

II. sensitive material 

In PWR fuel rod, Zirconium‐based alloy is used as 

a fuel cladding material and it is sensitive to SCC. 

III. aggressive environment 

During an operation, many of fission products are 

generated inside fuel rod. Some of fission 

products, like iodine and cesium, are corrosive 

and they attack cladding inner surface and make 

micro cracks, which become a starting point of 

stress corrosion cracking. 

To prevent PCI failure, it is necessary to remove at 

least one of the above described fundamental 

conditions.    Mainly two types of measures are 

applied. 

1) Power restriction 

One is to restrict reactor operation, which ensure that 

cladding tensile stresses is below the PCI failure 

threshold during power increases. This measure leads 

operational restrictions. 

2) Design improvement   

As second method, fuel design improvement can be 

considered.   

i) Cladding design   

a) Zirconium Liner   

In the 1980s, GE developed the barrier/liner with 

pure Zr metal barrier (liner) at cladding Inner 

surface. The barrier is soft and serves to reduce the 

local stress and hence to give cladding resistance 

to SCC.   

b) Radial texture control 

A radial texture makes it more difficult for the PCI 

crack to propagate through the cladding thickness 

since the cracks propagate preferentially in planes 

that are tilted at 30° to the basal planes.   

ii) Pellet 

To reduce cladding tensile stress due to PCMI, 

relatively soft pellet (such as high creep rate), or to 

reduce aggressive FP release, large grain size pellet are 

developed. 

 

3. Improvement of resistance to PCI 

3.1. Cladding crystal texture control 

The alpha phase of Zirconium alloy has a hexagonal 

close‐packed (hcp) crystal structure. (see Fig.1) 

As shown in Fig.2, from out‐of‐pile test with various 

crystal textures controlled cladding tube[1], no crack 

initiation at cladding tube inner surface due to iodine 

occurs for poles normal to the hcp basal plane surface. 

For the basal pole angles between 50 and 70 deg, 

many cracks were observed. Increasing the basal pole 

angle to 90 deg again decreases the crack density to 

some extent. From this data and other literatures, 

cracks tend to initiate and propagate on a plane 

slightly leaned from hcp basal plane. 

Cladding tensile stress due to PCMI mainly occur 

circumferential direction, and initiated cracks at 

cladding inside will propagate toward to radial 

direction. Therefore, when hcp crystal basal plane is to 

orient with cladding circumferential direction, i.e. 

basal pole (hcp c‐axis) is toward cladding radial 

direction, sensitivity of crack initiation will reduces. 

Manufactured cladding tube using this approach has 

crystal texture controlled and this texture controlled 

cladding will become a remedy for PCI failure.   

From out‐of‐pile test data, texture controlled cladding 

showed good SCC failure resistance. As an index of 

texture control, Kearns texture factors (fr, fθ and fz) can 

be applied. Where fr, fθ and fz are corresponding to 

resolved fractions of basal poles (c‐axis). From point of 

crack initiation, it is preferable that fraction of basal 
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pole (hcp c‐axis) is toward cladding radial is relatively 

high, that is fr is high. 

In Fig.3, which is a result of out‐of‐pile SCC burst test[2], 

cladding tube with high fr showed relatively long time 

to failure due to SCC, under same tensile stress and 

atmosphere conditions. Furthermore, from out‐of‐pile 

SCC mandrel test data[3] indicated that failure strain 

increase along with fr texture control index, given in 

Fig.4 

 

3.2 Performance of texture controlled cladding 

In order to improve PCI resistance, Mitsubishi has 

studied for texture control cladding and has carried 

out several power ramp tests to demonstrate a 

performance of texture controlled cladding to PCI 

resistance. Fig.5 shows the results of ramp tests[4]. In 

this figure, the large symbols show the results of tests 

with texture controlled claddings. This texture 

controlled cladding data consists of two groups. One is 

the group of fuel rods with high texture controlled 

cladding (fr at cladding inner surface: 0.66‐0.68). 

These claddings were manufactured intentionally to 

increase texture control level. The other group is the 

rodlets with cladding fabricated by the current 

modern fabrication method. These cladding has 

moderately texture control level (fr: 0.61‐0.65).    On 

the other hand, the small symbols show those with 

claddings fabricated by the formerly applied method. 

Texture control level of these claddings was less than 

0.6 of fr. The difference between both fabrication 

methods lies in the texture control of the cladding and 

can be indicated by the Kearns factor. The current 

fabrication makes this factor higher and this, it is 

considered, leads to better PCI resistance. As shown in 

Fig.5, even the current fabrication cladding exhibits 

better PCI resistance than the former fabrication. 

This is qualitatively consistent with the Kearns factor. 

Moreover, this could explain the ramp performance of 

the texture controlled claddings having a higher 

Kearns factor, even when these claddings stem from 

the former fabrication. As shown in Fig.5, there is no 

clear difference in the failure results depending on the 

type of cladding, while the fabrication method, which 

means difference of texture control level, has a 

significant influence.   

 

3.3 Ramp data on high burn‐up rod   

Power ramp test data of higher burn‐up fuel rods is 

presented recently. Fig.6 shows the ramp test data[5] 

of high burn‐up MDA cladding fuel rodlet with those 

of M‐MDATM cladding fuel rodlet. Where M‐MDA is 

Mitsubishi’s advanced corrosion resistance cladding 

material, and moderately texture controlled by the 

current fabrication process, as same as cladding 

described in section 3.2. Resistance to PCI failure of 

M‐MDA was supposed to be comparable to MDA, 

because mechanical strength of irradiated M‐MDA 

was higher than MDA, ductility of M‐MDA is higher 

than MDA due to smaller oxide layer and lower 

hydrogen concentration, and out of pile test 

demonstrated that M‐MDA had enough resistance to 

SCC. 

The power ramp test was performed in Halden reactor 

in which hydraulic conditions simulated typical PWR. 

As shown in Fig.5, there is no failure data over 

60GWd/t ramp test data. These data contains even 

high power increase condition. 

Possible causes of the remedy at high burn‐up 

condition are as follow: A number of radial direction 

cracks at pellet peripheral region leads reduction of 

local cladding tensile stress. As supporting the cause, 

shown in Fig.7, pellet ceramography from relatively 

low burn‐up (about 30 GWd/t) pellet and high burn‐up 

(about 60GWd/t) pellet suggest that high burn‐up 

pellet has a number of pellet radial cracks, compared 

with low burn‐up pellet[6].   
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As another cause, in high burn‐up condition, there is 

bonding/oxidation layer between pellet outer surface 

and cladding inner surface, and this layer might be a 

protection cover to crack initiation due to aggressive, 

corrosive fission products. 

 

4.    Review of PCI failure thresholds 

The current PCI failure threshold for Japanese PWR 

fuel licensing reference is defined with ramp terminal 

power (Pmax) level versus burn‐up, and power 

increase (ΔP) versus burn‐up. Current Thresholds are 

given in Fig.5 with the dashed lines. When both the 

power and the power change exceed the lines in the 

corresponding graphs at the same time, PCI failure is 

assumed. 

The thresholds were set based on the results of the 

former fabrication cladding and have been applied for 

the current fabrication cladding. 

As described above, the claddings produced by the 

current fabrication method show higher PCI resistance. 

The improved PCI performance could be discussed on 

the basis of failures of claddings from the current 

fabrication. However, only one failure can be found in 

the figure which is not a sufficient basis to assess the 

improved effect by the current fabrication. Therefore, 

the estimation of the improved performance is done 

with the maximum non‐failure results (test data 

around 30 GWd/t).   

For high burn‐up region, there is no indication to 

decrease the limit of PCI failure thresholds.   

Thus, for moderately texture controlled cladding 

fabricated by the current method, PCI failure 

thresholds may be renewed up to higher burn‐up 

region. The conclusion is shown in Fig.5 with the solid 

lines. These lines are made by adding the estimated 

improved performance to the current PCI threshold 

lines. 

 

5.    Conclusion 

In this paper, as a improved measure to prevent PCI 

failure, crystal texture controlled cladding was 

discussed. As described previous section, from many 

power ramp test data including high burn‐up rods, 

even moderately texture controlled cladding (over 0.6 

of fr) fabricated by the current method, showed 

improved resistance to PCI failure, and    higher PCI 

failure thresholds to some extent can be applied for 

the fuel rods with the current fabrication method. 
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Fig.1    Schematics of HCP Crystal structure and texture control 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2    Influence of basal pole direction [1]   
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Fig.3    Influence of texture to SCC sensitivity on Zircaloy‐2 cladding[2] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4    Relation between failure strain and Kearns factor, fr 
[3] 

   

(fr = 0.628) 
(fr = 0.538) 
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Fig.5    The Power ramp test data with and without texture controlled cladding [4] 
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Fig. 6      Ramp test results of M‐MDA and MDA, compared 

with the present threshold to PCI failure for Japanese PWR fuel [5] 
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UO2/ZIRLO cladding (texture controlled) 

Local burn‐up :30.3 GWd/t 

Ramp terminal level (Pmax): 44.8kW/m 

Power increase (ΔP): 17.0kW/m 

Result: Intact 

UO2/MDA cladding (texture controlled) 

Local burn‐up :60.1 GWd/t 

Ramp terminal level (Pmax): 45.0kW/m 

Power increase (ΔP): 16.4kW/m 

Result: Intact 

 

Fig. 7      Pellet ceramography after ramp testing [6] 
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Abstract 

The I-SCC behavior of cold-worked stress-relieved (CWSR) Zircaloy-4 was investigated by means of 

internal pressure tests in both inert and gaseous iodine environments. I-SCC susceptibility was 

derived from tests on both un-irradiated and neutron-irradiated claddings tubes. Crack propagation 

rates were obtained from tests on pre-cracked tubes.  

The internal pressure tests conducted on un-irradiated cold-worked stress-relieved Zircaloy-4 

cladding tubes in an iodine vapor environment were used to investigate the influence of loading 

mode (either constant pressure tests, constant circumferential strain rate tests, or constant 

circumferential strain tests) and test temperature (320°C to 488°C) on the I-SCC process. The 

experimental results obtained with different loading modes indicated that there is an apparent 

threshold hoop stress, below which I-SCC does not occur. 

The tests were simulated by finite element models using a specific viscoplastic constitutive equation. 

The I-SCC initiation and time-to-failure predictions were modelled by a Kachanov's damage law 

written with a hoop stress threshold. In the simulations, the Kachanov’s law can be used in post-

treatment of calculations or coupled with the viscoplastic constitutive equation for the cladding in 

order to simulate the initiation and the propagation of the I-SCC crack. The coupling was 

implemented in the finite-element code CAST3M [1].   

  



P a g e  2 | 16 

 

 

1 Introduction 
The Pressurized Water Reactor (PWR) core is composed of fuel assemblies, fuel cladding being the 

first barrier. During an increase of the reactor power, the expansion of the pellets leads to the Pellet 

Cladding Interaction (PCI) that results in a thermomechanical loading on the cladding. In conjunction 

with iodine expelled from the pellet, it can lead to the hypothetical failure of the cladding by Iodine 

Stress Corrosion Cracking (I-SCC). 

The aim of this paper is to describe both the experimental and modelling approaches used at CEA for 

the description of I-SCC of stress-relieved (SR) Zircaloy-4 tube cladding. The I-SCC initiation and time-

to-failure predictions are modelled by a Kachanov's damage law written with a hoop stress threshold. 

The Kachanov’s model can be used in post-treatment of calculations or coupled with the viscoplastic 

constitutive equation for the cladding.  

Experimental procedure and results are first described in this paper. On the basis of the results, the 

different features of the model are detailed. Finally, simulation vs. experiment comparisons are 

presented.  

2 Experimental procedure and results 
I-SCC susceptibility of different batches of CWSR Zy-4 PWR cladding was investigated by means of 

internal pressurization tests on smooth specimens. Those tests were performed on both un-

irradiated and neutron-irradiated cladding, to determine the influence of neutron irradiation on I-SCC 

susceptibility.  

To create the iodine vapor environment, approximatively 75 mg of iodine was introduced inside a 

crucible which was introduced inside each specimen before pressurization. It gives an iodine surface 

concentration close to 3 mg.cm–2 which is in the range of iodine surface concentrations that lead to 

saturated effect of the iodine content on I-SCC susceptibility of Zircaloy-4 [2]. The iodine partial 

pressure at the beginning of the tests was evaluated to 3.105 Pa [3]. It was found in [4] that a critical 

iodine partial pressure is needed for the ISCC to occur, this critical range is between 0 - 60 Pa and 

that beyond 60 Pa, the iodine partial pressure does not influence anymore the ISCC behavior.  

The diametrical strain of the cladding can be measured by a laser throughout the tests. The inner 

pressure can be regulated by this laser in order to pilot the diametrical strain. In this paper, all the 

inner pressure tests presented were conducted at constant pressure.  

The mean hoop stress applied to the cladding is expressed in (Eq 1) as a function of the pressure “P” 

applied inside the cladding, the outer radius “Rout”, the inner radius “Rin” and the thickness “e” of the 

cladding.  

 ��� = �. ���	
 + ���
2. �  (Eq 1) 

In the tests presented in this paper, the pressure “P” is applied at 2 bar/s until a target value is 

reached, then the pressure is maintained at a constant value. The pressure rate of 2 bar/s is chosen 

fast enough so that the times required to load the specimen to the target value is small compared to 

the times-to-failure expected (few minutes versus some hours respectively). It is not chosen too fast 

to avoid adiabatic heating of the gas inside the specimen.   

I-SCC susceptibility was studied on un-irradiated CWSR Zy-4, on smooth specimen, in the 

temperature range from 320°C to 380°C [3] (see the results on Figure 1). I-SCC was also  studied on 
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smooth specimen of un-irradiated CWSR Zy-4, called Zy-4 X11 in this paper,  in the temperature 

range from 350°C to 488°C [5] (see the results on Figure 2). The irradiated CWSR Zy-4 was studied at 

the temperature of 350°C [6] on smooth specimen (see Figure 3). 

 

Figure 1: Inner pressure tests at constant pressure on smooth specimen under iodine vapor 

environment. Effect of the temperature on I-SCC susceptibility of un-irradiated CWSR Zy-4 cladding [3]  

 

Figure 2: Inner pressure tests at constant pressure on smooth specimen. Effect of the temperature on 

I-SCC susceptibility of un-irradiated CWSR Zy-4 (X11 batch) cladding [5]. Comparison of the results 

obtained under iodine vapor environment with results obtained under inert environment.  
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Figure 3: Inner pressure tests at constant pressure on smooth specimen. I-SCC susceptibility of 

irradiated CWSR Zy-4 cladding [6]. Comparison of the results obtained under iodine vapor 

environment with results obtained under inert environment.  

I-SCC susceptibility (as defined as the difference between the time-to-failure obtained under the 

iodine vapor environment and the time-to-failure obtained under the inert environment) is 

decreasing with temperature. At the opposite, the more the temperature increases the more the I-

SCC times-to-failure decrease (together with the times-to-failure obtained under the inert 

environment). The kinetic of the I-SCC fracture is accelerated by the temperature. The irradiation 

increases the I-SCC susceptibility of the CWSR Zy-4. On un-irradiated material, there is an apparent 

stress threshold of about 240 MPa that seems to be independent of the temperature between 320°C 

and 380°C. But the conclusion is not apparent for temperatures above (420°C and 488°C).  

In order to evaluate the I-SCC crack growth rate and the I-SCC tenacity “KSCC”, internal pressurization 

tests have also been carried out on pre-cracked specimens. Some results were obtained at different 

temperatures from 350°C to 420°C on un-irradiated CWSR Zy-4 [7] (see the results on Figure 4). The 

pre-cracking procedure is a fatigue-corrosion procedure and is described in [7]. Some results were 

obtained for irradiated CWSR Zy-4 at 350°C [8] with a fatigue procedure described in [9].  

The results give mean propagation rates “V” as a function of the initial stress intensity factor “K0” 

applied to each specimen. The mean propagation rate “V” is expressed as a function of the time-to-

failure “tF”, and the difference between the final I-SCC crack depth “af” and the pre-crack depth “a0” 

both measured post-mortem.  

 � = �� � ��
��  (Eq 2) 

“K0” is expressed in (Eq 3) as a function of the mean hoop stress “σθθ” ,as defined in (Eq 1), and the 

pre-crack depth “a0”.    

 �� = ��� . ��. �� (Eq 3) 
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Figure 4: Inner pressure tests at constant pressure on pre-cracked specimen. Effect of temperature on 

I-SCC tenacity (KSCC=4 MPa.√m) and on the I-SCC propagation rate.   

 

Figure 5: Inner pressure tests at constant pressure on pre-cracked specimen. Effect of the irradiation 

on I-SCC tenacity (KSCC=1 MPa.√m on irradiated CWSR Zy-4).  

I-SCC tenacity and the propagation rate seem to be independent of the temperature. The irradiation 

decreases the I-SCC tenacity of the CWSR Zy-4.  

I-SCC propagation times appear to be short in comparison to the usual initiation times (few minutes 

versus hours respectively). As a consequence, the experimental time-to-failure can be assimilated to 

the time to initiate an I-SCC crack on the smooth specimen.   

3 Results and modeling 

3.1 Simulation of the inner pressure experiments 
To simulate the inner pressure tests, finite-element simulations were performed with CAST3M [1] in 

the 2D radial-tangential plane of the cladding. The viscoplastic behavior of the cladding was 

simulated with an orthotropic viscoplastic model [10] for irradiated or un-irradiated Zy-4 cladding. 

This model is implemented in CAST3M through the MISTRAL module [11].  
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Figure 6 : On the left, 2D finite element mesh used in the simulations with the symmetrical boundary 

conditions (red lines) and the pressure applied at the inner wall of the cladding (green line). On the 

right, an example of the mesh used for the calculations with the Kachanov-Miller’s model.  

The internal pressure is applied by radial nodal forces at the inner wall of the cladding. The internal 

pressure also creates an axial resultant force F on the end caps of the specimen. The value of F is a 

function of the internal pressure P and the inner radius Rin of the cladding: 

 � = �. �. ���  (Eq 4) 

In order to take into account F, the simulations were performed using the assumption of the 

generalized plane strain. In this assumption, the resultant axial load F is applied to the mesh at the 

center of the generalized plane strain center which is situated at the center of the cladding. In the 

example shown in the left of the Figure 6, the simulated angle is θ=22.5°, so the force applied in the 

calculations (Fapplied) is equal to F/16.  

 ������ ! = �. "#�!
2. �  (Eq 5) 

The geometry of the mesh was recomputed after each step of calculation. In particular, the radial 

nodal forces applied at the inner wall of the cladding and the axial load were recomputed after each 

step. As a consequence, the hoop stress defined in (Eq 1)  represents its initial value. 

3.2 I-SCC modeling with the Kachanov’s model 
To describe I-SCC, the Kachanov’s damage model [12] as written in (Eq 6) has been chosen.  

 
$%
$� = & 〈 ���

1 � % � ��〉 	+,�ℎ < / >= 1/	,2	/ > 0
0	,2	/ < 0 (Eq 6) 

This model describes the evolution of a damage variable D as a function of an effective hoop stress 

(σθθ/(1-D)) and a threshold stress σ0. The scalar “A” and the exponent “n” are parameters of the 

model. The damage variable D is a scalar that ranges from 0 to close to 1. Before any damage 

occurred, D equals 0. Then, as long as the effective hoop stress is higher than the threshold stress σ0, 

D increases with time.  

3.3 Kachanov’s model used in post-treatment of FE simulations 

The Kachanov’s model can be used in post-treatment of the FE simulations. The effective σθθ used in 

(Eq 6) is the hoop stress calculated at the inner wall of the cladding, the value D=1 stands for the 

initiation of an I-SCC crack at the inner wall of the cladding, in the calculations. Because the I-SCC 
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propagation time is short in comparison to the initiation time, the time calculated to initiate a crack 

with Kachanov’s model (D=1) can be compared to the experimental times-to-failure.  

A set of parameters was identified for the un-irradiated CWSR Zy-4 in [3], on the results presented on 

Figure 1. The effect of the temperature on I-SCC is taken into account with an activation energy Q as 

written in (Eq 7). The stress threshold σiodine=240 MPa appeared to be independent of the 

temperature.   

 
$%
$� = &4�!� . �5

6
7 〈 ���
1 � % � �4�!� 〉89:;<=  (Eq 7) 

The times-to-failure calculated with the Kachanov’s model are compared to the experimental results 

on Figure 7. As an illustration, the times at which the calculated Diametrical Strain “DS” is larger than 

40% are plotted on the figure under the name “Inert-DS>40%” curves. These curves illustrate the 

times-to-failure that could be obtained in an inert environment. In that figure (and the following 

figures), it is assumed that the times-to-failure calculated with the Kachanov’s model cannot be 

longer that the times-to-failure evaluated with the “Inert-DS>40%” curves.    

 

Figure 7: Inner pressure tests at constant pressure on smooth specimens. Comparison of the 

Kachanov’s model with the experimental results obtained on the un-irradiated CWSR Zy-4 [3].  
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The Kachanov’s model, used with the set of parameters identified above, has been applied to the un-

irradiated CWSR Zy-4 (X11 batch) on the Figure 8. The I-SCC susceptibility of the material is slightly 

over-estimated at 350°C. At 420°C and 488°C, the “Inert-DS>40%” curves are close to the 

experimental times-to-failure obtained under an inert environment. At 420°C, the Kachanov’s model 

and the “Inert-DS>40%” are very close while they are superposed at 488°C. It is consistent with the 

small I-SCC susceptibility of the un-irradiated CWSR Zy-4 (X11 batch) at these temperatures. It can be 

concluded that the Kachanov’s model, identified for a range of temperature from 320°C to 380°C in 

[3], with an apparent stress threshold of 240 MPa, extrapolates well to the results obtained at 420°C 

and 488°C too.    

 

Figure 8 : Inner pressure tests at constant pressure on smooth specimens. Comparison of the 

Kachanov’s model with the experimental results obtained on un-irradiated CWSR Zy-4 (Zy-4 X11 

batch) [5]. 

The parameters of (Eq 7) were identified for the irradiated CWSR Zy-4. Only the activation energy 

“Q” was fixed to its value identified on un-irradiated CWSR Zy-4 [3]. The Kachanov’s model for 

irradiated CWSR Zy-4 is compared to the experimental results on Figure 9. As an illustration, the 

times at which the calculated Diametrical Strain “DS” is larger than 20% are plotted on the figure.  
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Figure 9 : Inner pressure tests at constant pressure on smooth specimens. Comparison of the 

Kachanov’s model with the experimental results obtained on irradiated CWSR Zy-4 [6]. The effects of 

the temperature are extrapolated with the Kachanov’s model.  

3.4 Coupled Kachanov’s model in CAST3M 
In order to simulate both the initiation and the propagation of a crack, the Kachanov’s model can be 

coupled to the viscoplastic models of the cladding. For that purpose, it has been implemented in the 

MISTRAL module and coupled to the viscoplastic models available in that module [13].  

To simulate the crack opening, a crack strain tensor “εf”, as described in the Ottosen’s model [14], 

has been added to the other type of strains in the MISTRAL module. It’s a method to make the 

coupled damage model independent of the size of the mesh used in the calculation [14]. For an 

application to tangential direction of the cladding, the tangential component is the only non null 

value of the tensor. The tangential component is written in (Eq 8) as a function of the length Lθ of the 

elements in the tangential direction and of the critical opening of the crack “uC”.  

 
$>��
$� = $%

$� .
?@
A� 	+,�ℎ	B� =

1
2 . ��. ?@  (Eq 8) 

The critical crack opening “uC” and the stress threshold σ0, as defined in (Eq 6) in the Kachanov’s 

model, allow to define the minimal fracture energy “G0” of the model.  

The Figure 10 illustrates the response of the coupled Kachanov’s model under a uni-directional 

loading which consists in applying a constant strain rate “V”, on one element, with the properties of 

the cladding in its tangential direction (with the viscoplastic model for the CWSR Zy-4 [10]). The 

fracture energy “G”, which is defined as the area under the curve in this figure, tends to “G0” as the 

applied strain rate “V” decreases. It can be noticed that the displacement-to-failure is equal to the 

critical crack opening “uC” plus a viscoplastic elongation of the material. For the lowest strain rates 

“V”, the viscoplastic elongation is neglectible and the displacement-to-failure is equal to the critical 

crack opening “uC”.     
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Figure 10: Uni-directional response of the Kachanov’s model coupled with a viscoplastic model in 

CAST3M, at different uni-directional constant strain rate V. The calculation was made on one 

element, with σ0=100 MPa and uC=0.5 microns. The curves obtained with V=10-7 s-1 and V=10-6 s-1 are 

superposed and define the minimal fracture energy “G0”.  

In order to take into account the embrittlement of the cladding due to the local iodine content “I” in 

the material, the Kachanov’s model (Eq 7) is re-written as a function of embrittlement functions A(I) 

and σ0(I) in (Eq 9):  

 
$%
$� = &�C�. �567 〈 ���

1 � % � ���C�〉 (Eq 9) 

The critical crack opening “uC” writes as a function of the embrittlement function G0(I) deduced from 

(Eq 10):  

 B��C� = 1
2 . ���C�. ?@�C� (Eq 10) 

The Figure 11 presents the embrittlement functions according to the local iodine content “I”. When 

“I” is lower than a threshold of iodine content “IC1”, there is no embrittlement of the material. The 

Kachanov’s model is supposed to model the damage of the material under an inert environment. 

When “I” is higher than a saturation iodine content “IC2”, the I-SCC susceptibility of the material 

does not change. The local iodine content “I” and the parameters IC1 and IC2 are dimensionless 

quantities.  

 

Figure 11: Embrittlement functions according to the iodine content « I ».  
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The local iodine content “I” is assumed to follow I-SCC Miller’s model [15]. This model is based on the 

Fick’s law of diffusion. Assuming that iodine does not diffuse in the zirconium, except in the I-SCC 

crack or at the tip of a crack, the Fick’s law was written as in (Eq 11) in [15].   

 
$C
$� =

1
D �CEF7 � C� (Eq 11) 

This equation is suitable for a 2D Radial-Tangential FE application. In (Eq 11), IEXT is the “external 

iodine load”. It this paper, it is a dimensionless quantity. Both, the iodine load “IEXT” and the local 

iodine content “I” are fields of values defined on all the elements of the mesh in the FE simulations. 

The parameter τ in (Eq 11) is a period of time that is characteristic of the diffusion of iodine, limited 

to the crack and the tip of a crack, in the zirconium. This parameter could depend on the local 

mechanical fields as in Miller’s model [15] but was not taken into account in this paper.  

The coupled Kachanov’s model used with the Miller’s model described above is called Kachanov-

Miller’s model in the following.  

Before any I-SCC crack is initiated in the calculation, the value of IEXT is set to 0 everywhere except in 

one element of the inner wall of the cladding chosen arbitrarily. In that element, the local iodine 

content “I” evolves from 0 to the local non null value of IEXT. The evolution of the local iodine content 

“I” can lead to the local embrittlement of the cladding and to a subsequent local damage. The 

“external iodine load” IEXT is updated after each step of calculation in CAST3M according to the 

updated position of the I-SCC crack, so that, the values of IEXT are 0 everywhere in the mesh except in 

an I-SCC crack and at the tip of an I-SCC crack, as illustrated in Figure 12.  

 

Figure 12: Simulation of the I-SCC crack with the Kachanov-Miller’s model. The iso-values of the 

external iodine load « IEXT » that range from 0 (blue) to 1 (red) are depicted. The external iodine load 

starts at the inner wall of the cladding and follows the I-SCC crack that runs along the radius of the 

cladding, at different time steps (from the left to the right).     

The “external iodine load” can be updated according to the position of the damaged zone. The 

damaged zone is defined as the zone where D>Dmin. It includes the I-SCC crack. In the following, the 

“external iodine load” was updated according to the “damaged zone” with Dmin=0.01.   

The Kachanov-Miller’s model, has been applied to the simulation of the inner pressure tests on 

irradiated CWSR Zy-4. Both the tests realized on smooth (see Figure 3) and pre-cracked specimens 

(see Figure 5) have been simulated.   

The Figure 13 presents the results obtained with the Kachanov-Miller’s model applied to simulations 

of inner pressure tests at constant pressure on irradiated CWSR Zy-4 smooth specimens. The 

parameters under iodine of the embrittlement functions (see Figure 11) were those identified with 

the Kachanov’s model used in post-treatment, as described in (Eq 7) and Figure 9. The parameters 

under inert environment of the embrittlement functions were arbitrarily chosen to avoid any damage 

without iodine. The parameters IC1 and IC2 are arbitrarily set to 0.2 and 0.5 respectively in order to 

saturate the iodine embrittlement. I-SCC initiation and failure of the smooth specimens are properly 
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simulated by the Kachanov-Miller’s model. I-SCC cracks evolve fast enough in the calculations to 

conclude that the times-to-failure and the times-to-initiate an I-SCC cracks are close in the 

calculations as in the experimental tests.    

 

Figure 13: Inner pressure tests at constant pressure on smooth specimen. Comparison of the 

Kachanov-Miller’s model with the experimental results obtained on irradiated CWSR Zy-4 [6]. Each 

curve represents the time required to initiate a crack or to develop a crack of depth A in the 

calculations.  

The Figure 14 and the Figure 15 present the results obtained with the Kachanov-Miller’s model 

applied to simulations of inner pressure tests at constant pressure on pre-cracked specimens, with 2 

different pre-cracks “A” in the calculations and 2 different sizes of the mesh “L”, respectively. The 

pre-crack is simulated in affecting D=1 to a row of elements as initial values in the calculations. The 

calculations are post-treated like the experiments thanks to the (Eq 1), (Eq 2) and (Eq 3). As expected, 

the result of the model is the same for a given initial stress intensity factor, whatever the depth of 

the pre-crack “A” in the calculation. The result is independent of the size of the elements of the mesh 

“L” thanks to the use of the crack strain tensor “εf” as defined in (Eq 8) from [14].  

 

Figure 14 : Inner pressure tests at constant pressure on pre-cracked specimens. Comparison of the 

Kachanov-Miller’s model with the experimental results obtained on irradiated CWSR Zy-4 [8], for 2 

values of the depth of the pre-crack “A” in the calculations. On the left, the pre-crack is represented 

by the elements where D=1 (red) with D=0 (blue) anywhere else. Only a portion of the mesh used in 

the calculations is represented.  
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Figure 15 : Inner pressure tests at constant pressure on pre-cracked specimen. Comparison of the 

Kachanov-Miller’s model with the experimental results obtained on irradiated CWSR Zy-4 [8], for 2 

values of the size of the mesh “L” in the calculations.  

The calculated I-SCC tenacity “KSCC” is close to the experimental value (KSCC=1 MPa.√m). In the 

calculation, the I-SCC propagates when the local tangential σθ stress is larger than the I-SCC stress 

threshold σiodine. The I-SCC tenacity “KSCC” and the I-SCC stress threshold tend to have the same 

mechanical meaning. They are both independent of the temperature in the range 320°C to 380°C ([3] 

and [7]).  

The I-SCC propagation rate is under-evaluated with the set of parameters that predicts correctly the 

I-SCC initiation. The set of parameters had to be modified to properly evaluate the I-SCC propagation 

rate (see Figure 16). The Aiodine parameter, as defined in Figure 11, was multiplied by 10.  

 

Figure 16: Inner pressure tests at constant pressure on pre-cracked specimen. Comparison of the 

Kachanov-Miller’s model with the experimental results obtained on irradiated CWSR Zy-4 [8]. Effect of 

the modified set of parameters on the I-SCC propagation rate.  
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4 Future works 
The Kachanov-Miller’s model was implemented in Alcyone in 2D-Rθ and is to be implemented in 

Alcyone 3D [16]. The goal of this implementation is to enable a good discrimination of failed and non-

failed ramps. In Figure 17, an I-SCC crack initiated and developed from the inner wall to the outer 

wall of the cladding, assuming that the “external iodine load” conducted to saturated iodine 

embrittlement in the calculation.  

 

Figure 17: Example of a ramp test simulated with Alcyone and the Kachanov-Miller’s model in the 

cladding. The I-SCC crack initiates and propagates in front of a crack in the pellet during the upper 

level of the ramp test.    

5 Conclusions 
The inner pressure tests carried out at constant pressure, under iodine vapor environment, on 

smooth CWSR Zy-4 specimen, tend to reveal a hoop stress threshold for I-SCC. This stress threshold 

seems to be independent of the temperature in the range 320°C to 380°C.  

This result is consistent with the fact that the I-SCC tenacity “KSCC” seems to be independent of the 

temperature too.  

The level of stress threshold is about 240 MPa on un-irradiated CWSR Zy-4. This value is close to the 

stress threshold of 300 MPa exhibited in [17] on un-irradiated CWSR Zy-4 too. The stress threshold is 

about 150 MPa on irradiated CWSR Zy-4.   

The Kachanov’s model, used in post-treatment of finite-element calculations, was used to model the 

I-SCC initiation. A set of parameters was identified, from inner pressure tests under iodine vapor, for 

both un-irradiated and irradiated CWSR Zy-4.    

This set of parameters was used in the Kachanov-Miller’s model presented in this paper. The model 

properly simulated both I-SCC initiation and I-SCC tenacity “KSCC” for irradiated CWSR Zy-4. It tends to 

give the same physical meaning to the I-SCC stress threshold and to the I-SCC tenacity “KSCC” in the 

calculations. The I-SCC propagation rates were under-estimated with that set of parameters. In order 

to better evaluate the I-SCC propagation rates, some parameters had to be re-evaluated.  
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Abstract

An in-reactor experiment is being designed to validate the pellet-cladding mechanical interaction (PCMI)
behavior of the BISON fuel performance code. The experimental parameters for the test rod planned to be
placed in the Halden Research Reactor are being determined using BISON simulations. The 3D model includes
a missing pellet surface (MPS) defect to generate large local cladding deformations, which should be measureable
after typical burnup times.

The depth of the proposed MPS defect is being varied in the BISON model to establish an optimum value for
the experiment. The experiment will be interrupted approximately every 6 months to measure cladding radial
deformation and provide data to validate the modelling of PCMI with fuel performance codes. The complete
rodlet is being simulated using a 180° half symmetry 3D model with MPS defects at two axial locations. In
addition, annular pellets will be used at the top and bottom of the pellet stack to allow thermocouples within the
rod to measure the fuel centerline temperature. Simulation results are presented to illustrate the expected PCMI
behavior and support the chosen experimental design parameters.

1 Introduction
The BISON fuel performance code is actively being developed at Idaho National Laboratory (INL) and has

been used to model various nuclear fuels and simulate a range of in-reactor effects [1]. BISON is built on the
Multiphysics Object-Oriented Simulation Environment (MOOSE) and leverages the capabilities of the MOOSE
framework. BISON supports 2D and 3D simulations that solve the fully coupled nonlinear partial differential equa-
tions involved in nuclear fuel performance modelling. In addition, the mechanical and thermal contact between
the fuel and cladding is modelled using a master-slave based contact algorithm. BISON has been used to model
MPS defects [2]; however, validation of the PCMI predictions of the code is continuing [3]. Other researchers
have also modelled MPS defects using both 2D and 3D representations [4–6].

An opportunity to utilize an experiment in the Halden Research Reactor to provide data for validating 3D
simulations of the behavior of MPS defects was identified. The experiment will involve irradiation in the Halden
Research Reactor of two fuel rods, both of which will include MPS defects. One of the two rods (“reference rod”)
will be instrumented with two fuel centerline thermocouples (TCs) for the fuel temperature measurements to be
compared to BISON calculations. The other rod will be instrumented with an INL-developed probe for measuring
thermal conductivity and temperature simultaneously, which is being prepared for testing at Halden. The fuel
rods used to test this instrument can be modified to include MPS defects with no significant effect on the testing
of the probe. In addition to temperature measurements, experimental examinations will include interim cladding
diameter measurements at different times during the experiment. BISON is being used to help design the fuel rod
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geometry and provide predictions of the cladding deformation throughout the experiment. Although the behavior
under irradiation of the two rods is anticipated to be similar, some differences are expected due to the different
geometry of the fuel central hole hosting the INL-probe compared to the TC holes, and different neutron absorption
in the sample. In this paper, we limit the study to the “reference rod”, whereas future simulations will consider
both rods that will be involved in the experiment.

The primary objectives of the BISON simulations in this phase of the planning for the experiment are to ensure
that the effects of MPS defects on cladding deformation will be detectable at the end of the experiment and that
the temperature at the in-situ thermocouple locations remains less than 1100 C in order to prevent thermocouple
failure. The thermocouple temperature is approximated by the temperature on the inner annular surface of the
fuel at the axial location of the thermocouple. The applied power history is modified as necessary to maintain the
temperature at the specified thermocouple locations below the prescribed limit.

2 Model Description
2.1 Fuel Rod Configuration

The initial specification of the fuel rod geometry and operating conditions of the “reference rod” is given in
Table 1. The rod will be comprised of a ~200 mm long stack of UO2 fuel pellets and Zircaloy-4 cladding, with
He as rod filling gas. The rod will be characterized by a narrow gap (~50 �m diametral), in order to promote early
PCMI during irradiation and enhance the effect of the MPS on cladding deformation. In addition, a large plenum
volume of ~50% fuel volume will be included to minimize the effect of fission gas release on the thermal and
mechanical behavior of the fuel rod and the related modelling uncertainties, thus allowing for a better separation
of the MPS effects. For other design characteristics, typical PWR geometry will be considered. The irradiation
will be performed under typical PWR conditions for ~2 years.

A schematic of the fuel and cladding geometry is shown in Figure 1. The rod will include two MPS pellets,
one of which will be a hollow pellet located in the upper part of the rod, and the other a solid pellet located
approximately at rod mid-plane. One centerline TC will be located in correspondence of the upper MPS pellet,
whereas the other TC will be located in a non-defective pellet at a symmetric, lower axial position relative to the
upper TC. Assuming that the axial power profile will be approximately flat, the lower TC will serve as reference
to assess the effect of MPS on fuel temperature through comparison with the upper TC signal.

2.2 MPS Models
A series of 3D models was created to represent the various fuel rod configurations proposed for the Halden

experiment. Initially, since the number of pellets and MPS locations had not been finalized, a simplified 5-pellet
model (Figure 2) was used to perform preliminary simulations. This model consists of both solid and annular
pellets with an MPS defect in the central pellet. The MPS depth in this model was varied from 0.1 mm to 0.3 mm.
The model contains 150826 nodes and 16692 27-noded 3D hexahedral elements. Typical run times for the 2-year
simulation using this 5-pellet model on 192 processors are approximately 8 hours.

Once the experimental configuration of the fuel rods became more certain, a full-length 3D model was de-
veloped (Figure 3). The MPS defects and thermocouple locations have been specified as shown in Figure 1. The
full-length model contains 334712 nodes and 36426 27-noded 3D hexahedral elements. Typical run times for the
2-year simulation using this full-length model on 300 processors are approximately 21 hours.

The axial power profile is assumed to be flat and the input linear power ranges between ~25-32 kW/m. All
of the 3D simulations incorporate models to represent the main in-reactor effects of nuclear fuel behavior such as
swelling, densification, creep, relocation and fission gas production and release. In addition, the contact between
the cladding and fuel was primarily modelled using a frictionless contact interface. To fully capture PCMI behav-
ior, frictional contact interfaces will be needed and are continuing to be developed in BISON. A comparison of
frictionless and glued contact models for a full-length simulation will be presented in the discussion section.
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Parameter Value
Fuel Material UO2
Pellet Diameter 8.31 mm
Pellet Height 9.5 mm

Fuel stack length 200 mm
Pellet Dish Diameter 7 mm
Pellet Dish Depth 0.13 mm
Cladding Material Zircaloy-4

Cladding Outer Diameter 9.50 mm
Cladding Inner Diameter 8.36 mm
Initial Diametral Gap 50 microns

MPS Depth 0.1 mm
TC Hole Diameter 1.8 mm
Plenum Volume 50% Fuel Volume
Fuel Enrichment 10%

Fill gas He
Fill Gas Pressure 5 bars
Fuel Density 95% TD

Fuel Grain Size 5 microns

Table 1: Reference fuel rod configuration

Figure 1: Schematic of Halden fuel rod configuration (Rod #2)
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Figure 2: Halden 5-pellet model

Figure 3: 3D rod geometry and detailed mesh of annular MPS pellet
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3 Results and Discussion
3.1 MPS Defect Depth

The effect of MPS depth on cladding deformation is a primary concern in determining the fuel rod geometry.
Figure 4 shows the radial deformation of the cladding plotted as a function of distance from the bottom of the fuel
rod for a set of initial MPS depths. The plot shows that even with the smallest MPS depth of 0.1 mm, the radial
deformation at the end of the 2-year experiment simulation is approximately 20 microns. Since the resolution of
the device for measuring cladding displacement is a few microns, the cladding deformation induced by the 0.1 mm
MPS defect should be easily detectable at the end of the experiment. Introducing a deeper MPS defect would not
provide a significant advantage, and would be less representative of defects of practical interest.
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Figure 4: Radial cladding deformation with MPS depth variation

3.2 Linear Power History
The second goal of this study is to provide an estimation of the linear power history that will ensure that the

temperature at the thermocouple locations remains below 1100 C throughout the 2-year experiment. Selected
nodes were used to monitor the temperature at locations as near as possible to the thermocouple locations in
the annular pellets. Figure 5 shows a plot of the temperature versus time at those selected nodes using different
applied linear power histories. The linear power was specified to be within the range from 25 to 32 kW/m. As
can be seen in Figure 5, using a constant applied linear power results in temperatures that increase over time at
both thermocouples. This is expected due to the degradation of thermal conductivity in the fuel with increasing
burnup.

Because a major goal of this experiment is to produce cladding deformation significant enough to be mea-
surable, the temperature should be maximized to enhance fuel thermal expansion and gaseous swelling in order
to promote PCMI and maximize the effect of MPS defects on cladding deformation. Using the maximum linear
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power of 32 kW/m generates the largest increase in temperature; however, during the second 6-month interval, the
temperature exceeds the 1100 C limit. The applied linear power was incrementally reduced to levels that were held
constant for each 6-month period of the experiment to find power levels that would keep the temperature at each
thermocouple within acceptable limits. Figure 6 shows the resulting temperature history with a modified applied
linear power. The power was reduced to 95%, 88% and finally 82% of the initial 32 kW/m value for the second
through fourth 6-month intervals of the experiment (Figure 7).

AnMPS defect model requires a 3D simulation to accurately represent the missing pellet surface, and all results
shown up to this point in this paper are from 3D models. The errors introduced by attempting to model the MPS
using a 2D, axisymmetric simulation have been discussed previously [2, 7]. However, initially in this work, a
2D-RZ model with the MPS represented as a radial gap of the same size as in the 3D case, was used to perform
preliminary simulations to determine the power history modification required. Figure 8 shows a comparison of
the 2D and 3D results for the upper and lower thermocouple locations. As can be seen, the lower thermocouple
location without an MPS defect shows excellent agreement between the 2D (8-noded quadrilateral elements) and
the 3D results. Conversely, the 2D model grossly over predicts the temperature rise in the MPS pellet due to
the axisymmetric representation of the MPS. A 3D analysis is necessary since the MPS is a local defect in the
circumferential direction and the 2D axisymmetric model represents the defect as a reduction in the diameter in
the pellet. The larger pellet-cladding gap in the 2D-RZ model results in an over prediction of the thermocouple
temperature. Figure 9 shows a typical contour plot of the 3D temperature distribution from the full 21-pellet
simulation.
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Figure 5: Predicted temperature history using constant linear power histories
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Figure 9: 3D Fuel temperature contour (t = 2 years)
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3.3 Full 3D Rodlet Cladding Deformation
The cladding deformation of the fuel rod will be measured at the end of each 6-month irradiation cycle in the

reactor. The BISON simulations included a cool down and hold phase every 6 months to represent this part of
the experiment. Following the hold, a similar heat up period was used to resume the calculation. Figure 10 shows
the cladding deformation of the complete fuel rod in the hot and cold state for each of the intervals. The dashed
lines represent the time just prior to the cool down and the solid lines are the deformation at the end of the holding
period. One can see both the effect of cooling down the rod at a specific time as well as the effect of the total time
on the amount of deformation at the MPS locations.
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Figure 10: Radial deformation of cladding with MPS defects (3D full rod)

3.4 Contact Model Comparison
The contact model used for the pellet-cladding interface will have a significant effect on the results of a fuel

rod simulation. The previously discussed results were generated using a frictionless contact model for the pellet-
cladding interface. Even though the assumption of frictionless contact is obviously not realistic, at the time, the
implementation of this contact model was the most robust within BISON and provided the best option.

As a comparison, the pellet-cladding interface was modelled using a glued contact condition, which may be
closer to reality, however still an approximation. The glued contact is enforced as soon as initial contact occurs and
the interfaces are not allowed tomove tangentially or separate under tension. During the intermittent measurements
of the cladding deformation, some fuel-cladding separation may occur which will not be accounted for using this
contact model.

Figure 11 shows the radial deformation of the cladding for a full-length rod simulation using an MPS depth
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of 0.3 mm. The displacements for both the frictionless and glued contact simulations are plotted. Initially, the
frictionless and glued results are fairly similar, however, at the end of the 2 year simulation the glued interface
predicts about 20% less local deformation at theMPS defect. This is primarily caused by the increased constraint of
the cladding due to the glued contact condition. In addition, the displacements for the selected times are extracted in
the hot state prior to the cool down step. This was necessary because the current glued contact implementation does
not allow the interfaces to release in tension and so the cladding displacements in the cooled state are constrained
in a non-physical manner.

Further evidence of the local effects caused by the change in contact model can be seen in Figures 12 and 13.
Figure 12 shows a contour plot of the effective cladding strain in the MPS defect area. The glued interface shows
higher local strains near the defect whereas the frictionless interface allows the deformation to be distributed along
the cladding and thus is less localized. Figure 13 shows the same region of the model but in an off-axis viewpoint.
Once again, the glued interface shows more localized strain and highlights the necessity for 3D models to capture
the effects of MPS defects.

Finally, Figure 14 shows the effect of the interface conditions on the overall cladding elongation of the fuel
rod. The glued interface predicts about 3 mm of elongation whereas the frictionless case results in about 1 mm
of elongation. These simulations represent the bounding cases and it is expected that the experimental results of
cladding elongation will fall somewhere between these values.
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Figure 11: Comparison of frictionless and glued contact (3D full rod) on radial cladding deformation
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(a) Frictionless (b) Glued

Figure 12: Comparison of frictionless and glued contact on creep strain contours near the MPS defect

(a) Frictionless (b) Glued

Figure 13: Off-axis comparison of frictionless and glued contact on local creep strain near the MPS defect
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Figure 14: Comparison of frictionless and glued contact for cladding/fuel interface on cladding elongation

4 Conclusions
BISON simulations were employed to guide the design of a proposed Halden Reactor experiment that will

provide useful PCMI validation data for BISON and other fuel performance codes. These simulations provided
information on whether cladding deformations due to the MPS defect will be significant enough to be measurable.
In addition, these simulations were used to propose a linear power history that will maximize fuel temperatures,
but still maintain the temperature of the in-situ thermocouples below the specified limit. The power history and
cladding deformations were determined using full 3D simulations of the fuel rod due to inherent limitations of
2D representations of an MPS defect. A comparison of certain results was made using both frictionless and glued
contact models for the pellet-cladding interface in BISON. These comparisons illustrate the effect of the interface
contact model, highlight the 3D nature of simulating MPS defects and provide bounding values for the BISON
predictions of the experiment. Additional calculations will be performed as more details of the final fuel rod
configurations are provided.
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Introduction 

The current French energy mix is such that more than 75% of electricity is generated in EDF ’s Nuclear 

Power Plants (NPPs), requiring a high level of flexibility of the fuel cores. As a result, Stress Corrosion 

Cracking -Pellet Clad Interaction (SCC-PCI) phenomena have been studied for more than 30 years in 

the French Nuclear R&D community. Specific “PCI design approaches” were developed and 

successfully used to define operation limitations to be applied in NPPs experiencing load following 

operation. In parallel to this robust industrial “PCI design approaches”, multi-scales investigations 

have been launched to improve our understanding of the involved mechanisms, in the pellet, the 

pellet-clad gap and on the cladding inner surface.      

Need for load following 
The current need for load following is detailed in [1]. It results from the fact that the French Energy 
mix is based on Nuclear energy by up to 75% but also because the European grid integrates more and 
more Renewable Energy Sources (RES). Since the European grid is well interconnected, generation 
from RES impacts all European countries and forces most of NPPs to load follow.     

 
Figure 1: Due to RES, European demand is highly variable and requires intensive load follow 
 
As a result, French NPPs have to be ready to change power any time, rapidly (e.g. from 40MW/min to 
50MW/min) and deeply (e.g. from 1300MW to less than 200MW).  
In an extensive economical and technical study, EDF R&D Division demonstrated recently that 
nuclear energy is still relevant even if RES represent 60% of the European energy mix [9]. 
 
Currently, the yearly loss of generation due to load following is not significant: less than 1 TWh/year 
to be compared to a total generation of 400TWh/year for the entire nuclear fleet. Nevertheless, 
intensive load following is not completely consequence less: it requires experienced operators, to 
monitor both reactor core and secondary systems. Also, due to load following induced human 
factors, experience shows that the availability factor of the EDF fleet is reduced by ~1%.  
The impacts of load following on operation are described in [2].  



 
Figure 2: Example of load following in 1300MWe NPP. During 65% of the cycle, load follow is allowed 
from 100%NP to no less than 25% NP. Then, power changes are gradually reduced from 25% to 80% 
NP. 

CRUAS program in the early 1990 
To address the potential effect of load following on fuel behavior, a specific program was launched 

by EDF in cooperation with EPRI on two 900MWe plants. In this program, 4 pre-characterized FAs 

were intentionally submitted to intensive load following and frequency control cycles during 3 fuel 

cycles (more than 141 power changes greater than 20% have been numbered during the campaigns). 

Post irradiation examinations were compared to non-cycled reference FAs removed from a similar 

NPP which didn’t experience any load following.  

As a result of the investigations, no effect of load following was observed on the overall fuel rod 

behavior. In particular, all the parameters which are used in the fuel core safety analysis (i.e. fuel rod 

growth, fuel rod bow, cladding corrosion, cladding hydriding, fission gas release, rod internal 

pressure, etc…) were not modified by this extensive load follow operations. Interestingly, 

comparative fatigue tests were performed on defueled cladding specimens removed from cycled and 

non-cycled fuel rods: the tests confirmed that extensive load following has no effect on the fatigue 

performance of the cladding (no cladding damage and no reduction of the endurance limit of the 

cladding were observed).  

Nevertheless, to account for a potential 

impact of load following on the safety 

analysis, French regulator requested the 

designer to apply conventional biases or 

penalties on some of the design 

parameters calculated in steady state 

conditions (e.g. rod internal pressure, 

SCC-PCI, LOCA or RIA initial conditions, 

etc..).   

In case a leaker is detected in the 

reactor core during operation, the 

operator used to stop power cycling operation (or strongly reduce it) in order to limit secondary 

hydriding extension.  

Fuel rods irradiated in EDF NPPs and used for R&D 
investigations were subjected to Load Following  
Most of the irradiated fuel rods which have been 
tested in experimental reactors or tested /examined 
in hot cells to provide validation data for the fuel 
performance code experienced in-reactor load 
following operation in EDF NPPs and as such, 
included potential effects (if any) of power cycling on 
fuel rods physical properties (e.g. fuel conductivity, 
gaseous swelling, fission gas distribution, fuel and 
cladding mechanical properties, etc..) or on fuel rods 
safety limits (SCC-PCI failure limit, RIA or LOCA limits, 
cladding deformation limit, etc..).  



SCC-PCI phenomena in a nutshell 
The main SCC-PCI phenomena have been characterized by analyzing the experimental power ramps 
which have been performed during the last decades in order to explore the behavior of different fuel 
types in various test conditions (e.g. ramp rates, ramp terminal levels, holding time at ramp terminal 
level)   
To keep it simple, Stress Corrosion Cracking is a classical drama with full respect for unity of place, 
time and action:  

1. Unity of place … where the PCI stress in the cladding is the highest 
2. Unity of time … which needed to generate and maintain the right level of stresses 

and the right level of corrosive fission product concentration  
3. Unity of action … of the hot corrosive product(s) which diffuse through the fuel 

matrix and initiate a crack on the cladding ID  
This drama is played usually in 5 acts:  

1. Pellet thermal expansion,  
2. Fission products diffusion,  
3. Pellet-cladding interaction,  
4. Cladding crack initiation,  
5. Crack propagation…. 

And one epilogue:  
Looking for mitigation (i.e. developing SCC-PCI resistant fuel products to facilitate 
flexible operation) 

 
The above general statements have been experimentally confirmed:     

1. Failure location (=unity of place) 

Maximum stress is usually reached at the pellet-pellet interface, at the tip of a pellet 

radial crack: the geometrical singularity corresponding to this “triple point” generates 

high local stresses on the inner surface of the cladding (which are necessary to initiate an 

SCC cracks, provided the appropriate concentration of corrosive fission products is 

available. This is usually the case since corrosive fission species are produced in the hot 

pellet centre and transported to the “triple point” through the pellet radial cracks.   

2. Failure threshold (=unity of action) 

The SCC threshold is reached if the power change amplitude is large enough to generate 

the right level of cladding stresses in the cladding and fission products concentration in 

the gap. The analysis of the ramp data base confirms that power change is the key 

parameter (and therefore the stresses in the cladding) to determine the SCC-PCI failure 

threshold for a given series of fuel rods (usually, supply of corrosive fission product is 

sufficient).  

 The ramp database analysis shows that the power-ramp failure threshold is minimal 

within a burnup range called “critical burnup range”. For fuel burnup values below this 

“critical burnup range”, the pellet-cladding gap is still open when the power increases, so 

that the power change has to be larger to reach the same level of stress in the cladding 

as compared to a closed gap condition. For fuel burnup values above this “critical burnup 

range”, experience shows that the pellet cladding interfacial material compound 

generated by irradiation makes the cladding less susceptible to SCC, making stress 

corrosion cracking in the cladding unlikely. Since the “critical burnup range” depends on 



pellet-cladding gap closure kinetics, the specific cladding creep properties at low stress 

have a significant impact. 

3.  Ramp rate effect and time to failure(=unity of time) 

If the ramp rate is too low, the stresses in the cladding have the time to relax before 

reaching the SCC threshold and the fuel rod doesn’t fail . 
If the ramp rate is too high, the corrosive fission products do not have the time to 

migrate from the pellet centre to the periphery and to concentrate at the “triple point”, 

where the stresses are the highest.  

The analysis of the ramp data base confirms that times to failure are usually shorter than 

a few min. On the other hand, if the fuel doesn’t fail during this period of time, the 

likelihood for a late fuel failure is significantly reduced. This is due to the cladding stress 

relaxation kinetic and maybe to the mitigation effect of the radial oxygen thermo-

diffusion [5].   

Evaluation of potential for SCC-PCI failure in NPPs [10]     
The design should assure that no Stress Corrosion Cracking (SCC) in the fuel cladding takes place 
during normal operation and anticipated operational occurrences (AOOs).  Stress corrosion cracking 
in the fuel cladding occurs when the stresses on the inner surface of the cladding (as a result of 
Pellet-Cladding Interaction (PCI)) reach a certain limit under a corrosive environment.  
After a power reduction, the thermal contraction of the fuel pellets re-opens the pellet-cladding gap 

(or the gaps between the pellets 
fragments). If the reduced power 
operation is maintained long enough (i.e., 
Extended Reduced Power Operation-
ERPO), the fuel cladding will creep down 
and close the gaps again. The fuel 
element is then considered as re-
conditioned at this lower power level. 
When the reactor core goes back to full 
power later on, tensile stresses will 
appear in the cladding. Those residual 
stresses will increase the potential for 
SCC-PCI.  
Stress corrosion cracking of the fuel 
cladding should be prevented by 
implementing adequate design such as 
the following examples:  
(a)  Reduce the tensile stresses in the 
fuel cladding by restricting the power 
changes rates (to gived enough time for 
the cladding stresses to relax) or by 

delaying the time at which the pellet-cladding gap closes (this can be achieved by increasing 
the initial fill gas pressure in the fuel element or by optimizing the creep properties 1 of the 
cladding); 

                                                                 
1
 i.e. reducing cladding creep strain in normal conditions (low cladding stresses conditions) to delay the pellet 

clad gap closure and increasing the creep-relaxation properties in power ramp conditions (to limit the time the 

cladding experiences high stresses)  

Should SCC-PCI failures be considered as a safety 
related issue in NPPs?   
Since PCI is a strain driven loading, SCC induced fuel 
failures cracks (at a ramp terminal level close to the 
fuel failure threshold) are very small (~few tenths of 
microns in width, ~1mm in length) and, more 
important, do not propagate axially (i.e. no further 
damage of the first barrier during the course of the 
transient).  
As a result, SCC-PCI failures consequences are 
limited to the radioactive pollution of the reactor 
coolant system (RCS). RCS contamination is 
regulated by radio-chemical limits and managed 
through the RCS cleaning system. Even if the number 
of failed rods is high, the consequences are 
manageable: addressing the concern may take a long 
time and will have significant economical impacts on 
operation but the safety of the plant is not 

challenged (the techniques to be used are proven)          



(b)  Reduce the corrosive effects of the fission products (e.g., iodine,  cadmium, caesium,. .) 
generated by the pellet by using for instance a protective liner that is less susceptible to the 
corrosive effects on the inner surface of the cladding. This liner can also smooth down the 
stress concentration at the radial pellet cracks tips (mainly for BWR);  

(c)  Reduce the availability of corrosive fission products at the pellet-cladding interface by using 
additive fuels which retain better the corrosive fission gas produced in the fuel matrix; and 

(d)  Reduce local power peaking factors (and thus local linear heat generation rates changes) 
through core design techniques. 

The French industry SCC-PCI roadmap 
In the 90’s, to address the in-reactor SCC-PCI issues, EDF and its partners (AREVA and CEA) put 
together a comprehensive duo fold approach: 

1. An industrial “PCI design approach” to calculate the SCC-PCI margins available in the core, at 
any time, in each fuel rod, for various fuel reload patterns, in normal and AOOs conditions. 
This approach, based on validated fuel performance codes, system calculation codes and 
specific methodology has to be robust, reliable and easily implementable in an industrial 
environment.  

2. A “Multi-scale R&D approach” aiming at studying in details the mechanisms and phenomena 
leading to SCC-PCI. This approach is developed in parallel to the “PCI design approach”, with 
no direct link to it. The objective of the “R&D approach” is to provide the Industry with 
insights on various SCC mechanistic scenarios, to confirm the fuel performance code used in 
the “PCI design approach” includes the proper models, to explain why doped fuel pellets or 
MOX fuel pellets exhibit better SCC-PCI behaviors, etc... 

                            

 



Figure 3: the roadmaps developed in France to address the industrial needs (PCI design analysis in 
normal and AOOs conditions) and the R&D needs (SCC-PCI phenomena understanding and 
innovation). The various stages of the roadmap are described in the following papers presented by 
EDF, CEA and AREVA at the CSNI-WGFS PCI Workshop (Lucca June 2016): 

[1]“Economic issues related to the electric system and flexible power operation” – presented 
by Marie Moatti EDF 
[2]“Operational constraints related to SCC-PCI” –presented by Philippe Paulin (EDF) 

[3]“Testing and Modeling Iodine-induced Stress Corrosion Cracking (I-SCC) in Zircaloy alloys” –
presented by David Le Boulch (CEA) 

[4]“Recent advances in the understanding of the physical mechanisms involved in PCI I -SCC 
and their modeling with ALCYONE application” –presented by Eric  Federici (CEA) 

[5]“Simulations of power ramps with ALCYONE including fission products chemistry and 
oxygen thermo-diffusion” –presented by Jérôme Sercombe (CEA) 

[6]“AREVA NP's PCI methodologies for PWR enhanced plant maneuverability” –presented by 
Lucile DANIEL (AREVA) 

[7]“Safety requirements for Pellet-Clad Interaction in France – New approach developed by 
EDF” Lauréline BARBIÉ (EDF) 

 [8]“Developments in fuel design and manufacturing in order to enhance the PCI performance 
of Areva NP’s fuel” –presented by Christine Delafoy1 (AREVA) 

 

Industrial design approach [6], [7], [2] 

In the “industrial design approach”, the power-ramp failure threshold is established by means of 

in-pile power ramp tests, for each type of fuel or cladding and for various burnups levels. 

Validated fuel performance codes are used to simulate in-reactor behavior of the fuel rods (i.e. 

the thermal-mechanical conditions of 

the fuel rods prior to the power ramp) 

and to analyze the experimental 

power-ramp database in order to 

determine the SCC-PCI failure 

threshold. To do so, an appropriate 

“evaluation parameter” (or metric) 

has to be selected, to discriminate 

failed /no failed rods. For current 

cladding (Zr4, ZIRLO, Opt ZIRLO) a 

metric based on maximum cladding 

stress is appropriate. For cladding 

exhibiting a higher creep strain rate at 

high stresses, like M5 cladding, a 

metric based on strain energy density 

is more adequate.  

Once the SCC-PCI failure threshold is determined with a given fuel performance code, the same 

tool has to be used to assess the available SCC-PCI margins for all the fuel rods in the core, at 

different stage of their operation lifetimes. These SCC-PCI margins will depend on the thermal-

mechanical conditions of each rod (pellet cladding gap size or conditioning level) and on the 

power transients they would experience. EDF and AREVA developed specific methodologies ([6] 

No SCC-PCI failures occurred in EDF NPPs during 
more than 1600 reactor-years of experience   
The SCC-PCI design methodology is strongly based 
on the actual pellet- gap size assessment. To 
enhance in reactor margins and to limit the 
operational constraints, uncertainties on the 
manufacturing gap size have to be as low as 
possible. To achieve this requirement, specific 
technical specifications on the fuel geometrical 
tolerances were applied in EDF’s fuel suppliers’ 
manufacturing plants. These specific requirements 
on manufacturing tolerances, by increasing on line 
controls, allowed reducing potential for 
manufacturing defects such as “missing pellet 
surfaces” (MPS) which caused SCC-PCI failures during 

startup phases in some US NPPs.  



and [7]) to cover all the cases which can be encountered in normal operations and AOOs 

conditions. These methodologies aim at defining adequate operation guidelines and constraints 

([2]). They are generic (i.e. based on a reference fuel reload pattern) or take into the variability of 

the reload patterns. Since the margin to failure of each fuel rod depends on its initial conditions, 

hundreds of thousands of calculations might be needed, implying the use of calculation tools 

with reasonable calculation times and appropriate methodologies.   

Multi-scales R&D approach [3], [4], [5] 

The “R&D approach” is based on specific multi-scales calculation tools aiming at simulating, as 

closely as possible, the physical phenomena involved in SCC-PCI.  

Opposite to the “PCI design approach”, there are no specific constraints on the calculation times 

for this type of reference tools since they are not intended to be used to assess the SCC-PCI 

margins in a commercial NPP. These advanced tools are well suited to perform sensitivity 

analysis in order to identify and select the key parameters to be included in the simplified 

“industrial” fuel performance codes used in PCI design analysis. They are also well adapted to 

design and/or to analyze in pile or out of pile experiments on irradiated fuel or to investigate 

various mechanistic scenarios.  

The “R&D approach” includes advanced Post Irradiation Examinations (PIEs) on both cladding 

and pellet, to validate the proposed scenarios and the simulation tools.   

SCC mechanisms on the inner surface of the cladding:  

In [3], CEA developed separate effect tests protocols to study, in various test conditions, the 

cladding susceptibility to SCC and to identify the mechanisms leading to crack 

initiation/propagation. The objective is to develop a SCC and damage model  to be used to 

simulate power ramp tests.  

NB: such a mechanistic cladding SCC model is not intended to be used in a “PCI design approach” 

since it needs the actual stress as input data. Yet the actual local stresses generated on the inner 

surface of the cladding by the fragmented fuel pellets cannot be realistically quantified in all the 

fuel rods of the core. 

Thermal chemistry phenomena in the fuel pellet:  

In [4] and [5] the authors focused their investigations on fuel pellet thermal chemistry to assess 

how and in which conditions the pellet provides corrosive fission products to the pellet-clad gap. 

Challenging and promising assumptions are proposed regarding the kinetics of the radial 

transport of different types of species generated in the pellet center (more than 60 fission 

products have been investigated, not all of them being corrosive), their availability in the pellet-

clad gap( when the stresses on the inner surface of the cladding are maximal), their level of 

concentration, their ability to be corrosive or protective, etc...  

Beside the behavior of the corrosive species, the possible beneficial effect of Oxygen radial 

thermal diffusion is specifically studied, using modeling tools and advanced PIEs on ramped fuel 

rods.  



 

Conclusion 
To address SCC- PCI issues in operation, robust “PCI design approaches” have been developed and 

licensed. They are based on fuel dependant thermal mechanical SCC PCI failure thresholds, 

determined with a fuel performance code used to analyze a comprehensive power ramp test 

database. The same fuel performance code is then used to quantify the in-reactor SCC-PCI margins 

and to define the operation restrictions.  

Independently of these “PCI design approaches”,   deterministic “R&D approaches”, based on 

promising hypotheses on pellet thermal chemistry and oxygen radial thermal diffusion, are under 

development. They will help identifying the key mechanisms leading to SCC-PCI failures and may help 

proposing solutions for SCC-PCI resistant fuel concepts. Such innovative fuels would be useful in the 

future to reduce load follow operation constraints (and simplify PCI design analyses).   
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NB: these advanced investigations and hypothesis based on pellet thermal chemistry 

and SCC model (which still need to be confirmed and validated) are not intended to be 

used directly in an industrial “design approach” (in particular they are not aiming at 

defining a SCC-PCI failure limit). The thermal mechanical hypothesis used in the “PCI 

design approach” (in which full availability of corrosive products is conservatively 

assumed) is not challenged by the scenarios based on thermal chemistry hypotheses.  

The main objective of these promising hypotheses is to improve the mechanistic 

understanding of all the phenomena involved in SCC-PCI and to propose innovative 

solutions to develop SCC-PCI resistant fuels concepts (e.g. doped fuel in which the 

radial transport of corrosive products is delayed). 
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ABSTRACT 
 

The electric grid becomes more and more demanding for NPPs in the future which will result in more 

severe load-follow-operation of the reactor core. Load-follow-operation challenges the ability of fuel 

rods to cope with varying cladding stresses. In particular the load-follow-operation in a boiling water 

reactor (BWR) can lead to localized stresses in fuel rod cladding which bear the potential for pellet 

cladding interaction (PCI) failures. Therefore, the acceptable power ramps for individual BWR fuel 

assemblies are limited in ramp height and power increase rate. These limits are based on empirically 

established failure thresholds thus PCI failures still have a low but none-zero probability to occur. 

 

Generally, the ability to withstand power ramps without PCI failure refers to the largest extent to 

cladding’s ability of limiting the build-up of stresses. The fuel rod cladding allows transferring elastic 

strains into creep strains or even, at high stress levels, into plastic deformations, by that reducing the 

stress level and reducing the probability for PCI failure. 

 

Studsvik HRX testing aim at measuring stress level relaxation which is associated with the transfer of 

elastic strain into creep strain. These tests were accomplished at constant temperature (in the range of 

NPP’s operational temperature) and constant overall cladding strain (0.6%) for various cladding types 

(Zry-2, M5, Zirlo). The overall strain was ramped-up at strain rates from 0.01%/min to 4%/min. The 

Studsvik HRX test results have been used for developing constitutive material models for the fuel rod 

code TESPA-ROD. 

 

The TESPA-ROD code applies the Norton creep law in order to predict the thermal cladding creep. 

The creep law parameters (activation energy, stress exponent, etc.) were developed for the thermal 

creep in the temperature range relevant for LOCA transients (from 600°C to 1200°C). Applying this 

creep model to the Studsvik HRX tests it turns out that this modelling approach severely over-predicts 

the HRX creep data. Further model parameter tuning led to the final conclusion that the standard 

Norton creep law cannot predict the Studsvik HRX tests at all.  

 

Creep mechanisms in the HRX test show up which require specific modelling. In particular the 

mechanism of strain hardening becomes obvious when long-term creep is to be considered. While the 

duration of typical LOCA transients is in the range of several minutes, the duration of PCI transients is 

of hours and days. This long-term transient allows reaching saturation for dislocation climb and 

gliding which leads to a reduction in creep rate.  

 

The present TESPA-ROD modelling for predicting Studsvik HRX tests for Zry-2 cladding (BWR) 

will be shown in this paper. 
 

 

1.  Introduction 

 
Studsvik HRX tests (hardening relaxation test – project SCIP, Task 0) [KÄL 10] provide a valuable 

data base for cladding creep behaviour. This data base comprises the cladding types Zry-2 (BWR), M5 

(PWR) and Zirlo (PWR). The cladding material is representative for BWR operational condition 



because irradiated cladding from BWR Leibstadt power station (KKL) with burnup of 65 MWd/kg has 

been tested. 

 

Regarding creep modelling the TESPA-ROD code has been developed for LOCA transients. 

Therefore, the code predicts ballooning and burst of cladding in the temperature range between 600°C 

and 1200°C. In an attempt to widen the applicability of the code to PCI transients, the code’s 

predictability of cladding creep for PCI transients has been tested and model adaptations have been 

taken. This paper describes the modelling adaptations to achieve best prediction for the measured 

stress development. 

 

 

2. Studsvik Creep Test Procedure 

 

Creep tests are conducted under well-defined conditions. The test runs are accomplished at constant 

temperature and predefined strain. Test temperature levels for tested Zry-2 cladding are 310°C, 330°C 

and 360°C. These temperatures cover typical cladding temperatures under normal operation condition 

in a boiling water reactor. 

 

The predefined final cladding strain of 0.6% is reached with predefined constant strain rates of 

0.4%/min for the first straining ramp, 0.01%/min for the second ramp, 4%/min for the third ramp and 

0.4%/min for the fourth ramp. Thus, the strain rate at third ramp represents with 4%/min a very severe 

operational power ramp.  

 

Each ramping period is followed by a period of constant strain of 0.6% which lasts about 24 hours. 

After 24 hours the period of constant strain ends thus the stress in the cladding returns to zero before 

the next load cycle starts. At the end of each load cycle, the destressed cladding shows a residual 

cladding strain which indicates the accumulated cladding strain during last load cycle. 

 

Straining of the cladding is achieved by pressurizing the inner fuel rod cladding. The internal pressure 

is controlled such that the cladding follows the predefined cladding strain. This internal pressure can 

be used to determine the average cladding hoop stress. For that, applicability of the thin-walled vessel 

formula can be assumed: 

 

𝜎 =̃ 𝑝
𝐷𝑖

2 𝑠
      𝐷𝑖: 𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟; 𝑠: 𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠   (1) 

 

The lowering of the measured pressure, respective cladding stress, during the period of constant strain 

indicates the stress relaxation due to creep. Because the cladding strain is kept constant, the increasing 

creep strain is exactly compensated by a decreasing elastic strain. 

 

Typical time history of inner pressure and strained cladding diameter along the 4 load cycles is shown 

in figure 1. 

 

 
Figure 1: Typical time history of internal pressure (red) and strained cladding (blue) [KÄL 10] 



 

 

3. Creep Modelling in TESPA-ROD code 

 

In contrast to the test procedure as applied by Studsvik with controlled internal pressure, the TESPA-

ROD model achieves this straining by artificial swelling of the pellet which forces the cladding to 

follow the predefined cladding strain.  

 

The TESPA-ROD code utilizes the Norton creep law for prediction of the creep strain. The parameters 

of the creep law are deduced from stress-strain tests at temperatures above 600°C which are relevant 

for LOCA condition. Predicted strain rates refer to the secondary strain rates, because primary strain 

rates do not reach importance in the temperature range above 600°C.  

𝜀̇ = 𝐴 𝜎𝑛 𝑒−(
𝑄

𝑅𝑇
)
          (2) 

𝜎 𝑖𝑛 𝑃𝑎 
𝑇 𝑖𝑛 𝐾 

𝐴 𝑖𝑛 (
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𝑃𝑎
)
𝑛

 

𝑄 𝑖𝑛 
𝐽

𝑚𝑜𝑙
 

𝑅 = 8.314 
𝐽

𝑚𝑜𝑙 𝐾
  

 

Because temperature of creep testing is far below 600°C, in a first step it is assumed that the Norton 

creep law parameters for -zirconium remain valid also for the temperature range between 300°C and 

400°C. In the -phase, these Parameters are:  

  

A 1487 

n 5.89 

Q 135000 + T * 278.21 

Tab. 1: Norton creep law parameter for -Zry-2 

 

Comparing the model prediction with test data it turns out that the creep modelling described above 

over-predicts the measured test data in the time scale of 24 hours, see figure 2. 

 
Figure 2:  Stress prediction of TESPA-ROD compared with measured stress based on  

Norton creep law 

 

In the time scale of minutes up to one hour (left diagram of figure 2) this model slightly under-

estimates the measured creep rate. Improving this modelling requires at least a progressive reduction 

of the creep rate in order to better fit to the experimental data. 

 

Attempts made [SON 13] to improve this predictive capability on basis of the Norton creep law failed. 

It turned out that the Norton creep law has to be multiplied with an exponential function. This 

exponential function depends exclusively on the creep strain. 

𝜀�̇�𝑟𝑒𝑒𝑝 = 𝜀�̇�𝑟𝑒𝑒𝑝,𝑁𝑜𝑟𝑡𝑜𝑛  𝑒
−𝜀𝑐𝑟𝑒𝑒𝑝

0.0015         (3) 
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This kind of modification of the Norton creep law indicates that the progress of creep strain hardens 

the cladding and lowers the creep rate. 

 
Figure 3: Stress prediction of TESPA-ROD compared with measured stress based on 

modified Norton creep law (equations 2 and 3) 

 

Unfortunately, if the prediction is extended to the subsequent load cycles, this modified Norton creep 

law underestimates the measured creep rate for these subsequent load cycles, see figure 4. Stress 

release in the third and fourth load cycle is drastically underestimated. 

 
Figure 4: Stress prediction based on modified Norton law (equations 2 and 3) for 4 load cycles 

 

The discrepancy for subsequent load cycles gives a strong indication that the creep reduction due to 

equation (3) should vanish if the cladding gets unloaded and the stress level reaches zero. After the 

reset of the creep reduction a new build-up of the creep reduction may occur. The reset of creep 

reduction has been implemented in the next step and the result is shown in figure 5. 

 
Figure 5: Stress prediction based on modified Norton law  

which allows the reset of creep reduction if cladding gets unloaded 

 

With the exception of the first load cycle all subsequent load cycles show severely over-predicted 

creep rates although the creep reduction of equation (3) is applied but here this reduction newly builds-

up after each unloading phase.  

 

A final attempt is made [SON 13] to model the creep reduction. If the reset of the creep rate reduction 

is triggered due to elastic strain reaches zero, the creep rate reduction builds-up with doubled velocity. 

The algorithm describing this complex procedure is given in equation (4) and (5): 
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𝜀�̇�𝑟𝑒𝑒𝑝 = 𝜀�̇�𝑟𝑒𝑒𝑝,𝑁𝑜𝑟𝑡𝑜𝑛  𝑒
−(

𝜀𝑐𝑟𝑒𝑒𝑝−𝜀𝑟𝑒𝑠𝑒𝑡

0.0015
)
       (4) 

 

 

𝜀𝑟𝑒𝑠𝑒𝑡: =

{
 
 
 

 
 
 
    𝜀𝑐𝑟𝑒𝑒𝑝                               ⟺                            𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 0         (𝑟𝑒𝑠𝑒𝑡𝑡𝑖𝑛𝑔)

𝜀𝑟𝑒𝑠𝑒𝑡 − 𝜀�̇�𝑟𝑒𝑒𝑝  𝑑𝑡          ⟺                             𝜀𝑟𝑒𝑠𝑒𝑡 > 0  𝑎𝑛𝑑  𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐 > 0

        0                                 ⟺                             𝜀𝑟𝑒𝑠𝑒𝑡 ≤ 0 𝑎𝑛𝑑  𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐 > 0

 (5) 

 

The creep prediction applying this complex reduction algorithm is shown in figure 6. As can 

be seen the predicted stress development closely follows the measured data.  
 

 
Figure 6: Stress prediction using the Norton law (2) with modifications  

according equations (4) and (5) 

 

For completeness the stress-strain development is shown in figure 7. It is worthwhile to note that the 

peak stresses in the third and fourth load cycle even reach the plastic strain according to our TESPA-

ROD model. Likewise the measurement suggests such kind of plastic straining because the strain 

control in experiment could not prevent small overshoots above the predefined strain value of 0.6%. 

 
Figure 7: Stress vs strain prediction using the Norton law with modification 

according equations (4) and (5) 

 

 

 

 

4.  Discussion 

 

The physical interpretation of the newly developed creep model is quite difficult. After start of each 

load cycle, the strain rate follows almost the none-modified Norton creep law. This period could be 

interpreted as primary creep. Whereas the subsequent progressive reduction of the Norton creep rate 
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(equation 4) could be interpreted as transition to secondary creep rate. Obviously this reduction varies 

from first load cycle to the subsequent load cycles (see equation 5). 

 

Alternative to the approach described here, the MATPRO model [LUS 15] uses a time function for the 

transition from primary to secondary creep. This time function is proportional to the reciprocal of the 

square root of time. The applicability of the MATPRO model is questionable because in the very first 

time step this creep model predicts infinite creep rate which appears unrealistic. In contrast to that we 

see in the comparison between our prediction and the experimental data that our approach describes 

the measured creep strain without applying a time function. It appears that the time function could be 

replaced by a relative complex load cycle dependent modelling approach, see equations (4) and (5). 

 

From further comparative studies we have seen that this relative complex modelling applies at least to 

test data for Zry-2 at temperatures ranging from 310°C to 360°C (results for temperature of 310°C and 

330°C are not shown in this paper). We have also extended this model approach to the cladding types 

of M5 and Zirlo (not shown either). For these cladding materials it turned out that M5 and Zirlo 

entirely do not follow the approach described for Zry-2. We found alternative approaches which would 

require a separate presentation in a paper. 

 

 

5.  Conclusion 

 

Cladding creep during load follow operation requires a complex creep rate modelling. For the cladding 

type Zry-2, a successful modelling approach has been described in this paper. This approach reveals 

that some kind of transition between primary and secondary creep occurs, but this transition is not a 

function of time. The creep rate model applies for temperatures between 310°C and 360°C. It applies 

for Zry-2 only and for stress levels ranging from zero up to plasticization stress level.  
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Abstract 
Damage states in fuel rod cladding can be classified into three modes: PCI stress corrosion cracking 
(PCI-SCC) mode triggered during power ramps, transient PCMI mechanical rupture triggered during 
reactivity initiated accident (RIA), and high-temperature large deformations ballooning and rupture 
triggered during LOCA. The first of these modes is associated with fuel reliability, and the second and 
third modes are associated with fuel safety. All three modes, however, are affected by various 
chemical and thermo-physical processes that vary in kind and intensity from one mode to the other. 
For example, the PCI-SCC failure mode is dominated by corrosive fission products, iodine and cesium-
in-cadmium; the PCMI mechanical rupture is affected by the radiation-induced loss of ductility 
assisted by hydride precipitate; and the ballooning rupture mode is induced by the visco-plastic wall 
thinning failure following high-temperature annealing of radiation hardening. Fuel performance 
codes that have the capabilities to treat one or more of these modes do so as if the y belong to 
different materials, which has led to the present somewhat chaotic state of the art of fuel rod failure 
predictions. Moreover, the safety-related modes, namely the RIA and LOCA failure modes, have the 
added penalty of highly conservative regulatory restrictions imposed because of the uncertainty 
associated with failure predictions. This state of uncertainty would be greatly improved if, instead of 
treating these failure modes as separate phenomena, a single failure model capable of simulating all 
three failure regimes using a single mathematical construct is developed. Such a model has been 
developed, and is the subject of this paper.    
 
1. Introduction 
 
Cladding failure initiation under normal operating conditions and accident transients emanate from 
service-induced inner and outer cladding surface imperfections which act as nucleation sites for 
fracture initiations.  Under PCI conditions, for example, cladding damage typically occurs at a point of 
stress concentration induced by a pellet crack interacting with the cladding, sometimes in 
combination with a missing pellet surface (MPS). Similarly, outer-surface corrosion pit, combined 

with a brittle -phase zirconium hydride, becomes a nucleation site for fracture initiation under RIA. 
Ballooning deformations during LOCA lead to fracture initiation at any of many weak spots in the 
thinned cladding wall. Starting with a surface imperfection as a common feature for all three failure 
modes, construction of the failure model proceeds by adapting Rice’s path-independent J-Integral 
methodology [1] to the treatment of a surface flaw in a closed surface, but without requiring precise 
knowledge of the flaw geometry and without specifically modeling the flaw. The premise of the 
model is to predict cladding failures in each of the failure modes described above, using a single 
experimentally quantifiable failure measure that recognizes the presence of a flaw but without 
prescribing the flaw geometry or requiring the explicit representation of the flaw in the 
computational model. 
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2. Review of the Path-Independent J-Integral 
 
Consider a homogeneous body subjected to a two-dimensional deformation field, containing a defect 
or a crack that can be represented by a notch of the type shown in Figure 1. Define the strain energy 
density U:  

𝑈 = ∫𝜎𝑖𝑗 𝑑𝑖𝑗     (1)                               

Where, σij and εij are the stresses and the strains 
respectively.  
The J-integral is defined by         
   

 𝐽 =  ∮ 𝑈𝑑𝑦
 

Γ − ∮ 𝐹 ∙ 
𝜕𝑢

𝜕𝑥
 𝑑𝑠

 

Γ   (2) 

        
In eq. 2, the integration is performed over the curve 
surrounding the notch tip. F is the traction vector such 
that it is positive in the direction of the outward normal 
along Γ, i.e. 𝑓𝑖 = 𝜎𝑖𝑗𝑛𝑗, u is the displacement vector, 

and 𝑑𝑠 is an element of arc length along . The integral in 
eq. 2 is path independent; i.e., the value of  J does not 
change if another contour enclosing the notch is chosen; 
further, Equation 2 is independent of the geometry of the notch. 
 
3. Application to Fuel Rod Geometry and PCMI Loading 
 
In applying the derivations to fuel rod geometry, it is important to note that the theoretical construct 
of the J-integral allows us to choose a contour such that the line integral  of the traction vector 
vanishes, which will lead to the direct evaluation of the J-integral as function of the strain energy 
density only.  The tube geometry of the fuel rod and the loading conditions, namely axi-symmetric 
distribution of pellet-clad mechanical interaction (PCMI) 
forces, including internal pressure loading, makes this 
possible.  We consider the geometric representations of 
a typical surface defect in a fuel rod cladding, arbitrarily 
chosen to be at the OD, as shown in Figure 2 loaded by 
the thermal expansion of the fuel pellet due to fission 
power – the present formulation applies equally well to 
an inner surface flaw.  The choice of a discrete notch-
type form of damage is mainly to facilitate the 
mathematical derivations, but knowledge of the exact 
form of the damage is not necessary. 
 
The traction integral in eq. 2 is zero for the OD part of 
the contour because F is zero there, and is zero at the 
ID part of the contour because of axi-symmetric loading 
on a closed surface.  J becomes, using Green’s theorem, 
 

               𝐽 =  ∮ 𝑈𝑑𝑦
 

Γ = ∮  
𝜕𝑈

𝜕𝑥
 𝑑𝑥𝑑𝑦

 

A     (3) 

 
Working in polar coordinates for convenience, we have: 
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(4) 

Integrating eq. 4 by parts, and simplifying terms, we obtain: 

  
       Figure 1. Notch in 2D Field    
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Figure 2. Cladding Cross-Sections with Defect. 
J-Integral Contour Lines Enclose the Entire 

Cladding Cross-Section 
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drUrrUrJ iioo 

2

0

,,cos

            (5) 

At the crack at the OD, U(r,) drops very steeply from the 
value in the un-cracked body to zero.  However at the ID, 

U(r,) rises above the un-cracked body value by a small 
amount such that the total strain energy density remains 
unchanged.  These conditions are depicted in   Figure 3,  
 
The presence of the crack will cause U to differ from Ū, the average value of the strain energy density 
in the un-cracked body, by the quantity 𝑓(𝜃) and 𝛿𝑓(𝜃) at the OD and ID, respectively. We designate 
𝑓(𝜃) as “disturbance function”, i.e. it is a measure of how the local strain energy field is disturbed by 
the notch, 

    fUrU i ,   ,      fUrU ,
0            (6) 

In the above,  << 1.  Substituting eq. 6 into eq. 5, we obtain: 

    


dfrrJ oi cos

2

0

                                                                      

Now, it remains to estimate a value for f. It should be equal to Ū at  = , and zero away from  = .  
Since the formulation is independent of the flaw geometry, we consider a surface defect in the form 
of a smooth notch, but with mode-dependent intensity, 
as a simulation of damage initiation for all three failure 
modes discussed earlier – note that a sharp crack would 
not be characteristic of fuel cladding during service. The 
presence of such defects would disturb the local strain 
energy field in a way that can be described by the 
disturbance function f(𝜃); 𝑓(𝜃) depends on the 
sharpness of the notch as illustrated in Figure 4. This 
figure shows f as a function of circumferential angle for 
various values of . The parameter  is a measure of how 
far the effect of the notch in modifying the far field strain energy density extends before it becomes 
negligibly small. The mathematical form of the disturbance function f can be represented by a beam 
function as in the following equation, 
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  for 0                                (8a) 
and, 
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Figure 5 shows the profiles of the function f for various values of the parameter . The parameter  
is a measure of how far the effect of the notch in modifying the far field strain energy density 

extends before it becomes negligibly small. The larger the value of  the wider the area of 
disturbance becomes, as in the case of missing pellet surface (MPS), and as  gets smaller it 
approaches the condition of localized damage as in the case of reactivity initiated accident (RIA) . 
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Figure 3 – Variation of Strain Energy Dens i ty 
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Figure 5 – Profiles of the Strain Energy Density Disturbance Function for a Smooth Notch 
 
By symmetry, we use equation 8a, and the integral in eq. 7 becomes:  

 

  









dUrrJ io cos)(
2

)(3
2 32

2 












           (9) 
Carrying out the integration in equation 9 and evaluating terms, we obtain the following final 
expression for J, 

 
UDJ m  )(

 ,                 (10) 
Where Dm is substituted for (ri+ro), and 

 








 )sin2(6)1(cos

121
)(

2





    (11) 

Eq. 10 relates the stress intensity factor J to the strain energy density U through the geometric 
parameter π χ(φ) Dm. This equation can be inverted to describe an expression for the critical strain 

energy density criterion (CSED) UC quantified from a fracture toughness test as follows: 

  mCC DJU )(/  ,                             (12)  

where JC is the fracture toughness derived from the experimental J-R curve developed using ASTM-
qualified testing procedure. JC can be developed for irradiated cladding as function of hydrogen 

concentration and temperature, and once developed, UC can be quantified analytically for all three 
failure modes described above using χ(φ) as a benchmarking parameter. For example, relatively large 
values of χ(φ) would characterize the PCI-MPS mode, small values would characterize RIA and LOCA. 
 
4. Numerical Representation 
 
We first consider the case of a surface defect in the form of a sharp crack of depth a and carry out a 
J-Integral calculations using finite element simulation.   A finite element model is constructed for a 
cross-sectional slice of a cladding tube containing an ID notch of depth a.  The model is subjected to 
internal pressure or radial loading applied to the inner surface to simulate pellet-clad mechanical 
interaction.  The purpose of the analysis is to quantify numerically the Ū-J relationship described by 

equation 10.  The term  Dm in Equation 10 is proportional to the crack length a, such that 

 
aCDm
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where C is a constant.  Substituting expression 13 into Equation 10, we obtain, 

 
UC

a

J
)2( 2

         (14) 
Equation 14 states that the far-field strain energy density Ū for a cladding tube containing a known 
radial-axial crack of depth a, and subjected to internal radial loading, differs from the material’s 

fracture resistance (J / a) by a simple multiplier 2C2
.  If it can be shown that this multiplier is a 

constant that is independent of the crack size, then the quantity J/a becomes uniquely and 
completely determined from Ū.  
 
The finite element model is analyzed for crack depths varying from 2.5% to 10% of thickness, using 
ABAQUS finite element program and utilizing the program’s J-integral utility.  The numerical results 
depicting J/a vs. Ū are shown in Figure 6. As can be seen in this figure, all three curves coalesce to a 
single curve, which proves the statement that the quantity J/a is uniquely and completely 
determined from Ū. 
 

 
Figure 6 – J/a vs. Ū for a tube with Shallow ID Cracks Subjected to internal radial loading. 

 

The curves in Figure 6 exhibit three different regimes: an elastic regime for Ū2MPa, a transition 
(elastic-plastic) regime for 2MPa<Ū<4.5MPa, and a fully plastic regime.  The beginning of the 
transition regime is the onset of plasticity in the cross-section for the far-field strain energy density; 
the end of the transition regime signifies a fully plastic state in the entire cross section.  As shown in 
the figure, the far-field values for Ū at the beginning and at the end of the transition regime are 
approximately the same for all curves. It is important to note that the graphical representation of the 
linear dependence of J/a on Ū depicted in Figure 6 is derived from the numerical results. 
 

In Figure 6 we observe that the slope (2C2
) of the lines in the plastic regime is equal to the slope in 

the elastic regime, as can be visualized by the dotted lines.  The magnitude of the slope (2C2
) is 

estimated from Figure 6 to be 6.3, which gives a value of unity approximately for C.  Using this result, 
Equation 14 can be restated as follows, 

 
U

a

J
2

           (15) 
Equation 15 is valid for both regimes, small-scale yielding (elastic fracture) and fully plastic fracture. 
 
Comparing Equation 10 to Equation 15, we see that 𝜒(𝜑)𝐷𝑚𝜋 = 2𝜋𝑎, from which an estimate for 
the size of the disturbance function can be derived as shown in expression (16) below, after 
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substituting the values of Dm=9mm for a typical mean diameter of a 17x17 cladding, and a = 
0.025mm (5% of cladding thickness) from Figure 6: 
 𝜒(𝜑) = 2𝑎/𝐷𝑚 = 0.0056         (16) 
This value of 𝜒(𝜑) would be applicable to a localized concentration such as in RIA and LOCA where 
highly focused plastic deformations are generally the trigger for failure.  
 
5. Application to PCI/MPS and RIA/LOCA  

 
To facilitate the use of data for fracture toughness 𝐽𝑐, which is generally quantified in terms of KJC, 

Equation 12 is recast for plane strain condition as follows:     

 𝑈𝑐 = ((1− 𝜈
2)𝐾𝐽𝐶

2 /𝐸)/(𝜋𝜒(𝜑)𝐷𝑚)     (17) 

In the above equation, ν stands for Poisson’s ratio and E for the elastic modulus. Substituting values 
for known variables in Equation 13, using PWR 17x17 geometry, we obtain: 

 𝑈𝑐 =
0.0003675

𝜒(𝜑)
𝐾𝐽𝐶
2         (18) 

This equation will now be applied to cladding with known KJC properties. The magnitude of the 

disturbance function 𝜒(𝜑) would depend on the angle , which is the measure of the spread of the 
disturbance function. Using PCI/MPS as a case in point, under typical PCMI conditions the fuel-

cladding interfacial friction causes the disturbance function to have a large disturbance angle . For 
example, under PCMI loading, the pellet-cladding interfacial friction causes the disturbance of the 
strain energy density to extend well beyond the flaw or MPS.  However, under pressure loading, the 
plastic deformations tend to be focused, and the strain energy disturbance tends to die out very 
quickly at the MPS boundary.  This behavior is clearly illustrated in an analysis by Montgomery et al. 
[2].  
 
A typical size of MPS is roughly 60 mils = 1.524mm, which has a subtended angle of 0.34 radians. The 

disturbance function could extend 50% beyond the boundary of the MPS with a disturbance angle  
~ 𝜋/12 radians. Substituting this value in Equation 11 yields the value 0.125 for χ(φ). Similar 
conditions exist for PCI/SCC, and the value of χ(φ) = 0.125 would apply to both cases.  

Under RIA and LOCA, failure initiation is localized, causing the disturbance angle  to be very small 
leading to an order of magnitude reduction in the disturbance function χ(φ), as shown in expression 
(16). Thus we adopt the values for χ(φ) shown in the table below. The 𝐾𝐽𝐶  values in this table are 

given in Table 2. 
Table 1. Failure Criteria 

Application Disturbance Function χ(φ) Failure Criterion 
PCI/MPS 0.125 

𝑈𝑐 =
0.0003675

𝜒(𝜑) = 0.125
𝐾𝐽𝐶
2 = 0.00294𝐾𝐽𝐶

2  

RIA and LOCA 0.0056 
𝑈𝑐 =

0.0003675

𝜒(𝜑) = 0.0056
= 0.0656𝐾𝐽𝐶

2  

 
The fracture toughness KJC is generally a function of hydrogen, burnup or fast fluence and 
temperature. A literature survey of KJC data reveals the following typical values for Zr-4: 
 

Table 1. Fracture toughness values for Zr-4 [4,5,6] 

KJC = 40 MPa m , T >280C, H ~500ppm. 

KJC = 30 MPa m , T >280C, 100< H<500ppm. 

KJC = 20 MPa m , T >280C, 500< H <750ppm.               

KJC = 12 MPa m , any temperature, H >1000ppm. 
 

KJC = 13.3 MPa m  for high-burnup  

         cladding with coherent (~80μm) oxide. 

KIC = 10 MPa m , 149C <T<280C,  
         H >2000ppm. 

KJC = 7 MPa m  for high-burnup  
cladding with spalled (130μm) oxide. 
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Substituting the above information in Equation (18) produces the following table: 
 

Table 2. Model-developed UC  Criteria  

KJC (MPa m  UC (MJ/m
3
) – Eq. (18) 

Uc  for PCI/MPS Uc  for RIA 

7 0.14 3.2 

10 0.29 6.5 
12 0.42 9.5 

13.3 0.52 11.6 

20 1.2 26.3 

30 2.6 59.0 

40 4.7 105.0 

 
6. Comparison to BISON’s Calculations for the Over Ramp and Trans Ramp Test Rods 
 
The following table lists results obtained by applying the BISON code  [7] to the analysis of Over Ramp 
and Trans Ramp Tests [8]. The burnup range shown in the table puts the hydrogen contents for the 
rods in the range of 100-500ppm at the ID surface where the PCI failure would initiate. For this case 
the applicable UC values would be in the range of 2.6-4.7 MJ/m3 which, when compared to the 
calculated values of strain energy density U, in the range 2.27-3.55 MJ/m3, indicates remarkably good 
agreement with the model’s critical (failure) strain energy density UC. 
    
 Table 3. BISON calculations of Failure Rods Tested in Studsvik R2 Reactor 

BISON Calculations of Strain Energy Density U (MJ/m3) Model’s UC  
Rod ID Bu (MWd/tU) 2-D 3-D  

 
 

2.6 - 4.7 
(MJ/m3) 

OR W4-1 22.8 1.63 2.32 

OR W5-6 24.2 2.31 2.76 
TR Q11-1 31.3 2.37 2.72 

TR Q11-2 30.7 3.3 3.2 
TR Q12-1 31.3 3.41 3.55 

TR Q12-2 31.2 2.83 3.41 
TR M17-3 24.7 2.82 2.27 

  
7. Comparison to CABRI RIA REP Na tests 
 
Figure 7 below, from Reference [3], shows the REP Na tests conducted in the CABRI sodium-cooled 
reactor depicting the strain energy density calculated for failed and non-failed rods as function of the 
oxide thickness fraction. According to Ref [3], the two failures REP Na 8 and REP Na 10 had spalled 
oxide, with oxide thicknesses of 120μm and >80μm, respectively. The red arrows are added to the 
figure to facilitate showing the values for the strain energy density U for the two failed tests, which 
are 4 and 5.5 MJ/m3 for Na 8 and Na 10, respectively, compared to the present model’s UC values of 
3.2 and 6.5 MJ/m3, respectively from Table 2. Again, the degree of agreement is rather remarkable, 
considering the uncertainties involved. 
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Figure 7 – Strain energy density results for CARI REP Na RIA tests compare to model 
predictions. 

 
8. Conclusions 
 
The primary aim of the preceding development has been to present a theoretical construct which 
shows that the far field strain energy density U calculated in a fuel performance code can be uniquely 
related to the stress intensity factor J for a surface failure-initiating flaw without modeling the flaw. 
This allowed the development of a failure criterion, expressed as the critical strain energy density  UC 
expressed as a function of the material’s fracture toughness KJC, further, the relationship is 
independent of the cladding flaw geometry. We have shown that this development is analytically 
robust and theoretically well based. 
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Abstract  

The understanding and modelling of PCI failure mechanism is a key aspect to 

demonstrate fuel design suitability for more flexible/demanding modes of operation, like 

load following. In order to assess PCI properly, it is a must to accurately estimate the 

driving force of the clad mechanical load (PCMI). Even though a lot of work has been 

carried out on this issue, less work has been conducted on the gaseous swelling 

contribution when high burnups are reached. 

 

The main goal of this work is the assessment of the gaseous swelling effect on PCMI 

under ramping conditions, taking into account a typical PWR fuel rod irradiated up to 75 

GWd/tU. Particularly, this study is focused on reactor startups and anticipated 

operational ocurrences (AOOs) supposed to occur at different burnups. To perform this 

work, the thermo-mechanical code FRAPCON-3 is used along with some key 

hypotheses concerning the irradiation history and the ramps studied.  

 

The study carried out has pointed out a noticeable contribution of the gaseous swelling 

effect on PCMI under the ramps considered. It can be inferred implications on safety 

margins to be considered, especially at high burnups (> 55 GWd/tU): increase of the 

margin related to cladding stress under reactor startups and decrease of the 

acceptable power increment in AOOs. Given the significant impact of gaseous swelling 

found in the study, a critical review of the model used in FRAPCON-3 is to be 

conducted. 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

The swelling of the fuel due to the precipitation as bubbles of the retained fission gases 

promotes the pellet-clad mechanical interaction (PCMI), which in turn fosters the failure 

mechanism of pellet-clad interaction (PCI). An accurate prediction of gaseous swelling 

in the fuel is proven to be an important aspect to analyse fuel reliability and safety 

(NEA, 2004), especially when operational transients occurs (e.g., startups, anticipated 

operational occurrences (AOOs)). Indeed, in the Studsvik Cladding Integrity Project 

(SCIP) this mechanism has been identified as a key phenomenon for fuel response to 

power ramps (Herranz at al., 2011). 

 

The research on gaseous swelling (i.e., understanding and modelling) has been 

addressed since long ago (Olander, 1976). Nevertheless, the interest on this topic still 

remains, mainly due to current trends towards more flexible/demanding modes of 

operation, like load following (NEA, 2011). A proper modelling of gaseous swelling in 

integral fuel behaviour codes would contribute to analytically assure the fuel 

performance assessment under thermal transients. Indeed, sound models are sought 

to better predict PCMI due to gaseous swelling under the anticipated conditions 

(Massih and Forsberg, 2008; Geelhood and Luscher, 2014a; Tonk et al., 2016; Xiao, 

2016).  

 

Thus, the modelling of this mechanism has returned to grow in importance in widely 

used thermo-mechanical codes like FRAPCON-3 or FALCON. The latter has been 

coupled with a comprehensive model of microstructural fuel behaviour with particular 

emphasis on fission gas kinetics and fuel gaseous swelling under steady-state and 

ramp conditions (Khvostov et al., 2011). The option adopted in FRAPCON-3 by code 

developer avoids increasing the computational cost through the implementation of a 

simple empirical correlation to simulate the effect of this mechanism (Geelhood and 

Luscher, 2014a). 

 

The cited adaptation of FRAPCON-3 allows taking advantage of the capabilities of a 

fast-running 1.5-D code to accomplish an analytical insight regarding the gaseous 

swelling contribution to PCMI under different ramping conditions. This would give an 

idea of the importance of gaseous swelling from the safety point of view.   

 

The present work is focused on assessing the gaseous swelling effect on PCMI under 

operational transients along different irradiation cycles, from low to high burnup (up to 

75 GWd/tU). Particularly, reactor startups and AOOs are studied. To do so, a 16x16 

PWR fuel rod submitted to a representative irradiation history has been considered. 

The version 3.5 of FRAPCON-3 code, which includes the gaseous swelling model, has 

been used for the simulations. The results obtained have been compared with 

simulations based on the same version of the code but with the gaseous swelling 

calculations deactivated. 

  

 

 

 
 



2. Scenario 

The scenario simulated in this work is a generic design of a 16x16 PWR fuel rod 

cladded with ZIRLO. Both startups and AOOs have been simulated along a demanding 

irradiation history that ended up with a burnup of 75 GWd/tU. In particular, a high 

constant linear power followed by a progressive decrease has been imposed (Figure 

1). ‘‘Plateau-shaped’’ profiles have been considered for the axial power distribution 

along the fuel rod. 

The operational transients studied have been simulated as follows:  

 Startups. A typical increasing of power during 24 hours has been analysed at 

three different burnups at which a change of cycle is assumed to occur (32.7, 

48.7 and 55.3 GWd/tU). The linear power has been increased from the residual 

power to the nominal value. 

 AOOs. A power ramp during 4 hours (based on Geelhood et al. (2009)) has 

been simulated at different burnups, from 0 to 75 GWd/tU. The linear power has 

been increased from the nominal value to the maximum value allowed 

according to the safety limit imposed (explained in detail below). 

Figure 1 shows the irradiation conditions simulated and the burnups at which the 

transients considered have been studied. It is expressed in terms of the average linear 

power, q’, normalized with respect to the maximum value attained, q’max, as a function 

of burnup, Bu. 

 

Figure 1. Normalized power history along which the ramps studied are applied. 

 

 

 

 

 



3. Methodology 

 

3.1. Code modelling 

The thermo-mechanical code used to obtain the predictions of PCMI in the scenarios 
previously described is FRAPCON-3 (version 3.5). This is the Nuclear Regulatory 
Commission (NRC) fuel performance code, developed by the Pacific Northwest 
National Laboratory (PNNL) (Geelhood and Luscher, 2014a) for in-reactor operational 
conditions. The predictive capabilities of the code were comprehensively demonstrated 
by the code developers through an integral assessment (Geelhood and Luscher, 
2014b). 
 
The simulations have been performed based on the modelling options recommended 
by the code developers; basically, FRACAS-I for the mechanical module and Massih 
for the model of fission gas release (FGR). It is worth noting that no circumferential 
heterogeneities due to PCMI are accounted for in this code (i.e., the cladding hoop 
stress calculated is assumed as a circumferential average cladding stress). 
 

Regarding the gaseous swelling modelling, the code use purely empirical correlations 

supported by data from slow ramp tests (Mogensen et al., 1985). Particularly, the 

supporting database was obtained from high burnup fuel (3 pin sections) reirradiated 

during 24 hours at an increased power (up to levels between 38 and 42 kW/m, 

approximately). Through the analysis of different radial positions of the pin sections 

tested, the gaseous swelling dependence with the temperature was inferred. 

 

The cited modelling is expressed in terms of strain,  , which is calculated as a linear 

function of fuel temperature, T. The equations used are expressed as (Geelhood and 

Luscher, 2014a):  

Cº1370Tº960,10·37.4T10·55.4 25                                (1) 

 

Cº1832Tº1370,10·40.7T10·05.4 25                              (2) 

 
The model is phased in between 40 and 50 GWd/MTU by applying a factor that varies 

linearly between 0 and 1 at 40 and 50 GWd/MTU, respectively, and stays constant 

from so on. Figure 2 displays the results obtained through equations 1 and 2. As it can 

be observed, the effect produced by gaseous swelling is modelled in a simple way 

easy to get implemented in the code.  

 

The contribution of this modelling has been checked through the simulation of the base 

irradiation showed in Figure 1, by using the default version of FRAPCON-3 and a 

modified version in which the gaseous swelling calculations have been deactivated. 

Figure 3 displays the results obtained in terms of the fuel surface radial displacement, 

r. As it can be noted, the differences between simulations appear from 40 GWd/tU. In 

the case of simulating the gaseous swelling an important increase is observed up to 50 

GWd/tU. From 50 GWd/tU, the increasing trend of the red line (i.e., no gaseous 

swelling) is dominated by the fuel swelling due to the solid fission products (also 

modelled by the code), whereas the decreasing trend of the blue line (i.e., gaseous 

swelling included) is controlled by the decreasing fuel temperature. 

 



 
Figure 2. FRAPCON modelling of fuel strain due to gaseous swelling as a function of 

temperature.  

 
Figure 3. Fuel surface radial displacement as a function of burnup.  

 

3.2. Procedure 

 

The target variables selected in each ramp studied to analyse the gaseous swelling 

effect on PCMI have been based on safety conditions in terms of cladding integrity: 

 

 Startups. Cladding hoop stress margin (CHSM) with respect to a stress 

threshold imposed (400 MPa according to Yagnik (2008)). 

 AOOs. Maximum allowable linear power increment, q’, for not exceeding the 

1% cladding strain limit (NEA, 2012).  

 

Thus, the cited variables have been determined through FRAPCON-3 calculations at 

different burnups (shown in Figure 1), in order to evaluate the sensitivity of the cladding 

mechanical performance to the fuel swelling due to the retained fission gases. To do 

that, the above mentioned options of code calculation have been used: by default and 

with the gaseous swelling model deactivated. 



4. Results 

 

4.1. Startups 

 

Figure 4 represents the stress margin determined (related to the maximum cladding 

hoop stress calculated) for the different burnups studied in the case of operational 

startups. From the results obtained it can be highlighted: 

 

 The simulations without gaseous swelling have given rise to similar stress 

margins (close to 350 MPa). A slightly decreasing trend with increasing burnup 

can be observed, which is due to the fuel swelling contribution related to the 

solid fission products (previously mentioned). 

 When the gaseous swelling is accounted for, the stress margin shows a 

decrease from 32.7 to 48.7 GWd/tU, related to the activation of the modelling of 

this mechanism. On the contrary, the reverse trend is observed from 48.7 to 

55.3 GWd/tU, motivated by the stress relaxation due to the reduction of fuel 

temperature and the previous cladding deformation. This is consistent with the 

observations made from Figure 3. 

 If both simulations are compared, the same result is observed at 32.7 GWd/tU 

and practically the same at 55.3 GWd/tU. However, at 48.7 GWd/tU an 

important reduction of the stress margin is observed when gaseous swelling is 

modelled (around 20%). 

 

 
Figure 4. Hoop stress safety margin related to startups at different burnups.  

 

 

4.2. AOOs 

 

The analysis carried out in the case of AOOs is expressed in terms of the ratio between 

the maximum power increment estimated with the default code, q’, and the value 

calculated without the gaseous swelling contribution, q’wogs. Figure 5 displays the 

results obtained at the different burnups studied. The main observations concerning the 

gaseous swelling effect are: 

 



 There is no effect up to 40 GWd/tU, as expected. 

 From 40 GWd/tU to 55 GWd/tU, the higher the burnup, the higher the effect of 

the gaseous swelling contribution (up to 40%, approximately), giving rise to 

higher allowable power increments. This is related to the mechanical state of 

the cladding when the ramp occurs; if the gaseous swelling is accounted for 

during the base irradiation, the larger cladding strain attained before the 

transient (due to the significant mechanical load at these burnups), can 

accommodate a higher load during the AOO. 

 From 55 GWd/tU, a decreasing trend with increasing burnup is observed. When 

the gaseous swelling is taken into account, the larger strain of the cladding at 

55 GWd/tU along with the decreasing fuel temperature give rise to a stress 

relaxation from that burnup during the base irradiation, which is predicted to 

cause a stress reversal (i.e., from tensile to compression stress). When this 

situation happens, the allowed load during the AOO notably decreases. 

 

 

Figure 5. Ratio between allowable power increments for AOOs to analyse the gaseous 

swelling effect.  

 

 

5. Final remarks 

 

An assessment through FRAPCON-3 of the gaseous swelling effect on PCMI under 

ramping conditions has been performed at different burnups of a typical PWR fuel rod. 

This study allows concluding that the contribution on safety margins is noticeable.  

 

If the gaseous swelling is simulated, the dependence of the PCMI with the cladding 

mechanical state before the ramp has been shown to be especially relevant. This is 

particularly important at high burnup levels (> 55 GWd/tU). 

 

Given the relevance of the gaseous swelling effect under the ramping conditions 

simulated, further work is foreseen to keep on performing an in-depth review of the 

model used in FRAPCON-3 to simulate this mechanism. 
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Abstract 

The objective of this paper is to synthesize the state of knowledge acquired from the French 

cooperative R&D program between CEA, EDF and AREVA NP as regards PCI I-SCC mechanisms and 

the way they are modeled in the ALCYONE application. 

The paper will start with a brief description of the key aspects of the phenomenology, illustrated by 

results from ALCYONE 3D simulations. Then, the models developed in order to take into account 

pellet cracking, fuel creep, gaseous swelling and cladding constitutive law will be described, as well 

as the algorithm used to solve the multiphysics problem. This will be followed by a synthesis of the 

main conclusions from ALCYONE V1.4 validation, drawn from the comparison between calculations 

and measurements on extensive post-irradiation examinations performed on an experimental 

database with more than 50 power ramps. 

Finally, an overview of on-going developments will be given concerning the possibility to model the 

thermo-chemistry of irradiated UO2 fuel in transient conditions, including radial thermo-diffusion of 

oxygen in the pellet, and the development of a damage model for the cladding to be used in PCI 

I-SCC conditions. 
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1. INTRODUCTION 

In case of power increase in PWR, such as the one occurring during a class-II transient, PCI-induced 

failures may occur. The failure of the cladding, first barrier for containment of fission products in 

the fuel rod, could induce a contamination of the primary circuit. In France, safety regulations 

impose no cladding failure in these conditions. In order to meet this requirement, special operating 

procedures are in place, which lead to reactor maneuvering restrictions. R&D programs dedicated 

to PCI, combining experimental and modeling approaches, are thus undertaken to gain a better 

understanding of the basic mechanisms involved. These programs also deal with design and 

qualification of products with improved performances, which could generate margins for the 

nuclear operators. 

For the last 15 years in France, as part of a cooperative program between CEA, EDF and AREVA NP, 

the development of a multi-dimensional Finite-Element-based tool has been carried out, giving rise 

to the ALCYONE code, dedicated to the simulation of fuel rod behavior during normal and transient 

PWR loading conditions. More specifically, the goal of ALCYONE 3D is to provide  a reference fuel 

performance code with a solid scientific background, able to simul ate as closely as possible the 

physical phenomena activated during a PCI transient.  

In this paper, the state of knowledge acquired from this R&D program will be synthetized as 

regards the description of the PCI phenomenology, illustrated by the latest results from 

ALCYONE 3D simulations. 

In Section 2, a brief recall of the different steps involved in PCI I-SCC and the description of the key 

aspects of the phenomenology will be given.  

In Section 3, the main characteristics of the models used in the ALCYONE code for the simulation of 

fuel rod behavior during base irradiation and power ramps will be described, as well as the 

algorithm used to resolve the multiphysics problem. 

Validation of ALCYONE application, performed by comparing calculations with extensive post-

irradiation examinations on rods from a database including more than 50 power ramps, will be the 

subject of Section 4. 

In Section 5, perspectives for the evolution of ALCYONE modeling will be presented, concerning on 

the one hand the behavior of corrosive fission products released by the fuel during a power ramp 

and on the other hand, the development of a damage model for the cladding adapted to the I-SCC 

conditions, in order to estimate the risk of failure, before concluding in Section 6. 

 

2. ILLUSTRATION OF PCI I-SCC  PHENOMENOLOGY 

In this chapter, mechanisms linked with the PCI I-SCC phenomenology are described and illustrated 

with results from ALCYONE 3D simulations. 
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2.1. FUEL ROD BEHAVIOR DURING BASE IRRADIATION 

At the first power increase during base irradiation, thermal gradient in the pellet induces a 

macroscopic cracking. The pellet then takes an hourglass form, with a non-homogeneous 

deformation axial profile. A more significant reduction of the pellet/cladding gap is observed at 

inter-pellet (IP) plane than at mid-pellet (MP) plane, ultimately leading to the formation of primary 

ridges at IP plane. 

3D simulations are performed at the fragment scale and are therefore able to simulate these 

effects (see Figure 1 and Figure 2, where colors represent levels of calculated equivalent inelastic 

strains in pellet and cladding). 

 

 

Figure 1. Illustration of pellet hourglass form setting and primary ridge formation at inter-pellet 

plane during base irradiation with ALCYONE 3D calculations. 

 

During the irradiation cycles, the dimensions of the fuel element change because of fuel 

densification, pellet swelling due to solid fission products and activation of cladding creep. The 

shape of the fuel pellet is printed on the cladding, which adopts a “bamboo-like” form. 

 

2.2. FUEL PELLET BEHAVIOR DURING POWER TRANSIENT 

During a power transient, increase in cladding diameter is induced by the large thermal gradient in 

the pellet and the activation of gaseous swelling in the central part of the pellet. The gaseous 

swelling contribution can be significant if the power value reached is high, the period of time at 

max. power is long (> 15-30 min) or if the fuel has a high burnup. 

As illustrated in Figure 2 by 3D simulations, cladding deformation during the transient is first 

accentuated at the IP plane because of the hourglass shape of the pellet. At high temperature, the 

fuel creep will be activated in the inner part of pellet, inducing dish filling, which will then tend to 

mitigate the cladding diameter increase at IP. 
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If the height to diameter ratio (H/D) of the pellet is large (> 1.5), there will be little impact of this 

effect up to the MP plane. In this case, radial expansion will become maximum at MP plane. This is 

the reason why cladding ridges at MP plane (so-called “secondary ridges”) measured during post-

ramp examinations, can reach high values (about 30 microns) and often exceed their counterparts 

at IP plane by a factor of 2 or 3. 

 

 

Figure 2. Illustration of cladding deformation at IP and MP planes during a power ramp with 

ALCYONE 3D calculations. 

 

Fuel cracking also plays an important role in PCI I-SCC phenomenology. The primary cracks (created 

during base irradiation) open during power ramp to accommodate thermal expansion of the fuel 

pellet, leading to an increase of local efforts on the cladding. Stress and strain concentration is thus 

located facing a primary crack, at IP level and at inner part of the cladding (so called “triple point”) . 

Furthermore, secondary fuel cracking, resulting from stress arising at the pellet-cladding interface 

and highly dependent on the friction coefficient at the interface, will develop during the power 

transient. This additional cracking tends to reduce the level of stress and strain concentration at 

the triple point by limiting the opening of the primary crack. In ALCYONE code, a cracking model for 

the fuel and a burnup-dependent law for the friction coefficient, are used to account for these 

mechanisms (see §3.2.1). 

On the other hand, the sharp increase in fuel temperature in the central zone of the pellet induces 

a release of volatile fission products with among them, gases potentially corrosive for the cladding 

(I, I2, TeI2, ...). These gases will migrate to the inner part of the cladding by the network of cracks in 

the pellet and the free volume at IP level due to dish and chamfers [Desgranges, 2013]. 

These corrosive fission products play a key role in the initiation of I-SCC on Zr-based cladding. The 

estimate at any time during the power ramp of the amount of corrosive FP in contact with the 

cladding has recently become possible in ALCYONE 3D simulations, thanks to the use of a thermo-

chemistry module. Figure 3 shows the evolution of the calculated released fraction of iodine during 
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the power ramp at the fragment scale. We can note the significant calculated iodine release at the 

IP plane, consistent with the phenomenology. 

 

 

Figure 3. Illustration of fractional Iodine release evolution in the pellet fragment during a power 

ramp with ALCYONE 3D calculations. 

 

3. ALCYONE:  A REFERENCE CODE FOR PCI SIMULATIONS 

3.1. DESCRIPTION OF ALCYONE 1D AND 3D SCHEMES 

In order to perform simulations on PWR fuel rods, CEA, in collaboration with EDF and AREVA NP, is 

developing a fuel performance code named ALCYONE, in the framework of the multiphysical fuel 

performance simulation platform PLEIADES [Michel, 2012]. ALCYONE calculations can be 

performed in 1D, 2D or 3D conditions [Sercombe, 2009]. In this paper, we will focus mainly on the 

1D and 3D schemes used for PCI simulations. 

The 1D scheme is based on an axial discretization of the rod with several slices. A rod with 

approximatively 300 pellets is usually modelled with 30 slices, so that each slice represents the 

average behavior of several pellets, modelled with 1D axisymmetric geometry. This scheme allows 

calculating the whole rod and gives access to integral values, such as fission gas release, rod 

internal pressure evolution, cladding outer diameter changes, cladding elongation,... These results 

can then be compared with experimental measurements. 

In the 3D scheme of ALCYONE, the modelling is performed at the fragment scale and leads to the 

calculation of pellet local deformation (hourglass effect, dish fillings,…) and of local pellet-cladding 

mechanical interaction. Stresses in the cladding can be calculated at the Inter-Pellet plane where 

cladding failure usually occurs in irradiated fuel rods submitted to high power transients. 
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Before using the 3D scheme, it is necessary to perform a calculation with the 1D scheme, in order 

to extract the boundary conditions (clad outer temperature and rod internal pressure evolutions) . 

 

3.2. MODELLING DESCRIPTION 

In this chapter, the main characteristics of the models used in the ALCYONE code for the simulation 

of fuel rod behavior during base irradiation and power ramps will be described. 

3.2.1. Pellet cracking 

During the first power increase in base irradiation, a macroscopic cracking of the pellet occurs, 

called "primary cracking", at the origin of the creation of pellet fragments. The number of 

fragments included in the calculation results from the feedback of metallographic examinations 

(average number of 8 fragments) [Sercombe, 2012]. By considering a first symmetry plane 

perpendicular to the rod axis at mid-pellet and a second one passing through the rod axis at mid-

fragment, only one-fourth of a pellet fragment and its overlying piece of cladding are studied in the 

3D scheme [Michel, 2012]. 

Another cracking localized on the outer part of the pellet occurs during power transient, called 

“secondary cracking”. Its origin comes from the stresses generated in the pellet by the strong 

thermal gradient when the pellet-cladding gap is closed. To characterize this cracking, it is 

necessary to take into account both the brittle behavior of the pellet and the friction coefficient at 

the pellet/cladding interface. 

The brittle behavior of the pellet is approached with a specific cracking model based on two 

physical parameters: the critical stress, associated to the stress necessary to initiate a cracking, and 

the energy of cracking, defined as the energy that must be provided to create the crack. In order to 

obtain these two parameters, an experimental procedure has been defined, based firstly on the 

use of bending tests and indentation tests on un-irradiated fuels and secondly on the use of 

indentation tests on irradiated fuels [Gatt, 2015]. The energy of cracking appears as a prime 

parameter to differentiate the brittle behavior of different types of fuels (e.g. standard vs. doped 

fuels). 

The characteristics of the pellet/cladding interface evolve with irradiation, affecting the value of 

the friction coefficient. In order to get a good consistency between the calculated post-ramp 

secondary cracking and the one estimated from ceramographic examinations, an evolution of the 

friction coefficient with burnup was determined by an inverse analysis. A strong dependency of the 

friction coefficient with burnup resulted from the application of this methodology [Sercombe, 

2012]. 

 

3.2.2. Fuel creep behavior 

To describe fuel creep behavior, an isotropic viscoplastic model is used and can be decomposed in 

two terms: the first term accounts for athermal creep (irradiation-induced creep) and the second 
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term for thermal creep. The thermal creep term is divided in two terms describing primary creep 

and secondary creep. Secondary creep is modelled with contributions related to two mechanisms, 

point defect diffusion and dislocation climbing, coupled by a coupling function [Monerie-Gatt, 

2006]. Diffusion creep is more important at low stresses and low temperatures while dislocation 

creep is preponderant for high stresses and high temperatures.  

Parameters for thermal creep behavior law were obtained from tests performed on un-irradiated 

samples. However, when using this law in ALCYONE, a significant discrepancy was noted between 

calculations and measurements on cladding deformation (diameters, primary ridges) . A sensitivity 

study then showed that the calculation by only activating diffusion creep in the secondary creep 

model, led to a better agreement on the primary ridges. In this case study, rods from no-holding-

time (NHT) ramps were used, in which the activation of gaseous fuel swelling is limited. 

In irradiated fuel, it thus may seem that there is a delay in the triggering of dislocation creep (or at 

least attenuation). This could be linked to the presence of fission products that can be viewed as 

equivalent to the presence of impurities in the fuel [Balland, 2007]. As a consequence, a burnup 

dependency has been taken into account in the coupling function between diffusion creep and 

dislocation creep, using an inverse analysis relying on the height of primary ridges and dish filling 

measured after NHT ramps [Julien, 2012]. Dish filling estimates were derived from longitudinal 

metallographic examinations available at numerous axial locations for such ramps. 

 

3.2.3. Fission gas behavior 

The behavior of gaseous fission products can be described by two different types of models, which 

differ by the level of modelling as regards the physical phenomena [Jomard, 2014]. 

The first type of model consists in a simplified model set, corresponding to a linking of two simple 

models to describe the behavior of fission gas in both steady-state (FR9PER) and transient 

conditions (COSEL). FR9PER models gaseous swelling with an empirical expression and fission gas 

release with a specific model, these two parts being independent. On the other hand, COSEL model 

used in transient conditions takes into account diffusion and trapping but also migration of intra-

granular bubbles in a temperature gradient. The swelling part and the gas release equations are 

physically and numerically coupled in the COSEL approach. 

With this calculation chain, there is no continuity between base and transient conditions for the 

variables related to fission gases. In particular, COSEL initialization of intra and inter-granular gas 

bubbles characteristics is not calculated by FR9PER and is to be set by the user at the beginning of 

the ramp calculation. 

The second type of fission gas model is more advanced and is called CARACAS. With this model, it is 

possible to chain continuously the variables for steady state and transient irradiation conditions. 

This model describes with a coupled approach, several gas populations and their evolution with 

time. Thus, intra-granular bubbles precipitation, growing and migration in temperature gradient 

and inter-granular bubbles precipitation, growing and coalescence are calculated. 
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3.2.4. Cladding constitutive law 

The mechanical behavior of fresh and irradiated zirconium alloy claddings is modelled in ALCYONE 

by an anisotropic constitutive law coupling (i) a creep flow rule and (ii) a plastic flow rule with 

isotropic non-linear hardening [Sercombe, 2012]. The formulation is based on an extensive 

database of creep laboratory and in-reactor tests performed at temperatures (280 – 400°C), stress 

levels (0 – 550 MPa), fast neutron fluxes (1 − 2.10−18 n/m2/s) and fluences (0 − 10.1025n/m2), 

representative of normal and power transient conditions [Soniak, 2002]. 

The stress-strain constitutive law for the clad material is given by Hooke’s law as follows: 

 thpvp
εεεε:Cσ   

with 
vp
ε  the (viscoplastic) creep strain tensor, 

p
ε  the plastic strain tensor, 

th
ε  the thermal strain 

and C the fouth-order elastic tensor [Sercombe, 2012]. 

 

Creep flow rule 

The creep flow rule accounts for irradiation and thermal creep rate contributions. 

To account for the anisotropy of the material, both creep strain rate expressions are function of 

Hill’s equivalent stress σ:H:σσH   with H  a symmetric fourth rank tensor. 

When the tube reference system (r,θ,z) is used and while the anisotropy directions correspond to 

the principal stress components directions, Hσ  classically reads as follows in case of 1.5D modeling: 

     2θrz

2

zrθ

2

zθr

2

H σσHσσHσσHσ   

The formulation depends on three coefficients zθr H,H,H  identical for irradiation and thermal 

creep, these coefficients being identified from uniaxial and biaxial creep tests. 

The equivalent irradiation creep strain rate takes into account primary and secondary creep rate 

components. Creep rate enhancement due to the effect of the fast neutron flux on the material is 

taken into account in the stationary creep component. 

The equivalent thermal creep strain rate also takes into account primary and secondary thermal 

creep rate components, using a formulation depending on temperature, Hill’s stress and fluence. 

More precisely, each of the thermal creep rates is equal to the product of two functions which 

parameters have been identified from tests performed on fresh and irradiated cladding materials, 

including for this latter case, the reduction in thermal creep rate with fast neutron fluence, as 

observed experimentally [Soniak, 2002]. 
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Plastic flow rule 

As for the creep flow rule, the plastic flow rule is based on Hill’s formulation with anisotropy 

coefficients depending on temperature and fluence. The plastic criterion is calculated by an 

expression accounting for strain-hardening of the material and irradiation-induced hardening.  

 

3.3. ALGORITHM USED TO SOLVE THE MULTIPHYSICS PROBLEM 

ALCYONE solves a multiphysics problem in order to calculate the fuel rod behavior under base 

irradiation and power ramp conditions. The developed algorithm is devoted to computing the 

temperature distribution in the fuel element, fission gas behavior (gas release and swelling) and 

mechanics (stress and strain fields in the fuel pellet and cladding). The thermo-mechanical 

calculation scheme of ALCYONE is shown in Figure 6. 

Concerning the convergence loop, a specific optimization of the multiphysics coupling algorithm 

was conducted and led to stricter convergence criteria on mechanical pressure and gaseous 

swelling. 

 

 

 

 

 

 

(1) - For the 1D scheme, at each timestep, a 

multiphysics coupling is performed on each 

axial slice. If a non-convergence is detected 

or if the gaseous swelling increment is too 

large, the initial timestep is subdivided and 

calculation is performed again for all the 

slices.  

 - For the 3D scheme, the same principle 

is applied at the fragment scale. 

Final convergence is reached when the 

maximum temperature, gas swelling or 

pellet-clad gap variation does not exceed 

prescribed criteria. 

 

Figure 4. ALCYONE thermo-mechanical and fission gas algorithm. 
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4. VALIDATION 

4.1. VALIDATION DATABASE 

In order to assess the results obtained with ALCYONE, experiments with extensive post-irradiation 

examinations performed on different types of fuels and claddings are used and constitute a large 

experimental database. In this database, there are more than 50 power ramps, including rods with 

std UO2, UO2 doped with Cr2O3, MOX and (U-Gd)O2 fuels, with Zy4 or M5 claddings. Some power 

ramps have been specifically designed to improve the understanding of the PCI phenomenology 

(NHT ramps). These rods are characterized by various power histories during base irradiation 

(number of cycles, cycle duration and average linear heat rate) and various characteristics for the 

power ramps (max. power and power increase, holding time at max. power). The main 

characteristics are collected in the following table. 

 

Characteristics Min Max 

Number of cycles 1 6 

Average linear heat rate during base 
irradiation (W/cm) 

90 285 

Final burnup (GWd/tM) 12 73 

Ramp linear heat rate (W/cm) 394 610 

Holding time 0 s 12.5 h 

 

4.2. COMPARISONS BETWEEN CALCULATIONS AND MEASUREMENTS 

To assess ALCYONE and its various models, experimental data obtained after base irradiations and 

power ramps are used. The comparison between numerical and experimental results is focused on 

four main types of measurements: fission gas release, scheme of pellet cracks, clad profilometries 

and post-ramp dish filling, detailed for each measurement in the following parts. 

 

Fission gas release 

After base irradiation and power ramps for un-failed rods, fission gas release is measured and 

compared with the results calculated by CARACAS with the 1D scheme of ALCYONE. Comparison 

between calculations and measurements is shown in the following figure for the two types of 

irradiations [Jomard, 2014]. 



11/18 

 

 

Figure 5. FGR after base irradiation and power ramps for un-failed rods. 

 

On this graph, a tolerance of +/-40 %, corresponding to a minimum value associated to +/-5 % 

uncertainty on linear heat rate, has been drawn. We can observe some scattering of the points at 

low gas release in case of ramp tests; studies are ongoing to try to improve this behavior. For larger 

gas releases, the trend is more satisfying. 

 

Secondary cracks 

Figure 6 shows a comparison between calculations and measurements for the number of 

secondary radial cracks formed during the power ramp, for all the rods where radial cuts are 

available. 

The general trend is correctly reproduced by taking into account an evolution of the friction 

coefficient with burnup, as described in §3.2.1. 
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Figure 6. Number of radial secondary cracks after ramp test: comparison between calculations and 

measurements. 

 

Cladding profilometry 

After base irradiation and power ramps, cladding outer diameters are measured. Several data 

useful for code validation are extracted from these measurements: cladding diameter and height of 

ridges at inter-pellet planes (“primary ridges”) or mid-pellet planes (“secondary ridges”). 

The same type of data are extracted from ALCYONE calculations and compared to the 

measurements. For example, for each rod, we can draw the following figure for clad outer 

diameter in order to analyse the results obtained with the 3D scheme of ALCYONE (results shown 

here have been obtained with ALCYONE 3D and the fission gas calculation chain FR9PER/COSEL): 

 

Figure 7. Comparison between calculations and measurements for clad outer diameter at the end 

of base irradiation and power ramp. 
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For this particular rod, we can note that there is a good matching between cladding diameter and 

height of primary ridges after base irradiation. After the power ramp, we can see a slight 

underestimation on the cladding diameter but the height of ridges (primary and secondary) are 

correctly calculated. 

The following graphs show results for cladding outer diameters at mid-pellet and height of primary 

ridges at the end of base irradiation for all the rods: 

End of base irradiation: 
- Cladding outer diameters - Height of primary ridges 

  

Figure 8. Comparison between calculations and measurements for the diameters and heights of 

primary ridges at the end of base irradiation. 

 

After base irradiation, there is an excellent agreement on diameters between ALCYONE 

calculations and measurements. For the diameter, the admitted tolerance is +/- 10 microns and 

represents the uncertainty on the measurements. 72% of data are included in this tolerance band. 

As regards the heights of primary ridges, there is a small overall under-estimation of few microns. 

In this case, the admitted tolerance is +/- 5 microns and 77% of results are included in this band. 

For each rod, in order to characterize the sole effect of the power ramp, the increase of cladding 

diameter at mid-pellet between the end of base irradiation and the end of power ramp is also 

estimated from the measurements and compared to the calculations. Indeed, this indicator does 

not take into account some possible discrepancy between calculations and measurements at the 

end of base irradiation that could skew the comparison during ramp test. 
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End of power ramp: cladding outer diameter increase 

 

Figure 9. Comparison between calculations and measurements for the increase of cladding outer 

diameter between the end of base irradiation and the end of power ramps.  

 

On this graph, we can note a good matching between calculations and measurements, as 74% of 

the data fall in the tolerance band. This result is very important in the validation assessment of the 

3D calculations, because the parameters of the gaseous swelling modeling have been adjusted 

using the 1D scheme, which by default gives results at the mid-pellet plane. We can conclude from 

this comparison that there is a good consistency between 1D and 3D computational schemes. 

The following figure gives a comparison between calculations and measurements for the heights of 

primary and secondary ridges at the end of power ramps. 

End of power ramp: 
Primary ridges (inter-pellet) Secondary ridges (mid-pellet) 

  

Figure 10. Comparison between calculations and measurements for the heights of primary and 

secondary ridges at the end of power ramps. 
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After power ramps, the results obtained with ALCYONE 3D are in a very good agreement with the 

measurements for a large part of rods (with a wide range of final experimental values). We can 

note that 74% of the data are included in the tolerance band for the primary ridges and 55% for the 

secondary ridges. 

 

Dish filling 

Another type of measurements used to assess the results obtained by the simulations concerns the 

dish filling. In order to quantify dish filling, the dish profile between two pellets is measured after 

the ramp test on an axial cut and compared to the dish characteristics at fabrication and to the dish 

profile calculated with the 3D scheme of ALCYONE (as shown in Figure 11). 

 

Figure 11. Comparison between calculations and measurements of pellet dishing evolution during a 

power ramp. 

 

The dish filling ratio is defined as the relative ratio between (A0-A) and A0, A0 being the initial dish 

area and A the dish area after power ramp. The following figure presents the comparison between 

calculations and measurements for all the rods for which a measure of the dish filling is available. 

These measurements being obtained using destructive post-irradiation examinations, there are 

fewer available data as compared to other types of measurements.  
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End of power ramp: dish filling 

 

Figure 12. Comparison between calculations and measurements for the dish filling at the end of 

power ramps. 

Except for 2 rods, the results are in very good agreement with the measurements: 80% of the 

results are included in the admitted tolerance band, which corresponds to a relative error of 

+/-5%. We can observe a saturation of the calculation at 80% due to the reopening of the dishing at 

the end of the ramp when the power decreases, which could be corrected by the introduction of a 

modeling of the interaction between the two pellets at the dishing location. 

 

5. ON-GOING ALCYONE  DEVELOPMENT  FOR PCI I-SCC  SIMULATIONS 

Axes of evolution for ALCYONE have been identified and are outlined in this section. They are 

described in more details in two other papers of this workshop [Sercombe, 2016] and [Le Boulch, 

2016]. 

The objective of these developments is to improve the description of cladding failure mechanisms 

during a power ramp. 

As regards the treatment of thermochemical aspects in PCI I-SCC conditions, it is necessary:  

- To estimate the concentrations of corrosive fission products created in the fuel pellet during 

irradiation, with the use of an evolution code able to calculate the buildup of these elements; 

- To estimate changes in the speciation of these FPs in the fuel pellet during the ramp (formed 

compounds, physical state, i.e. condensed phase or gas phase), taking into account the impact of 

oxygen thermo-diffusion. This requires a thermodynamic solver (to perform Gibbs energy 

minimization calculations) and a database of thermodynamic properties of the various compounds 

of interest [Baurens, 2014]; 

- To calculate the behavior of these FPs in the fuel pellet: release from the central part of the pellet 

and transport to the inner part of the cladding. 

In order to describe the cladding cracking initiation and propagation mechanisms during a power 

ramp, a damage model is currently developed. The approach calculates the evolution of a local 

damage variable with a Kachanov-type law [Kachanov, 1999], adapted to the I-SCC conditions by 
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the introduction of a term dependent on the iodine concentration. Iodine transport in the cladding 

is taken into account by means of a model originally proposed by Miller (using Fick's law) [Miller, 

1981], with the assumption that iodine remains confined at the crack tip. 

The full model is introduced into the calculation scheme of ALCYONE, to be used for ramp tests 

calculations. 

 

6. CONCLUSION 

R&D studies conducted in CEA with the technical and financial support of EDF and AREVA NP has 

led to identify key mechanisms of PCI I-SCC phenomenology. This state of knowledge has been 

acquired through dedicated experimental programs based on the realization of power ramps in 

MTR, using rods that were pre-irradiated in commercial PWRs, followed by non-destructive or 

destructive examinations. 

The complexity of the phenomena involved and their strong coupling has led to develop the 

ALCYONE code, integrating models to simulate pellet cracking (taking into account brittle behavior 

of the fuel as well as a burnup-dependent friction coefficient at the pellet/cladding interface), fuel 

creep behavior (using an isotropic viscoplastic model accounting for athermal and thermal creep), 

fission gas behavior (with models such as CARACAS, able to chain continuously the gas variables for 

steady state and transient irradiation conditions) and integrating constitutive laws for the cladding 

(under the form of a creep model and a plasticity model with isotropic non-linear hardening, for 

fresh and irradiated zirconium alloy claddings). 

The validation of ALCYONE code is performed by comparing calculations with extensive post-

irradiation examinations on rods from the ramp database which includes more than 50 power 

ramps. Fission gas release is compared to the measurements after base irradiations and power 

ramps for un-failed rods. The assessment of the pellet cracking modeling is done by comparing the 

number of secondary radial cracks formed during the power ramp (measured on metallographic 

radial cuts) to the calculations. Thermo-mechanical simulations are assessed by using cladding 

outer diameters and primary ridges at the end of base irradiation, and cladding outer diameter 

increase, primary and secondary ridges at the end of the power ramps. Fuel creep modeling is 

assessed by using dish filling estimates, derived from longitudinal metallographic examinations. In 

each case, a tolerance representing the uncertainty on the measurements is used to see the code 

capacity to reproduce each of these results, so as to guide research, if proven necessary.  

Axes of evolution for ALCYONE development have been identified and are ongoing. They concern 

on one hand the possibility to simulate the behavior of corrosive fission products during a power 

ramp and secondly the development of a damage model for the cladding in order to precisely 

describe the failure mechanisms in PCI I-SCC conditions. These topics are described in more details 

in two other papers of this workshop. 
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Abstract

The report presents the computational and ex-
perimental methods of studying the stress–
strain state of pellets and cladding of WWER
fuel rod, based on the use of FEM ANSYS code.

In the first part of the report finite element
model of portion of fuel rod with possibility
of the formation and development of cracks in
UO2 is presented.

The second part describes the experimen-
tal and numerical method of cladding material
strength research using «mandrel» test.

The third part examines the impact of tech-
nological defect of fuel pellet on the perfor-
mance of the fuel rod.

As an example, the simulation of the power
ramp experiment, in which there was a depres-
surization of the fuel rod in the area of fuel pellet
defect is performed.

Introduction

Currently depressurization fuel rods due to the
pellet cladding interaction (PCI) is regarded as
one of the major failure mechanisms WWER re-
actor fuel.

The primary cause of failure by this mech-
anism is a local increase of tensile stresses in

∗AVKrupkin@bochvar.ru
†VIKuznetsov@bochvar.ru
‡VVNovikov@bochvar.ru

the cladding in the power ramp reactor oper-
ating modes, provided by hard pellet–cladding
contact.

The high level of tensile stress in the fuel
cladding can lead to:

• The formation and development of cracks
from the outer to inner surface of the
cladding due to the internal redistribution
of hydrogen under the influence of stress
to the crack tip (DHC failure mechanism);

• The formation and development of cracks
from the inner to outer surface of the
cladding under the influence of corrosive
fission products (SCC mechanism of fail-
ure).

The following experiments are held by SC
VNIINM to investigate cladding strength in PCI
conditions:

• Reactor experiments with the power ramp
(ramp test);

• Laboratory experiments with biaxial
cladding loading(mandrel test).

These experiments allow you to set deforma-
tion margins at which the failure of the samples
at the given experimental conditions (corrosive
environment, the loading rate, the degree of hy-
drogenation of samples).

However, for design calculations it is neces-
sary to transfer received deformation to stresses,

Page 1



which typically are not measured in the experi-
ment.

To do this, additional computational studies
are held by the integral code START–3A [6] and
finite element code ANSYS [3].

Code START–3A allows to evaluate stress–
strain state of the fuel rod during operation in
1, 5D formulation with taking into account fis-
sion gase products release. ANSYS code is used
to calculate thermomechanics of fuel rod local
areas in 2D and 3D formulations.

There is also used a collaborative approach:

1. Calculations of fuel rod campaign per-
formed using code START–3A to evaluate
the starting point (fuel swelling, gas com-
position and pressure);

2. Obtained solution is used in the ANSYS
code calculations to account for the influ-
ence of local effects (cracks and defects in
the fuel pellet, pellet joints)

The report provides examples of the ap-
plication of these numerical–experimental ap-
proaches to study PCI mechanism.

1 Simulation of the forma-
tion and development of
cracks in the fuel pellet

Different approaches of modeling fuel pellets
fracture in the finite–element complex ANSYS
are discussed in detail in the reports [1, 4].

These reports shows that the most correct
method of cracks modeling is obtained with the
introduction of cohesive zone, which set spe-
cial conditions between the normal stresses and
normal gap with using approaches of fracture
mechanic.

In this paper we used for the simulation of
cracks bilinear dependence Alfano–Crisfield [2]
(see Figure 1.).

Figure 1: Bi–linear dependence between normal
force Tn and normal gap δn

Figure 1 shows the normal force Tn depen-
dence on the gap δn. It is clear from the fig-
ure that value of the normal force of the gap
increases with the gap disclosure to a certain
value, which in this study is taken equal to the
ultimate strength of the UO2 material.

With further load force normal force starts to
decrease, which corresponds to a weakening of
the inter atomic bonds. The gray line in Figure 1
shows the unloading curve. That is, re–load cor-
responds to less energy of surfaces separation.

To test the 3D finite element model of the
fuel rod section was built in ANSYS code with
height of 11

2
hp and in the angular sector of sym-

metry 0–90◦. There was considered a simple
history with power raise from 0 to 45 kW/m.

The simulation results are shown in Figure 2.
Figure 2 shows the distribution of hoop stress

at the end of the loading history.
The maximum values of tensile stresses in the

fuel are implemented in the upper part of the
uncracked zone and is 568 MPa.

Maximum stresses in the cladding and are im-
plemented opposite to fuel cracks and has the
value of 190 MPa.

The simulation result shows opening of both
axial and radial cracks. Tangential cracks re-
main closed.

Thus, the 3D modeling allows to:

Page 2



Figure 2: Hoop stress distribution at the end of
power raise, MPa

• Take into account the three-dimensional
nature of the deformation of the fuel pellet

• Obtain the values of the stresses at the in-
terface of pellets and in zones opposite to
axial cracks;

• Get a three–dimensional picture of the
cladding deformation for comparison with
experimental data.

2 «Mandrel» test mod-
elling

The mandrel test is one of the methods of in-
vestigation of anisotropic properties of cladding
tubes in the condition of a complex three di-
mensional stress state.

Loading device that was used for this experi-
ment is shown in Figure 3.

Figure 3: Scheme of the mechanical loading de-
vice
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Mechanical loading system consists of three
main parts: the plunger, the mandrel and the
tubular sample with ceramic inset.

Plunger movement causes deformation of the
mandrel which in turn deforms the ceramic inset
(ceramic sheath) that transmits the load to the
sample.

Design of the ceramic sheath is a hollow
cylinder, which applied symmetrical longitudinal
notches. The number of notches determines the
number of fragments of crack map.

Under loading the sheath will crack, simulat-
ing thus the behavior of ceramic fuel pellets.

The features of the mechanical tests carried
out by SC «VNIINM» is the availability of in-
formation measuring system to online record 3D
deformation map of the sample in real time.

The system allows you to make graphical
overlay displacement map on the deformed sam-
ple image. An example of this blending is shown
in Figure 4.

Figure 4: Video picture of the sample with real
time superimposed 2D projection of the radial
displacements

A parametrical model with numerical analy-
sis of experiment was created in finite element
ANSYS environment using a special macros lan-
guage APDL.

This model consisted of four interacting bod-
ies:

1. Steel plunger;

2. Mandrel made from E635 alloy;

3. Ceramic sheath made from Al2O3;

4. Cladding made from E110 alloy.

Interaction between the parts of the model
was specified through general form contact.

Cladding, ceramic sheath and mandrel were
modeled as separate deformable bodies (parts
of the model) with their own finite element
meshes.

Plunger was modeled as an absolutely rigid
body.

Figure 5 shows the finite element mesh and
its deformed state in the process of loading the
sample.

Figure 5: Finite element mesh and deformed
shape of it at the end of loading

Figure 5 shows, the formation of the plastic
deformation region in the central part of the
sample.

Figure 6 shows a photograph of the sample
after the experiment, which qualitatively con-
firms the obtained result.

Figure 7 shows calculation result of plunger
force versus plunger move.

It also shows the experimentally obtained
curve.

For comparison, the zero coordinate of
plunger move is given for force 500 N. The result
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Figure 6: Appearance of the sample after the
test

shows a good agreement between the calculated
and experimental data.

Figure 7: The plunger force. Comparison of the
calculated and experimental curves

Comparison of calculation and experimental
radial displacement maps are shown in Figures
8 and 9.

Figures show a qualitative agreement be-
tween the calculated and experimental results.

Figure 10 shows the hoop stress calculation
result.

The maximum stresses are implemented in
the place of maximum bending of the sample
(where maximum radial displacement was ob-
served) and has value of 258 MPa.

The tensile strength of the material in the cir-
cumferential direction, taking into account the
anisotropy, is 270 - 290 MPa, which means that
the cladding is in a plastic load state.

Figure 8: Radial displacement map for plunger
displacement of 2 mm. Experimental result.
Displacement scale is in mm

Figure 9: Radial displacement map at plunger
move value of 2 mm. ANSYS calculation. Dis-
placement scale in mm
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Figure 10: The hoop stress distribution in the
sample. Calculation using the finite element
code ANSYS. Stress scale in MPa

This is confirmed by experimental result,
which showed no cracks appearing in the sam-
ple.

Thus, the considered approach of numerical
and experimental study of the properties of fuel
cladding can be used to determine the limits
of mechanical characteristics in a stressed state
close to implemented in a PCI conditions.

3 Ramp test modelling

The report concludes with an example of the
power ramp experiment simulation (RAMP),
carried out in a loop channel of «MIR» reac-
tor [5].

For the simulation there was selected depres-
surized fuel rod, which had pellet with missing
chip.

On the cladding of that fuel rod a short (2–3
mm) axial crack was formed with the disclosure
of ∼ 130 µm.

Micrograph of fuel rod section in place of de-
pressurization is shown in figure 11.

Fuel rods test took place according to the
following scheme:

1. Preconditioning at least 12 hours at maxi-

Figure 11: The formation of the crack in the
cladding of the fuel rod opposite to the chip in
the fuel pellet

mum linear power of ∼ 220 . . . 230 W/cm;

2. The power increase ∼ 1, 65 times in 15
minutes;

3. Time–exposure at maximum power
∼ 365 . . . 420 W/cm ∼ 12 hours.

The dependence of the linear power of the
depressurized section of the fuel rod from the
time of the experiment is shown in Figure 12.

At the first stage full scale fuel rod calculation
were conducted in integral code START–3A
to determine the starting point (dimensional
changes) and the boundary conditions (gas pres-
sure, the gap heat transfer coefficient) for per-
forming 3D modelling of experiment in ANSYS
code.

Then the finite element model was built in
the ANSYS software comprising:

• pellet with missing chip and radial crack;

• portion of cladding.

The temperature change in the center of the
fuel for two variants of calculation (with chip
and without chip in the fuel pellet) is shown
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Figure 12: The linear power dependence of the
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from bottom of fuel rod) via time of the exper-
iment. Red numbers show the duration of the
stages of the experiment in hours: 1. Reactor
power raise (15 h); 2. Preconditioning (63,5 h);
3. Time–exposure at ramp power(17 h)

in figure 13. Same figure shows temperature
calculation for the considered cross–section per-
formed in code START–3A.

The change of hoop stresses at the inner sur-
face of the cladding opposite to the chip (the
maximum value) and in the undisturbed parts
shown in figure 14.

The Figures 13 and 14 shows that the missing
chip of the fuel pellet acting as the source of
the disturbance to the original state causes an
increase in cladding temperature on ∼ 46◦and
in cladding hoop stresses on ∼ 140 MPa.

Thus, the calculations show that the fuel pel-
let cleavage really could cause a local increase
in stress during the power ramp, which led to
the formation of cracks in cladding.

Conclusion

PCI is regarded as one of the main causes of
failure of fuel rods.

It is especially important to consider places
of the fuel cladding in front of the cracks and

0 20 40 60 80 100
0

500

1 000

1 500

2 000

Time, h

Te
m
pe
ra
tu
re
,◦

ANSYS–chip
ANSYS–no chip

START-3A

Figure 13: Temperature change in the center
of the fuel pellet for two variants of calcula-
tion (with chip and without chip in the fuel pel-
let) and the results of the calculation in code
START–3A
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Figure 14: Dependence of hoop stress in the fuel
rod cladding at the site opposite to crack in fuel
pellet for models with and without missing chip
via the time of the experiment and the results
of code START–3A calculations
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chips in the fuel pellet. In these places local
stress concentrators are formed.

In order to quantitatively describe the effect
of such local imperfections on the performance
of the cladding is necessary to use calculation–
experimental methods.

This study is conducted in two stages:

1. At the first stage the experiment
(«Mandrel»–test or «Ramp»–test) is
held;

2. At the second stage, the numerical simula-
tion of the experiment is held and project
margins are set.

The report showed that such an approach al-
lows for the most correct description of the ex-
perimental data obtained.
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Abstract

In this paper, thermo-chemical-mechanical simulations of power ramps with the
fuel performance code ALCYONE including radial thermo-diffusion of oxygen are
presented. The main purpose of the latter improvement of fuel description is to
study the impact of oxygen redistribution on fission products thermo-chemistry and
on corrosive fission gas release.

The results show that part of the observations made on fuel rods after a power
ramp are very probably consequences of oxygen migration in the pellet. The pro-
nounced reduction of molybdenum oxides and chromium oxides at the pellet center,
highlighted by EPMA measures, results from the oxygen depletion at the pellet cen-
ter. The latter is a consequence of the small hypostoichiometry of irradiated UO2

fuels and of the high thermal gradient accross the pellet.
Thermo-diffusion of oxygen is found to modify greatly the concentration in the

fuel of the minor gas species of interest for Iodine Stress Corrosion Cracking (I(g),
I2(g), CsI(g) and TeI2(g)). While temperature increase during the transient promotes
the formation of TeI2(g), the progressive oxygen depletion at the pellet center during
the holding period leads to the conversion of TeI2(g) into CsI(g) and to the generation
of Cs(g), as a result of the reduction of cesium molybdate Cs2MoO4(s,l), according to
Cs2MoO4(s,l) → Cs(g)+Mo(s) + 2O2(g).

The release of iodine from the pellet presents therefore two steps related to the
kinetics of oxygen redistribution: first, iodine is released as TeI2(g), highly susceptible
to form ZrI4(g), and to initiate Iodine Stress Corrosion Cracking (I-SCC), second,
iodine is released as CsI(g), non corrosive to zirconium alloys, together with a non
negligible amount of gaseous cesium Cs(g). The calculations show therefore a limited
time window where I-SCC is possible.

Introduction

In recent years, progress has been made in the development of fuel performance
codes where the thermo-chemical state of fission products in the fuel pellet can be
assessed during normal irradiation conditions (including power ramps) [1]. Thermo-
chemical-mechanical simulations now render possible the evaluation of the quantity
of the minor fission gases released by the fuel pellet during a power ramp (TeI2(g),
I2(g), I(g) and CsI(g)), in addition to the more standard estimation of the bulk of
fission gas release consisting of the chemically inert xenon and krypton. The chemical
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environment at the vicinity of the clad inner wall can thus be predicted at any time
of a power transient (i.e., the partial iodine pressure) and compared to available out-
of-pile experiments with thermo-chemical conditions (i.e., iodine and oxygen partial
pressure) close to in-reactor conditions.

During an extended period at high power (holding period of an experimental
power ramp for instance), numerous phenomena take place in the rods due to the
high temperature reached by the fuel: Fission Gas Release (FGR), fuel secondary
cracking [2], dish filling, ... The chemical composition of the minor fission gases
in the fuel pellets is also susceptible to change during this period mainly because
the oxygen partial pressure of the fuel material evolves accordingly, as shown by
analyses of chromium content in Cr-doped UO2 fuels [3]. The phenomenon behind
this evolution of the oxygen partial pressure could be oxygen thermo-diffusion, a
well known phenomenon in Sodium Fast Reactor (SFR) fuels [4].

In Pressurized Water Reactors (PWR), apart from the thermo-diffusion model
OXIRED, implemented at the end of the 80s in the fuel code TRANSURANUS [5],
little has been done on the subject. In the last decade, efforts have however been
made to produce simulations where heat transfer and oxygen thermo-diffusion were
considered simultaneously [6], mainly for initially hyper-stoichiometric fuels. In
these computations, oxygen thermo-diffusion was introduced to estimate the change
in the fuel central temperature with stoichiometry shift. The impact of oxygen
thermo-diffusion on the radial distribution of oxygen potential in irradiated PWR
fuels was recently studied by Ozrin [7] with the fission-product release thermo-
chemical code MFRP [8].

In this paper, we present thermo-chemical-mechanical simulations of power ramps
on Cr-doped UO2 with the fuel performance code ALCYONE including radial
thermo-diffusion of oxygen. The main purpose of our latter development is to study
the impact of radial oxygen redistribution on fission products thermo-chemistry and
on corrosive fission gas release.

1 Thermo-chemistry of irradiated Cr-doped UO2

1.1 Thermodynamic database for irradiated Cr-doped UO2

To determine the chemical states of the various fission products that appear in
irradiated fuels, the calculations are carried out using the computation code ANGE
(AdvaNced Gibbs Energy), co-developed by CEA and EDF. The ANGE software
uses the Gibbs energy minimizing routines of the SOLGASMIX code [9] to calculate
the equilibrium state of a multiphase and multicomponent system by minimising
the total Gibbs energy at given temperature and pressure.

Calculations for irradiated fuels require comprehensive thermodynamic data for
all the compounds which are likely to be formed, both in the gaseous state and in
the solid state (nonfluorite oxide phase, solid solution compounds, metallic phases).

Of particular interest here, the model describing the solid solution of uranium,
plutonium and dissolved fission products (trivalent rare earth mainly) is essentially
based on the associated compounds description of Lindemer and Besmann [10] [11]
[12], applied to the most abundant soluble fission products (Pu, Gd, Ce, La, . . . ) in
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UO2. It contains 23 dissolved species, including specific additions for Cs, Ba, Sr, Zr
and Eu oxides. The Cr solubility model described in reference [13] is furthermore
used to include Cr2O3(ss) in the solid solution.

The gas phase includes 61 species with as main components, Xe(g), Cs(g), Cs2(g),
CsI(g), Cs2I2(g), I(g), I2(g), Te(g), Te2(g), Te3(g), Te5(g), TeI2(g) and Cs2MoO4(g). Special
attention was given to tellurium, for which major experimental results were obtained
recently in our group [14], evincing the occurrence of gaseous tellurium-iodine com-
pounds in power-ramped UO2 fuel rods.

Stoichiometric separate phases are described by 72 species among which the li-
quid and solid phases of molybdates and zirconates, MoO2(s), MoO3(s), Cs2MoO4(l,s),
CsI(l,s), Te(l,s), Cs(l,s), Cs2Te(l,s), BaZrO3(s), ZrO2(s), Cs2ZrO3(s), Cs2UO4(s), BaTe(s).

Based on reference [15], noble metal products are grouped into 3 species including
Mo(s), Ru(s) (for Ru+Tc+Rh) and Pd(s).

The calculation of a given thermodynamic equilibrium requires the estimation
of the initial quantities of fission products in the fuel. Based on a set of calculations
performed with the depletion code CESAR [16], the amount of fission products (in
mmol/mol of UO2) are expressed here as linear functions of burnup. Good correla-
tion coefficients were found for all fission products of interest. The correlations are
valid for burnups ranging from 0 to 10 at%.

To simplify the thermo-chemical analyses and to compensate the lack of some
specific thermo-chemical data, the number of fission products calculated by CESAR
has been reduced and grouped in 14 elements with similar physico-chemical behavior
as summarized in Table 1. The quantities are given 3 months after the end of
base irradiation which means that most of the short lived radioactive isotopes have
disappeared. The quantity of short lived isotopes created during ramp testing is
therefore not considered in the thermo-chemical calculations presented hereafter.

To complete the system, the quantity of U is assumed to decrease linearly with
burnup (slope −1.27 mmol/mol UO2/at%) while the quantity of oxygen O2 is con-
sidered constant (1 mmol O2/mol UO2). The quantity of Cr introduced during the
sintering process (0.16 wt% of Cr2O3(s)) is taken into account in the initial assess-
ment. The quantity of oxygen associated with the dopant is added to the initial 1
mmol O2/mol UO2.

1.2 Evolution of the oxygen potential with the O/M ratio

In the present work, the program ANGE with its database isnt in Cr-doped UO2 fuels
[3]. used to obtain the equilibrium state, as a function of burnup and temperature,
of the multicomponent system representative of the irradiated fuel, the composition
of which is calculated from the correlations shown in Table 1.

One of the most important output of the thermo-chemical calculation is the oxy-
gen potential of the fuel which characterizes the solid-gas equilibria in the material
(∆GO2 = RgT ln pO2/pst with pO2 , the O2(g) partial pressure, pst = 1 bar, the stan-
dard pressure and Rg the ideal gas constant). The oxygen potential of non irradiated
UO2 is known to vary greatly with temperature T and stoichiometry deviation x,
the latter defined by the following relation: x = O/U − 2 where O and U represent
respectively the number of oxygen and uranium atoms in the solid solution phase.
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In case of a non irradiated UO2, the calculated relations between the oxygen
potential ∆GO2 and the stoichiometry deviation x are illustrated in Figure 1 for dif-
ferent temperatures (1000-2000◦C, typical range at the pellet center during a power
ramp). As expected from the solid solution model of Lindermer & Besmann, a strong
increase of the oxygen potential is observed near stoichiometry for all temperatures.
In the negative stoichiometry deviation region, (O/U < 2), the oxygen potential
is controled by the equilibrium between the compounds U1/3(ss) and UO2(ss). At
O/U > 2 (positive x), the oxygen potential results from the equilibrium between
UO2(ss) and the compounds U4O9(ss) or U3O7(ss).

The case of irradiated UO2 is far more complex since the solid solution can
incorporate several fission products (Pu, Gd, La, Nd, ...) which can bind with
oxygen atoms released by U fission, leading metallic oxides of varying composition.
Since U is not the sole metallic element in the material, one usually refers to the
Oxygen over Metal ratio (O/M with M the number of non oxygen atoms in the
solid solution phase) instead of the previously defined O/U ratio. The O/M ratio
is one of the output of the thermo-chemical calculation.

To illustrate the impact of irradiation, the calculated evolution of the oxygen
potential at 1500◦C with the O/M ratio has been plotted in Figure 2 for initially
stoichiometric UO2 fuels irradiated up to burnups of 20 and 40 GWd/tU.

At a given temperature and under a given solid-gas equilibrium (i.e., oxygen
potential), Figure (2) shows that irradiation tends to lower the O/M ratio. The
curves are hence translated to the left of the graph.This is in particular true when
the UO2 fuel material is initially stoichiometric. For a constant oxygen potential
of −450 kJ/mol, an initially stoichiometric UO2 (O/M = 2) sees the O/M ratio
of the solid solution reduced to 1.992 at a burnup of 20 GWd/tU and 1.985 at
a burnup of 40 GWd/tU. The reason for that is essentially the high fission yield
of Pu, Gd and La, and the high solubility of these elements, represented by the
compounds Pu4/3O2(ss), Gd4/3O2(ss) and La4/3O2(ss), where Gd, Pu and La are at
the +3 oxidation state.

Measures of the O/M ratio on irradiated UO2 are scarce due to the difficult
chemical analyses that it requires. In its thorough analysis of a 100 GWd/tU irra-
diated fuel, Walker et al. estimate the O/M ratio at the pellet center of an initially
stoichiometric UO2 to be within 1.967 - 1.982 depending on the incorporation (or
not) of baryum, molybdenum and cesium oxides in the solid solution phase [17].
Note that our calculations were performed assuming that molybdenum oxides only
were insoluble.

2 Modeling oxygen thermo-diffusion in UO2

2.1 Theory

Oxygen thermo-diffusion in hyperstoichiometric non irradiated UO2+x has long been
studied and refers to the mobility of oxygen interstitial atoms under simultaneous
concentration (standard Fick’s gradient) and temperature gradients (also known as
Soret gradient). The formulation of oxygen thermo-diffusion dates back the 70s
and was proposed to explain why the radial profile of the O/U ratio in an initially
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homogeneous UO2+x cylinder was modified by the sole application of a thermal gra-
dient [4]. Mathematically speaking and restricting to axisymmetric radial diffusion
only, the oxygen flux J (at/m2/s) can be written as follows in function of the thermal
and oxygen concentration gradients:

J = −ND
[
∂c

∂r
+ c

Q

RgT 2

∂T

∂r

]
(1)

In hyperstoichiometric non irradiated UO2+x, c is the concentration of oxygen
interstitial atoms (at/oxygen atom in the fuel) which is equal to the previously
defined stoichiometry deviation c = x = O/U − 2. N is the density of oxygen atoms
in the fuel (in at/m3 of fuel).

A similar equation defines thermo-diffusion in hypostoichiometric UPuO2. In
this case, c refers to the concentration in oxygen vacancies (/oxygen atom in the
fuel) which triggers the diffusion of oxygen atoms. It is also directly related to the
stoichiometry deviation by c = −x/2 where x = O/(U + Pu)− 2.

In equation (1), Q is the heat of oxygen transport (J/mol) which can be positive
or negative depending on the stoichiometry deviation of the fuel. From oxygen redis-
tribution experiments under a typical in-reactor temperature gradient (∂T/∂r < 0),
it was found that Q > 0 in hyperstoichiometric UO2 fuels and Q < 0 in hypos-
toichiometric UPuO2 mixed oxide fuels [4]. D is the chemical (or inter-) diffusion
coefficient of oxygen in the fuel (m2/s) which depends in theory on temperature and
stoichiometry deviation [18] [19]. Rg is the ideal gas constant.

At high temperatures typical of Sodium Fast Reactor’s irradiation conditions
(> 2000◦C), the radial redistribution of oxygen usually takes place within a few
minutes, justifying the general steady-state assumption. In Pressurized Water Re-
actors, the temperatures being notably lower, the thermo-diffusion problem has to
be considered as a transient phenomenon. The following equation of conservation
of oxygen vacancies or interstitials needs to be solved adequately:

∂c

∂t
=

1

r

∂

∂r

[
rD

(
∂c

∂r
+ c

Q

RgT 2

∂T

∂r

)]
(2)

2.2 Numerical solution (OXIRED)

A numerical solution to the radial thermo-diffusion problem (named OXIRED) was
proposed by Lassmann [5] and will be considered here. The pellet is discretized in n
concentric rings of equal radial thickness dr = R/n (with R the outer radius of the
pellet). Quantities with subscript i will refer to the quantities at the boundaries of
each ring i. In the ring defined by ri → ri+1, the solution of equation (2) in steady
state conditions is given by:

ci+1 = ci exp

[
Qi

Rg

(
1

Ti+1

− 1

Ti

)]
= ciai (3)

Qi is the heat of transport at the center of the ring i which can be approximated
as follows in function of the same parameter at the ring boundaries: Qi = 0.5∗(Qi+
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Qi+1). For a constant radial temperature profile (during a power ramp plateau for
instance), relations (3) allow one to write all the concentrations ci in function of the
sole concentration c1 at the center of the fuel pellet.

ci = c1

i−1∏
j=1

aj (4)

To derive a solution to the steady-state thermo-diffusion problem, the boundary
conditions need to be specified. A common approximation consists in assuming that
oxygen redistribution proceeds without loss of oxygen. This point will be discussed
later when applying the equations to irradiated fuels. If we call cav0 the average
concentration of oxygen vacancies or interstitials in the pellet at the start of the
redistribution process, the conservation condition can be written in integral form as
follows:

cav0R
2 =

n∑
i=1

ci(r
2
i+1 − r2i ) (5)

where ci is the concentration at the center of ring i which may be expressed in
function of the same quantity at the ring boundaries, ci = 0.5∗ (ci +ci+1). Using the
latter equation and relations (3)-(4), the conservation condition may be rewritten
in function of c1 only:

cav0R
2 = c1

n∑
i=1

(0.5 + 0.5ai)(r
2
i+1 − r2i )

i−1∏
j=1

aj (6)

with:

aj = exp

[
0.5(Qj +Qj+1)

Rg

(
1

Tj+1

− 1

Tj

)]
(7)

From equation (6), c1 can be evaluated and the solution at all ring boundaries
deduced from ci+1 = ciai (i ≥ 1). In case of a heat of oxygen transport dependent on
oxygen vacancies or interstitials concentration, an iterative loop can be introduced
where the ck+1

1 concentration at an iteration k + 1 is calculated from equation (6)
using the heat of transport from iteration k: Qk+1

i = Qi(c
k
i ). Experience shows that

convergence is generally achieved within less than 20 iterations.
An approximate solution has also been proposed by Lassmann for the transient

thermo-diffusion problem [5]. It is based on the steady-state solution (the symbol ∞

will be used to designate the steady-state concentrations c∞i ) and on the initial con-
centration profile (denoted with the superscript 0) at the start of the redistribution
process (time t0). The concentration at node i and time t is thus given by:

ci(r, t) = c∞i (r) +
(
c0i (r)− c∞i (r)

)
exp

(
−t− t0

τ

)
(8)
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where τ = R2/(17.2Dav) is a time constant (s) which is given as an empirical
function of the pellet outer radius R and of the average diffusion coefficient Dav

in the pellet. In its paper, Lassmann suggested using the following value: Dav =
1.39× 10−6 exp (−75900/Rg/(0.5 ∗ (Tc + Te))) with Tc and Te the fuel temperatures
at the pellet center and periphery. Obviously, the proposed approximate solution
can only be used in case of a stabilized temperature profile where Dav is defined
once and for all.

To check the consistency of the transient solution (8), the thermo-diffusion radial
problem has also been solved with the finite volume method but the details will
not be presented in this paper. The coupled simulations of section 4 rely on the
approximate solution (8).

2.3 Application to irradiated UO2

The applicability of equation (2) to irradiated UO2 is questionable since the oxygen
vacancies or interstitials concentrations cannot be directly correlated to the stoi-
chiometry deviation of the fuel as in the case of non irradiated materials. As shown
in section 1.2, the O/M ratio in irradiated materials evolves with the formation of
compounds dissolved in the solid solution phase. They certainly tend to increase or
facilitate the mobility of oxygen atoms in the fuel but to which extent is difficult
to evaluate. The proper estimation of vacancies and interstitial oxygen atoms in
irradiated materials requires the use of advanced thermodynamic representations of
the U-O-Fission Products system [20] which are out of the scope of the present work.
In the foregoing applications, we will assume that the O/M ratio representative of
the local thermodynamic equilibrium can be used in irradiated UO2 as a measure
of the quantity of vacancies or interstitial oxygen atoms, i.e., c = (2 − O/M)/2 or
c = O/M − 2.

During in-reactor irradiation, a zirconia layer forms on the inner clad wall in case
of pellet-clad gap closure. Part of the oxygen of the fuel pellet leaves the material to
oxidize the zirconium alloy cladding. In the proposed solution of the oxygen thermo-
diffusion problem, we assumed that the total quantity of oxygen in the pellet did
not vary during irradiation. This might be untrue at the pellet periphery. However,
a rough estimate of the oxygen loss based on the consideration of an homogeneous
layer of zirconia, 10 µm thick, gives less than 0.6% of the total oxygen content of
the pellet, which might be neglected in a first approach. It must also be recalled
that the primary goal of this work is to study the impact of oxygen redistribution
on the release of minor fission gases which predominantly occurs at the pellet center
and not at the periphery.

3 Coupling between oxygen thermo-diffusion and Fission
Products chemistry

3.1 State of the fuel before oxygen redistribution

A tentative adjustement of the heat of transport of oxygen in a moderately irradiated
Cr-doped fuel subjected to a power ramp is here proposed to underline the coupling
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between fissions products thermo-chemistry and oxygen thermo-diffusion. The cha-
racteristics of the fuel and of the power ramp under consideration are summarized in
Table 2. Let us point out that the fuel rod survived the transient with no damage.

The following methodology is applied to estimate the heat of oxygen transport
from this power ramp. In a first step, the radial temperature profile in the fuel pellet
at peak power is estimated with the fuel performance code ALCYONE. In a second
step, the average burnup of the fuel is used to initialize the fission products inventory
and to calculate the radial profiles of the O/M ratio and of the oxygen potential
with the thermo-chemical code ANGE. The radial profiles are plotted in Figures 3
and 4 (dotted lines). They are representative of the state of the fuel before radial
redistribution of oxygen begins. As expected from Section 1.2, the fuel becomes
slightly hypostoichiometric with irradiation (∼ 1.993 at the pellet center).

3.2 State of the fuel after oxygen redistribution

Considering the long holding period of the power ramp (12h) at a temperature level
exceeding 2000◦C, we will assume that oxygen thermo-diffusion reached a steady-
state at the end of the plateau. The post-ramp experimental observations can thus
be used to assess the consequences of oxygen radial redistribution on fuel thermo-
chemistry. Among other stricking observations, EPMA (Electron Probe MicroAnal-
ysis) radial profiles of Cr show a pronounced reduction of the quantity of dissolved
chromium at the pellet center together with numerous peaks characteristics of metal-
lic precipitates [3]. While the unvariant signal from mid-radius to the pellet periph-
ery is consistent with the chromium solubility content of the un-irradiated material
after sintering (∼ 0.1 wt%), the central part of the pellet sees the signal reduced to
0.01 − 0.02 wt%. According to the Cr solubility model of [3] (which expresses the
solubility of Cr in function of temperature and oxygen potential), this low EPMA
signal at the pellet center can only be obtained in case the oxygen potential decreases
down to [-450,-400] kJ/mol.

Using Cr as an oxydo-reduction tracer, and on the basis of the temperature
profile calculated in step one, an estimation of the oxygen potential of the fuel can
thus be obtained at the pellet center (see the circles in Figure 4). The latter is
representative of the state of the fuel pellet after oxygen redistribution has taken
place. To estimate the shift in the O/M ratio associated with this phenomenon,
new thermo-chemical calculations with ANGE must be undertaken, this time with
prescribed oxygen potentials. Figure 3 compares the calculated radial profile of the
O/M ratio before oxygen redistribution (dotted line) with the estimation of theO/M
ratio after oxygen redistribution, according to the model developed in section 2.2
(the circles represent the O/M ratios calculated by ANGE with prescribed oxygen
potentials).

3.3 Heat of oxygen transport in irradiated UO2

In the radial system of interest, the solution of steady-state thermo-diffusion of
oxygen depends only on the heat of transport Q and on the average concentration
in oxygen vacancies, see equations (6) and (7). The latter can easily be deduced from
the integration of the O/M radial profile calculated at the beginning of the holding
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period, recalling that c = 1/2 ∗ (O/M − 2) in hypostoichiometric fuel. The heat of
transport can then be estimated by inverse analysis from the O/M ratio at the pellet
center deduced from Cr solubility. By analogy with the expression used by Lassmann
for hypostoichiometric UPuO2 fuel [5], the following two-parameter mathematical
expression has been adopted in this work for the heat of oxygen transport [21]:

Q(c) = A exp

[
4B

(
1− c

q

)]
(9)

where A and B are two constant parameters and q = 0.0127at% is a function of
burnup. In hypostoichiometric U1−qPuqO2−x, q stands for the mole fraction of Pu
which is at the origin of the hypostoichiometry x of the fuel. In the U1−qFPqO2−x
of interest here (FP = Fission Products), the hypostoichiometry x that develops
with irradiation is related to U fission, hence the choice of the q function, equal to
the rate of disappearance of U (see section 1.1). The best-fit of the O/M ratio at
the pellet center is illustrated in Figure 3 and leads to the following values for A
and B: A = −5.71 × 10−4, B = 5.48. These parameters are used in the coupled
simulations that follow and are assumed representative of oxygen redistribution in
initially stoichiometric irradiated UO2 fuels.

4 Fission products thermo-chemistry and oxygen thermo-
diffusion in ALCYONE fuel performance code

4.1 Coupling between thermo-chemistry, thermo-mechanics and fission
gas release

In the past years, a first coupling between ALCYONE and the thermo-chemical
code ANGE has been introduced [1]. It basically consisted in calling ANGE at each
node of the mesh after convergence of ALCYONE. The temperature, hydrostatic
pressure and burnup (leading the initial content in Fission Products, see Table 1)
estimated by ALCYONE were used as input data for the thermo-chemical calcula-
tion. In practice, the ANGE-ALCYONE coupling is activated only during power
ramps simulations since local thermodynamic equilibrium can only be assumed in
case of high temperatures. The coupling scheme is summarized in Figure 5.

At the end of each thermo-chemical calculation with ANGE, the concentrations
ngi (with i =I, I2, CsI, ...) of more than 60 gas species are available at each node.
The release of these chemically reactive gas species is then estimated in proportion
to the release of rare gases (chemically inert), according to the following relation:

Jgi→rod(r) ≈
ngi(r)

nXe(r)
JXe→rod(r) (10)

with nXe(r), the moles of rare gases at the grain boundaries per unit volume
of UO2 and JXe→rod the rare gas release flux in moles/m3/s. Both quantities are
obtained from the rare gas model MARGARET [22], available in the multi-physics
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scheme of ALCYONE. Multiplying equation (10) by the time step dt, the moles of
each gas species released at each node can be estimated according to:

∆gi→rod(r) ≈
ngi(r)

nXe(r)
∆Xe→rod(r) (11)

where ∆Xe→rod is the moles of rare gas released during the time step dt. This
simplified coupling between rare gas and chemically reactive gas release lead to very
good estimations of the radial profiles of iodine, tellurium, cesium and xenon in
a fuel pellet after a 520 W/cm power ramp on a medium burnup fuel rod [1] (38
GWd/tU).

4.2 Coupling Fission Products thermo-chemistry and oxygen thermo-
diffusion

As stated in section 2.2, the solution to the transient thermo-diffusion problem is not
used during the power increase phase from conditioning period to holding period.
At the first time step of the holding period, thermo-chemical calculations at each
node are used to determine the initial radial profile of the O/M(r, t = 0) ratio or
vacancy concentration c0(r, t = 0). Integration leads the average concentration in
vacancies cav0 in the pellet. From this quantity and from the radial temperature
profile, the steady-state solution c∞(r) can be calculated with equation (6). At each
time step, the transient approximate solution c(r, t) is then obtained from equation
(8).

From c(r, t), the radial profile of O/M(r, t) (refered as OXIRED) can be deduced
at each time step. It differs from the radial profile of O/M(r, t = 0) given by
ANGE due to oxygen redistribution. To reduce differences, a new set of thermo-
chemical calculations needs to be undertaken with ANGE. An iterative loop has
been implemented to ensure that the O/M(r, t) ratios given by ANGE and by the
thermo-diffusion model OXIRED are equal. In practice, the oxygen concentration
at each node nO2(r, t), an input in the thermo-chemical calculations, is modified
iteratively in the following manner:

nk
O2(r, t) = nk−1

O2 (r, t)− 1

2

(
O/Mk−1

ANGE(r, t)−O/MOXIRED(r, t)
)

(12)

where k is the iteration number. Convergence can be difficult due to the strongly
non-linear relationship between the oxygen concentration and the O/M ratio. The
number of iterations and of thermo-chemical calculations at each node (and each
time step) can become important and greatly increase the computational time. Con-
vergence is assumed to be reached when the O/M ratios do not differ by more than
10−4. As of today, only simulations with the 1.5D scheme of ALCYONE have been
made. A schematic view of the thermo-chemical - thermo-diffusion coupling is given
in Figure 6. The calculation is limited to a single axial slice of the fuel rod.
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5 Thermo-chemical-mechanical simulation of a power ramp
on a Cr-doped fuel pellet

In order to illustrate the impact of oxygen redistribution on fuel thermo-chemistry,
the power ramp used in section 3 has been simulated with ALCYONE. Details on
the base irradiation simulations prior to the transient will not be provided here.
The power ramp is simulated with a fuel rodlet discretized in 10 axial slices of
equal height. While the thermo-mechanical calculation (with the rare gas model
MARGARET) is performed on all the slices, the thermo-chemical thermo-diffusion
coupling is activated only at the slice where the Linear Heat Rate is maximum (470
W/cm). To analyze the results, radial profiles of various quantities will be plotted
at three different times: at the end of the conditioning period (“t0 ramp”), at the
beginning of the holding period (“t0 HP”) and at the end of the holding period,
12h later (“t0 HP + 12h”). All the radial profiles are given at the slice where the
Linear Heat Rate is maximum. For the sake of comparison, a reference simulation
is made without activation of oxygen redistribution. Resulting radial profiles are
added to the Figures when necessary (dashed lines). EPMA measures are also used
when available, assuming that the return to zero LHR was fast enough to limit the
evolution of the fuel thermo-chemistry.

5.1 Impact of oxygen redistribution on fuel thermo-chemistry

The calculated radial profiles of temperature and O/M ratio are given in Figures 7
and 8. In the simulations, a small increase of the temperature profile between the
start and the end of the holding period is observed (red and green lines in Figure 7).
Oxygen redistribution leads to an abrupt decrease of the O/M ratio at mid-pellet
radius. The radial profile is characterized by a central part where the O/M ratio
is close to 1.98 while the rest of the pellet has an O/M ratio very close to 2 (green
curve in Figure 8). By comparison, in the simulation without oxygen redistribution,
the small increase of the temperature does not lead to some marked evolution of the
O/M ratio (red and green dashed lines in Figure 8), which remains fairly constant.

The radial profiles of oxygen potential are compared in Figure 9. As for the O/M
ratio, oxygen redistribution modifies greatly the radial profile of oxygen potential.
Correlated with the change in O/M , there is a steep decrease of the oxygen potential
down to [−450,−390] kJ/mol, from the pellet center to approximately mid-radius
(green curve). The higher quantity of oxygen at the pellet periphery resulting from
thermo-diffusion leads on the contrary to an overall increase of the oxygen potential
(∼ 50 kJ/mol) during the holding period. The dashed green line gives the oxygen
potential in case oxygen is not redistributed. Again, in spite of small changes in the
temperature during the holding period of the power ramp, it does not change.

The calculated radial profiles of Cr in the fuel solid solution are compared in Fi-
gure 10 to EPMA measures of Cr content (in wt%). As expected from the calibration
of the thermo-diffusion model, there is sudden drop in the quantity of solubilized
Cr near r/R = 0.4. The residual content is close to 0.02 wt%. The calculation
without oxygen redistribution leads to a stable Cr content equal to 0.09 wt% (the
curve would be superimposed to the red line), close to the measured Cr content of
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the un-irradiated fuel after sintering (∼ 0.1 wt%).
It is now interesting to analyze the evolution of Mo during the power ramp. Fi-

gures 11-13 show the calculated radial profiles of Mo(s), Cs2MoO4(s,l) and of MoO2(s)

concentrations at the three considered times. At the start of the power ramp (blue
curves), roughly two thirds of Mo consist of Mo(s), one third of cesium molybdate
Cs2MoO4(s,l) and a small proportion of MoO2(s) is seen at the pellet periphery. The
equilibrium between Mo and its oxides controls the oxygen potential over the whole
pellet radius, leading values within [−450,−380] kJ/mol in the temperature range
400− 950◦C.

As shown by the red curves, a small reduction of Cs2MoO4(s,l) in favor of Mo(s)

occurs at the pellet center upon temperature increase. During the holding period,
oxygen redistribution towards the pellet periphery leads to the total reduction of
Cs2MoO4(s,l) at the pellet center with a correlated increase of Mo(s) (green curves).
At the pellet periphery, oxidation of Mo(s) increases greatly the quantity of MoO2(s).
The green dashed lines plotted in Figures 11-13 represent the radial profiles from
the calculation with no oxygen redistribution. In this case, the state of Mo is
not modified during the holding period of the power ramp except at the extreme
periphery of the pellet. These results are inconsistent with EPMA measures of Mo
content which show that a pronounced reduction of molybdenum oxides took place
at the pellet center during the power ramp. As shown in Figure 14, the EPMA
radial profile of Mo is correctly reproduced by the calculation if molybdenum oxides
only are considered.

Apart from changing the Mo(s) content at the pellet center, the reduction of
Cs2MoO4(s) leads to the freeing of an important quantity of Cs and O which are now
available to form Cs2O(ss) in the solid solution and some Cs2Te(l,s) by combination
with Te. As will be seen in the section 5.3, the excess of Cs generated by the total
reduction of Cs2MoO4(s) is stabilized under the chemical form Cs(g).

5.2 Fission Gas Release

Post-ramp Fission Gas Release (FGR) was measured by standard techniques leading
to an estimated 8 ± 1% of the total inventory. Our simulation of the fuel rod
discretized in 10 slices of equal height gives a consistent FGR of 10%. An EPMA
radial profile of Xe was also made in a radial section of the fuel close to the peak
power axial level. The calculated FGR in the corresponding slice reaches 15%.
The EPMA and calculated radial profiles of Xe (at the three times of interest) are
compared in Figure 15. FGR at the pellet center starts before the beginning of the
holding period (red curve slightly below the blue one) and leads to a pronounced
depletion at the pellet center which is consistent with EPMA.

Figure 16 gives the calculated time evolution of iodine, cesium and tellurium
released from the pellet (in % of the total inventory), compared to rare gases (Xe).
Huge differences are observed. While more than 25% of the total iodine content left
the pellet, only 7 and 2% of the tellurium and cesium are respectively released. As
explained in the next section, these results are consequences of the Fission Products
thermo-chemistry and of oxygen redistribution.
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5.3 Impact of oxygen redistribution on fission gas speciation

The impact of oxygen redistribution on chemically active fission gas speciation is
summarized in Figure 17 where the concentrations in the fuel of CsI(g), Cs(g), TeI2(g)
and Te2(g) (temperature 2000◦C) are plotted in function of the O/M ratio. The
decrease of the O/M ratio induced by oxygen depletion at the pellet center (from
1.993 to 1.98, see Figure 8) leads to a major change in the speciation of the minor
fission gases. While Te2(g) and TeI2(g) are predominant at high O/M ratio, they
disappear completely from the fuel at low O/M ratio, in favor of Cs(g). On the
contrary, the concentration in CsI(g) appears fairly unchanged by a decrease of the
O/M ratio.

The impact of oxygen redistribution is best seen from the radial profiles of tel-
lurium content in the pellet at three times during the power ramp, as plotted in
Figure 18. The depletion at the pellet center remains moderate even at the end
of the holding period (green solid line) and must be compared to the same profile
from the calculation without oxygen redistribution (green dotted line). The impor-
tant concentration of Te2(g) in the fuel in this calculation leads to a release of Te
from the pellet much more important (25%) than in the calculation with oxygen
redistribution (7%).

Figure 19 presents the calculated radial profiles of CsI(g) at the three times of
interest. At the beginning of the holding period, CsI(g) is by far the most important
gas species including cesium with a concentration in the fuel approximately 50 times
greater than TeI2(g). The picture changes during the holding period since both gas
species are massively released from the pellet. Note however that the maximum
concentration in CsI(g) (∼ 3.10−4 mol/mol) at the pellet center represents less than
5% of the total cesium content which explains the small release of cesium (∼ 2%)
calculated at the end of the power ramp (Figure 16).

The reduction of Cs2MoO4(s,l) during the holding period leads a massive libera-
tion of cesium. Part of it combines with iodine from TeI2(g) to form the very stable
CsI(g). Another part combines with tellurium from TeI2(g) to form Cs2Te(s,l). The
total quantity of iodine and tellurium being much smaller than cesium, the cesium
that remains forms gaseous Cs(g). Figure 20 illustrates this shift in the gas compo-
sition by plotting the radial profiles of Cs(g) at the beginning and at the end of the
holding period. Note the dashed green line which represents the Cs(g) profile in the
calculation without oxygen redistribution. The quantity of Cs(g) is approximately
five times greater when oxygen redistribution is activated.

The comparison to EPMA measures of cesium content in the pellet at the end of
the power ramp is presented in Figure 21. Two calculated radial profiles of cesium
are simultaneously plotted. The first one accounts only for the quantity of cesium
released from the pellet in gaseous form (CsI(g) and Cs(g) as the main species). The
second and lower one includes only the cesium oxides (Cs2MoO4(s,l), CsO(ss)) in
the total. The agreement with EPMA is better but the calculation still seems to
overestimate the residual quantity of cesium in the pellet.

13



5.4 Chemical environment near the clad inner wall

In a previous paper, the quantity of the so-called ”reactive” iodine (i.e., iodine from
I(g), I2(g) and TeI2(g)) released by the pellet during the power transient (from a 3D
calculation) was used to estimate the partial iodine pressure in the vicinity of the
clad inner wall [1]. It was calculated from the free volume of the fuel pellet (cracks,
dishes, chamfer) and of the fuel rod (plenum volume divided by the number of fuel
pellets) and also from the temperature of the clad inner wall, assuming ideal gas
behavior. It was found that the minimum partial pressure (60 Pa) identified in
out-of-pile mandrel tests to obtain I-SCC failures in irradiated clad tubes [23], was
exceeded by a factor greater than 10 during the first minutes of holding period at
maximum LHR [1].

The 3D calculation was performed without oxygen redistribution which, as seen
above, clearly modifies the fuel thermo-chemistry during the holding period of the
power ramp. The partial iodine pressure calculated in our work with and without
oxygen redistribution are plotted in Figure 22 in function of time (blue solid and
dashed lines). The continuous increase of the partial pressure found in the 3D calcu-
lation is recovered in the present 1.5D calculation (dashed blue line). As explained
above, oxygen redistribution modifies the speciation of minor gases in the fuel, con-
sisting initially of TeI2(g), in favor of Cs(g) and CsI(g), which are not corrosive for the
cladding. For this reason, the partial iodine pressure in the calculation with oxygen
redistribution (solid blue line), reaches rapidly a stable level (∼ 400 Pa) during the
holding period. The quantity of iodine that reach the clad inner wall during a power
transient might therefore be finite.

When TeI2(g) disappears from the fuel core, the minor gases released from the
fuel pellet consist in CsI(g) and Cs(g). While the first one is a very stable chemical
component that is not likely to react with other solid or gaseous species, the recom-
bination of Cs(g) with the gaseous iodine previously released (in any of the three
forms I(g), I2(g) and TeI2(g)) is thermodynamically favored. This will tend to reduce
the quantity of ”reactive” iodine in proportion to the amount of Cs(g) released from
the pellet. Considering the latter in our calculation of the partial iodine pressure
leads the red curve of Figure 22. The iodine partial pressure reaches a maximum
of 170 Pa after 2-3 minutes and then decreases to zero in less than 15 minutes. A
limited time window of ∼ 1/4 h where I-SCC is likely is thus obtained from the
proposed partial iodine pressure calculation. This might not be inconsistent with
the lack of fuel rods failures by I-SCC after more than half an hour of holding time
at maximum LHR, irrespective of the type of cladding.

It must however be emphasized that the I-SCC time window in our simulations
derives from the hypothesis that cesium iodine (CsI(g)) is not dissociated by radi-
olysis and do not contribute to the quantity of free iodine. The evaluation of the
contribution of cesium iodine to the corrosion process is difficult but proved to be
essential in CANDU fuels [24] due to the very low burnups of the fuels which limits
the total inventory in Fission Products. Cesium iodine being by far the greatest
contributor to iodine in the fuel rod and fuel pellet free volume (∼ 95% of the total
iodine released), our calculation of the partial iodine pressure gives therefore a lower
bound to the quantity of free iodine.
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Conclusions

In this paper, thermo-chemical-mechanical simulations of power ramps with the fuel
performance code ALCYONE including radial thermo-diffusion of oxygen have been
presented. The main purpose of the latter improvement of fuel description was to
study the impact of oxygen redistribution on fission product thermo-chemistry and
on corrosive fission gas release.

The results show that part of the observations made on fuel rods after a power
ramp are very likely consequences of oxygen migration in the pellet. The pro-
nounced reduction of molybdenum oxides and chromium oxides at the pellet center,
highlighted by EPMA measures, results from the oxygen depletion at the pellet cen-
ter. The latter is a consequence of the small hypostoichiometry of irradiated UO2

fuels and of the high thermal gradient in the fuel pellet during the power transient.
According to our thermo-chemical calculations, the apparent hypostoichiometry of
irradiated fuels results from the formation of soluble oxides by combination of fission
products of valence less than 4 with the oxygen liberated by uranium fission.

Thermo-diffusion of oxygen was found to modify greatly the concentration in the
fuel of the minor gas species of interest for Iodine Stress Corrosion Cracking (I(g),
I2(g), CsI(g) and TeI2(g)). While temperature increase during the transient promotes
the formation of TeI2(g), the progressive oxygen depletion at the pellet center during
the holding period leads to the conversion of TeI2(g) into CsI(g) and to the generation
of Cs(g), as a result of the reduction of cesium molybdate Cs2MoO4(s,l), according to
Cs2MoO4(s,l) → Cs(g)+Mo(s) + 2O2(g).

The release of iodine from the pellet presents therefore two steps related to the
kinetics of oxygen redistribution: first, iodine is released as TeI2(g), highly suscepti-
ble to form ZrI4(g), and to initiate I-SCC, second, iodine is released as CsI(g), non
corrosive to zirconium alloys, together with a non negligible amount of gaseous Cs(g).
The calculations show therefore a limited time window where I-SCC is favored.

Since oxygen redistribution kinetics are of great importance, future work will
concentrate on experimental and theoretical studies dedicated to the determination
of the parameters that control thermo-diffusion of oxygen in slightly hypostoichio-
metric UO2 fuels.
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Tables

Group Elements Concentration Family
(mmol/mol UO2/at%)

Xe Xe + Kr 3.06 Inert fission
Cs Cs + Rb 1.7 gas and
Te Te + Se 0.302 volatile fission
I I + Br 0.131 products

Ba Ba + Sr 1.38 stables oxides
Zr Zr + Nb 2.62
Mo Mo 2.33
Ru Ru + Tc + Rh 2.44 Metallic fission
Pd Pd 1.02 products
Ce Ce 1.24 Fission
Eu Eu + Sm 0.381 products in
La La + Y 0.931 solid solution
Gd Gd + Nd + Pm 1.92 in UO2

Pu Pu + Pr 3.4

Table 1: Quantities of fission product (in mmol) are given per at% burnup and per
mol of unirradiated UO2 fuel.

Dopant Initial Average Max. Holding
%235U Cr2O3(s) O/U burnup LHR time

(wt%) (GWd/tU) (W/cm) (h)
4.9 0.16 2± 0.01 38. 470 12

Table 2: Main characteristics of the simulated power ramp.
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Figure 1: Calculated evolution of the oxygen potential with the O/M ratio (= O/U
ratio) and temperature for a non irradiated UO2.

Figure 2: Calculated evolution of the oxygen potential at 1500◦C with the O/M
ratio and the burnup of irradiated UO2.
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Figure 3: Radial profiles of temperature (blue, left scale) and O/M ratio calculated
before and after oxygen redistribution (plotted respectively with dashed and solid
red lines, right scale). The O/M ratio at the pellet center derived from EPMA
measures of Cr content are indicated by red circles.
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Figure 4: Radial profiles of temperature (blue, left scale) and oxygen potential
calculated before oxygen redistribution (dashed red line, right scale). The oxygen
potential at the pellet center deduced from EPMA measures of Cr content and from
the Cr solubility model of [13] are indicated by red circles.
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Figure 5: Schematic representation of the coupling between the thermo-mechanical
fuel code ALCYONE, the inert fission gas model MARGARET and the thermo-
chemical code ANGE.
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Figure 6: Schematic view of the coupling between the thermo-chemical model ANGE
and the oxygen thermo-diffusion model OXIRED within the fuel performance code
ALCYONE.
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Figure 9: Radial profiles of oxygen potential calculated at the end of the conditioning
period (”t0 ramp”), at the beginning (”t0 HP”) and at the end of the holding period
at maximum LHR (”t0 HP + 12h”). The dashed line refers to the calculation
without oxygen redistribution.
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Figure 11: Radial profiles of Mo(s) concentration calculated at the end of the con-
ditioning period (”t0 ramp”), at the beginning (”t0 HP”) and at the end of the
holding period at maximum LHR (”t0 HP + 12h”). The dashed line refers to the
calculation without oxygen redistribution.
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Figure 12: Radial profiles of Cs2MoO4 calculated at the end of the conditioning
period (”t0 ramp”), at the beginning (”t0 HP”) and at the end of the holding
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Figure 14: Radial profiles of Mo(s) and Mo oxides (”MoOx”) content calculated at
the end of the holding period at maximum LHR (”t0 HP + 12h”), compared to
EPMA measures and initial content (”t0 ramp”).

26



0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1

X
e

n
o

n
 (

w
%

) 

r/R 

t0 ramp

t0 HP

t0 HP + 12h

EPMA

Figure 15: Radial profiles of Xe content calculated at the end of the holding period at
maximum LHR (”t0 HP + 12h”), compared to EPMA measures and initial content
(”t0 ramp”).

0

5

10

15

20

25

30

0 200 400 600 800

Fi
ss

io
n

 G
as

 R
e

le
as

e
 (

%
) 

Time during holding period (mn) 

Cs

Te

I

Xe

Figure 16: Calculated evolution of Xe, Cs, I and Te release from the fuel pellet (in
% of initial content in the pellet).

27



0.0E+00

5.0E-05

1.0E-04

1.5E-04

2.0E-04

2.5E-04

3.0E-04

3.5E-04

4.0E-04

4.5E-04

1.96 1.97 1.98 1.99 2 2.01

C
o

n
ce

n
tr

at
io

n
 (

m
o

l/
m

o
l U

O
2

) 

O/M ratio 

TeI2(g) Te2(g)

CsI(g) Cs(g)

Figure 17: Concentrations of the chemically reactive gas species in the fuel pellet in
function of the O/M ratio (temperature 2000◦C).

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 0.2 0.4 0.6 0.8 1

Te
llu

ri
u

m
 (

w
t%

) 

r/R 

t0 ramp

t0 HP

t0 HP + 12h

Figure 18: Radial profiles of Te content calculated at the end of the conditioning
period (”t0 ramp”), at the beginning (”t0 HP”) and at the end of the holding period
at maximum LHR (”t0 HP + 12h”). The dashed line refers to the calculation
without oxygen redistribution.

28



0.0E+00

5.0E-05

1.0E-04

1.5E-04

2.0E-04

2.5E-04

3.0E-04

3.5E-04

0 0.2 0.4 0.6 0.8 1

C
sI

(g
) 

(m
o

l/
m

o
l)

 

r/R 

t0 ramp

t0 HP

t0 HP + 12h

Figure 19: Radial profiles of CsI(g) concentration calculated at the end of the con-
ditioning period (”t0 ramp”), at the beginning (”t0 HP”) and at the end of the
holding period at maximum LHR (”t0 HP + 12h”).
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Figure 20: Radial profiles of Cs(g) concentration calculated at the end of the con-
ditioning period (”t0 ramp”), at the beginning (”t0 HP”) and at the end of the
holding period at maximum LHR (”t0 HP + 12h”). The dashed line refers to the
calculation without oxygen redistribution.
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Abstract 

Numerous parametric modeling and analytical studies have been performed to understand various 

parameters contributing to duty-related fuel failures, including those involving pellet-cladding 

interaction-stress-corrosion cracking (PCI-SCC) and pellet-cladding mechanical interaction (PCMI). These 

studies have been in support of guidance development, failure root cause analyses, as well as 
interpreting experimental results of integral test reactor ramps, and laboratory separate effects testing. 

This paper will highlight parametric, analytical and probabilistic studies of missing pellet surface (MPS)-

type fuel defects using primarily the Falcon fuel performance code with the specific purpose of 

supporting the technical bases for duty-related failure mitigation. It will also discuss calculation of 

azimuthal (tangential) stress at cladding inner surface upon which the threshold stresses for duty-
related failures, with and without MPS, is based.   

 

  



Introduction 

In a number of the more recent duty-related failures in both BWRs and PWRs, rods have failed under 

power ramping conditions expected to provide sufficient margin to duty-related failure. These failures 

have been mostly attributed to Pellet-Cladding Interaction (PCI) with Iodine-induced Stress-Corrosion 

Cracking (SCC) and/or Pellet-Cladding Mechanical Interaction (PCMI). Hot cell examinations, performed 

in a very limited number of cases, have shown yet another contributor to failure – missing pellet surface 

(MPS) defects (also referred as a “chip”). Through these hot cell examinations, it was found that the 

through-wall cracks initiated on the inner surface of the cladding, were adjacent to the MPS at the outer 

surface of the fuel pellet, and at the same elevation, the pellet exhibits a radial crack that terminates at 

the MPS. Examinations of other duty-related failures also found that the through-wall crack (i.e., 
primary defect) was adjacent to a large radial crack within the fuel pellet without the presence of a MPS. 

Under conditions leading to high contact loads between the pellet and cladding (i.e., PCMI), the cladding 

segment adjacent to the MPS remains unsupported, leading not only to high tensile stresses in the 

cladding, but also bending stresses. The overall effect is that cladding stresses can be higher in the 

presence of MPS such that failure can occur under conditions below those for fully intact pellets 

(including those with large radial cracks). This paper will describe this modeling of MPS and its 

implications to reactor operations. The results of these studies and benchmarks to actual duty-related 

fuel failures with and without detected MPS defects have been incorporated into the guidance provided 
in various PCI guidelines, including those published by EPRI [1]. 

 

Analytical Approach for PCI / PCMI Failure Evaluation using Falcon 

The Falcon fuel rod performance code [2] is another method that can be used to evaluate the duty-

related failure potential during both reactor startup and mid-cycle power maneuvers (PWR component 

testing or BWR control blade withdrawal). Falcon is a state-of-the-art analysis code designed to calculate 

the behavior of a single LWR fuel rod under normal operation, operational power maneuvers, and 

transients/postulated accidents. The code is built on a 2-dimensional finite element formulation of fully 

coupled time dependent thermal and mechanical modules. Full-length fuel rod analyses are performed 

using an axisymmetric R-Z (radial-axial) representation. In addition, Falcon has the unique capabilities to 

evaluate the local PCMI conditions associated with pellet cracks and relocation as well as pellet or 

cladding defects that produce local stress concentrations and temperature perturbations. For PCI/PCMI 

analyses, an R-θ (radial-tangential) plane model of a pellet wedge at the axial elevation of interest is 

used to calculate the local stress distribution and SCC damage accumulation during a reactor startup or a 

mid-cycle power maneuver. Figure 1 shows examples of the R-Z and R-θ finite element models within 
Falcon. 

More specifically, Falcon can be used to: 

 Establish the initial fuel rod conditions (i.e., residual pellet-cladding gap, fission gas release, rod 

internal pressure, burn-up, etc.) prior to a power maneuver. 

 Calculate the local cladding stress distribution and cladding damage accumulation from stress 
corrosion cracking during a power maneuver. 



The verification and validation of Falcon for PCI/PCMI evaluations (with and without fuel pellet and 

cladding defects) has been performed previously. A detailed description of the modeling capabilities of 

Falcon and a summary of the verification and validation of the PCI capabilities of Falcon are provided 
later in this paper. 

Steps in Falcon Analysis Approach are as follows, with additional details found elsewhere [1,3]: 

 Use Falcon axi-symmetric R-Z steady state analysis capabilities (Figure 1a) to establish fuel rod 

initial conditions prior to a power maneuver as a function of burnup and power history. These 

initial conditions include the residual pellet-cladding gap, the rod internal pressure, fission gas 

release, oxide thickness accumulation, etc. 

 Use Falcon axi-symmetric R-Z steady state analysis capabilities to analyze the power maneuver. 

This analysis will identify the most PCMI limiting location on the fuel rod.  

 Use the Falcon R-θ local effects analysis capabilities (Figures 1b and/or 1c) to calculate the 

cladding stress distribution and Cumulative Damage Index (CDI) at the PCMI limiting location (as 

determined in the R-Z analysis and shown in Figure 1a) during and following a power maneuver. 
 

 

Figure 1 – Examples of axi-symmetric finite element models of plenum, fuel pellet, cladding and pellet-

cladding gap in Falcon for (a) full-length R-Z analysis and R-θ analyses with a (b) MPS defect and/or a (c) 
radial crack (black line represents radial crack) 

 

From the above analytical approach, the procedures to evaluate the margin to PCI/PCMI failure in the 

Power Maneuvering Guidance (PMG) is depicted in Figure 2 for both PWR and BWR fuel operations. The 

necessity to use two different evaluation approaches arises because PWR PMG is generally specified in 



terms of global reactor power units, such as percent reactor power per hour (%/hr) and percent of full 

power operation (%RP). The PMG of BWR fuel, on the other hand, is de noted using nodal power (kW/ft 

or kW/m) and nodal burnup (MWD/kgU) on either a fuel rod or assembly planar basis.  

 

 

(a)       (b) 

Figure 2 – Schematic representation of PCI (and PCMI) margin evaluation approach used for (a) PWR fuel 
and (b) BWR fuel 

 

As shown in Figure 2a, the margin to PCI failure for PWRs is defined as the stress differential between 

the technical stress limit and the upper bound cladding stress for each fuel design and core 

design/operating strategy included in the evaluation. Once the stress margin is known, it becomes 

possible to define the PCI failure margin in terms of a delta linear heat generation rate (delta-LHGR) 

margin or a maximum allowable pellet defect size margin. The margin evaluation for BWR fuel results is 

a delta-LHGR directly from the process, as shown in Figure 2b. 

In both cases, the limit or threshold to failure is a conservative estimation relative to a probabilistic 

approach of the duty-related failure experience and/or experimental datasets. The following sections 

will describe how specific Falcon-based modeling and simulation have investigated these datasets and 

provided the validated technical bases for defining limits and margin determination [1]. In these 

sections, the parametric studies for determining the effect of MPS and pellet-to-cladding cold or residual 
gap size are used as examples for the defining these limits to duty-related failures. 

 

Parametric and Analytical Studies of PCI / PCMI using Falcon 

Fuel pellets with missing cylindrical surface defects, like MPS, have bee n identified as contributing to 

cladding failure in several BWR and PWR fuel rods since the early 1990s [4,5]. These failures have 

occurred at nodal power levels well below those expected from classical PCI failures observed in both 



power ramp tests and commercial fuel operation. Thermo-mechanical analyses have shown that an MPS 

defect leads to a local stress concentration due to bending in the unsupported cladding ligament, as well 

as local hotspots in the fuel and cold spots in the cladding due  to reduced heat transfer [6]. Both of 

these factors increase the potential for the initiation of stress corrosion cracking at the cladding inner 

surface, which requires sufficient stress in the presence of corrosive fission products such as iodine or 

cesium. Moreover, the cold spots in the cladding may lead to hydride accumulation in the cladding 

adjacent to the MPS, resulting in an even lower stress threshold for duty related failure since both PCI 

and PCMI mechanisms are operable. In some references including EPRI guidance [1], cladding failure in 

the presence of MPS defects has been termed “non-classical PCI.” 

The cladding stress concentrations that cause failure by “classical PCI” (without the presence of an MPS 

defect) arise from radial pellet cracks perpendicular to the cladding inner surface impinging on the 

cladding, as shown schematically in Figure 1c. During an increase in power, the pellet cracks open 

further at the pellet-cladding contact point, stretching the cladding and causing local stress 

concentrations and providing a pathway for fission product attack at the cladding inner surface. Pellet 

cracks are formed during normal operation due to differential thermal expansion effects and are 

distributed uniformly throughout the fuel pellets and the core. Therefore, the probability of a radial 

pellet crack is unity and deterministic calculations can be performed for classical PCI to assess the 

potential for cladding failure. It is however difficult to determine definitely if duty-related cladding 

failure is the result of PCI-SCC (i.e., classical PCI) or a result of combined PCI and PCMI due to an 

embrittled condition of the cladding, including hydride localization. Therefore, the remainder of this 

paper will continue to discuss classical PCI and non-classical PCI failures, but it is important to note that 
these are all duty-related failures. 

Unlike the conditions for classical PCI, the presence of MPS defects in a fuel rod is a single event 

parameter distributed randomly throughout the core. Since it is very difficult at this time to predict the 

location of MPS defects within the fuel rods loaded in the core, the me thods to evaluate the potential 
for failure by non-classical PCI mechanisms fall into two categories; 

 Use of conservative assumptions about the location and size of the MPS defect, or 

 Perform a probabilistic evaluation using statistical information on the MPS defect size  

distribution in the pellet population of concern and the core power distribution. 

Traditional approaches to evaluate the impact of MPS defects on powe r ascension rates and threshold 

power levels have used the first approach, assuming that the largest MPS defect is situate d at the 

location with the worst PCMI in the core, such as a previous study using Falcon [7]. This approach 

represents a conservative estimate of the impact that an MPS defect will have on the cladding stress and 

has been used to provide a bounding analysis of the failure potential by non-classical PCI. These 

evaluations have resulted in restrictive reactor startup power ascension profiles to limit cladding stress 

buildup that, while successful in preventing non-classical PCI failure, extend the time required to reach 

full power operation and decrease the plant capacity factor. 

Hotcell and poolside examinations have found that non-classical PCI failure may occur at locations that 

are not necessarily the leading PCMI positions in the core. Further, the MPS defect size (circumferential 

width and axial length) has been shown to influence the cladding stress concentration during a power 

increase. Based on the operating experience and analytical evaluations performed to date, non-classical 



PCI failure requires a combination of appropriately sized MPS defects with the nodal peak power, power 

change, and burnup conditions to produce the local cladding stress conditions necessary to initiate SCC 

in the cladding. These observations suggest that an improved approach to assess the impact of MPS 

defects on cladding failure potential is to use a probabilistic approach that accounts for the statistical 
nature of the event. 

This section will present an overview of a probabilistic approach to identify the failure potential for a 

population of fuel rods given statistical information on the MPS defect size distribution and expected 

operating nodal power conditions. First, the stress concentration factors as a function of MPS defect size 

determined using analytical methods are presented. These factors are used to determine the critical 

nodal power level (leads to cladding stresses that exceed the threshold value) as a function of MPS size 

and as a function of the nodal burnup. Second, the probabilistic approach procedure and the data 
needed to perform the assessment are described. 

 

Cladding Stress Concentration Factors Due to MPS Defects 

Analytical calculations to estimate the local stress effect caused by MPS defects during strong PCMI 

conditions have been reported by several authors [4,6-8]. These analyses have shown that a bending 

stress develops within the unsupported length of cladding tube adjacent to the MPS defect that 

enhances the cladding inner surface hoop (tangential) stress during PCMI, as depicted in the schematic 

shown in Figure 3 [1,4]. The bending stress is a result of the pellet expansion process pushing outward 

on the two ends causing the unsupported cladding ligament to stretch at the inner cladding surface as it 

attempts to conform to the MPS defect shape. The maximum stress occurs near the cente r of the 

ligament. The amount of the enhancement depends on the circumferential length of the unsupported 

cladding ligament, the axial length of the MPS defect and the level of PCMI force.  

 

 

Figure 3 – Schematic of MPS geometrical effect on cladding hoop stress [1,4] 

 



To account for the effect of an MPS defect on the cladding stress and failure potential, a three -

dimensional (3-D) fuel rod analysis methodology is required and progress in this area is ongoing [6,9]. 

Unfortunately, most fuel rod analysis codes used to evaluate non-classical PCI/PCMI failure potential are 

2-dimensional (2-D), either axi-symmetric R-Z or R-θ geometric representations. As a result, stress 

concentration factors have been developed that are applied to the standard 2-D analysis methods to 

account for MPS defect effects. For this paper and the previously published guidelines [1], a series of 

Falcon-based 2-D R-θ complemented with 3-D calculations using ABAQUS software [10] have been 

performed to provide a range of cladding stress concentrations as a function of the three main variables: 

PCMI stress, MPS width and length. 

Because Falcon contains the detailed fuel rod modeling capabilities, the MPS defect stress concentration 

factors are developed relative to the classical PCI stress conditions calculated by the code. The MPS 
defect stress concentration factor is defined as follows: 

𝜎𝑀𝑃𝑆

𝜎𝑃𝐶𝐼
= 𝐹2−𝐷  𝑥 𝐹3−𝐷  Equation 1 

where 

𝜎𝑀𝑃𝑆 is the peak cladding inner surface hoop stress during a power 
increase for an MPS defect affected fuel pellet. 

𝜎𝑃𝐶𝐼 is the peak cladding inner surface hoop stress under classical PCI 

conditions (pellet crack) from the Falcon R-θ analysis. 

𝐹2−𝐷 is the stress concentration factor caused by the presence of an 

MPS defect evaluated assuming an infinitely long MPS axially (L/W > 
~2.5). 

𝐹3−𝐷is the stress reduction factor accounting for a finite length of the 
MPS defect (L/W < ~2.5). 

In Equation 1, the 2-D stress concentration factor, F2–D, is the condition calculated by Falcon using a 

detailed 2-D finite element R-θ model that includes the MPS defect geometry, as shown in Figure 1b. For 

this situation, the MPS defect is assumed to be infinitely long (~one pellet length) and F3–D is then a value 

of unity. The finite axial length aspect of an MPS defect (partial pellet length) reduces the amount of 

bending stress experienced in the unsupported ligament because of the additional mechanical 

constraint in the axial dimension. As a result, a stress reduction factor (F3–D) is required to account for 

the third dimension (axial length) effect on the bending stresses calculated in the 2-D geometry used in 

Falcon. The product of F2–D × F3–D is always greater than or equal to unity. 

The stress concentration factor, F2–D, was developed from a series of Falcon calculations as a function of 

the MPS defect width (circumferential dimension or chord length) and the applied stress, σPCI. F2–D 

versus the angle spanned by the chord length (MPS defect width) is shown in Figure 4 as a function of 

the classical PCI stress for a 15×15 PWR fuel rod geometry. The stress concentration factors are plotted 

as a function of the subtended angle of the MPS in degrees to remove the diameter dependence. The 

relationship between the MPS defect chord length and the angle is shown in the inset diagram in Figure 

4, and is a function of the pellet diameter. The 2-D stress concentration factor increases as the MPS 



defect width gets larger due to the longer unsupported length of cladding. The lower the P CI/PCMI 
stress, the higher the stress concentration factor. 

The stress reduction factor, F3–D, was developed from a series of ABAQUS calculations as a function of 

the MPS defect width and axial length. The results are shown in Figure 5, where F3–D is plotted as a 

function of the MPS defect axial length for several different MPS defect widths. For length-to-width 

(L/W) ratios equal to unity, the stress reduction factor ranges from 0.85 to 0.95, depending on the 

circumferential width of the MPS defect. 

 
Figure 4 – Two-dimensional stress concentration factor, F2-D, as a function of MPS defect width and 
applied PCI/PCMI stress (note, 1 ksi = 6.895 MPa) 

 

 
Figure 5 – Finite length MPS stress reduction factor, F3-D, as a function of MPS defect axial length and 
width (note, 1 mil = 0.0254 mm) 



The approach to evaluate the PCI/PCMI cladding failure potential due to MPS defects combines the 

statistical information describing the size and frequency of occurrence of the pellet defects with the 

frequency distribution of the fuel rod nodal power and burnup levels. This approach yields the 

frequency that an MPS defect of a certain size will be located at the appropriate nodal power and 
burnup positions to produce cladding stresses that exceed the threshold for PCI fai lure. 

To apply a probabilistic evaluation of the failure potential from MPS defects, the following information is 

required: 

1. Results from deterministic calculations that provide the critical fuel rod nodal power for failure 

by non-classical PCI as a function of MPS defect size (width or area) and fuel rod nodal burnup,  

2. Frequency distribution of MPS defect sizes (width or area) within a population of false accepts 

observed in the pellet oversight inspections,1 

3. Frequency distribution of the nodes within the affected fuel assembly population that equal or 
exceed the critical fuel rod nodal power and experience a power increase. 

The critical power is the minimum nodal power required at a specific nodal burnup (conditioned state) 

to cause cladding failure by non-classical PCI for a given MPS defect size, i.e. results in cladding stresses 

greater than the stress threshold for PCI failure. The critical fuel rod nodal power is determined through 

analytical calculations performed based on the operating strategy of the plant, including conditioning / 

deconditioning effects such as End-Of-Cycle (EOC) coastdown and fuel rod nodal peaking factors. These 

results can be used along with the MPS defect stress concentration factors to develop the critical fuel 

rod nodal power as a function of burnup. A schematic of the critical fuel rod nodal power as a function 

of burnup and MPS defect size is shown in Figure 6. The schematic indicates that as the MPS size and the 

nodal burnup increase, the fuel nodal power required to cause PCI  failure decreases because of the 
larger unsupported cladding ligament size and the smaller pellet-cladding gap. 

Since a method to identify MPS defects within a fuel rod has not yet been developed, the number and 

the size of MPS defects within a population of pellets for a fuel reload must be determined during the 

fuel rod fabrication process. This information can come from quantifying the number and sizes of MPS 

defects during pellet oversight inspections and then applying these statistics to the entire pe llet 

population (i.e., false accepts identified during oversight inspection activities). A schematic of an 

example MPS size distribution is shown in Figure 7. 

Finally, the failure potential due to MPS defects depends on the operating environment the affected fuel 

reload batch will experience during a reactor cycle startup or power increase. This operating 

environment is characterized by the nodal peak power following a power maneuver, the conditioning 

power, and the burnup. By performing a census of the operating environment for the fuel assemblies 

impacted by MPS defects, the number of fuel rod axial nodes at each nodal burnup level that exceed the 

critical power and experience a power increase can be estimated. Because this subset of fuel rod axial 

nodes reach or exceed the critical nodal power by a power increase, these locations have the potential 

to fail the cladding, depending on the MPS defect statistics. The pin-by-pin nodal data required to 
perform this census and frequency analysis can be obtained f rom core depletion codes. 

                                                                 
1
 It is noteworthy that significant improvements in fuel pellet quality and the procedures and technologies for MPS 

defect detection have occurred at fuel fabrication and assembly facilities. 



 

Figure 6 – Schematic of critical power for non-classical PCI failure as a function of MPS size and nodal 
burnup 

 

Figure 7 – An example schematic of MPS frequency distribution after pellet fabrication (note 1 mil = 

0.0254 mm) 

 

Reference [1] provide equations that describe the estimated fuel rod failure frequency for a given MPS 

defect size frequency distribution and operating environment. The two key elements in this approach 

are the frequency distribution of the MPS defect sizes within a population of pellets and the critical 

power for each MPS defect size obtained from the deterministic calculations. The probabilistic 

evaluation presented above cannot be applied without the MPS defect size distribution data from the 

fuel fabrication process. Also, the critical power is a function of several important variables such as the 



fuel rod design, the conditioned state of the fuel as a function of the local burnup, the power ascension 

strategy used to achieve full power operation, etc. Plant and cycle-specific deterministic calculations 

may be required to determine the critical power. However, it is possible to use the results of the various 

specific duty-related failure/non-failure case studies to estimate the critical power as functions of MPS 

defect size in the situation where the vendor PMG is to be followed during reactor cycle startups or 

midcycle power maneuvers. The procedure used to apply the probabilistic approach is as follows: 

1. Collect the nodal peak power, delta power and burnup information for the assemblies and the 

MPS defect size frequency distribution. 

2. Determine the fraction of nodes in the population that exceed the critical power for each MPS 

defect size within the frequency distribution for selected burnup intervals (1 GWd/tU). 

3. Calculate the failure frequency at each MPS defect size for each burnup interval, then adding up 

the result for each burnup interval. 

4. Combine failure frequency for all the MPS defect sizes to obtain the total failure frequency for a 
give population of assemblies. 

In order to demonstrate the probabilistic approach for MPS defects outlined above, the power 

distributions from various PCI case studies [1] were used along with an assumed MPS defect size 

distribution to develop estimated fuel rod failure frequencies. These PCI cases were selected from the 

PWR fuel rod database [1] and span the expected range of fuel operation.  

 

Implications to PCI/PCMI Threshold Stress in PWRs 

Given the above probabilistic analysis, results in regard to cladding hoop stress from the R-θ evaluations 

for the PWR failures are provided below in Figure 8. The PWR classical PCI failure threshold at the 0.1% 

and 50% probability levels, the red dashed and black solid lines, respectively, is provided for comparison. 

The development of the 0.1% and 50% are based on the PCI validation of Falcon which is summarized in 

this paper and elsewhere [1] in more detail . The data represent a total of eleven PCI-suspect failures and 

45 non-failed sibling and success rods (the latter are peak stress rods from the larger commercial plant 

operating experience base evaluated by Falcon). 

In Figure 8, the solid symbols represent the local pellet burnup and peak stress conditions for the failed 

rods. Multiple analyses have been performed for many of  these rods to assess whether or not they may 

have failed by classical PCI mechanisms or an MPS defect assisted mechanism (non-classical PCI). As 

such, the blue circles show the peak cladding stresses under conditions representative of classical PCI, 

the red diamonds provide peak cladding stresses for the same rods except the pellets have been 

modeled with MPS defects ranging from 124-150 mil (3.15-3.81 mm) chord length. In some cases, the 

rods have also been modeled using pellets with 60 mil (1.52 mm) MPS (green triangles). The open 

symbols provide peak stresses under classical PCI conditions in the non-failed sibling rods. It is noted 
that all of the PCI failures in PWRs fall below the 0.1% failure threshold unless MPS is included.  

The results from these examples and this probabilistic approach highlight the importance of the 

operating history (e.g., the nodal conditioning power, the peak power and the burnup on the failure 

rate) since the MPS defect size frequency distribution was the same in all the six examples. While only 

an example, these results support the operating experience base of non-classical PCI fuel failures which 



suggested that the operating conditions used in the susceptible cycles increased the fuel rod failure rate 

by a factor of four or more as compared to other reactors. These results also show that the failure rate 

for a 60 mil (1.52 mm) MPS defect size is typically more than ten times lower than a 120 mil (3.05 mm) 

MPS defect size, even though the occurrence rate of 60 mil (1.52 mm) MPS defects in the assumed 
frequency distribution is a factor of two greater. 

Once the failure frequency has been estimated for a given batch of fuel rods affected by MPS defects, 

strategic development of actions to be implemented in the plant operations that mitigate cladding 
failure can be carried out in proportion with the acceptable risk set by the reactor operators.  

 

 

Figure 8 - Commercial PWR PCI operating experience, fuel duty-related suspect failures (with and 
without the effect of MPS defects) and selected successes (non-failed) (note 1 mil = 0.0254 mm) 

 

Conclusions and Summary 

Fuel failures resulting from severe local interaction between fuel pellets and cladding inner surface 

during, or subsequent to, a significant power increase are termed duty-related failures. These failures 

are initiated when cladding experiences high local stresses due to pellet expansion, referred as pellet -

cladding mechanical interaction (PCMI). They may also result from a lower stress threshold to failure 

when embrittling effects (i.e., cladding hydride content, orientation and distribution) and/or pellet-

cladding interaction stress-corrosion cracking (PCI-SCC) with missing (fuel) pellet surface (MPS) defects 

are present. Fuel rod irradiation conditions (for example, burn-up accumulation rates and local power 

changes) leading to mechanical and chemical interaction processes are sometimes characterized as the 
fuel duty and are critical to understanding the susceptibility to these types of failures.  



The contents of this paper include parametric, analytical and probabilistic studies of missing pellet 

surface (MPS)-type fuel defects using primarily the Falcon fuel performance code with the specific 

purpose of supporting the technical bases for duty-related failure mitigation. These studies showed the 

probable failure rate for an approximate 1.5 mm MPS defect size is typically more than ten times lower 

than an approximate 3 mm MPS defect size, even though the occurrence rate of former is typically a 

factor of two greater. Reactor core designers and operators and fuel reliability engineers must therefore 
evaluate the risk for duty-related failures with and without assumed MPS defects present in the core.  
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Abstract

BISON is a modern finite element-based nuclear fuel performance code that has been under development at
Idaho National Laboratory (INL) since 2009. The code is applicable to both steady and transient fuel behavior
and has been used to analyze a variety of fuel forms in 1D spherical, 2D axisymmetric, or 3D geometries. A
brief overview of BISON’s computational framework, governing equations, and general material and behavioral
models is provided. BISON code and solution verification procedures are described. Validation for application
to light water reactor (LWR) PCMI problems is assessed by comparing predicted and measured rod diameter
following base irradiation and power ramps. Results indicate a tendency to overpredict clad diameter reduction
early in life, when clad creepdown dominates, and more significantly overpredict the diameter increase late in life,
when fuel expansion controls themechanical response. Initial rod diameter comparisons have led to consideration
of additional separate effects experiments to better understand and predict clad and fuel mechanical behavior.
Results from this study are being used to define priorities for ongoing code development and validation activities.

1 Introduction
Since 2009, Idaho National Laboratory (INL) has been developing next-generation capabilities to model nuclear
fuel, resulting in the BISON code [1, 2]. BISON is a parallel, finite element-based tool that solves the coupled
non-linear partial differential equations associated with nuclear fuel behavior. BISON supports the use of one-,
two-, and three-dimensional meshes and uses implicit time integration, important for the widely varied time scales
in nuclear fuel simulation. A software architecture is employed which minimizes the programming required to add
new features such as material and behavior models.

The simulation of nuclear fuel behavior is a challenging computational undertaking, with any simulation in-
volving the interaction of several submodels describing specific phenomena. To ensure that the complexity of
the simulation is not masking errors in one or more submodels, and to assess software reliability and numerical
methods, code and solution verification is needed. From the beginning, the development of BISON and related
software has been accompanied by the creation of numerous verification tests that are run every time the code is
modified, laying the foundation for subsequent validation. A recent paper outlines how this has been implemented
in BISON [3].

To assess the fidelity of BISON’s physical modeling, validation efforts are also underway. To date, BISON
predictions have been compared to roughly 50 integral rod LWR experiments including comparisons of fuel cen-
terline temperature, fission gas release, and cladding diameter. Much of this validation work has been reported
recently [4]. This paper focuses specifically on BISON validation for application to PCMI problems by comparing
predicted and measured rod diameter following base irradiation and power ramps.

The paper begins with a brief overview of BISON’s computational framework, governing equations, and gen-
eral material and behavioral models. BISON code and solution verification procedures are described. Validation
results are then given, including a detailed look at a specific experiment where both smeared fuel and discrete
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pellet analyses are employed. The paper concludes with a summary of results and outline of planned development
and validation activities.

2 BISON Background
BISON is a modern finite-element based nuclear fuel performance code that has been under development at the
Idaho National Laboratory (USA) since 2009 [1]. The code is applicable to both steady and transient fuel behavior
and can be used to analyze 1D (spherically symmetric), 2D (axisymmetric and generalized plane strain) or 3D
geometries. BISON has been used to investigate a variety of fuel forms including LWR oxide fuel [1], TRISO
coated-particle fuel [2] and metallic fuel in rod and plate form [5, 6]. The code has also been used to design and
to interpret irradiation experiments [7] and investigate novel fuel concepts [8].

BISON is built using the INLMultiphysicsObject-Oriented Simulation Environment, orMOOSE [9]. MOOSE
is a massively parallel, finite element-based framework to solve systems of coupled non-linear partial differential
equations using the Jacobian-Free Newton Krylov (JFNK) method [10]. This enables investigation of computa-
tionally large problems, for example a full stack of discrete pellets in a LWR fuel rod, or every rod in a full reactor
core. MOOSE supports the use of complex two and three-dimensional meshes and uses implicit time integration,
important for the widely varied time scale in nuclear fuel simulation. An object-oriented architecture is employed
which greatly minimizes the programming effort required to add new material and behavioral models.

The BISON governing relations currently consist of fully-coupled partial differential equations for energy,
species, and momentum conservation. Users can select a subset of these equations (e.g., energy and momentum for
thermomechanics analysis) within the input file. The code employs both nonlinear kinematics, which accounts for
large deformation, and nonlinear material behavior. A detailed description of the nonlinear kinematics is provided
in [1]. For nonlinear plasticity and creep, strains are calculated implicitly utilizing the radial return method; the
specific procedure is outlined in [11].

Focusing initially on UO2 fuel, models are included in BISON to describe temperature and burnup dependent
thermal properties, solid and gaseous fission product swelling, densification, thermal and irradiation creep, fracture
via relocation or smeared cracking, and fission gas production, generation, and release.

Recently an improved fission gas release model was implemented in BISON, based on the work of Pastore et
al. [12]. While retaining a physics-based description of the relevant mechanisms, the model is characterized by
a level of complexity suitable for application to engineering-scale nuclear fuel analysis and consistent with the
uncertainties pertaining to key input parameters. The treatment includes the fundamental features of fission gas
behavior, among which are gas diffusion and precipitation in fuel grains, growth and coalescence of gas bubbles
at grain faces, grain growth and grain boundary sweeping effects, thermal, athermal, and transient gas release.

Focusing initially on Zircaloy as a cladding material, models are available for instantaneous plasticity, thermal
and irradiation creep, and irradiation growth. The plasticity and creep models can be applied simultaneously, in
cases where both phenomena are active.

Gap heat transfer is modeled in the traditional manner with the total conductance across the gap computed as
a sum of the gas conductance, the increased conductance due to solid-solid contact, and the conductance due to
radiant heat transfer [13]. This model is typically applied between the fuel and cladding, but can also be used to
simulate heat transfer between individual pellets, between a pellet and end cap, or between fracture surfaces.

Mechanical contact between materials is implemented through the use of node/face constraints, which prevent
nodes on one side of an interface from penetrating faces on the other side of the interface [14].

For LWR fuel, the pressure in the gap and plenum is computed assuming a single cavity volume and using the
ideal gas law. The moles of gas, the temperature, and the cavity volume are free to change with time. The moles
of gas at any time are computed as the original amount of gas (computed based on original pressure, temperature,
and volume) plus the amount in the cavity due to fission gas released. The gas temperature is computed as a
weighted average of the pellet exterior and cladding interior surfaces, with weighting based on an approximation
of the volume of gas contained between the solid surfaces. The cavity volume is computed as needed based on the
evolving pellet and cladding geometry.
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3 Verification
“Verification must precede Validation.... Attempting to validate a model using a code that may still contain (seri-
ous) errors can lead to a false conclusion about the validity of the model” [15]. In other words, verification is a
prerequisite to validation.

Essentially, verification ensures that each piece of code performs as expected and is the foundation upon which
a strong validation basis is built. To that end, considerable emphasis has been placed on verification in BISON.
Referencing Roache [16], Oberkampf [17] points out that verification has two components, referred to as code and
solution verification. Strongly influenced by Oberkampf’s work, in this report we refer to code verification as the
mathematical correctness of the code implementation and solution verification as a quantitative assessment of the
numerical accuracy of a given solution to a particular problem.

3.1 Code Verification
Code verification is here considered in terms of software engineering practices, unit testing and regression testing.

3.1.1 Software Engineering

“Often verification and validation are parts of an overarching software quality assurance (SQA) program. SQA
methods are enacted to guide the software development cycle and may include recommendations or requirements
for software engineering tasks such as gathering and recording customer requirements, using revision control soft-
ware, writing code, testing the software, documenting the software, and releasing the application, among others.
It is common to measure the quality of the software development process by assessing how well the development
team is fulfilling the requirements in each of these areas” [3].

The BISON software is kept in a Gitlab version control repository at INL. The MOOSE software is open-
source and maintained in a similar version control repository know as Github. The BISON unit and regression
tests, example problems, validation cases and documentation are maintained in the same BISONGitlab repository.
This enables traceability of each code, validation case or documentation change. The author, date, and details of the
changes are recorded with each commit to Gitlab and Github. It is also possible to retrieve a copy of the software
from any point in its history. Through the use of revision control software, developers are able to maintain the
current copy of BISON on their local machines and make frequent changes to BISON without fear of undoing
another’s changes or of making irrecoverable changes.

The BISON team relies on software configuration management tools and practices set up for MOOSE ap-
plications. Continuous integration is also accomplished through Gitlab. With each commit to BISON (or any
MOOSE-based component), Gitlab automatically compiles the software across multiple computer platforms. If
the compilation process is successful, the new version of the software runs the complete set of regression tests.
This also happens on multiple computer platforms. This continuous integration, as it is called, helps ensure that
the regression tests run correctly at all times. If a commit causes a test to fail, the failure is immediately noted
through an electronic message to the developers who then correct the error.

In addition to the testing that occurs with each commit, code coverage data is also automatically produced.
This information includes line and function coverage at the file, directory, and library level. The development
team regularly reviews this information to ensure that the code coverage remains high.

All of this information (commit history and details, build status, test status, and code coverage) is available at
the BISON Gitlab site and is thus easily available to developers and others.

As mentioned above, the BISON team maintains its documentation in the same Gitlab Repository that holds
the application software. The documentation includes a user manual [18], a theory manual [19], an assessment
document [20], a publication list or bibliography, and a set of workshop or training presentation slides.

3.1.2 Unit Testing

Code verification ensures that a model represented in computer code calculates the correct results as defined by the
mathematical definition of the model. Verification is accomplished through tests, specially designed, that exercise
a particular feature of a given model. As an example, for heat conduction, we can verify that the finite element
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solution of a linear temperature field is in fact linear even when the mesh is composed of irregular elements. For
solid mechanics, we can test that the proper stress field results when a uniform pressure is applied.

By way of example, consider the process followed to introduce a new thermal conductivity model for UO2 fuel.Having identified the particular form of the model (the mathematical description), the developer can identify the
inputs to the model (e.g., temperature) as well as the outputs (thermal conductivity). The developer creates a test
that will exercise the new model. This test will require specific boundary conditions and perhaps other carefully
controlled inputs in order to produce the exact results expected through an independent, analytic calculation.

The developer must of course also encode the relevant equations in the BISON software and compile the
new code. Having done so, the developer exercises the new capability on the new test. If the computed thermal
conductivity does not match the analytic expression, the developer searches for errors in the code and in the test
until the discrepancy is resolved. Note that more than one verification test may be, and often is, required to give
confidence that the encoded model is mathematically correct.

It should be understood that much of the underlying software in use by BISON has its own set of verifica-
tion tests. In particular, verification tests concerned with the correctness of the finite element formulation are
maintained at the MOOSE and libMesh levels.

BISON has many verification tests, checking solid mechanics, heat conduction, gap heat transfer, material
models, mechanical contact, thermal contact, large strain capabilities, boundary conditions, plenum pressure de-
termination, output, and many other phenomena needed for nuclear fuel analysis. That these tests run properly
is evidence that the models have been implemented correctly. BISON SQA processes require that all new code
committed to the repository is supported by adequate unit testing.

A review of several of BISON’s verification tests, along with an overview of verification in the context of
nuclear fuel performance software in general and of BISON in particular, is in [3].

3.1.3 Regression Testing

As a matter of engineering practice, BISON developers are responsible for developing regression tests for all of
the code they develop. This helps ensure that future code changes do not break existing functionality. Some tests
exercise the interaction of various models, and many others are single-feature verification tests.

3.2 Solution Verification
Solution verification ensures that all validation simulations are adequately resolved in terms of spatial and tem-
poral discretization, and all accompanying iterative solutions are sufficiently converged. This is a very large task
given that the BISON validation cases for LWR fuel are expected to number in the hundreds. Since most LWR
problems share similar geometry, materials and loading conditions, a first and substantial step will be to develop
a representative LWR fuel rod problem for which solution verification is demonstrated. The current status of a
representative solution verification analysis is outlined below.

3.2.1 Typical LWR Fuel Rod Problem

To quantitatively evaluate the numerical accuracy of BISON validation problems, simulations with representative
validation-problem features were spatially and temporally resolved and the results compared. These representative
features are: loading (i.e., power supplied to the fuel, coolant pressure on the cladding), boundary conditions,
geometry, mesh, and material models. A typical power history was assumed as shown in Figure 1. Note that
this power history is not a discrete series of powers for specified durations, as may be common for older fuel
performance codes. It is, rather, a continuous function of time. The boundary conditions that represent coolant
temperature and pressure were typical for a pressurized water reactor.

The spatial resolution simulations consisted of four levels of mesh refinement, which are summarized in Table
1. Figure 2 shows ameshwith refinement level C, which is the typical mesh density used in BISONLWRvalidation
work.

The figures of merit in this resolution study are parameters that are important to all validation simulations,
which are: power, fuel centerline temperature (FCT), fission gas release (FGR), and rod diameter. As defined here,
power is the total nuclear power obtained by integrating the volumetric fission rate over the entire fuel volume.
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Figure 1: Representative power history used for the spatial and temporal solution verification studies.
Table 1: The number and aspect ratios of the elements used in the various meshes in the solution verification study.

Mesh A B C D
No. Axial Elements Fuel 275 550 550 1375
No. Radial Elements Fuel 3 6 12 22
No. Axial Elements Clad 281 556 556 813
No. Radial Elements Clad 1 3 4 5
Aspect Ratio Fuel 9.85 9.85 19.70 14.45
Aspect Ratio Clad 22.19 33.29 44.38 37.53

Figure 2: Illustration of a section of mesh C showing the radial and axial element sizes. Mesh C is representative
of the mesh used for all validation cases used in this study.

Figure 3 shows relative error calculations from these figures of merit, where results from refinement level D are
the basis for relative error calculations. For the parameters of interest, the estimated spatial error using the typical
validation mesh (Mesh C) is on the order of 1% or less, which is adequate for validation studies. Note that power
has a larger relative error than the other quantities considered. Power is more sensitive to mesh refinement due to
the steep gradient in the radial power profile near the pellet periphery.

Figure 4 shows results from the temporal resolution study. The mesh with refinement level C was used for
these calculations, where the number of times steps was increased and the relative error calculation is with respect
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Figure 3: Spatial resolution results for the solution verification study. Relative percent error is presented for four
metrics of interest: Power, FCT, FGR, and rod diameter as a function of the total number of radial elements in the
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to the simulation with the greatest number of times steps. The acceptable number of time steps was determined
by decreasing time step size (i.e. increasing the total number of time steps) and observing the relative error and
the change in relative error. In this case, the relative error is very small even for the lowest number of time steps.
Therefore, time resolution is adequate in all cases.
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Figure 4: Temporal resolution results for the solution verification study. Relative percent error is presented for
four metrics of interest: Power, FCT, FGR, and Rod diameter as a function of the total number time steps taken in
the simulation. The relative error is with respect to the case with the most time steps, 681.

4 Validation
To date, BISON predictions have been compared to roughly 50 integral rod LWR experiments. Comparisons have
focused on measurements of fuel centerline temperature, fission gas release, and cladding outer diameter both
before and following fuel-clad mechanical contact. Much of this validation work has been reported recently [4].
With regards to temperature and fission gas release comparisons, the following conclusions have been made:
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• Fuel centerline temperature comparisons through all phases of fuel life are very reasonable. Deviations
between predictions and experimental data are shown to be within ±10% for early life through high burnup
fuel and only slightly out of these bounds for power ramp experiments. Power ramp experiments generally
involve a fuel refabrication process which adds to modeling uncertainty.

• Accuracy in predicting FGR appears to be consistent with state-of-the-art modeling and with the involved
uncertainties.

Accurate simulation of the mechanical behavior of fuel rods is important when attempting to make predictions
about cladding structural integrity, for example as a result of pellet cladding mechanical interaction (PCMI). The
focus for the remainder of this paper will be a more detailed look at comparisons related to PCMI. Commonmetrics
for assessing the accuracy of a fuel performance code to predict PCMI include fuel and clad elongation and clad
outer diameter. The focus here will be on cladding outer diameter comparisons.

4.1 Cladding diameter following base irradiation
Table 2 identifies the set of post base irradiation cladding diameter measurements that have been considered to
date. BISON simulations were performed for comparison to each of these experiments. In all cases, the fuel
pellet stack was simulated as a single smeared fuel column. This was done principally for simplicity in this initial
validation study since, as will be demonstrated below, BISON is capable of discrete pellet analysis.

Table 2 summarizes the rod diameter comparisons in terms of the difference between the measured and pre-
dicted values. As indicated in the table, comparisons are made either at the rod axial midplane or averaged over the
rod length, based on the available experimental data. The comparisons are separated by cladding type (Zircaloy-4
and Zircaloy-2) and ordered according to the final burnup. The diameter comparisons are also plotted in Figure 5
in terms of diameter change vs burnup. In general, the results indicate a tendency to overpredict the diameter
reduction which occurs early in life and more significantly overpredict the diameter increase which occurs late in
life.

The early life comparisons typically occur before fuel-clad contact, when clad deformation is dominated by
clad creepdown; comparisons thus indicate a tendency to overpredict clad creep rates. Although the number of
low burnup points are limited, diameter comparisons indicate this overprediction is more severe for Zircaloy-2
than Zircaloy-4. Reasons for this overprediction could include large variations and uncertainty which exist in clad
microstructure and the lack of an anisotropic creep model in BISON. Comparison to separate effects clad creep
experiments, such as the Halden IFA-585 test [21], are underway to better understand and improve predictions.

At higher burnups, following fuel-clad contact, clad diameter increase is controlled by the mechanical behavior
of the fuel. The fact that the clad diameter change (measured – predicted) is significantly negative indicates a strong
tendency to overpredict fuel radial growth. BISON’s over prediction of final rod diameter may be partially due to
its lack of a relocation recovery model, which would recover a portion of the relocation strain upon fuel-cladding
contact. Uncertainty in the initial fuel porosity and densification during irradiation provide further explanation for
poor diameter comparisons. Fuel creep, which has been neglected in the present paper, is also expected to play a
significant role.

4.1.1 Parametric Study

To explore some of these issues a simple parametric study was performed for a single validation case (R. E. Ginna
Rod 2) with three separate modifications to the base calculation: 1) fuel relocation was deactivated, 2) fuel reloca-
tion was active but relocation strains were reduced by 50% and, 3) fuel relocation was active but fuel densification
was increased by 0.5%. The partial reduction in relocation strain was motivated by the relocation recovery model in
the FRAPCON fuel performance code, which recovers (by default) 50% of the relocation strain upon contact [22].
Referring to the diameter change (measured – predicted) parameter in Table 4, which was -71.8 �m for the Ginna
Rod 2 case, simply removing relocation strain from the calculation dropped that difference to -19.6 �m, demon-
strating that the BISON relocation model, which is simplistic and highly empirical, has a substantial effect on the
rod diameter comparison. Recovering half of the relocation strain resulted in a final clad diameter change of -45
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Table 2: Rod diameter comparisons following base irradiation
Axial Rod Average Diameter Change

Case Description Clad Comparison Burnup (Meas. – Pred.)
Type Location (MWd/kgU) (�m)

Tribulation BN1/4 Zry-4 Midplane 19.7 16.4
Tribulation BN1/3 Zry-4 Midplane 20.2 7.1

OSIRIS J12 Zry-4 Average 23.9 -18.1
Tribulation BN3/15 Zry-4 Midplane 37.7 -71.1

Risø-3 AN2 Zry-4 Average 40.6 -16.6
OSIRIS H09 Zry-4 Average 46.1 -42.9
REGATE Zry-4 Average 47.0 6.5

Tribulation BN1/4 Zry-4 Midplane 50.6 -53.2
Tribulation BN1/3 Zry-4 Midplane 50.7 -70.8
Tribulation BN3/15 Zry-4 Midplane 51.1 -84.8
R. E. Ginna Rod 2 Zry-4 Average 51.2 -71.8
USPWR TSQ002 Zry-4 Average 53.2 -26.3
R. E. Ginna Rod 4 Zry-4 Average 57.0 -69.2
USPWR TSQ022 Zry-4 Average 58.1 -40.4

Risø-2 GE-m Zry-2 Average 15.5 35.8
Risø-3 II3 Zry-2 Average 16.4 32.8
Risø-3 II5 Zry-2 Midplane 39.0 -78.8
Risø-3 GE7 Zry-2 Average 40.9 34.1
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Figure 5: The difference between measured and predicted rod diameter as a function of burnup during base irra-
diation.

�m, demonstrating the importance of including relocation recovery behavior. Simply increasing the fuel densifi-
cation by 0.5% resulted in a final diameter change of -60.1 �m, indicating that uncertainties in this parameter will
have a smaller, but still significant effect.

8



4.2 Cladding diameter following power ramping
Eight of the cases from Table 2 included power ramp testing following base irradiation, with post-ramp diameter
comparisons (measured – predicted) summarized in Table 3. To isolate comparison to only the ramp portion of
the experiment, the diameter differences at the end of the base irradiation (Table 2) were subtracted from those
at the end of the ramp (Table 3) and plotted in Figure 6 as a function of base irradiation burnup. Comparisons
are very reasonable for low burnup fuel but grow steadily worse at higher burnups. Note that, in contrast to the
behavior during base irradiation, where the radial fuel growth is overpredicted, for power ramps the measured
value generally exceeds the prediction indicating the fuel diameter change is underpredicted. During relatively
short duration power ramps, the radial growth of the fuel is driven mainly by thermal expansion and gaseous
swelling. Indeed, recent sensitivity analysis indicated that uncertainties inherent in gaseous swellingmodeling have
a significant impact on attainable accuracy of clad diameter predictions during power ramps [23]. In particular,
a sensitivity study was presented in [23], wherein the effect of modeling uncertainties associated with fission gas
swelling (and coupled FGR) on cladding diameter calculations for the Risø-3 GE7 experiment was estimated. The
study pointed out a variability of about 150 �m on predicted peak cladding displacement at the end of irradiation
corresponding to such uncertainties. Although limited to one fuel rod experiment, the study supports the hypothesis
of a dominant contribution of gaseous swelling modeling uncertainties to the discrepancies of current cladding
diameter predictions. Further investigation and sensitivity analysis is necessary in order to confirm such hypothesis.

Table 3: Rod diameter comparisons following power ramps
Axial Rod Average Diameter Change

Case Description Clad Comparison Burnup (Meas. – Pred.)
Type Location (MWd/kgU) (�m)

Tribulation BN1/3 Zry-4 Midplane 20.4 12.3
OSIRIS J12 Zry-4 Peak 26.7 -1.4
Risø-3 AN2 Zry-4 Peak 40.7 24.7
REGATE Zry-4 Peak 47.0 88.4

Risø-2 GE-m Zry-2 Average 15.8 50.6
Risø-3 II3 Zry-2 Average 17.6 31.7
Risø-3 GE7 Zry-2 Peak 40.9 58.9
Risø-3 II5 Zry-2 Midplane 47.6 -26.7

4.3 The Risø-3 GE7 Experiment
The Risø-3 GE7 validation case, which included rod diameter comparisons at both the end of base irradiation
(Table 2) and following a power ramp (Table 3), is considered in more detail here since recent simulations have
included both smeared and discrete pellet geometries, providing a comparison of the effects of this assumption.

The experiment involved a rod segment that underwent four cycles of base irradiation to a burnup of 39.6
MWd/kgU in the Quad Cities-1 BWR, followed by a power ramp in the Risø DR3 test reactor. The cladding
was stress relieved Zircaloy-2 with a bonded zirconium liner. The liner was assumed to have the properties of
Zircaloy-2 in the simulation. The fuel segment was neither refabricated nor punctured prior to irradiation in the
test reactor.

The power history since the beginning of the power ramp, shown in Figure 7, includes a 6-hour conditioning
period at approximately 23 kW/m, a 15 minute power ramp, and then a 4-hour hold at 35.5 kW/m. Figure 8 shows
the axial power profile during both the base irradiation and power ramp. In contrast to the base-irradiation profile,
which is relatively flat, there is a large axial gradient in the ramp profile.

A section of the finite element computational mesh for both the smeared fuel and discrete pellet simulations
is shown in Figure 9. In the smeared case, the stack of 72 pellets is modeled as a single cylindrical fuel column.
In the discrete pellet case, each of the pellets is considered separately, with the overlapping nodes at the top and
bottom of adjacent pellets merged along the axis of symmetry, to prevent interpenetration. The fuel pellets in the
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Figure 6: The difference between measured and predicted rod diameter during ramp testing, as a function of
base irradiation burnup. To isolate comparisons to diameter changes occurring during the ramp only, diameter
differences at the end of base irradiation were subtracted from those at the end of the ramp.
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Figure 7: Risø-3 GE7 power history during power ramp.

experiment were chamfered but not dished, as indicted by the discrete pellet mesh. Quadratic finite elements were
used for both the fuel and cladding.

Figure 10 compares the predicted and measured rod diameter as a function of rod length, both following the
base irradiation and power ramp. The diameter of the preirradiated rod is shown as a solid black line for reference.
Diameter measurements following base irradiation are indicated with open circle symbols. Post ramp measure-
ments were made on the cladding adjacent to pellet mid and end locations, as indicated by the x and + symbols,
respectively.

BISON overpredicts clad creep rates during base irradiation, resulting in a decrease in rod diameter roughly
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Figure 8: Risø-3 GE7 axial power profile during base irradiation and power ramp.

Figure 9: Magnified view of a portion of the computational mesh for the smeared fuel (left) and discrete pellet
(right) simulations of the Risø-3 GE7 validation case.

double the measured value. Note that the predicted axial diameter profile has a shape very similar to the axial
power profile (see Fig. 8), indicating the fuel is predicted to have been in contact with the clad at some time during
base irradiation. This is confirmed by the predicted gap closure history, which indicates contact begins at a burnup
of approximately 28MWd/kgU. On the other hand, the measured diameter profile following base irradiation shows
no evidence of contact, which is not surprising based on much lower measured clad creep down.

Comparing the measured and predicted diameter change during the ramp test indicates BISON does a reason-
able job of predicting the transient mechanical behavior. Permanent change in the clad diameter results from both
creep and instantaneous plasticity and is driven principally by thermal expansion and gaseous swelling of the fuel.
As noted above, fission gas release is coupled to gaseous swelling in BISON, as described in [12, 23].

Oscillations in the rod diameter profile for the discrete pellet simulation are due to the predicted hour-glassing of
individual fuel pellets, which were clearly in contact with the cladding during the power ramp. For this experiment,

11



the overall comparison of the post ramp diameter to measurements improves when considering individual pellets
over smeared fuel. It is also clear, however, that the predicted ridge magnitude is larger than measured. This
overprediction in ridging is believed to be principally due to the assumption of elastic fuel, since fuel creep would
naturally reduce the peaks at pellet ends. The effect of fuel creep on ridging will be isolated in a future study.
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Figure 10: Comparison of the computed and measured rod diameter, as a function of rod length, for the Risø-3
GE7 experiment.

5 Conclusions
BISON is a next-generation multidimensional fuel performance code that has been under development at INL
since 2009. Code development is accompanied by essential code and solution verification processes. In this paper,
BISON predictions have been compared to rod diameter measurements for 15 integral LWR fuel rods, comprising
both base irradiation and power ramp conditions.

Comparison of rod diameter results indicate a tendency to overpredict clad diameter reduction early in life,
when clad creepdown dominates, and more significantly overpredict diameter increase late in life, when fuel ex-
pansion controls themechanical response. During power ramping, comparisons are very reasonable for low burnup
fuel but grow steadily worse at higher burnups. In contrast to the base irradiation, where the radial fuel growth is
overpredicted, for power ramps themeasured value generally exceeds the prediction indicating the fuel diameter in-
crease is underpredicted. For a single case which included both smeared and discrete pellet analysis, comparisons
improved for the discrete pellet analysis.

Results from this study are being used to define and prioritize future code development and validation activities.
With regards to PCMI behavior, high priority items include:

• An increased emphasis on separate effects validation experiments, especially for fuel swelling and fuel and
cladding creep.

• Inclusion of more realistic mechanical models for oxide fuel, specifically smeared cracking and creep.
• Addition of a relocation recovery model.
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• Consideration of discrete pellet geometry.
As a final note, it is emphasized that prediction of cladding diametral strain is in general a difficult area for

fuel performance codes, as demonstrated by prior international benchmark exercises [24, 25]. This has led to the
recent initiation of a well-defined PCMI benchmark exercise that is based on two simplified hypothetical cases and
two experimental cases based on measurements from the Halden research reactor. This benchmark has attracted
interest from a large and varied group of participants. Early comparisons from this benchmark are given in another
paper in this workshop [26].
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ABSTRACT 

This paper describes the status of a benchmark on Pellet-Clad Mechanical 
Interaction (PCMI), initiated by the Nuclear Energy Agency (NEA) Expert 
Group on Reactor Fuel Performance (EGRFP), which started in June 2015 
and will run for two years. The aim of the benchmark is to improve 
understanding and modelling of PCMI amongst NEA member organisations. 
This will be achieved by comparing PCMI predictions of different fuel 
performance codes for a number of cases. Some of these cases are 
hypothetical cases aiming to facilitate understanding of the effects of code-
to-code differences in fuel performance models. The remaining cases are 
actual irradiations, where code predictions will be compared with 
measured data. 
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1  Introduction 

The NEA Expert Group on Reactor Fuel Performance (EGRFP), established within the 
Working Party on Scientific Issues of Reactor Systems (WPRS), under the auspices of the 
NEA Nuclear Science Committee, aims at providing expert advice to the nuclear community 
on the development needs (experimental data, methods, code development, code 
verification and validation, etc) for fuel performance analysis of existing and proposed fuel 
designs. Key activities associated with this objective are the identification and preservation 
of appropriate experimental data, and to facilitate the dissemination of technical 
information and knowledge on fuel performance through scientific workshops, benchmark 
studies and training activities. 

This paper describes the status of a benchmark on Pellet-Clad Mechanical Interaction 
(PCMI), initiated by the Expert Group on Reactor Fuel Performance, which started in June 
2015 and will run for two years. The aim of the benchmark is to improve understanding and 
modelling of PCMI amongst NEA member organisations. This will be achieved by comparing 
PCMI predictions of different fuel performance codes for a number of cases. Some of these 
cases are hypothetical cases aiming to facilitate understanding of the effects of code-to-
code differences in fuel performance models. The remaining cases are actual irradiations, 
where code predictions will be compared with measured data. 

The benchmark is currently restricted to light water reactor (LWR) fuel, but can potentially 
be extended to other fuel types (in particular CANDU fuel or fast reactor fuel) in the future. 

2  Benchmark participants 

Participants are from 18 organisations in 12 NEA member countries (UK, Belgium, Canada, 
Czech Republic, France, Germany, Italy, Japan, Russian Federation, Spain, Switzerland and 
USA) and from two organisations in International Atomic Energy Agency (IAEA) member 
states (Argentina and People’s Republic of China). The involvement of participants from 
IAEA member states is in the framework of an agreement with the IAEA Coordinated 
Research Project on Fuel Modelling in Accident Conditions (FUMAC). 

A full list of participants is included in Table 1. They include staff from research 
organisations, national laboratories, regulatory organisations, technical support 
organisations and universities. Also involved in the benchmark are Simone Massara from the 
Nuclear Energy Agency (technical secretary), Wolfgang Wiesenack from the OECD Halden 
Reactor Project (provider of experimental data), Arndt Schubert from the European 
Commission Joint Research Centre Institute of Transuranium Elements (observer) and 
Mikhail Veshchunov from the International Atomic Energy Agency (observer). 
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Table 1: List of participants in PCMI benchmark 

Participant Organisation Country Fuel performance 

code(s) 

Alicia Denis CNEA Argentina DIONISIO 

Armando Marino CNEA Argentina BACO 

Adrien Dethioux 
Jinzhao Zhang 

Tractebel (ENGIE) Belgium FRAPCON 

Andrew Prudil CNL Canada ELESTRES 
FAST 

Xiaojun He 
Zhijie Han 

CIAE People’s Republic 
of China 

FRAPTRAN 
FTPAC 

Martin Dostal ÚJV Řež Czech Republic TRANSURANUS 
ABAQUS 

Vincent Marelle CEA France ALCYONE 

Olivier Marchand IRSN France FRAPCON 

Felix Boldt GRS Germany TESPA-ROD 

Davide Rozzia ENEA Italy TRANSURANUS 

Masaki Amaya JAEA Japan FEMAXI 

Anton Krupkin VNIINM Russian Federation START 

Luis Herranz CIEMAT Spain FRAPCON 

Pedro Ortego SEA Spain ANSYS 

Cedric Cozzo PSI Switzerland FALCON 

Glyn Rossiter NNL UK ENIGMA 

Richard Williamson INL USA BISON 

Tomas Kozlowski University of Illinois USA BISON 

Jeffrey Powers ORNL USA BISON 

3  Fuel performance codes being used 

The fuel performance computer codes being used for the benchmark exercise are listed 
above in Table 1. It can be seen that there is a large variety in the fuel performance codes 
being used, in part due to the relatively large number of participating organisations. Code 
types include 11/2-D codes (where the active fuel stack length is divided into axial zones, and 
predicted quantities – eg temperature, hoop stress – are assumed to have only a radial 
variation within each axial zone), 2-D codes (where predicted quantities are assumed to 
have both a radial and axial variation), and 3-D codes (where the radial, axial and 
circumferential variations of predicted quantities can all be calculated). Usage of these three 
code types adds value to the benchmark exercise by allowing the differences in predictions 
introduced by the differences in modelling approach to be evaluated. 

It is important to understand that the computer codes used in the exercise are not 
comparable in terms of their level of development (some are under active development, 
while others are established codes licensed by regulatory authorities) and application 
domains (which include fuel licensing, research and development, and regulatory activities). 
In addition, two of the codes (ABAQUS and ANSYS) are general finite element codes – that 
is, they are not dedicated to fuel performance applications – and four of the codes 



OECD/NEA Workshop on Pellet-Cladding Interaction (PCI) in Water-Cooled Reactors 
22-24 June 2016, Lucca, Italy 

4 
 

(DIONISIO, BACO, ELESTRES and FAST) have been primarily developed for pressurised heavy 
water reactor – not light water reactor – applications. Thus, predictions of the codes should 
not be compared on a like-for-like basis. 

4  Benchmark cases 

The cases to be analysed in the benchmark are as follows: 

• Case 1 is a hypothetical beginning-of-life (BOL) ramp of a short (10 pellet) pressurised 
water reactor (PWR) rodlet; 

• Case 2 is a hypothetical BOL ramp of a full-length commercial PWR rod; 

• Case 3 is the BOL ramping of eight rodlets with different pellet designs in the OECD/NEA 
Halden Reactor Project (HRP) IFA-118 experiment (irradiated in the Halden Boiling 
Water Reactor (HBWR) from 1969 to 1970) [1]; 

• Case 4 is the end-of-life (EOL) ramping of a PWR rodlet in the HRP IFA-629.4 experiment 
(performed in the HBWR in 2004) [2]. 

The Case 1 ramp consists of a ramp-up over 1 minute (at a constant ramp rate) to a peak 
pellet rating of 40 kW/m, and a subsequent power hold for 100 hours. The short irradiation 
is under PWR conditions: coolant pressure = 15.5 MPa, rodlet surface temperature = 330 °C, 
and fast flux = 4x1016 n/m2/s per kW/m. For simplicity, uniform axial profiles of power and 
rodlet surface temperature are assumed. The shortness of the rodlet is to enable reasonable 
computation times for the case with 3-D codes. The ramp-up time is designed to be 
sufficiently long for thermal transient (fuel and clad stored heat) effects to be negligible, 
while being sufficiently short for the effects of other time-dependent phenomena (in 
particular, fuel creep, clad creep, fuel densification and fuel swelling) to be minimal. 

The key rodlet parameters for Case 1 are summarised in Table 2. The clad inner and outer 
diameters are both reduced from typical PWR values so that fuel-clad gap closure will occur 
part-way through the up-ramp. 

Table 2: Key rodlet parameters for Case 1 

Parameter Value 

Pellet material UO2 

Pellet inner diameter Zero 

Pellet outer diameter 8.192 mm 

Pellet length 13.78 mm 

Pellet end geometry Dished and chamfered at both ends 

Fuel density 95.3%TD 

Cladding material Zircaloy-4 

Cladding inner diameter 8.23 mm 

Cladding outer diameter 9.37 mm 

Fuel stack length 137.8 mm 

Plenum length 6.27 mm 

Fill pressure 2.6 MPa 
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Case 2 is complementary to Case 1, in that the peak pellet rating versus time behaviour, 
coolant pressure and fast flux are identical. Non-uniform axial profiles of power and rod 
surface temperature are assumed; the axial power profile is idealised as a normalised 
chopped cosine distribution – as illustrated in Figure 1 – and the rod surface temperature 
axial profile is set according to the axial power profile via a heat balance calculation and the 
Jens-Lottes rod-to-coolant heat transfer coefficient correlation [3] (assuming coolant inlet 
and outlet temperatures of 287 °C and 321 °C, respectively). 

 

Figure 1: Axial power profile in Case 2 

The Case 2 rod design is as per the Case 1 rodlet design, except for the active fuel stack 
length, which is set to a typical value of 12 ft = 3658 mm, and plenum length, which is set to 
a value of 162 mm. 

5  Time schedule 

The nominal time schedule for the benchmark is summarised below: 

• June 2015: benchmark start 

• December 2015: deadline for submittal of predictions for Cases 1 and 2 (hypothetical 
cases) 

• February 2016: collated Case 1 and 2 results reported and discussed at EGRFP 
meeting 

• December 2016: deadline for submittal of predictions for Cases 3 and 4 (real cases 
with measured data) 

• February 2017: collated Case 3 and 4 results reported and discussed at EGRFP 
meeting 
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• December 2017: benchmark results and discussion written up in NEA report 

• February 2018: NEA report endorsed at EGRFP meeting 

• June 2018: report issued by NEA 

6  Preliminary predictions for Case 1 

6.1  Overview 

The predictions requested for Case 1 are as follows: 

• fuel stack elongation along pellet centreline as a function of time from start of 
irradiation 

• clad elongation along inner wall as a function of time from start of irradiation 
• maximum (axially) clad outer diameter as a function of time from start of irradiation 
• maximum (axially) clad hoop stress at inner wall as a function of time from start of 

irradiation 

The preliminary results for the first 100 s of the case (initial up-ramp from zero power to 
40 kW/m in one minute, followed by 40 s of the subsequent 100 hr hold) are illustrated in 
Figures 2 to 5. All codes and participants have been anonymised – that is, each code and 
participant combination has been randomly assigned a unique ‘prediction number’. 
Predictions 4a and 4b correspond to two predictions by the same participant using the same 
code, the first with a 11/2-D finite difference modelling approach and the second with a 2-D 
finite element modelling approach. Given the large number of curves in each figure, some of 
which have very similar colours, prediction numbers have been included above the curves 
for some predictions to help in prediction identification. 

Fuel stack and clad elongations should be relative to the as-manufactured state – that is, 
relative to the as-manufactured fuel stack and clad lengths at atmospheric pressure and a 
temperature of 20 °C. The clad outer diameter and clad hoop stress predictions that are 
illustrated are pellet mid-height predictions; pellet-pellet interface predictions have also 
been submitted where codes can determine these. 

Prediction 19 data were only provided at the start and end of the up-ramp and during the 
hold period. Hence, the linear variation in the predicted quantities during the up-ramp (0 s 
to 60 s) indicated by the Prediction 19 curves is illusory; only the start and end of up-ramp 
points and the points during the hold period should be considered when comparing the 
Prediction 19 curves with the other curves. 
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Figure 2: Fuel stack elongation versus time predictions for the first 100 s of Case 1 

 

Figure 3: Clad elongation versus time predictions for the first 100 s of Case 1 
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Figure 4: Maximum (axially) clad outer diameter versus time predictions for the first 100 s of 
Case 1 (where clad outer diameter is evaluated at pellet mid-height) 

 

Figure 5: Maximum (axially) clad hoop stress versus time predictions for the first 100 s of 
Case 1 (where clad hoop stress is evaluated at the clad inner wall and at pellet mid-height) 
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6.2  Predictions at start of ramp 

At time zero, the power is zero, the fuel stack, clad and rod fill gas are all at a uniform 
temperature of 330 °C, and the clad is subject to a compressive stress state caused by the 
coolant pressure acting on the outer surface of the rod (clad and end caps) and the rod 
internal pressure acting on the inner surface of the rod (clad and end caps). Assuming 
axisymmetry, plane axial strain and thick-walled cladding, the expected initial values of fuel 
stack elongation, ΔLfuel, clad elongation, ΔLclad, clad hoop stress at inner wall, σθ,clad, and clad 
outer diameter, dclad, are therefore as follows [4,5]: 

ΔLfuel = (εfuel,330°C - εfuel,20°C) L0,fuel 

ΔLclad = (εz,clad,330°C - εz,clad,20°C + σz,clad/Eclad - νclad(σθ,clad+σr,clad)/Eclad) L0,clad 

σθ,clad = (Pinr2
in,clad - Poutr

2
out,clad + (Pin-Pout)r

2
out,clad) / (r2

out,clad-r2
in,clad) 

dclad = (1 + εθ,clad,330°C - εθ,clad,20°C + σθ,clad/Eclad - νclad(σz,clad+σr,clad)/Eclad) d0,clad 

where 
 εfuel,330°C = fuel thermal expansion strain at 330 °C 
 εfuel,20°C = fuel thermal expansion strain at 20 °C 
 L0,fuel = as-manufactured fuel length 
 εz,clad,330°C = clad axial thermal expansion strain at 330 °C 
 εz,clad,20°C = clad axial thermal expansion strain at 20 °C 
 L0,clad = as-manufactured clad length 
 Pin = rod internal pressure at 330 °C 
 Pout = coolant pressure 
 rin,clad = clad inner radius at 330 °C 
 rout,clad = clad outer radius at 330 °C 
 εθ,clad,330°C = clad hoop thermal expansion strain at 330 °C 
 εθ,clad,20°C = clad hoop thermal expansion strain at 20 °C 
 Eclad = clad Young’s modulus at 330 °C 
 νclad = clad Poisson’s ratio at 330 °C 
 d0,clad = as-manufactured clad outer diameter 
 σz,clad = clad axial stress at inner wall 
 σz,clad = clad radial stress at inner wall 

and (from Timoshenko and Goodier [5] and the pressure forces acting on the rod end caps) 

σr,clad = (Pinr2
in,clad - Poutr

2
out,clad - (Pin-Pout)r

2
out,clad) / (r2

out,clad-r2
in,clad) 

σz,clad = (Pinr2
in,clad - Poutr

2
out,clad) / (r2

out,clad-r2
in,clad) 

We now apply the following settings (where MATPRO refers to the 2001 edition of the US 
Nuclear Regulatory Commission’s material properties library for LWR accident analysis): 
 εfuel,330°C = 0.30% (MATPRO value [6]) 
 εfuel,20°C = -0.01% (MATPRO value [6]) 
 L0,fuel = 137.8 mm 
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 εz,clad,330°C = 0.32% (MATPRO value for a typical Zircaloy-4 LWR cladding tube [6]) 
 εz,clad,20°C = -0.01% (MATPRO value for a typical Zircaloy-4 LWR cladding tube [6]) 
 L0,clad = 137.8 mm (ignoring the plenum length) 
 Pin ≈ (330+273.15)/(20+273.15) * 2.6 = 5.35 MPa (as-manufactured value scaled with 
  temperature according to the ideal gas law) 
 Pout = 15.5 MPa 
 rin,clad ≈ 4.115 mm (as-manufactured value) 
 rout,clad ≈ 4.685 mm (as-manufactured value) 
 εθ,clad,330°C = 0.20% (MATPRO value for a typical Zircaloy-4 LWR cladding tube [6]) 
 εθ,clad,20°C = -0.01% (MATPRO value for a typical Zircaloy-4 LWR cladding tube [6]) 
 Eclad ≈ 80 GPa (approximate MATPRO value at 330 °C [6]) 
 νclad ≈ 0.33 (calculated from νclad = 1/2Eclad/Gclad - 1, where Gclad is the clad shear 
  modulus at 330 °C, and taking Eclad ≈ 80 GPa and Gclad ≈ 30 GPa from MATPRO [6]) 
 d0,clad = 9.37 mm 

The results are as follows: 
 expected initial fuel stack elongation, ΔLfuel = 0.43 mm 
 expected initial clad elongation, ΔLclad = 0.42 mm (where the length change due to 
  thermal expansion of +444 microns is slightly offset by the length change due to 
  elastic deformation of -29 microns) 
 expected initial clad hoop stress at inner wall, σθ,clad = -94 MPa 
 expected initial clad outer diameter, dclad = 9.380 mm (where the diameter change 
  due to thermal expansion of +19 microns is partially offset by the diameter 
  change due to elastic deformation of -9 microns) 

From Figures 2, 4 and 5, the predicted initial fuel stack elongations, clad hoop stresses at the 
inner wall, and clad outer diameters for the majority of the predicted curves are in good 
agreement with the expected values. The same is not true for the predicted initial clad 
elongations, which, from Figure 3, are all lower than the expected value; this suggests that 
all codes are either (a) employing a clad thermal expansion coefficient derived from tubing 
diameter change measurements which is then applied as if the clad is isotropic (using the 
MATPRO hoop thermal expansion strains, rather than the MATPRO axial thermal expansion 
strains, in the expression above for ΔLclad gives an expected initial clad elongation of 0.25 
mm), or (b) taking account of the thermal expansion anisotropy of Zircaloy-4, but employing 
a clad axial thermal expansion coefficient formulation – such as the MATPRO 1979 
formulation [7] – which is primarily, or entirely, derived from non-prototypic (for example, 
rolled plate or single crystal) data. (a) is known to be true for the code used to generate 
Prediction 5, while (b) is known to be true for the code used to generate Prediction 13. With 
respect to (a), it should be noted that isotropically applying a clad thermal expansion 
coefficient derived from diameter change measurements is reasonable in that it is the 
geometry changes in the hoop direction which are of primary importance for fuel 
performance. 

It can tentatively be concluded that the variation in predicted initial clad elongations in the 
range 0.15 to 0.25 mm is mainly due to differences in the clad axial thermal expansion 
coefficient formulations that are modelled. The reasons for predicted initial clad elongations 
outside this range, and for predicted initial fuel stack elongations, clad hoop stresses at the 
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inner wall, and clad outer diameters that deviate significantly from the expected values, 
remain to be determined. 

6.3  Predictions during up-ramp and hold period 

Fuel stack elongation 

The majority of the fuel stack elongation predictions exhibit a close to linear increase of fuel 
stack elongation with time (and power) during the up-ramp, and an approximately constant 
fuel stack elongation during the first 40 s of the hold period (codes that perform a thermal 
transient calculation predict a time interval of ~ 10 s for the fuel temperatures – and hence 
fuel stack elongation – to reach steady-state values during the hold period). The gradients of 
these majority prediction curves are also similar. This is consistent with: (a) fuel stack 
elongation caused by the axial thermal expansion of the pellet land region; (b) the clad 
imposing little resistance to the elongation of the fuel stack once the fuel-clad gap has 
closed; and (c) insignificant fuel densification, swelling and creep. (a) is in turn consistent 
with either a 2-D or 3-D finite element solution scheme (where hourglassing of the pellets is 
taken into account) or a 11/2-D finite difference solution scheme and a plane axial strain 
assumption (where the plane axial strain is determined by applying an axial force balance to 
the fuel and clad); Predictions 4a and 4b clearly show that similar fuel stack elongation 
versus time behaviour is predicted using these two approaches. 

Ignoring any differences in predicted initial fuel stack elongation, the fuel stack elongation 
behaviour of Predictions 1, 5, 14, 16 and 18 is significantly different to that of the majority 
of the predictions. The reasons for the differences in Predictions 14, 16 and 18 have not yet 
been determined, but (a) the difference in Prediction 1 can be explained by the assumption 
of fuel relocation in the axial direction, which is set to be 0.5% of the as-manufactured fuel 
stack length, and (b) the difference in Prediction 5 can be explained by the simulation of 
horizontal (r-θ) pellet cracks, such that the fuel Young’s modulus in the axial direction is set 
to a very small value when the fuel is in axial tension. With respect to (b), this means that – 
prior to fuel-clad gap closure – the plane axial strain assumption leads to fuel stack 
elongation driven by the axial thermal expansion of the hotter, central region of the fuel 
pellets; once the fuel-clad gap has closed (after 30 s), the clad exerts an axial compressive 
force on the fuel which tends to close the horizontal pellet cracks such that fuel stack 
elongation is instead driven by the axial thermal expansion of the cooler region of the fuel 
pellets near the pellet land. 

Clad elongation 

The majority of the clad elongation predictions exhibit a slow, close to linear, increase of 
clad elongation with time (and power) during the early stages of the up-ramp, a much 
faster, but still close to linear, increase of clad elongation with time (and power) during the 
later stages of the up-ramp, and an approximately constant clad elongation during the first 
40 s of the hold period (codes that perform a thermal transient calculation predict a time 
interval of ~ 10 s for the fuel temperatures – and hence clad elongation – to reach steady-
state values during the hold period). The gradients of these majority prediction curves are 
also similar in both the early stages and later stages of the up-ramp. This is consistent with: 
(a) clad elongation prior to fuel-clad gap closure being caused by axial thermal expansion of 
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the clad; (b) clad elongation after fuel-clad gap closure being driven by the axial thermal 
expansion of the pellet land region; and (c) the clad elastically deforming in response to the 
axial thermal expansion of the fuel stack with little, or no, slippage between fuel stack and 
clad (implying that the friction coefficients employed in the codes that simulate frictional 
contact between fuel stack and clad are sufficiently high to prevent slippage). The time of 
gap closure – that is, the time during the up-ramp at which there is an increase in gradient 
of the clad elongation versus time curve – varies significantly between predictions (from 
~ 15 s to ~ 35 s). This reflects the difficulty in accurately predicting the time of gap closure 
due to the combined effects of the small as-manufactured fuel-clad gap (relative to the 
pellet and clad diameters) and the uncertainties in the calculated thermal expansion strains 
of the pellet outer surface and the clad inner surface. 

Ignoring any differences in predicted initial clad elongation, and ignoring the kinetics of 
Prediction 19 during the up-ramp (due to the sparsity of the data; see above) the clad 
elongation behaviour of Predictions 1, 4b, 6, 13, 14, 16 and 18 is significantly different to 
that of the majority of the predictions. The reasons for the differences in Predictions 1, 4b, 
14 and 16 have not yet been determined, but the differences in Predictions 6, 13 and 18 can 
be partly explained by the simulation of frictionless contact between fuel pellets and 
cladding (in contrast to most fuel performance codes, where frictional or glued contact is 
simulated): clad elongation after fuel-clad gap closure is driven by Poisson’s effect, with the 
increasing clad hoop strain causing a decreasing clad axial strain. 

Clad outer diameter 

The majority of the clad outer diameter predictions exhibit a slow, close to linear, increase 
of clad outer diameter with time (and power) during the early stages of the up-ramp, a 
much faster, but still close to linear, increase of clad outer diameter with time (and power) 
during the later stages of the up-ramp, and an approximately constant clad outer diameter 
during the first 40 s of the hold period (codes that perform a thermal transient calculation 
predict a time interval of ~ 10 s for the fuel temperatures – and hence clad outer diameters 
– to reach steady-state values during the hold period). The gradients of these majority 
prediction curves are also similar in both the early stages and later stages of the up-ramp. 
This is consistent with: (a) clad outer diameter change prior to fuel-clad gap closure being 
caused by thermal expansion and rod-internal-pressure-induced elastic deformation of the 
clad; (b) clad outer diameter change after fuel-clad gap closure being driven by the thermal 
expansion of the fuel stack; and (c) the clad elastically deforming in response to the thermal 
expansion of the fuel stack. 

Ignoring any differences in predicted initial clad outer diameter, and ignoring the kinetics of 
Prediction 19 during the up-ramp (due to the sparsity of the data; see above) the clad outer 
diameter behaviour of Predictions 14 and 16 (and, to some extent, Predictions 10, 12 and 
15) is significantly different to that of the majority of the predictions. The reasons for the 
differences in these predictions have not yet been determined. Differences in the modelling 
of fuel relocation may play a role, in particular if any increases in the fuel pellet surface 
hoop strain due to relocation are simulated as being non-recoverable when the fuel-clad 
gap closes. 
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Clad hoop stress 

The majority of the clad hoop stress predictions exhibit a slow, close to linear, increase of 
clad hoop stress with time (and power) during the early stages of the up-ramp, a much 
faster, but still close to linear, increase of clad hoop stress with time (and power) during the 
later stages of the up-ramp, and an approximately constant clad hoop stress during the first 
40 s of the hold period (codes that perform a thermal transient calculation predict a time 
interval of ~ 10 s for the fuel temperatures – and hence clad hoop stresses – to reach 
steady-state values during the hold period). The gradients of these majority prediction 
curves are also similar in both the early stages and later stages of the up-ramp. This is 
consistent with: (a) clad hoop stress change prior to fuel-clad gap closure being driven by 
increases in rod internal pressure with increasing fuel-clad gap temperature; (b) clad hoop 
stress change after fuel-clad gap closure being driven by the thermal expansion of the fuel 
stack; and (c) the clad elastically deforming in response to the thermal expansion of the fuel 
stack. 

Ignoring any differences in predicted initial clad hoop stress, and ignoring the kinetics of 
Prediction 19 during the up-ramp (due to the sparsity of the data; see above) the clad hoop 
stress behaviour of Prediction 4a (the orange curve with the ‘kink’ between 48 and 60 s), 
and Predictions 14, 16 and 18 (and, to some extent, Prediction 20, the blue curve with the 
lowest hoop stress at 40 s) is significantly different to that of the majority of the predictions. 
The reasons for the differences in these predictions have not yet been determined, although 
the differences in Predictions 4a and 18 appear to be at least partly due to numerical 
problems. In addition, differences in the modelling of fuel relocation (as already discussed 
with respect to clad outer diameter predictions) may play a role. 

7  Preliminary predictions for Case 2 

The predictions requested for Case 2 are as follows: 

• fuel stack elongation along pellet centreline as a function of time from start of 
irradiation 

• clad elongation along inner wall as a function of time from start of irradiation 
• maximum (axially) clad outer diameter as a function of time from start of irradiation 
• maximum (axially) clad hoop stress at inner wall as a function of time from start of 

irradiation 
• clad outer diameter as a function of elevation from bottom of active fuel stack at 

end of up-ramp (that is, at start of hold period) 
• inner wall clad hoop stress as a function of elevation from bottom of active fuel stack 

at end of up-ramp (that is, at start of hold period) 

The preliminary results for Case 2 are complicated by the non-uniform axial power profile 
and the effect this has on the extent of fuel-clad gap closure along the active length of the 
rod, and hence on fuel and clad elongation, clad outer diameter and clad hoop stress. 
Presentation and discussion of the preliminary results for Case 2 is therefore not attempted 
here, although this is being carried out as part of the benchmark exercise. 
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8  Future plans 

With one exception, the future plans for the current benchmark exercise are defined by the 
nominal time schedule reported in Section 5. The exception is the modelling of additional 
variants of Cases 1 and 2 – that is, Cases 1a and 2a – where key modelling assumptions that 
have been shown to have a significant effect on predictions will be adopted by all 
participants that are able to do so with their codes. More specifically, the number of radial 
fuel cracks per pellet will be set to eight (a typical value for PWR fuel ramped to 40 kW/m) 
and frictional pellet-cladding contact (as opposed to frictionless or glued contact) will be 
enforced with a friction coefficient of 0.4 (a typical value for UO2 pellets and Zircaloy 
cladding). The inclusion of these case variants is due to the variability of the preliminary 
predictions for Cases 1 and 2 (see Sections 6 and 7). Predictions for Cases 1a and 2a are due 
to be submitted by mid-June 2016. 

The usefulness of Cases 1a and 2a is illustrated by Figures 6 and 7, which show the 
dependence of the predicted clad hoop stresses on the number of radial fuel cracks per 
pellet (Figure 6) and the dependence of the predicted clad elongation behaviour on the fuel-
clad friction coefficient (Figure 7) with one of the fuel performance codes used in the 
benchmark exercise. 

 

Figure 6: Dependence of the predicted clad hoop stresses on the number of radial fuel 
cracks per pellet (curves A, B, C and D show predictions with 0, 2, 4 and 6 cracks, 

respectively) 
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Figure 7: Dependence of the predicted clad elongation behaviour on the fuel-clad friction 
coefficient (curves A and G show predictions with friction coefficients of 0.1 and 0.015, 

respectively) 

With respect to Cases 3 and 4, the predictions will be compared with each other, as well as 
with the measured data. The Case 3 measured data consist of: (a) in-pile clad elongation as 
a function of rod average rating during the first ramp to power; (b) end-of-life rod 
elongation; (c) end-of-life rod diameter increase at reference elevation; and (d) end-of-life 
cladding ridge height at a reference elevation. In addition to any useful post-irradiation 
examination (PIE) data (to be determined), the Case 4 measured data consist of in-pile clad 
elongation as a function of time. 

A second, follow-on PCMI benchmark exercise is being considered by the EGRFP, which – in 
conjunction with the NEA Expert Group on Uncertainty Analysis in Modelling (EGUAM) – 
would look at the effects of uncertainties on PCMI predictions. 

9  Conclusions 

Only the predictions for Case 1 (hypothetical beginning-of-life ramp of a short, ten pellet 
PWR rodlet) of the PCMI benchmark exercise have so far been presented and discussed. The 
conclusions from this are as follows: 

• Some key modelling assumptions – including the number of radial fuel cracks per pellet, 
the contact condition between fuel and cladding (frictionless, frictional, or glued), the 
fuel-clad friction coefficient (in the case of frictional contact between fuel and cladding), 
the extent of fuel relocation, and the presence or not of horizontal fuel cracks – have a 
significant effect on PCMI-related predictions. 
 

• The majority of the predictions of fuel stack elongation, clad elongation, clad outer 
diameter and clad hoop stress versus time exhibit similar behaviour, although, 
somewhat surprisingly given the simplicity of the case, there is a significant variation in 
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predictions at time zero, in particular with respect to fuel stack and clad elongation. 
 

• Even for the majority of predictions which exhibit similar behaviour, the peak clad hoop 
stress for this simple case varies from ~ 100 to ~ 300 MPa. This is an important finding 
because peak clad hoop stress is a key parameter in understanding PCMI (and therefore 
in fuel licensing) and because its prediction cannot be directly validated with measured 
data (and so which prediction is ‘right’ cannot be directly determined). 
 

• ‘Prediction sets’ – that is, two or more predictions generated with the same fuel 
performance code – suggest that the way in which cases are modelled via code input 
(including selection of models) is influencing the results, in addition to the differences in 
the codes themselves (although some of the differences in predictions may be due to 
use of different code versions). 
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Pellet-Clad Interaction (PCI) is a well-known and extensively researched fuel rod failure 
mechanism, which can occur when the linear heat generation rate (LHGR) increases significantly 
during so called, power ramps. The most challenging power ramps are those following an 
extended period of low operation, which deconditions the fuel rod by the gap closure process. 
Power ramps occur during normal power reactor operation, such as start-up’s or load following in 
PWRs and control-rod sequence exchange maneuvers in BWRs, but are also encountered in 
Anticipated Operational Occurrence (AOO), or class II, transients. 

PCI fuel failure was found to be a stress-corrosion cracking (SCC) phenomenon. Three main 
factors must be simultaneously present for failure to occur: stress at the cladding inner surface, a 
corrosive agent (i.e. I) and a susceptible material (Zr alloy cladding). Local stress intensification 
plays an important role in promoting the SCC process; normally, the stress riser over the typical 
radial cracks in the pellet outer annulus leads to the SCC crack being initiated at a crack location 
and at pellet-pellet interface. Pellet local flaws, such as Missing Pellet Surface (MPS) create 
additional bending and thermal stresses at the inner cladding surface of the unsupported arch over 
the MPS. This leads to a significant local stress increase and premature SCC failure. Also, pellet 
chips or Cs deposits on cladding inner surface can act as stress risers, as evidenced from past 
experience. While the failure mechanism is also SCC, the failure caused by MPS or pellet chips 
was called non-classical PCI in order to distinguish the source of the stress riser. 

In order to mitigate the PCI failure risk, operating guidelines have been developed based on 
conditioning/deconditioning concepts and allowable ramp rate above a certain LHGR threshold. 
However, utilities are continuously striving to improve plant capacity and fuel utilization factors. 
This can be achieved by relaxing some PCI constraints of the operating guidelines or by 
developing improved fuel. In this regard, AREVA NP has developed product solutions to mitigate 
PCI failures.  

The paper details the manufacturing improvements and material developments that were achieved 
in order to enhance fuel PCI performance, as follows: 

- Manufacturing: In order to address the MPS-induced non-classical PCI fuel failures the 

manufacturing process was improved with respect to pellet surface quality to avoid pellet 
chips at the pellet edge. Therefore, significant efforts were made to identify the primary 
sources of pellet chipping and implementing appropriate countermeasures such as: 
optimized pellet end face design or manufacturing process changes (100% visual 
inspection). These improvements were first introduced for BWR fuel production in US more 
than 10 years ago and then gradually generalized over the last decade in the other regions. 

- Cladding: Special emphasis was placed on cladding materials properties that enhance PCI 

resistance, such as radial texture, especially for BWR fuel. Also, Zircaloy-2 liner cladding 
with a Fe-enhanced zirconium liner on the inner surface was developed for BWR 
operations, in order to prevent the extensive secondary damage of regular liner. One main 
outcome from the PWR zirconium alloy programs was the fully RXA M5® cladding. This 
alloy, combining low diametral creep strain in operation and a large high stress relaxation 
rate, allows both an extension of the plant operating diagram and a partial relaxation of the 
PCI induced Extended Reduced Power Operation (ERPO) limitations.  

mailto:christine.delafoy@areva.com


 

 

- Fuel Pellet: On the fuel material side, AREVA NP developed chromia-doped UO2 pellets, 
which provide enhanced protection against PCI. These pellets bring direct relief of peak 
cladding stress by virtue of enhanced creep deformation and smaller outer pellet radial 
cracks, which reduce the stress at cladding inner surface. The extensive power ramp 
program with chromia-doped fuel was analyzed in a semi-empirical LHGR vs Δ(LHGR) 

manner that is backed by phenomenological and fuel code calculations.  

AREVA NP’s portfolio includes currently a family of BWR and PWR fuel rod products with high PCI 
resistance allowing a significant enhancement of nuclear power plants maneuverability. Cr2O3 
doped fuel in BWR enables a removal of the liner (thus recovering the original thickness of the 
cladding with its superior mechanical properties) while further enhancing the PCI resistance of the 
BWR fuel rod compared to the liner - standard UO2 product, and with additional reliability 
advantages. For PWR power plants with high demands with regard to PCI resistance, the 
combination of M5® cladding and Cr2O3 doped fuel provides significant margin gains and 
significantly increased maneuverability. In addition, the pellet design of the chromia-doped/M5® 
cladding fuel can be improved by increasing density and outer diameter, such as with the GAIA 
high performance fuel rod design [1] to achieve better fuel cycle cost, especially for long cycle fuel 
management. 

These fuel rod products are the outcome of a continuous improvement process at AREVA NP 
targeting enhanced performance and reliability.  

 

“ATRIUM and M5 are trademarks or registered trademarks of AREVA NP in the USA or in other 

countries” 

1. Introduction 

Pellet-Clad Interaction (PCI) is one of the fuel rod failure mechanisms in LWRs that has probably 
received the most attention and has been investigated for many decades. PCI is a complex 
coupled thermal-chemical-mechanical process that can lead to cladding rupture and release of 
radioactive fission products in the coolant. The operating failure mechanism in PCI is Stress-
Corrosion Cracking (SCC), which requires presence of a corrosive agent at the same time with 
significant stress. The stress is developed during power increases, either normal operation or 
during AOOs, the cladding being circumferentially stressed in tension because of the thermal 
expansion of the UO2 pellets that is larger than that of the cladding. As an example of normal 
operation in PWRs a fast power ramp can occur after a period of extended low (partial load) power 
operation. The second prerequisite of the PCI failure mechanism is the release at the same time as 
the stress, of harmful fission products, especially iodine. Subsequent examinations and laboratory 
tests confirmed that the underlying mechanism is iodine-induced stress corrosion cracking (I-SCC). 
Beyond this classical I-SCC failure mode, it was also observed that non-quality events, for instance 
chipped pellets could lead to local stress intensification and thus increase the propensity for fuel 
rod failures.  

Several power ramping programs were carried out in material test reactors to define the fuel 
technological limits, in terms of power thresholds for unrestricted ramp rate and ramp rate bounds 
above those thresholds. These power ramp restrictions allowed greatly reducing the PCI-related 
failure rates, but have been soon challenged by economic considerations to improve plant capacity 
factors. Thus, other remedial solutions were sought, which involved improved fuel materials and 
design.  

Significant improvement of the fuel quality can be achieved by modifying the product (material, 
design) and the fabrication process (reduce stress, advanced technology, reliable sorting). 
Whereas the design and sorting can be improved relatively rapidly, the developments of new 
materials and/or technologies are generally realized on a long-term basis.  

The first part of the paper is dedicated to the modifications implemented by AREVA NP in 
manufacturing and design to eradicate chipped pellets. In a second part, the development of 
materials resistant to PCI is presented. In this part the cladding evolutions of the BWR and PWR 



 

 

AREVA NP’s portfolio are summarized. Then, the modification of the fuel pellet microstructure by 
the doping technology is going to be detailed, especially how AREVA NP has selected chromia 
(Cr2O3) for the enhancement of resistance to PCI for its LWR fuel pellets. 

2. Improved pellet quality and manufacturing 

The PCI failures that were investigated in hot-cell PIE, were shown to be located with pellet-pellet 
interface (PPI) and pellet radial cracks. This is because of the stress intensification at PPI and 
above pellet radial cracks. In addition, pellet surface imperfections, such as missing pellet surface 
(MPS), which is illustrated in Figure 1, further increase local stress at cladding inner surface and 
hence can adversely affect the fuel rod performance during control rod maneuvering and power 
ramping [2], [3]. Three-dimensional finite element calculations show that some MPS specific 
geometries can be a significant stress concentration factor riser for the tangential stress at the 
cladding inner surface (Figure 2). Furthermore, the pellet-cladding thermal energy transfer is 
degraded behind the MPS because of the larger gap associated with this flaw, which causes 
higher fuel temperatures in the sector containing the MPS. This promotes the migration and 
transport of chemically aggressive fission products such as iodine, channeling it to the location of 
high cladding stress at MPS location. Both the mechanical and thermal consequences of pellets 
with MPS can greatly enhance the PCI failure propensity, if the power ramp affects a fuel rod with 

such a pellet with MPS.  

 

 

Figure 1: Conjunction between a MPS and a 
cladding crack following a power variation in 

a commercial reactor 

Figure 2 : Stress concentration factor on the 
tangential stress at the cladding inner surface in 

function of MPS geometry 

Therefore, significant efforts were made to identify the primary sources of pellet chipping and to 
implement appropriate process changes to eradicate them.  

- Pellet end surface flaws are mainly the consequences of stresses arising from dynamic 
impacts during pellet production process. To prevent the formation of chips, pellet handling 
has been modified at various stages in the production line, e.g. soft loading of green pellets 
in sintering boats, smooth conveyor systems at grinding or vibratory rod loading. 

- An automated pellet surface inspection and sorting process (APIS) has been developed 
providing a robust and reliable method to eliminate oversized pellet surface defects [4]. The 
APIS device is based on the analysis of different grey levels of the pellet surface image 
considering that defects tend to absorb more light than the surrounding good surface of a 
pellet. Mastering of the grey level differences between defected and normal surface area is 
essential to remain able to sort with high accuracy and identify reliably even small and 
shallow defects. Currently APIS detect circumferential chips and cracks on the pellet 
surface, and end defects extending to the circumferential pellet surface of a large variety of 
different pellet designs. The generalization of APIS on all AREVA NP’s production lines is 
foreseen in the medium term; meanwhile, 100% manual visual inspection is enforced. 
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In addition, the pellet end-face design was considered in order to improve fuel quality. The 
evolution introduced by AREVA NP has been driven by experience feedback with different end 
face designs. The new chamfered pellet [4] is characterized by a pellet-pellet contact in the pellet 
column which is brought closer to the pellet center and a distinct chamfer between pellet shoulder 
and circumference (see Figure 3). Since the features of the new chamfered pellet design fall well 
into the range of experience a proper in-pile behavior is ensured and a good thermo-mechanical 
behavior can be demonstrated. The new end face design was intensively tested in laboratory tests 

by drop weight impact tests (see Figure 4). The testing results confirm that this design represents a 
milestone in the development of a fuel with high surface quality. 

 

 

Figure 3: Improved AREVA chamfered pellet 
design 

Figure 4: Drop weight impact test results – Pellet 
chipping resistivity vs end-face design 

These latter improvements were first introduced for BWR fuel production in US more than 10 years 
ago. To date, no occurrence of MPS-induced PCI failure in rods fabricated with these changes has 
been recorded in US NPPs fueled by AREVA NP. The updated processes and chamfered pellet 
design are being gradually generalized as standards for all AREVA NP fuel products. 

3. Performing fuel materials 

3.1. Cladding solutions 

Material development was always a key feature in promoting BWR and PWR fuel design. Already 
in the 1980’s it became clear that the classical Zircaloy-2 and -4 could no longer fulfill the function 
as a reliable cladding materials for the increasing thermal load and burn-up requirements. The 
efforts include development of both promising alloy variations and development of optimized heat 
treatment processes to yield improvements in reliability and other performance characteristics, as 
desired.  

As a first consequence "upgraded Zircaloys" were developed by determining corresponding 
specification ranges for the alloying elements second phase particle (SPP) size/distribution and 
impurities that optimized the corrosion properties; generally, these material microstructure 
specifications are controlled by the heat treatment schedules during cladding manufacturing. One 
major outcome of these studies for BWR Zry-2 cladding was the Low Temperature Process (LTP) 
Zry-2 material [5]. This material with an optimized annealing parameter results in optimal SPP 
size/distribution that achieves minimum for both uniform and nodular corrosion.  

The LTP-2 throughwall cladding benefits from a high “radial texture” achieved by controlled 
pilgering of tubes. Stress corrosion cracking laboratory tests with iodine showed that SCC cracks 
occur and propagate in planes very close to the basal plane [6]. Hence, a radial texture, in which 
most basal planes are circumferential (basal pole direction is radial) makes it more difficult for I-
SCC PCI cracks to propagate through the cladding thickness.  

To address high PCI requirements in certain BWR plants, the so called zirconium-barrier cladding 
was developed, which consists of an internal layer (liner) co-extruded with the cladding. Initially, an 
internal liner of pure zirconium was considered. The zirconium liner is soft, thus decreasing 
cladding stress; however, irradiation hardening diminishes the mechanical alleviating action of the 
liner. In addition it was observed that in case of a fuel rod failure, the pure zirconium liner can lead 



 

 

to severe fuel secondary damage due to bad corrosion properties leading to higher hydrogen 
production and thus uptake than a Zr alloy, after water ingress through the primary cladding defect. 
To counteract this poor corrosion and hydriding feature of the pure zirconium liner, AREVA NP has 
developed a liner material enhanced in Fe at about 0.4 wt% [7]. The PCI behavior of the Fe-
enhanced Zry-2 liner cladding was verified by a series of laboratory studies and more importantly 
by power ramp tests at various burn-up stages [8], [9]. It was confirmed that the Fe-enhanced Zr 
liner cladding withstands a power increase of about 200 W/cm, which is twice as much as for non-
liner cladding (Figure 5).  

In modern BWR designs, the liner represents ~15% of the cladding thickness leading to a thinner 
absolute structural wall with lower mechanical properties than the non-liner cladding. In total, the 
liner cladding must be seen as a compromise solution with reduced thermal-mechanical design 
margins, but in balance this was necessary to face the PCI issue.  

For all AREVA NP PWR designs, M5® is the reference alloy for fuel rod cladding. This alloy is the 
result of more than 20 years of out-of-pile development, in-pile experiments and demonstration in 
commercial reactors, including an optimized step-by-step manufacturing process [10]. It is an 
improved zirconium alloy containing 1.0wt% niobium and controlled additions of oxygen, iron and 
sulfur and with a fully recrystallized metallurgical condition. The optimum chemical composition of 
M5® and its refined microstructure ensure enhanced resistance to corrosion and reduced 
hydrogen absorption. This translates to less embrittlement and greater reliability at higher burnups, 
under normal operating condition as well as accidental conditions, including LOCA [11]. Regarding 
ramp and PCI behavior, the use of a fully RXA M5® cladding combining low diametral creep strain 
in normal operating condition and a high stress relaxation rate in transient conditions results in 
significant margins (P~20W/cm, ΔP~80W/cm) (Figure 6) compared to SRA alloys. This allows both 
an extension of the plant operating diagram and a partial relaxation of the PCI induced ERPO 
(Extended Reduced Power Operation) limitations [12]. 

  

Figure 5: BWR ramp test database – Fe-
enhanced liner performance 

Figure 6: M5® and Zircaloy-4 AREVA PWR ramp 
database in the PCI burnup critical area (20-

50GWd/tU) 

3.2. Fuel pellet development: Cr2O3-doped UO2 fuel 

3.2.1. Scoping studies and dopant selection process 

In the early 90’s, AREVA NP launched an extensive program to develop an improved fuel pellet 
with the goal of increasing fuel robustness and efficiency with enhanced performance while 
ensuring safety margins. To that end, two main objectives were identified that would provide gains 
in reliability and operational flexibility of LWRs: a) improvement in fission gas retention, b) 
enhanced resistance to PCI failure propensity. This double goal can be achieved by appropriate 
modification of UO2 fuel. In particular, a large grain fuel structure was sought for increased fission 
gas retention and enhanced fuel viscoplasticity for improved PCI resistance [13].  

Modification of the manufacturing parameters is one possibility to enlarge the grain size of UO2, 
such as by increasing the sintering temperature and duration, or by applying oxidative sintering. 
However, these solutions are economically penalizing and also challenging for industrial-scale 
implementation. An alternate solution is to use oxide dopants which can be relatively easily 
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included as additives in the early stages of the fuel fabrication process (solid or liquid mixing). The 
doping technology has been used for a long time in the nuclear industry, mainly driven by the goal 
of increasing the fuel density. From these previous studies it is known that certain metal oxides are 
promoting larger fuel grain size and also are possibly making the fuel softer. Several oxide variants 
have been investigated by AREVA NP in the laboratory and in-reactor [14]. Results displayed in 
Figure 7 show that the most effective to achieve large grain UO2 structure is to use small amounts 
of the following additives: TiO2, Cr2O3 or Nb2O5. The TiO2 and Nb2O5 additives have some less 
attractive properties: 

- The thermal neutron capture cross-section of titanium is two times larger than that of Cr 

- Nb2O5 is known for affecting in a detrimental way the diffusion and release of fission 
product gases in UO2 [15].  

Moreover, the mechanical testing program carried out on these titania- and niobia-doped UO2 
pellet types showed a trend towards lower viscoplasticity than the chromia-doped UO2, as 
illustrated in Figure 8. In comparison to standard UO2, three kinds of high-temperature viscoplastic 
behavior are observed depending on the additives tested: 

- With silica or titania additions, the pellet mechanical resistance is reduced regardless of the 
grain size enlargement obtained. This can be attributed to the presence of intergranular 
glassy phases with a low melting point leading to a grain boundary separation of the two 
phases of the sample under mechanical load at high temperature. 

- Limited improvement is obtained with niobium or iron oxides, which could be attributed to 
modifications of the UO2 lattice defect structure caused by the addition of these dopant ions 
during sintering, which result in lowering self-diffusion coefficients of the UO2 lattice and 
hence lowering creep rates.  

- A sharp increase in the UO2 viscoplasticity is obtained with chromia when the combination 
[dopant amount and grain size] is optimum to overcome hardening effects due to the 
formation of a solid-solution or to the presence of small-scale inclusions of undissolved 
additives.  

  

Figure 7: Effect of the dopant concentration on the 

UO2 fuel average grain size (Linear intercept 
method – MLI value) 

Figure 8: Compression creep test results of 

doped-UO2 fuel variants  
(creep test at 1500°C – 60 MPa – atmosphere 
avoiding phase transformations of samples) 

In light of these results, AREVA NP selected Cr2O3 as the optimum dopant to obtain the desired 
fuel large-grain microstructure and enhanced viscoplastic behavior. Based on the parametric 
studies, chromia content is specified at an optimum value of 0.16 wt% corresponding to the 
solubility limit of the dopant in UO2 at the applicable sintering conditions. As the dopant level is 
sufficiently low, it does not greatly affect the thermal properties of the fuel. This comprises fuel 
melting, specific heat and thermal conductivity which were characterized by laser heating coupled 
with fast multi-channel pyrometry, differential scanning calorimetry and laser flash diffusivity 
techniques respectively.  

The AREVA NP Cr2O3-doped fuel is characterized by a homogenous large grain microstructure, 
i.e. 50-60µm (Mean Linear Intercept value) providing beneficial features for the fuel in-service 
behavior: dimensional stability, higher fission gas retention [16] and better post-primary defect 
behavior [17]. The mechanical strength and chipping behavior of the Cr2O3-doped fuel was 



 

 

assessed through a comprehensive testing program in the laboratory. Under static conditions (i.e. 
compression test at room temperature), the fracture of the doped pellet is characterized by a 
softened fracture surface leading to the formation of very few particles (Figure 9). The chipping 
behavior was tested by drop-weight impact tests (i.e. Pellini Hammer test) on pellet end face 
according to two critical impact angles which can occur more frequently in the manufacturing 
process. In both test series, a reduction by 40% of the weight loss by chipping is observed for the 
Cr2O3-doped fuel in comparison to standard UO2 pellets (Figure 10). Moreover, for one of the 
selected angles, the impact energy had to be increased from 0.075 to 0.175 J, in order to get a 
noticeable chipping effect. It is inferred that the impact energy is absorbed more efficiently in the 
large grain Cr2O3-doped structure leading then to a higher resistance to MPS formation. This better 
behavior is confirmed by manufacturing feedback over several tons of Cr2O3-doped pellets with 
much less surface defect occurrences in comparison to standard UO2 pellets. 

  

Figure 9: Mechanical strength of Cr2O3-
doped UO2 fuel (compression test at RT) 

Figure 10: Chipping behavior of Cr2O3-doped UO2 and 
standard UO2 fuel under dynamic drop-weight impact 

test on pellet end face 

3.2.2. Assessment of Pellet-Clad Interaction resistance 

The PCI performance of the Cr2O3-doped UO2 fuel was determined with a comprehensive power 
ramp test programs for PWR and BWR applications. For both PWR and BWR power ramps, the 
test parameters were selected such that the failure risk is maximized with respect to the PCI 
mechanism involved [16]. Figure 11 summarizes the power ramp testing conditions that have been 
investigated. 

 

Figure 11: Overview of the power ramp testing conditions investigated to assess the performance of 
Cr2O3-doped UO2 fuel 

To provide the most limiting conditions for the ramp tests, special emphasis was put to an 
exposure in the ~20 to 45 GWd/tU range, which is the most critical for PCI failures. At higher 
exposures, the fuel was shown to be less sensitive to the PCI type of failure mechanism. In the 
high BU range, hydrogen-induced failure mechanism was identified by Japanese co-workers as 
possible, which is a potential additional concern for very high exposure fuel [18]. Therefore, in 



 

 

order to get comprehensive assessment of Cr2O3-doped UO2 fuel, the power ramp program also 
included very high burn-up fuel. 

The power ramp parameters were established to cover the range of initial power and power 
increment that is necessary in order to derive a PCI failure threshold and also be representative of 
the range of conditions encountered in normal operation and AOO (Anticipated Operational 
Occurrence) conditions. The basis for the power ramp parameters was the well-established power 
dependence of PCI failure threshold, namely, that rods ramped from a low power level fail at lower 
final powers than those starting from a higher power level [19]. Considering current plant operation 
modes in both PWR and BWR, situations of extended low power operation are possible, leading to 
long deconditioning periods, such as operation at core periphery or in controlled cells (where the 
control blade is inserted) in BWR, or extended reduced power operation (ERPO) periods in PWR. 
Accordingly, power increments of up to ~40 kW/m starting from power levels as low as ~10 kW/m 
were applied. Also, the higher initial power range was explored, with power ramps started at 20 – 
25 kW/m in order to investigate the effect of increased FGR and gaseous swelling. Considering 
these values for initial power (Pi or CPL) and power increments (P), ramp terminal level (RTL) 

LHGR values ranging from 38 to 61 kW/m were investigated. 

Another aspect of the power ramp performance that was also taken into account is that a single-
step fast power ramp is more challenging than a stepwise (or staircase) power ramp to the same 
final RTL (Figure 12). This is in part explained by the relaxation of the cladding stress during the 
intermediate hold times in the stepwise power ramp scheme; other thermal-chemical factors also 
might play a role [20]. Consequently, failure threshold values derived from stepwise power ramps 
are higher than those deduced from single-step fast power ramp tests. On this basis and in line 
with previous ramp testing on AREVA NP products, the PCI qualification for the Cr2O3-doped fuel 
was carried out only through single-step fast power ramp tests.  

Finally, to be consistent with past experience, a maximum dwell time at RTL of 12 hours at 
maximum power was specified. In addition, some tests were also conducted with no holding time 
after power escalation. Indeed, all previous power ramp tests showed that the PCI (SCC) failure 
generally occurs within a few minutes to the hour-scale from the beginning of the hold time after 
reaching RTL. Thus, the mechanical state knowledge of the rod at the end of power increase is 
very important. To that end, the comparison of long and zero holding time power ramp offers 
insights into 1) identifying the actual origin of beneficial fuel effects, with regard to the risk of 
cladding failure, and 2) getting information on the kinetics of some important phenomena, such as 
fragmentation, creep and gaseous swelling of the pellet as well as crack initiation in the cladding. 

 

Figure 12: Power ramp test scheme 

The power ramp database of Cr2O3-doped fuel consists of 26 power ramps:  

- The PWR subset comprises 12 power ramps with 1717 fuel design rods and with either 

Zry-4 or M5® cladding.  



 

 

- The BWR subset includes 14 power ramps, of which 12 on ATRIUM™ 10 fuel rods with 
Zry-2 LTP-2 non-liner cladding, which is the reference cladding configuration for Cr2O3-
doped fuel application for BWR. 

A thorough analysis of the doped and non-doped fuels’ power ramp databases was performed in 
order to derive relevant failure thresholds. Historically, failure thresholds that were derived from 
data have been presented as ramp terminal power level versus burn-up. This approach has some 
drawbacks because it does not capture the effect of initial power level which is correlated with the 
conditioning/deconditioning state of the fuel rods prior to the ramp, as a consequence of the power 
increment. Indeed, the power increment (ΔP) was shown to be a determining parameter to derive a 
best-estimate failure threshold from a ramp database, which is inversely proportional to initial 
power (Pi) and saturates at medium burnup [11]. This {Pi - ΔP} criterion was demonstrated on the 
historical power ramp database [21] and also on recent power ramp programs that use modern 
fuel.  

The Cr2O3-doped fuel ramp results are presented in Figure 13 according to this {Pi - ΔP} 
representation. Figure 13 also includes the failure threshold of the old non-liner standard fuel 
database and the more recent AREVA liner rods power ramp results. On this figure PWR data with 
Cr2O3-doped fuel are overlaid to the BWR data showing a consistent behavior together. The fuel 
rod design and base irradiation conditions mainly affect the susceptibility of the test rod to fail by 
PCI. Assuming equivalent degree of conditioning of the BWR and PWR Cr2O3-doped fuel rods 
tested here (average CPL of ~15-25 kW/m), the failure threshold, thus the product PCI resistance, 
is mainly affected by ramp parameters controlling the cladding stress in the ramp. 

 

Figure 13: Ramp test results with Cr2O3-doped UO2 fuel – Power increment vs. Conditioning power 

The main conclusions that can be derived from the comparison of Cr2O3-doped fuel with standard 
fuel power ramp data are as follows [16]: 

- For BWR applications, the benefit is an increase of 7 to 10 kW/m of the power increment 
failure threshold in comparison to the standard liner or non-liner non-doped fuel failure 
threshold [8]. This enhancement allows considering the Cr2O3-doped fuel as an attractive 
substitute to the present liner cladding in terms of PCI protection. This substitution also 
allows the recovery of any design margin lost due to the liner (see section 3.1); in total the 
non-liner + Cr2O3-doped fuel combination is safer than today’s standard. 

- For PWR applications, results with Cr2O3-doped UO2 rods show a power increment failure 
that is higher by 4 kW/m than for standard UO2 M5® fuel rods [12]. 

Extensive post ramp examination programs were carried out to gain insights regarding the material 
characteristics responsible for the improved PCI behavior of the Cr2O3-doped fuel rods in 

Initial power 
(kW/m)

Power increment 
(kW/m)



 

 

comparison to standard UO2 fuel. Consistent evolutions and features are observed after either 
PWR or BWR ramp tests from low to high burn-up levels demonstrating a robust product behavior.  

Cladding diameter profiles and fuel examinations after ramp tests show signs of important 
intragranular bubble swelling in the Cr2O3-doped large grain microstructure. This is consistent with 
the rod puncturing FGR results after ramp testing showing the significant fission gas retention 
capability of this fuel. As illustrated in Figure 14 a favorable change in the transient fission gas 
release kinetics with Cr2O3-doped UO2 fuel is highlighted. A rather exponential trend exists for UO2 
fuel (PWR fuel power ramps) with significantly larger transient FGR and earlier acceleration. In 
comparison, the FGR dependency on ramp terminal power is linear for Cr2O3-doped UO2 fuel. 
Consequently, FGR values are reduced by at least 50% with the Cr2O3-doped fuel for example in 
the power range of 45 to 50 kW/m. 

 

Figure 14: Comparison of fission gas release kinetics in UO2 and Cr2O3-doped UO2 fuels in ramp 
testing conditions 

A fuel with lower FGR has a larger number of fuel product atoms retained in the matrix. It is known 
that these volatile gas atoms are hardly soluble in the UO2 lattice and under irradiation they are in 
forced solution due to the irradiation induced re-solution process. The expected behavior 
(confirmed by hot-cell PIE) is for retained gas atoms to precipitate in gas bubbles as there is a 
supersaturation of vacancies under irradiation. The large grain size and intragranular sites of the 
Cr2O3-doped fuel are favorable to gas bubble nucleation and pinning. Moreover, it is inferred that 
bubble growth could be favored when the stress level decreases in the pellet. Fuel creep is a 
known effective mean to diminish the pellet stress. Fuel creep enhancement in the Cr2O3-doped 
UO2 fuel is obvious from out-of-pile mechanical testing and confirmed with post-ramp 
examinations. Neutron radiographs and optical microscopy show that the dish filling process is 
clearly more significant in the Cr2O3-doped fuel and activated from lower power levels in 
comparison to UO2 fuel [13]. It is then stated that gaseous swelling could be favored by fuel creep 
enhancement [22]. 

It is concluded that the strain imposed by the fuel pellet deformation is compensated by beneficial 
effects on some phenomena such as fuel viscous flow which is beneficial to reduce the hoop stress 
on the cladding. Such phenomenon is also observed for MOX fuel which behaves particularly well 
from the PCI concern. 

Radial cracking at pellet periphery contributes also to the localized stress distribution in the 
cladding. Comparison with reference UO2 fuel at equivalent power and holding time in Figure 15 
demonstrates that the cross-section of the Cr2O3-doped fuel has the same crack pattern but with 
quantitative differences. Indeed in response to a power variation, fast and significant 
microstructural modifications of the large grain Cr2O3-doped fuel occur.  
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Figure 15: Comparison of post-ramp fuel microstructure (cross sections) for standard UO2 and Cr2O3-
doped UO2 (low burnup fuel) 

The number of radial cracks at pellet periphery and the crack evolution are indicators of the rod 
performance in power transient conditions [23]. The analysis of the ramp test parameters 
especially the holding time at RTL shows that the evolution of peripheral cracks can be linked to 
fuel swelling and creep kinetics. As the viscous central area of the pellet expands, tensile hoop 
stress tends to increase in the fuel periphery. Radial cracks in the brittle periphery are so more 
numerous and shorter. This is the reason why crack pattern evolution is more accentuated in the 
Cr2O3-doped UO2 case in comparison to UO2. This induces a more homogeneous strain 
distribution during the ramp, thus decreasing the local stress peaks at the location of pellet radial 
cracks, where the PCI failure cracks are initiated. 

Despite this beneficial effect on the mechanical component of the PCI failure mechanism, additives 
in fuel pellets might also act on the chemical component of PCI. Irradiated fuels submitted to 
temperature gradient such as power ramps are submitted to strong oxido-reduction perturbations, 
owing to radial migration of oxygen, opposite of the temperature gradient, from the center to the 
periphery of the pellet. This phenomenon of oxygen redistribution induces a reduction/precipitation 
of the FPs (Mo, Ru, Tc) and Cr (when present) in the high temperature pellet center. An evolution 
of chemical state of Cr2O3 is observed in the fuel high temperature zone; namely chromia was 
reduced to metallic chromium. From these measurements it is inferred that the oxygen potential of 
the fuel pellet centre is influenced by the Crmetal/Croxide buffer and that oxygen release during the 
transient from the pellet might be a mitigating PCI phenomenon [24].  

4. Conclusions 

The paper succinctly reviewed the material developments that have been implemented by AREVA 
NP in the LWR fuel rod design and manufacturing in order to upgrade the PCI performance. Both 
cladding and fuel pellet material changes were described that are targeting alleviation of both the 
mechanical and chemical aspects of I-SCC PCI failure risk. The latest improvement is related to 
chromia-doped fuel that can be used in both BWR and PWR fuel rods to enhance their PCI 
resistance. The chromia-doped fuel is currently submitted for approval by the regulator in the US 
and will be introduced in production in the near to medium term future.  

The superior protection against PCI failure of the Cr2O3 doped fuel allows to get rid of the inner 
liner in case of BWR deployment within the ATRIUM™ 11 fuel assembly design, allowing the entire 
cladding thickness to be dedicated to providing mechanical strength. For PWR power plants with 
high demands with regard to PCI resistance, the combination of M5® cladding and Cr2O3 doped 
fuel provides significant margin gains and significantly increased maneuverability. In addition, the 
pellet design of the chromia-doped fuel / M5® cladding  can be improved by increasing density and 
outer diameter, such as with the GAIA high performance fuel rod design to achieve better fuel 
cycle cost, especially for long cycle fuel management. ATRIUM™ 11 and GAIA fuel products are 
currently irradiated in power reactors worldwide. The data collected prove that in both cases the 
operational behavior fully meets all design criteria and expectations to support further reload 
applications. 
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ABSTRACT  

 

The processes that take place in the fuel rod during normal operation and during transients define the degree of 

interaction that occurs between the fuel pellet and the cladding. Additionally, the pellet composition and design can 

influence these potentially detrimental mechanical and chemical interactions. Parameters that can influence the 

pellet-cladding interaction (PCI) processes have been investigated in order to better understand the more critical 

processes that take place both in the pellet and in the cladding. 

 

The high temperature creep behavior of standard fuel pellets and ADOPT™ (Advanced Doped Pellet Technology) 

fuel pellets are investigated and the PCI benefit obtained by introducing ADOPT™ pellets are discussed. 

Quantification of the effect of different dopants on the high temperature creep properties of the fuel can explain the 

improved PCI resistance of about 5kW/m, at high fuel temperatures (>1500°C), for ADOPT™ pellets. Even though 

other effects such as chemical trapping of the fission products and different crack patterns due to the doping cannot 

be ruled out, these effects are at a much earlier stage of investigation and currently thought to be minor compared to 

the enhanced high temperature creep rate of the fuel. Differences between staircase and single ramp tests are also 

discussed. It is shown that the enhanced creep of doped pellets is a high temperature effect and low temperature 

benefits are thus not expected. The development of cladding materials with liner provided a great improvement for 

the BWR PCI mitigation. Stepwise ramp tests have shown a benefit of up to 15-20 kW/m, independent of fuel 

temperature. Significant benefit of the liner cladding is also obtained in the case of fuel relocation or pellet defects 

such as missing pellet chips. The results of post irradiation examination (PIE) of a fuel rod that experienced fuel 

relocation in operation are presented in the paper. 

 
To provide the maximum PCI benefit in TRITON11™, the next generation BWR fuel design, the proven benefits 

of both the liner and ADOPT™ pellets will be included. 

 

 

Keywords: BWR, PCI, ADOPT™, HiFi
TM

, fuel creep, liner  
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INTRODUCTION 
 

A fuel degradation mechanism that has been thoroughly studied in the last decade is stress corrosion cracking (SCC) 

that significantly contributes to pellet-cladding interaction (PCI) type of fuel failures. PCI fuel damage is more 

common in BWRs but it has been observed in other reactor designs such as PWRs, VVERs, CANDU and AGR. 

Fuel development activities are continuously aiming towards achievement of “Zero Fuel Failures” but at the same 

time more aggressive operating conditions are imposed to the fuel, including operating in a load-following mode for 

being able to adapt the supply of electricity to a more frequent variation in power demands as well as operating to 

higher burnups to reduce fuel cycle costs and for more efficient use of fuel materials. It is well known that PCI 

failures can occur after power ramping following significant exposure at low power. It is thus important to 

understand the PCI behavior during transients or accident conditions (such as RIA) but also under normal conditions 

including load-follow operation. For achieving better PCI performance, the development work has focused on new 

cladding features and also improvements of the pellet design and chemical composition.  

 

FACTORS AFFECTING IN-REACTOR PCI BEHAVIOUR  
 

PCI cracking is initiated when the cladding experiences high local stresses due to the swelling of the fuel pellet and 

creep down of the cladding, being also exposed simultaneously to the chemical attack of aggressive fission products 

released by the fuel that reach the inner surface of the cladding. For stress corrosion cracking to occur, there are 

three critical factors that are needed: to have a sensitive material, build-up of tensile stresses in the cladding above 

specific threshold levels and the presence of aggressive fission gasses above threshold concentrations. When one of 

the factors is missing, the PCI cracking does not occur or an existing stress corrosion crack front can cease to 

propagate. Taking these critical factors into consideration, different remedies for PCI have been proposed  (see 

Table 1). 

 
TABLE 1 – Proposed remedies that target specific factors that are required for stress-corrosion crack initiation and propagation 

Critical factor that is targeted Proposed remedies 

Reduce the stress in the 

cladding 

 Development of liner cladding 

 Reducing the friction at the cladding/liner inner surface 

 Development of softer pellets 

 Cracking pattern of the pellets during irradiation 

 Microstructure development of the cladding materials for resistance to crack 

propagation 

 Optimizing the fuel-clad gap 

 Changes in pellet design and geometry (for example using shorter pellets, 

chamfering the corners, eliminating the dishing, increasing internal porosity) 

 

Chemical attack 

 Development of additive fuel that has a fission gas retention ability 

 Development of additive fuel that generate higher oxygen potential during in-

reactor operation 

 Microstructural changes of the fuel pellets (grain size) for better PCI 

performance 

 

Development of more 

resistant cladding materials  

 Development of liner cladding with good PCI performance, resistance to 

secondary degradation and low hydrogen uptake 

 Microstructural changes of the cladding and liner (grain size, texture) for 

reducing the crack propagation rate in case PCI cracks are initiated. 

 

 

The listed remedies could have different impacts on PCI performance, some of them being significantly beneficial. 

The aim of the paper is to highlight the knowns and point out the un-knowns that are to be further investigated to 

understand the postulated benefits. In the above table, manufacturing related factors for pellets and cladding tubes 

such as missing pellet surface or defects at the inner surface of the cladding/liner are not included. These factors are 
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critical for the PCI performance and carefully controlled. Improved methods for non-destructive inspections during 

manufacturing of the fuel rods and its components have been successful in significantly reducing the non-

conformances. From the introduction of the liner fuel, no fuel failures caused by PCI in Westinghouse 10x10 fleet 

have occurred. 

 

In this paper, the development work performed at Westinghouse for PCI fuel failure mitigation is presented. 

 

CLADDING FEATURES ENHANCING THE PCI RESISTANCE 

 
PCI cracking is initiated at the inner surface of the fuel rods and thus major development programs focused on 

changes that can be implemented on the inner surface of the claddings for improving the PCI performance. The 

chemical attack could be influenced by engineering the pellets microstructure and chemical composition. This is 

discussed in more detailed in the next section. Reducing the stress build up in the cladding by changing the inner 

surface of the cladding has been investigated at Westinghouse, and starting in the 1980s, the development of BWR 

cladding materials with liner was implemented successfully [1]. The liner was designed to be softer than the 

cladding and thus being easier to deform generating reduced peak stresses during transients. The optimization of the 

liner composition was aimed for both improved PCI performance but also improved resistance to secondary 

degradation [1]. 95% of all the liner fuel failures that occurred in BWRs up to date are caused by debris fretting. The 

corrosion resistance of the liner is very important for avoiding severe secondary degradation of the fuel rod [2]. The 

un-alloyed liner corrodes rapidly in steam under defect fuel rod conditions and could generate the formation of long 

axial secondary cracks, followed by detrimental fuel release and activity. Zircaloy-2 cladding  materials  with       

Zr-0.25Sn liner with different Fe contents have been developed to improve the corrosion resistance after the 

occurrence of a primary failure. Lower Fe content in the liner makes the material softer but, from the point of view 

of secondary degradation, the liner with higher Fe content has better corrosion behavior (see Figure 1) and shows 

lower hydrogen pickup [1]. As a result of the PCI tests combined with corrosion tests, it is now confirmed that there 

is an optimum iron content range of the liner that provides a good balance of resistance against PCI, corrosion, and 

hydriding as shown in Figure 1.  The detailed description of the testing conditions can be found in [1].  

 

FIGURE 1. Effect of Fe content in the liner on the performance of BWR liner claddings [1]. The optimum iron content range of 

the liner that provides a good balance of resistance against PCI, corrosion, and hydriding is highlighted  

To confirm the PCI performance of the cladding, out of pile mandrel testing and in pile (in test reactor) ramp testing 

was performed. Mandrel  testing  of  un-irradiated  Zircaloy-2  cladding materials  (cold-worked condition)  with  

Zr-0.25Sn liner having different Fe content [1] were performed at 300C in constant iodine gas flow (iodine partial 

pressure of 201 Pa) at constant strain rate of 0.3 %/h. The results [1] indicated that an increase of the iron 

concentration from 0.05 to 0.21 wt% has a rather small impact on the PCI properties of un-irradiated Zry-2 with 
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liner, but there is a tendency that the minimum strain at failure decreases with increasing iron content, i.e., the 

resistance to ISCC decreases with increasing concentration of iron in the liner. Tests of non-liner claddings showed 

an average strain to failure of 1.3 %, with minimum and maximum values of 0.9 and 1.6 % that were much lower 

than the results obtained for the liner claddings. This clearly shows the benefits of the liner for improving the PCI 

performance.  

Tests on irradiated cladding materials have shown that irradiation increases the ISCC susceptibility [3]. To assess 

the performance of irradiated fuel rods with respect to PCI, taking in consideration different operational occurrences, 

Westinghouse has performed extensive power ramp testing on pre-irradiated BWR and PWR fuel rods in the 

Studsvik R2 reactor [1],[4]. The ramp tests of Zircaoly-2 fuel rods with and without liner (with different Fe content) 

were performed by stepwise increasing of the power, each step height being about 5 kW/m. The power increase 

during each step was approximately 10 kW/m/min and the holding time between each step was one hour. At a 

predetermined peak power level the ramp test was stopped, allowing the rod to stay at that final power for 12 h 

provided no failure is recorded. The stepwise ramp testing was used in this case for being able to record well defined 

failure power levels. The recorded failure power level that is obtained is close to what would be monitored if a 

single step type ramping would be used. The disadvantage of using single step type of ramping is that many more 

rods would need to be tested to confirm a failure threshold of a certain rod design. A failed rod in such tests only 

would prove that the failure threshold is below the chosen final power [1].  

The ramp test results, performed on pre-irradiated Zircaloy-2 rods with liner having different Fe content, revealed 

that the iron content in the liner has a strong impact on the SCC/PCI susceptibility, while oxygen is less important, 

and a tin concentration of 0.5 wt% is harmless. It has been shown that the PCI resistance of liner cladding is by far 

superior to the performance of non-liner claddings as reported in Figure 2.  

 

FIGURE 2. Ramp test results of BWR fuel rods with and without liner [1] 

There have been cases of fuel failures during ramp testing that were not PCI in nature, the wall-through cracks were 

initiated at the outer surface of the cladding material and could be caused by the reorientation of the hydrides at high 

stresses and hydrogen embrittlement (two examples shown in Figure 2). The development of cladding materials is 

driven towards materials that have low hydrogen uptake and better corrosion performance in a wide range of water 

chemistries. HiFi
TM

 cladding material (High corrosion resistance and high Fe (Iron) zirconium alloy) [5],[6] has 

been selected as the next generation BWR cladding material for both Nuclear Fuel Industries, Ltd. (NFI) and 

Westinghouse.  TRITON11™, the next generation 11x11 BWR fuel design from Westinghouse, will have the outer 

cladding material for fuel rods made from HiFi
TM 

[7] keeping also standard liner as used today for the LK3/L 
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cladding material. The reduced cladding hydrogen uptake of HiFi
TM 

is beneficial for the mechanical behavior of the 

cladding and the used of liner will provide good PCI resistance and also improved performance in postulated LOCA 

(Loss-Of-Coolant Accident) and RIA (Reactivity Initiated Accident) conditions. Fuel rods with HiFi
TM

 cladding 

material have gathered a significant operational experience also in non-Westinghouse fuel [5],[6]. HiFi
TM

 lead rods 

are currently being irradiated in SVEA-96 Optima2 assemblies in several nuclear plants. 

The results of the step-wise ramp tests confirmed that with the softer Westinghouse liner, a benefit of about          

15-20  kW/m is obtained. An overview of PCI testing and computations relating to LWR fuels can be found in [8] 

and [9]. The advantage is that the benefits given by the liner remain under all types of fuel operation conditions and 

temperatures. Significant benefit of the liner cladding is also obtained in case of fuel relocation or pellet defects such 

as missing pellet chips. An example of the results of operation of a liner fuel rod that experienced relocation of pellet 

chips and did not fail is shown in Figure 3. During poolside inspection of a fuel assembly that had a burnup of about 

48 MWd/kg U, significant bulging was observed on one of the inspected fuel rods as seen in Figure 3.  

  
 

a. b. c. 

FIGURE 3. Bulge of a fuel rod (BU48 MWd/kg U) with ADOPT™ fuel pellets and liner cladding due to pellet relocation:    

a. Poolside visual inspection   b. Visual examination at the hotcell    c. PIE reveals pellet relocation at the location with the bulge 
 

Post Irradiation Examination (PIE) of the fuel rod that had ADOPT™ fuel pellets and liner cladding revealed fuel 

relocation and significant deformation of the cladding at the location of the relocated pellet chips. The PIE of the rod 

showed that small fuel chips relocated from the damaged fuel pellet into the fuel-clad gap of the pellet immediately 

below the damaged pellet as shown in Figure 3. It was concluded that the pellet had moved either prior to or early in 

the irradiation history. The pellet chip generated significant deformation of the liner material as shown in Figure 4, 

while the outer cladding remained intact. The ADOPT™ fuel fragments generated significant deformation of the 

soft liner and thus significantly reducing the peak stress on the cladding material.  

The stress distribution and build up in the cladding especially in the liner can be dependent on pellet cracking 

patterns. This is discussed in more detail in the next section.  

In Figure 4 it can be seen that a thin and continuous oxide layer has formed on the liner inner surface during 

operation. It is known that oxygen partial pressure has a strong influence on PCI. This has been shown 

experimentally during out of pile mandrel testing where no PCI cracking could be obtained when the oxygen content 

in the iodine+argon gas flow was higher than 5 ppm. Continuous availability of oxygen during in reactor operation 

at the cladding/liner inner surface is still an open question as cracking of an already existing oxide layer without the 

presence of oxygen would be detrimental giving locally direct pathway for the corrosive species to reach the 

underlying metal that would promote the cracking at that particular location if the stress level would be appropriate. 

Bulging due to 

pellet relocation 
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In the oxide layer formed on the inner surface of the liner in Figure 4 there are no indications of cracking. This was 

observed also on the opposite side to the bulging. Changes in the oxygen potential as a result of oxygen release from 

doped pellets during operation could be a process that may provide some protection against SCC initiation and 

propagation which is an area to be further investigated to fully understand the potential underlying mechanisms and 

the postulated benefits. 

 

FIGURE 4. Area of significant liner deformation which reduces the peak stress on the cladding material (left: polished condition 

and right: fuel etched condition). 

 

FUEL PELLET FEATURES ENHANCING THE PCI RESISTANCE 

The benefits that could be obtained by engineering the nuclear pellets have been also investigated by Westinghouse. 

Geometric factors such as, modifying the dimple profile, chamfer profile, reducing pellet height, using annular 

pellets, increasing the fuel-clad gap and increasing internal porosity have all been shown to improve PCI resistance. 

Large grain size could be obtained by high temperature annealing or by doping. Westinghouse developed the 

ADOPT™ (Advanced Doped Pellet Technology) fuel pellet concept using Cr2O3 and Al2O3 as dopants (Cr: 300-650 

µg/gU and Al: 70-150 µg/gU) [10].  A number of properties of the fuel pellets are affected by irradiation. The most 

important with respect to fuel performance are changes in dimensions due to densification and swelling, the 

evolution of the fuel microstructure and fission gas release. The radial variation in the fuel pellet microstructure 

(pore/gas bubble size, shape and number distribution, grain size, and fission product disposition) is a good indicator 

of the state and behavior of the fuel, and has an impact on the potential for fission gas release during normal 

operation and during transients. 

 

Pellet Cracking Patterns to Relieve Clad Stress 
Stress buildup locally on the cladding/liner inner surface as a result of the cracking of the pellets that are in contact 

with the cladding/liner has been studied experimentally using mandrel testing with simulated crack patterns. It is 

currently unclear if the benefits of a finer crack pattern would outweigh the detrimental effect of corrosive fission 

product release or if the minor differences in the observed crack patterns of doped and standard fuel are enough to 

have a significant effect on reducing the peak stress applied to the outer cladding. 

 

Ability of Dopants to Trap Corrosive Fission Products 
It has been reported that Cr2O3 and Al2O3 are largely insoluble in UO2 [11],[12],[13] and thus these dopants are 

expected to affect significantly phenomena at the grain boundaries. Their presence will alter the chemical 

composition of the fresh fuel’s grain boundaries and also interact with secondary phase formation during in reactor 

operation. Examples of known compounds to form include Ba-Cr containing oxides and Pu-Cr/Al containing oxides 

[14]. Cs, I and other corrosive fission products that initiate stress-corrosion cracking in Zr cladding may be affected 

by these precipitates, being trapped and therefore become immobilized. One observation regarding the differences 

between standard and ADOPT™ fuel after a ramp testing is shown in Figure 5 [15]. Standard UO2 pellet has pores 
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precipitated mainly at the grain boundaries. Fine pores can be seen inside the grain at mid radius. In ADOPT™ 

pellet the pores have precipitated mainly inside the grains which are significantly bigger than the grains of the 

standard fuel. During a power ramp, for the ADOPT™ fuel this is beneficial with regards to the fission gas release, 

but no significant differences between the standard and ADOPT
TM

 fuels are expected during normal operation 

conditions. 

 

  
Standard UO2 pellet ADOPT™ pellet 

FIGURE 5.  Ceramography after ramp testing about 2mm from the pellet center. The bar at the lower right corner represents 

20µm [15] 

The variation in grain boundary morphology and other aspects may also contribute to impede attack of the Zr metal 

by the aggressive fission products, although very little data currently exists. This topic is a part of the third Studsvik 

Cladding Integrity Project (SCIP) as well as the Pellet-Associated Cladding dEgradation (PACE) programs. The 

investigations are aiming on improving the knowledge of the complex effect of the dopants and will try to 

discriminate between the chemical and mechanical contributions.  

Fuel Creep Behavior 
By studying niobia and MOX fuel it has been seen that pellets with high fuel creep rates can dramatically improve 

the PCI resistance [16],[17]. In this case a significant contribution to the PCI benefit was attributed to fuel 

movement in the central high temperature regions in which the fuel becomes somewhat visco-plastic and under its 

internal stresses deforms so as to fill the as manufactured dimples. Axial sectioning after the ramp test showed that 

the dimples are often completely filled to such an extent that it is no longer possible to distinguish the original pellet 

interfaces. Such fuel movement provides a PCI benefit since it reduces the stress which pellets transfer to the 

surrounding cladding. The fuel is mobile and will thus deform to fill any free volume within the fuel stack rather 

than thermally expand outwards. This is beneficial since it reduces the applied stresses to the cladding. The fuel can 

fill the dimples, central holes or even large internal pellet porosity. 

A series of out-of-pile creep tests on fresh fuel was initiated to investigate how ADOPT™ pellets compare to 

standard fuel. Two different types of creep tests were performed at a range of temperatures between 1100°C and 

1700°C. The creep tests either had a constant stress applied with the strain being measured, or alternatively the stress 

varied to maintain a constant strain rate. The constant applied stresses were 30, 45 and 60 MPa whilst the two 

constant strain rates were either 10%/hr or 50%/hr.  The tests were performed in an atmosphere of 95% Ar and     

5% H2. To ensure parallel plane surfaces and good contact with the loading system the pellet end surfaces were 

ground flat. One of the tests was repeated under the same test conditions and showed very good reproducibility.  

Figure 6 shows the comparison of ADOPT™ and standard fuel under identical test conditions. For a single fuel 

type, Figure 6 also shows that the effect of increasing temperature dominates over the applied stress level.  
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FIGURE 6. Comparison of standard fuel and ADOPT™ under identical test conditions 

 

Figure 6 is a confirmation for the expected behavior of the fuel creep that is strongly dependent on the temperature. 

It can be clearly see that the ADOPT™ pellets have a higher creep at high temperatures compared to the standard 

fuel. At lower temperatures, in the region of 1300°C and below, there is no creep benefit of ADOPT™ fuel. It is 

actually the standard fuel which has the higher creep at low temperatures. The PCI benefit of doped fuels is 

therefore restricted to high temperature behaviour. The out-of-pile creep tests indicate that doped fuels only begin to 

creep more than standard fuel above 1500°C which corresponds to the centerline temperature at a power of 

approximately 37 kW/m for 10×10 BWR fuel. Initially the difference in relative creep rates is small but the 

magnitude increases as the temperature is raised. It should also be noted that the smaller rod diameters with     

11×11 fuel will lower the fuel temperature at a given rod power compared to 10×10 fuel.  

The requirement for high temperatures to observe the creep benefit of doped fuel means the PCI benefit arising from 

enhanced creep will not be present during normal commercial operation where the vast majority of plants are 

operating below a LHR of 37 kW/m. At higher temperatures the creep rate difference between doped and standard 

fuel increases steadily. Under extreme reactor ramp test conditions, where it is possible to reach 60 kW/m, the fuel 

centerline temperature could be in excess of 2300°C. At such fuel temperatures there could be several orders of 

magnitude difference between the creep rate in doped pellets compared to standard fuel and in this region there is a 

clear benefit of doped pellets. Unfortunately due to the limitations of the laboratory equipment we were not able to 

perform measurements at such extremely high temperatures. 

ADOPT™ fuel rods have been ramp tested under BWR conditions (90 bar, 285°C) and a limited number of the test 

results have been reported earlier [13]. All the tested rods had liner. Both the standard and ADOPT™ fuel survived 

up to a terminal power level of 58 kW/m. In the SCIP program coordinated by Studsvik, additional ramp tests of 

ADOPT™ fuel with liner up to lower terminal powers have been performed.  All rods had liner cladding and they 

all survived the ramping without failure. It is difficult to directly quantify the benefit provided by the ADOPT™ 

pellets as the benefits provided by the liner are overlapping. However based on similarities in the creep performance 

with other published Cr doped pellets data [18] it is expected that a similar PCI benefit of ADOPT™ in ramp tests 

compared to standard fuel would also be observed if ramped in similar circumstances without liner, approximately  

5 kW/m [19]. It is important though to distinguish that if, as expected, the main benefit is coming from the enhanced 

creep behavior it will enable the establishment of a higher test reactor ramp failure threshold but will not provide 

PCI benefits over standard fuel during most routine operations that include the ‘extended reduced power operation’ 
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(ERPO), or against such local stresses caused by manufacturing defects such as missing pellet surfaces, since the 

fuel centerline temperature is too low. 

CONCLUSIONS 

 
The pathway for fuel development activities at Westinghouse for PCI fuel failure mitigation includes development 

of fuel pellet and cladding features for enhanced PCI resistance of LWR fuel.  

Development of cladding materials has been focused on implementation of liner fuel with improved PCI 

performance, good corrosion resistance and low hydrogen pickup. Stepwise ramp tests have shown a benefit of up to 

15-20 kW/m, independent of fuel temperature. The liner protects in the case of low probability failure events 

occurring during normal operation and also in case of transients. The benefits gained by using liner cladding exceed 

the benefits obtained by using doped pellets as pellets only show benefits at high temperature operation while using 

liner cladding will show improvements at all operating conditions. Load following and ERPO are becoming more 

common and thus using liner cladding with or without doped pellets is a crucial step for PCI failure mitigation. 

Significant benefit of the liner cladding is also obtained in the case of fuel relocation or pellet defects such as 

missing pellet chips. 

The PCI benefit provided by doped pellets can be mainly attributed to the material’s high temperature creep 

behavior. The softer pellets provide a significant PCI benefit but only at the high temperatures of test reactor ramp 

tests or postulated transients and accident scenarios in commercial nuclear power plants. In routine commercial 

operation the fuel temperature is too low for PCI failure mitigation by this mechanism alone. Changes of the oxygen 

potential and formation of alternate/modified fission product secondary phases as a result of the dopants in the 

pellets could be an area that could provide additional protection against SCC initiation and propagation at all 

temperatures. This is an area currently being investigated to fully understand the dominant mechanisms and the 

possible benefits to prevent PCI failures. 

The new Westinghouse BWR 11x11 fuel design, TRITON11
TM

, will use ADOPT
TM 

fuel pellets, the proven 

Westinghouse liner and also HiFi
TM

 as the outer cladding material for providing optimum PCI, corrosion and 

hydriding resistance. 
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ABSTRACT 

ENUSA has developed a methodology to evaluate the risk of fuel rod failure due to 
PCI mechanism throughout the development of an effective stress limit, based on 
power ramps to discriminate between failed and non-failed rods.  
 
This value has been called “PCI Technological Limit” and below it, it is estimated 
that not rod would fail due to PCI mechanism. The choice was made to base the 
PCI failure criterion on the cladding stress calculated by a thermal-mechanical fuel 
rod performance code. For the determination of this limit, the available list of 
Power Ramp Tests (PRT) on 17x17 PWR fuel rod design rods with advanced 
cladding materials have been analyzed.  
 
This technological limit, which is a code dependent parameter, has been defined 
as the highest stress calculated for a non-failed rod below the lowest stress 
calculated among all the failed rods.  
 
From a methodology perspective, this technological limit could be considered the 
rod failure limit during the verification of the PCI margin with the objective to 
reduce unnecessary conservatisms in design applications. Otherwise, this limit is 
very valuable for specific applications such as evaluating non-base operational 
conditions as the Extended Reduced Power Operation (ERPO).  
 
A specific method has also been developed to evaluate the PCI risk under ERPO 
(Extended Reduced Power Operation) to provide margins for flexible operation. 
The proposal is based on analytical cases aimed to capture the thermal mechanical 
state of every rod in the core simplified by its conditioning power. A wide set of 
constant power histories, covering the possible power levels found in the core, are 
simulated with TREQ code with the goal of obtaining the average effective stress 
during the simulated Condition II transient event during normal operation and 
after an ERPO event.  
 
In a first step, the available PCI design margin is determined generically based on 
base operation. This margin will be compared with the margin loss due to an ERPO. 
A repetitive process is followed for each single power value for the same ERPO 
duration sweeping the critical burnup range for a PCI failure. If margin loss is lower 
than the available margin, all process is repeated for a longer duration of the event. 

 
 

I. INTRODUCTION 
 
The distribution of electricity involves complex 
processes that require a perfect coordination of 
the set generation-transportation. That implies 
the managing of the demand of specific amount 
of electricity generation by each one of the 
power suppliers. 

 
To follow the variable demand of the grid, there 
is an increasing need in the nuclear power plants 
to improve the plant maneuverability applying 
frequency control, daily load follow or Extended 
Reduced Power Operation (ERPO). 
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The demand on operation flexibility implies 
more demanding requirements for computer 
codes in order to simulate the nuclear fuel rod 
mechanical performance phenomena at these 
conditions 
 

II. PCI BACKGROUND 
 
During fuel rod operation, and as long as a gap 
exists between the pellet and cladding, the 
cladding is typically in a compressive stress state 
with fairly uniform stresses. Once pellet-
cladding contact occurs and pellet-cladding 
contact pressure increases the cladding goes 
from compressive to tensile stress. This tensile 
stress increases until there is equilibrium 
between the cladding stress relaxation due to 
creep and the outward expansion due to 
swelling. Nevertheless, local power increases 
can increase the tensile stress or impose 
additional tensile stress if the pellet-cladding 
gap is small or it is closed. 
 
Pellet Cladding Interaction is the iodine assisted 
stress corrosion cracking phenomenon that may 
result in fuel failures during rapid power 
increases in a fuel rod. There are three 
components that must occur simultaneously to 
induce PCI and they are (see Figure 1): tensile 
stress induced by the power ramp, access to 
freshly released iodine-occurs during the power 
ramp, provided that the fuel pellet temperature 
becomes large enough and a sensitized material. 
 

 
Figure 1. Relationship between power, fission 
gas release and stress in cladding redrawn by 

A.N.T. International 
 
PCI failures may occur in both pressurized water 
reactors (PWRs) and boiling water reactors 
(BWRs). The failure mechanism is much more 

prevalent in BWRs since reactor operation to 
some extent is done by control rods movements.  
 
In PWRs, reactor power is normally not 
controlled by insertion and extraction of the 
control rods in the core, instead, it is controlled 
by the boron concentration that is continuously 
decreased during operation to compensate for 
the decrease in reactivity. This type of reactor 
power control is much smoother than in the 
BWR case and consequently PCI failures are less 
common in PWRs.  
 
However, during reactor power increases, and 
specifically during a Condition II transient event 
(anticipated operational occurrence), PCI 
failures may occur in a PWR although it is not 
clear all the dependences /1/. 
 
To eliminate the PCI problem in BWRs and PWRs 
operation restrictions (also called PCIOMRs) to 
limit local power increases and “condition” fuel 
to power ramping were also implemented.  
 

III. PCI TECHNOLOGICAL LIMIT 
 
A yield stress based criterion is used to prevent 
PCI failures in steady state and transient II 
conditions. Additionally, restrictions on the rate 
of power increase are also imposed to power 
maneuvers after refueling or prolonged periods 
at reduced power. These limitations were 
successful in preventing PCI cladding failures. 
 
Nevertheless, some experiences confirmed that 
cladding failure occurred in some high-energy 
cores caused by increased local hoop stress (due 
to pellet cracks or imperfections) in combination 
with a critical fission product concentration. 
 
Although fuel vendors incorporated improved 
manufacturing process to greatly reduce the 
incidence of pellet defects and cladding has 
evolution to materials with a higher capacity of 
stress relaxation, there is a trend in the industry 
toward the use of additional experimental limits 
based on the behavior of commercially 
irradiated rods subjected, later on, to power 
ramp tests. The use of this kind of limits 
constitutes an additional barrier to PCI failures 
especially in non-base operating conditions as 
returns to power after long periods at reduced 
power, load follows, power modulations… 
 
Following that trend and in order to give the fuel 
higher capabilities to operate in the more 
flexible conditions demanded by their 
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customers, ENUSA has developed a 
technological limit (TL) for ZIRLO and Optimized 
ZIRLO that can be used to evaluate the risk of 
fuel rod failure due to PCI mechanism due to its 
capacity to discriminate failed and non-failed 
rods due to PCI. 
 
Using this PCI (TL) ENUSA has developed a 
specific methodology to establish the maximum 
ERPO duration before coming back to full power 
with no restrictions on the ramp rate. 
 
PCI (TL) is defined as the equivalent stress value, 
calculated in the cladding, below which there is 
not any rod failure due to PCI mechanism. It is 
calculated simulating Power Ramp Tests (PRT) 
performed in experimental reactors using TREQ 
thermal-mechanical code. 
 
III.a  Ramp Test Database 
 
ENUSA and Spanish nuclear industries has been 
engaged since the 90’s in several irradiation and 
PIE programs /2, 3/ to get a critical size database 
on ramp test. These efforts have produced large 
amount of valuable information on in-reactor 
performance of fuel materials representing 
current and potential future fuel designs. 
Among these programs, the Segmented Fuel 
Rod Program (SFRP) conducted in a Spanish PWR 
3 loop plant has been the main data contributor 
to the final data base on ramp tests. The SFRP 
comprised the design and manufacturing of 
specific rods composed by seven shorter 
(segmented) rods welded together for 
operation. These segmented rods were later on 
separated in the hot cells for characterization 
and ramp testing. 
 
The main aspect of this project is that these 
rodlets did not need to be re-fabricated before 
they were ramped in R2 Studsvik reactor. 
Therefore, internal pressure and fission gas 
composition remained as in the final base 
irradiation state. 
 
For the development of the PCI (TL) a number of 
the PRT from about 40 rodlets of the available 
database have been selected.  
 
These rodlets have different characteristics: 
cladding material, fuel pellet grain sizes, power 
irradiation history in the reactor (rod average 
power and burnup). The PRT have also some 
differences on its definition in terms of terminal 
power, ramp rate or ΔP. 
 

Figure 2 shows, with illustrative purposes, the 
data available for the calculation of this PCI (TL). 
As can be observed, the number of non-failed 
rods is large but what is more important is that 
there is a non-negligible number of failed rods 
due to PCI phenomenon. These failed rods are 
the critical ones for the determination of a 
technological limit related to PCI.   

 

 
Figure 2. Provision of ramp tests experiments 

since 1997 
 
The main features of a Power Ramp Test as 
shown in Figure 3 are the following: 

i. Rod tested is conditioned to the power 
in which this rod operated in its last 
cycle during a short period of time 

ii. After that period, a power ramp is 
applied to the rod. Power ramp rates 
and end powers pretend to simulate 
Condition II transient events. 

iii. After the ramp, the power is 
maintained at the end power value for 
a while, to check if the rod fails or not. 

 
 

 
Figure 3. Generic Ramp Test 

 
 
From the entire around 40 rods database the 
following ones were selected: 
 

1. All failed rods (F) 
2. Non failed rods (NF), with similar 

characteristics than failed rods in terms 
of terminal power and ΔP, were chosen 
to get quite similar results. This is the 
only way to determine a fine 
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technological limit able to discern 
between failed and non-failed rods. 

3. Additional rods were also selected in 
order to define a clear border between 
failed and non-failed rod and to bound 
the operative burnup range 

 
Each segmented rod has been modeled using 
the fuel rod thermal-mechanical TREQ code to 
define de PCI (TL) so it is a code-dependent 
parameter. 
 
III.b Fuel Rod Thermal-Mechanical 

Performance Code TREQ 
 
TREQ is a computational tool used for the design 
and safety evaluation of fuel rods for PWR 
reactors /4/. The code includes thermal-
mechanical and fission gas models and it is 
primarily applied to the thermal-mechanical 
analysis of rods operating at steady-state or 
slow transient operations as well as to provide 
fuel inputs, fundamentally fuel temperatures 
and rod internal pressure, for other codes used 
in the accident analyses. The physical models of 
the code apply to Zirconium alloy cladding rods 
containing uranium and gadolinia doped pellets. 
 
The TREQ code is a single-pin fuel performance 
program that comprises physical models which 
are developed on the basis of both theoretical 
considerations and experimental or in-pile data. 
Being an industrial code, TREQ compromises 
between computational intensive microscopic 
modelling and practical engineering correlation 
approach. This means that the code models are 
mostly derived starting from theoretical 
considerations, which allow selecting for each 
model a reduced number of key parameters 
determining the macroscopic behaviour of the 
fuel. Such reduced number of parameters is 
combined in simple macroscopic equations 
which are then easier to solve numerically and 
require only limited computational time. 
 
TREQ code has been licensed in Belgium up to a 
rod average burnup over 70 MWd/kgU for 
application on fuel rod design for PWR reactors. 
Besides, TREQ code has been used in support of 
the LOCA safety analysis in several European 
countries and has been applied specifically in 
Spain to license high burnup programs 
(≈72 MWd/kgU rod average). 
 

III.c PCI Technological limit definition 
 
Each one of the selected ramped rods have been 
modeled with TREQ code using the fuel rod as-
built characterization information, the specific 
base irradiation conditions during in-reactor 
operation and, later on, in the Studsvik R2 
experimental reactor where the ramp test was 
performed. 
 
For the modelization, all the code models have 
been set to their best estimate status since the 
real data have been used for the simulation. The 
maximum effective cladding stress value (Von 
Mises) predicted during the simulation is 
obtained for each of the selected rodlets. 
 
PCI (TL) is defined as the equivalent stress value, 
calculated in the cladding, below which there is 
not any rod failure due to PCI mechanism as 
shown in Figure 4. 
 

 
 

Figure 4. PCI Technological limit with TREQ 
code 

 
The applicability of the PCI (TL) calculated with 
ZIRLO rodlets to Optimized ZIRLO can be 
extrapolated based on the minimum differences 
in the stress behaviour of ZIRLO and Optimized 
ZIRLO at the burnup of interest for this 
evaluation. Therefore, the behaviour of 
Optimized ZIRLO in terms of PCI is expected to 
be, at least, as good as ZIRLO if not better. 
 

IV. METHODOLOGY FOR PCI ANALYSIS 
DURING ERPO 

 
IV.a Neutronic evaluation 
 
ERPO mode of operation could impact on the 
core characteristics, such as the power and 
burnup distributions and peaking factors. An 
evaluation is made of the impact of this 
operation on the nuclear design inputs used in 
the fuel rod design using TREQ (power 
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burndown history limit, fast fluence limits, axial 
power distributions, radial power profiles and 
transient rod power limits). 
 
Four months (120 days) of Extended Reduced 
Power Operation (ERPO) were simulated, with 
the ERPO operation assumed to initiate at either 
beginning of cycle (BOC) or 25%, 50% or 75% 
into the cycle.  Figure 5 shows: a) the core power 
maneuver, b) the behavior of the core axial flux 

difference, I, within the ± 5% CAOC permitted 
band, c) D and C control bank insertions, 
d) soluble Boron concentration and e) Xenon 
worth (in ppm).  
 
The results show that the core strategy is able to 
effectively control the core axial power 
distribution during the ERPO reduced power 
maneuver and following the return to full power 
and subsequent full power operation.  
 

 
Figure 5. Behavior of core during ERPO 

maneuver 
 

Seeing the negligible impact of the ERPO 
maneuver on the core axial and radial global and 
local power distributions it is judged that the 
nuclear design inputs are equally valid for the 
fuel rod design evaluation of an ERPO. 
 
IV.b Thermal-Mechanical evaluation  
 
The same code and version of the TREQ code 
have been used for the technological limit 
calculation and the PCI risk assessment during 
ERPO, since the stress calculation is code 
dependent. The stress calculation algorithm 
(Von Mises) is the same used for the cladding 
stress verification for licensing purposes. 
 
The first step of the methodology is to 
determine the available design margin 
M_DESIGN) which is calculated as follows: 

 
M_DESIGN= σPCI (TL) - max (σ_eff) 

 
The PCI stress margin is defined as the minimum 
stress difference from normal operation to the 

PCI (TL), i.e. (PCI (TL) - eff) where eff is the 
effective stress calculated for any rod under 
normal operating conditions. To take the 
minimum margin, the maximum effective stress 

value max(_eff) is calculated generically based 
on a reference cycle and assuming the 
corresponding licensing cycle lengths and 
operational conditions. 
 
The ENUSA's methodology is based on analytical 
cases aimed to capture the thermal-mechanical 
state of every rod in the core. Any possible 
power history in the core can be represented in 
a simplified way by its conditioning power.  
 
Nevertheless, to avoid calculating every single 
and specific conditioning power for each 
particular rod, the idea is to assess a broad 
variety of constant powers (P1 to PN) that will 
cover all the real situations in the core as 
represented in Figure 6.  

 
Figure 6. Schematic ERPO simulation 

 
The goal is to obtain the average effective stress 
during the simulated Condition II transient event 
without ERPO operation and after the ERPO 
event obtaining in both cases the maximum 
effective cladding stress and establish the 
available margin. This wide set of constant 
power histories, bounding the possible power 
levels found in the core, are executed with TREQ 
code. The selected burnup is typically within 20 
to 50 MWd/kgU rod average burnup that is the 
range where the pellet to cladding gap should be 
closed. 
 
The margin in design will be compared with the 
margin available in an ERPO event as described 
below: 
 

 Two margin values (with and without ERPO) 
are used to calculate the loss of margin due 
to an ERPO, by doing: 

 
M_BASE= σPCI (TL) - σeff (BASE) 
M_ERPO= σPCI (TL) - σeff (ERPO) 
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The stresses (σeff) for BASE and ERPO are 
those corresponding to the cases described 
here below and represented in Figure 7: 
 

 
Figure 7. ERPO Stress comparison 

 
ERPO (a): Constant power up to the chosen 
burnup + instantaneous power decrease 
during the ERPO specified duration + 
instantaneous power increase up to the 
initial power + Condition II transient event. 
BASE (b): Constant power up to the rod 
average burnup when the ERPO ends + 
Condition II transient event.  
This exercise is run for all the time steps in a 
power level and for all the power levels. 

 

 Them, the actual margin (M_DESIGN) is 
compared with the margin loss as follows: 
 

M_BASE - M_ERPO ≶ M_DESIGN - SM 
 

Being SM a safety factor. 
 

 If the margin loss due to the ERPO event is 
lower than the design margin the analized 
ERPO duration is acceptable, while if the 
margin loss is higher than the design 
margin, the analized ERPO duration is 
rejected. 

 

 The process is repeated for each single 
power value for the same ERPO duration. If 
margin loss is lower than the available 
margin, all process is repeated for a longer 
ERPO duration. 

 
V. DEMONSTRATION CASE RESULTS 

 
A demonstration case were done as an example 
of the methodology developed. The example 
simulates the following operation at reduced 
power: 
 
- The ERPO duration is assumed to be a 

continuous period of time at reduced 
power at one point in a cycle; 
 

- An operation at 50% rated power has been 
considered; 

 
- A period of 120 days should be assessed.  
 

The methodology has been followed to calculate 
the margin loss due to an ERPO event.  
 
As the results showed that the ERPO duration 
was not allowed, the next step of the 
demonstration case has been followed and the 
maximum acceptable ERPO duration, which 
means that there is not violation of the margin, 
has been determined as shown in Figure 8. 
 

 
 

Figure 8. Margin Loss during ERPO maneuver 
 

VI. CONCLUSIONS 
 
The distribution of electricity involves complex 
processes that require a perfect coordination of 
the set generation-transportation. That implies 
the managing of the demand of specific amount 
of electricity generation by each one of the 
power suppliers. 
 
To follow the variable demand of the grid, there 
is an increasing need in the nuclear power plants 
to improve the plant maneuverability applying 
frequency control, daily load follow or Extended 
Reduced Power Operation (ERPO). 
 
ENUSA has developed a technological limit 
based on experimental ramp tests database as 
well as an associated methodology to apply this 
limit to assess the PCI risk on an ERPO event. 
 
An ERPO event has been comprehensively 
modeled, including nuclear maneuver and 
thermal mechanical impact. 
 
The demonstration case shows reasonable 
results. 
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Abstract :
Enhanced plant maneuverability is being targeted by a growing number of PWR utilities. Such operating modes have an
unfavorable impact on PCI margins and may require specific PCI-analysis. For that purpose, AREVA NP has developed a
portfolio of innovative PCI methodologies for PWR ensuring to meet the customers need for increased maneuverability. The
bottom line of AREVA NP’s PCI approaches is based on thermal-mechanics computations during class-II transients. The margin
to rod failure is given by the comparison of the cladding Strain Energy Density to a threshold previously assessed on
representative experimental power ramp tests.
The main methodologies differ regarding the neutronic calculations (3D kinetics for the MIR methodology vs 3D static for the
Allowable Power Methodology) and the coupling between thermal-mechanics and neutronic calculations (chaining for MIR
versus full decoupling for Allowable Power). Thanks to a high level of sophistication, the MIR methodology allows to justify
considerable plant maneuverability but at a significant computational cost. With a more simplified approach, the Allowable
Power methodology provides PCI justification without restraining plant maneuverability at a moderate computational cost. By
combining both methodologies or developing analysis of on-line linear power, AREVA NP expands its set of PCI methodologies to
cover extended flexible operations
With this portfolio, AREVA NP supports utilities for a more flexible nuclear energy production.

I. INTRODUCTION

Since the early stage of PWR development, Pellet-to-Clad Interaction (PCI) has been identified as a fuel rod failure mechanism,
especially in situations where the pellet-clad thermal-mechanical equilibrium is perturbed, for instance during fast and significant
power variations. Series of ramp tests on rodlets from fuel rods irradiated in PWR and BWR commercial reactors have been
performed and they allowed to define the so called “(P,∆P) guidelines” which deal with the fuel rod Linear Heat Generation Rate
(LHGR) and its associated variation during a class-II transient. The operating experience has proven the effectiveness of these
empirical guidelines with a particularly low PCI-induced failure rate worldwide.
However, in the mid 90s, new operating modes such as Load Follow were introduced in France for PWRs and they have provided
an impulse for the development of new approaches [1].
AREVA NP developed the MIR methodology in the early 2000s on the basis of a comprehensive CEA-EDF-AREVA NP R&D
program including additional ramp tests [2] on the one hand and on thermal-mechanics calculations chained with 3D kinetics
neutronic calculations on the other hand. The MIR methodology allows to perform an in-depth PCI study covering the licensed
operating domain and is therefore linked to a specific fuel management. The MIR methodology has been successfully deployed in
France and, later, in China.
At the same time, in order to address PCI for BWR fuel with a more mechanistic approach than the (P, ∆P) guidelines,
AREVA NP developed the alternative “Allowable Power methodology” which is similarly based on the assessment of thermal-
mechanical parameters but with static neutronic calculations in order to be compatible with cycle-to-cycle verifications [3]. This
methodology has been adapted to the PWR market and has been successfully deployed in several countries as well.

Nowadays, the energetic mix is rapidly evolving with the emergence of renewable energies and in several countries the production
of nuclear energy has to be more flexible. To meet the customer’s need for increased flexibility, AREVA NP expands its PCI
methodologies portfolio.
To take advantage of the strong points of both approaches, a combination of both MIR and Allowable Power methodologies is
proposed to cover extended flexible operations (so-called flexibility cycles). The PCI margins evaluated using MIR methodology
for the equilibrium cycle are transposed in Operating Technical Specifications whose validity is then verified for the flexibility
cycles with the Allowable Powers methodology.
Through a limitation function implemented in a Reactor Control Surveillance and Limitation System, a PCI gliding threshold is
elaborated following the measured peak power density and allowing a limited variation of local power density.
Finally, developments are on-going to make the most of a Core Monitoring System. Once the PCI protection thresholds defined
using MIR methodology, PCI margins are followed-up on-line through the maximal local power estimated with the Core
Monitoring System and explicit thermal-mechanical evaluations (Allowable Powers methodology).

In terms of reactor operation, more and more utilities deploy enhanced reactor maneuverability through Extended Reduced Power
Operation (ERPO) or Modulations of Power (MP). Highly-demanding flexible operation may require specific PCI analysis: this
paper describes how AREVA NP, with its portfolio of PCI methodologies, supports utilities for enhanced flexibility purposes.
The paper first recalls the physical phenomena governing the PCI. In a second chapter, AREVA NP’s portfolio of PCI
methodologies for PWR is described. Examples of applications are given in the third chapter.



II. PCI PHENOMENOLOGY AND ASSOCIATED THERMAL-MECHANICAL APPROACH

1 Mechanical loading during a class-II transient
A class-II overpower transient is defined as an incident with moderate frequency (order of magnitude of 10-2 /year/reactor) which
can occur anytime during the normal operating of the plant. During such class-II transient, the local power in the fuel can reach
two or three times the nominal power value, and therefore induces substantial pellet expansion. The pellet thermal expansion
being greater than the one of the cladding, the cladding is stretched. The cladding stresses are gradually relaxed by thermal creep.
This mechanical loading takes place in presence of an aggressive chemical environment due to the fission products released by the
fuel during the power transient (mainly iodine). The global mechanical-chemical phenomenon is referred to as Pellet/Cladding
Interaction assisted by Stress Corrosion Cracking (PCI/SCC, named currently PCI). A comprehensive CEA-EDF-AREVA NP
ramp test program has been performed and it allowed to determine a mechanical parameter discriminating failed and non-failed
M5TM rods [2]. This mechanical parameter is referred to as the Strain Energy Density (SED) and is calculated with the
COPERNIC code [4]. The boundary between failed and non-failed rods is referred to as the “Critical Strain Energy Density
(CSED)”.
The Strain Energy Density (SED) is based on the combination of the strain and the stress in the cladding during the transient and it
reflects the quantity of mechanical energy stored in the cladding per volume unit during a power transient. The expression of the
SED is described hereafter:

��� = ∫ �������
�

�
(in MPa or J/cm3) during the transient

(from A to B)
where:

- ���: tangential stress (clad inner skin),
- ���: total tangential strain (clad inner skin).

In a PCI analysis, the transient evolution of the SED is computed with conservative assumptions and the SED is compared to the
critical SED. Values below the critical SED ensure absence of failure risk.

2 Mechanical equilibrium during irradiation and impact of irradiation power variations
Two main mechanical stages can be distinguished during irradiation depending on the gap condition. In a first stage the pellet-
cladding gap is open, the pellet outer diameter decreases due to densification while the clad inner diameter decreases due to
irradiation creep. At a certain time during irradiation, the clad comes in contact with the pellet because the pellet diameter starts to
increase due to complete densification and start of solid swelling.
In order to explain to what extent a reduction of the irradiation power impacts PCI phenomena, it has to be recalled that the
magnitude of the Pellet Clad Interaction is directly linked to the clad diameter variation during the transient (see Figure 1).

Figure 1: Variation of the pellet and cladding geometries during a transient

In the first stage of irradiation, the gap being open, a class-II transient would first lead to gap closure and then to clad straining
(case 1: the clad diameter variation “a” is limited); therefore this stage is not penalizing with regards to PCI.
In a second stage when the gap is closed, a mechanical equilibrium takes place between the slow pellet expansion due to solid
swelling and the stress relaxation in the cladding due to irradiation: the rod is considered as “conditioned” and the pellet thermal
expansion is fully effective for clad straining (case 2).
Starting from “conditioned” rod, if the irradiation power is reduced, the pellet shrinks due to less thermal expansion and the gap
re-opens until the clad irradiation creep and pellet solid swelling leads to contact again. Once contact is achieved, a new
conditioning state progressively takes place (case 3). If a class-II transient with the same terminal power occurred from this new
conditioning state, the power variation would be greater, the pellet expansion would be higher and hence, the clad would be more
stretched compared to the reference conditioning (i.e. the clad diameter variation “c” is greater than “b”). Therefore reduction of
power as ERPO has a deleterious impact on the PCI behavior; this deleterious effect depends on level of reduced power and its
duration.



On the other hand, the reconditioning at full power at a certain period of time allows to progressively recover the reference
conditioned state thanks to stress relaxation.

III. DESCRIPTION OF AREVA NP’s PCI METHODOLOGIES

1 Introduction on AREVA NP’s PCI methodologies portfolio
The PCI methodologies developed by AREVA NP for PWR reactors aim at excluding PCI induced rod failure during class-II
transients. They are based on thermal-mechanical modelling on the one hand and on neutronic calculations on the other hand.
They mainly differ on:

- the level of sophistication of the neutronic calculations,
- the way thermal-mechanics and neutronic calculations are linked.

In all AREVA NP methodologies, the class-II transients are those that induce a local increase of LHGR resulting in PCI failure
risk:

- excessive load increase,
- uncontrolled rod bank withdrawal at power,
- rod drop,
- uncontrolled boron dilution.

2 Description of the MIR methodology
The MIR methodology ("Méthodologie IPG Rénovée" in French) was developed in order to account for reactor operation
flexibility (Load Follow and ERPO) with an in-depth PCI study covering the licensed operating domain and allowing PCI results
to be transposed in Operating Technical Specification.
Transients analyses for the PCI studies are based on the equilibrium cycle of a considered incore fuel management.
The global flowchart of the MIR methodology is given in Figure 2.

Figure 2: Flowchart of the MIR methodology

As the PCI phenomenon is a local issue, it is necessary to define the accurate thermal-mechanical state of each point in the core at
the moment of the transient. The local thermal-mechanical state of fuel rods depends on the power histories. Thus, the evolution
of the power of each fuel rod is computed from its first irradiation in the core until the time of occurrence of class-II transient,
anytime during irradiation. The 3D neutronic code SMART which is a part of the SCIENCE code package [5], [6], allows
defining the power history of each elementary mesh of all fuel rods irradiated during the equilibrium cycle together with their
previous cycles, if it is not a fresh fuel rod.
The class-II transients are initiated from class-I situations. Various axial power shapes and initial power levels are considered in
order to cover the whole operation domain (power level, ∆I). These different axial power distributions result in xenon oscillations 
generated during class-I transient of load reduction combined to RCCA banks movements.
The transients are simulated using the coupling between:

- SMART, a 3D space time kinetics code that calculate core neutronic behavior,
- MANTA, a system code modelling the Nuclear Steam Supply System (NSSS) with I&C and protection and safety

systems [7].

COPERNIC
calculations



The transients are simulated from the initial situations (power level, ∆I), at several instants during the cycle. The LHGR evolution 
versus time is calculated at each point of the core for all the class-II transients.
Transients are applied at different instants along the cycle after the conditioning power history. During the transient, the Strain
Energy Density of an M5TM fuel rod is calculated in function of the LHGR with the thermal-mechanical code, COPERNIC (see
Figure 3). The SED value is compared to the critical SED. As long as the SED is lower than the technological limit, there is no
risk of fuel rod failure resulting from PCI phenomenon. The difference between the technological limit and the calculated SED is
the PCI margin. The complete neutronic - thermal-mechanics simulation of the transient achieved through the chaining of
MANTA/SMART and COPERNIC, provides the time evolutions of both SED value and maximum linear power calculated by
protection system and allows to design high linear power reactor trip threshold to ensure a positive PCI margin all along the class-
II transients.
As shown on Figure 4, the PCI margins are assessed for 3 operating modes (base load, ERPO, reconditioning) in order to define
Operating Technical Specifications for the maneuverability of the plant.

Figure 3: Example of a class-II transient

Figure 4: Calculation stages of a PCI study with the MIR
Methodology

In a first stage, the PCI margins are assessed for a base load operating mode in order to verify that the PCI failure risk is excluded
by the protection system.
In a second stage, the PCI calculations are performed during an ERPO. An ERPO configuration is defined mainly by the reduced
power level, the duration at reduced power level, the control rods position and the ERPO initiated instant during the cycle. Either
the duration of the ERPO is set and the analysis aims at checking that the margins remain positive or the maximum duration
corresponding to a null margin is iteratively determined.
In a third stage called “Reconditioning stage” following the ERPO, the power is set back to its maximum reference value and
thanks to stress relaxation in the cladding, PCI margins are progressively restored until saturation.
In order to transpose the PCI analysis in Operating Technical Specifications, the PCI margins during the normal operation and the
evolutions of the PCI margins during ERPO and reconditioning operation are translated into a dimensionless factor which is
followed during the operating management on site. This PCI parameter is fixed to a reference value at the beginning of the cycle,
it decreases during an ERPO, and increases during the reconditioning operation after an ERPO. Operators must ensure that this
parameter remains positive, particularly with maximal duration allowed in ERPO, during the reactor operation in order to
guarantee the absence of PCI failure risk.
The MIR methodology encompasses series of PCI calculations in numerous reactor situations in order to cover the licensed
operating domain. Thanks to the high level of sophistication of neutronic calculations, to the exhaustive coverage of the operating
domain and to the adequate modelling of the SED, the MIR methodology allows justifying an important maneuverability of the
plant.
3 Description of the Allowable Power methodology
The high degree of coupling of the MIR methodology represents the most precise state of the art approach to determine PCI
margins but it implies a significant computational cost. AREVA NP has designed an alternative approach based on the concept of
Allowable Power providing a method to get PCI margins for a given loading pattern.
The Allowable Power methodology relies on a four-stage analysis procedure which decouples the neutronic calculations of class-
II situations and the thermal-mechanics calculations. In addition, bounding assumptions for the transient boundary conditions and
power ramp simulations induce conservatisms but provide in return a tremendous reduction of the related computational effort.
This features the Allowable Power methodology as an effective tool for performing cycle specific PCI analysis in a limited period
of time.
As described in Figure 5, the essential principle of the methodology consists in quantifying the PCI risk by comparing limiting
transient power distributions with the allowable LHGR as described below:
1. Class-I power history neutronic calculation
The PCI behavior depends on the condition I local power histories which determine the initial thermal-mechanical condition of the
fuel before a class-II transient start. To describe the initial fuel rod condition the local (rod by rod) power histories based on the
complete irradiation cycle in the plant are provided from a neutronic 3D depletion calculation of the relevant cycles.
2. Fuel Rod Design Calculations - Allowable Linear Heat Generation Rate (����������):



The fuel rod PCI behavior in initial and transient condition is calculated with the fuel rod performance code COPERNIC. To
simulate the class-II conditions, for each fuel rod, a power ramp is simulated using a prototypical power variation rate of 100
W/cm/min independently of the actual incident kinetics. During these simulated power ramps performed for each fuel rod and
axial node, the SED values are traced locally up to the critical SED to define the corresponding allowable LHGR (����������).
3. Neutronic Calculations – Class-II transient power simulation
To evaluate the class-II transient occurring for a given cycle (and the corresponding loading pattern), limiting class-II power
distributions have to be determined by neutronic simulations.
The neutronic calculation is based on 3D static calculations (performed with SMART or CASCADE [8]) whose hypotheses rely
on feedback experience from the simulation of a large number of kinetic transients (performed with a NSSS thermal hydraulic
code such as S-RELAP or MANTA) taking into account for each simulation the first reactor trip. This allows defining the
applicable conservative assumptions for incident modelling using the 3D static calculation method in order to obtain a bounding
static simulation of class-II states. Most limiting 3D power distributions are retained (occurring typically at the end of the
transient) and the maximal class-II power ����

��� is then determined for each axial node at which relevant neutronic uncertainties
are applied.
4. Calculation of PCI Margin
For each rod and axial node, a local PCI margin is defined as the difference between the allowable power and the maximal class-II
power ����

����� = ���������� − ����
���. The minimum of these local margins represents the global PCI margin which is available

during the studied cycle. A positive margin ensures the absence of PCI-failure risk for the considered cycle.

Figure 5: Flowchart of the Allowable Power methodology

4 Description of the approach coupling MIR and Allowable Power methodologies
With an in-depth analysis, MIR methodology allows to define Operating Technical Specifications. However, this very precise
approach implies a significant computational case, limiting its use to the equilibrium cycle. With Allowable Power approach,
AREVA NP proposes a methodology efficient enough to perform cycle-by-cycle analysis.
Figure 5: Flowchart of the Allowable Power methodology
To take advantage of the strong points of both approaches in order to cover extended flexible operations (so-called flexibility
cycles), a coupled methodology is developed: a generic PCI study on the equilibrium cycle is carried out with both MIR and
Allowable Power methodologies whereas studies on flexibility cycles are performed with Allowable Power methodology.
1. Calculation of PCI margins with MIR methodology and translation in Operating Technical Specifications on the equilibrium
cycle
Applying the MIR methodology on the equilibrium cycle, PCI margins are evaluated for Base Load, ERPO and reconditioning
and translated in Operating Technical Specifications.
2. Calculation of PCI margins with Allowable Power methodology on the equilibrium cycle
This analysis is completed with the evaluation of the PCI margins with the Allowable Power methodology, associating PCI
margins ����

�����
���

.to Operating Technical Specifications defined with MIR methodology.

3. Calculation of PCI margins with Allowable Power methodology for flexibility cycles



The PCI margins for the flexibility cycles ����
�����

����
are then evaluated with the Allowable Power methodology and compared to

the PCI margins ����
�����

���
of the equilibrium cycle:

- If PCI margins for the studied cycle ����
�����

����
are greater than the PCI margins of the equilibrium cycle ����

�����
���

for

each configuration analyzed, then the Operating Technical Specifications are valid for the studied cycle
- If PCI margins for the studied cycle ����

�����
����

are lower than the PCI margins of the equilibrium cycle ����
�����

���
, then

specific Operating Technical Specifications are adapted for the studied cycle.
The Figure 6 details the principle of this approach. By performing a complete MIR study on the equilibrium cycle, Operating
Technical Specifications are defined, allowing a large maneuverability for the operators. This maneuverability is extended by the
verification of the Operating Technical Specifications validity for flexibility cycles with a limited computational cost.

Figure 6: Flowchart of the approach coupling MIR and Allowable Power methodologies

5 Description of the Gliding Threshold methodology
Specifically retained for the EPRTM reactors, this methodology is based on the surveillance and the limitation of the Linear Power
Density in the Reactor Control Surveillance and Limitation (RCSL) system.
The RCSL system controls the Linear Power Density (LPD) towards the PCI risk in the whole core by the meaning of 72
measurements and a limitation function. This limitation function elaborates a PCI gliding threshold for each half of the core (one
for the upper core half and one for the lower core half), depending on six parameters: the minimal PCI limit, the Overshoot
Allowance, the Deconditioning rate, the Increase rate and the maximal PCI limits (upper half core and lower half core):

- The minimum PCI limit is the LPD below which there is no risk of PCI failure whatever the conditioning and the
maneuvering of the plant.

- The Overshoot Allowance (OA) is the maximum authorized LPD increase when the fuel is in thermal-mechanical
equilibrium. It is used when the peak power is above the minimum PCI limit minus OA.

- The Deconditioning Rate (DR) imposes a decrease of the gliding PCI limit as soon as the difference between the
measured peak power density and the PCI threshold exceeds the OA.

- The Increase Rate (IR) imposes an increase of the gliding PCI limit as soon as the difference between the measured peak
power density and the PCI threshold is below the OA. This parameter is based on experience feedback on the current
practice of power maneuvering and operating requirements imposed during start-up following a refueling outage in order
to rule out the PCI risk.

- The maximum PCI limits are determined in consistency with “High Linear Power Density” limitation channel. These
parameters ensure that both limitation channels have the same range of applicability.

The determination of the Gliding Threshold depending on the Linear Power Density history is detailed on Figure 7. Each
threshold follows the measured peak power density and allows a limited variation of LPD (OA). This PCI gliding threshold is
bounded by a minimal and two maximal values (Min PCI limit, Max PCI limit upper half core and Max PCI limit lower half
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core). When the peak power density exceeds the gliding PCI limit, staggered actions are initiated up to a Partial Trip. The Partial
Trip (PT) purpose is to achieve a fast power reduction when reaching a limitation function threshold. The power reduction
magnitude depends on the initiating limitation function. This fast power reduction is achieved by:

- Dropping of a certain number of RCCA;
- Reducing the generator power on secondary side, changing the turbine control set point in consistency with the number

of dropped RCCA.

Figure 7: Example of Gliding PCI Threshold

The overall methodology is based on 3D nuclear, thermal-hydraulic and thermal-mechanical calculations and includes the
following four main steps, presented on Figure 8:

- Generation of fuel rod conditioning power histories;
- Determination of the parameters of the PCI limitation function based on fuel parameter calculations;
- Simulation of condition 2 transients to construct the corresponding 3D linear power distributions;
- Thermal-mechanical calculations on a limited set of class-II transients to verify the performance of the limitation

function.

Figure 8: Flowchart of the determination of the limitation function parameters

With a limited computational cost, the Limitation Function provides operators an extended flexibility as it covers several
operating modes such as fixed ERPO and flexibility cycles.



6 Developments on-going to value the Core Monitoring System
To meet the increasing need for maneuverability, AREVA NP is currently developing methodology to make the most of a Core
Monitoring System. This approach relying on a five-step process allows to reduce bounding conservatisms, hence to extend
maneuverability by increasing PCI margins.
1. Definition of the PCI protection thresholds
The first step is to define the PCI protection thresholds. Based on the reference core, this study is performed with the MIR
methodology.
2. Evaluation on-line of Allowable Powers
The Core Monitoring System allows to know the local powers at any point of the core and provides an estimation of the maximal
local power more precisely than with the protection systems. Coupled with thermal-mechanical code, the Allowable Powers at any
point in the core are evaluated on-line through explicit thermal-mechanical calculations. Using Allowable Power methodology and
with constant progress of computational tools, this evaluation can be performed in a short period of time and on a frequent basis.
3. Neutronic Calculations – Class-II transient power simulation
This simulation of class-II transients is fully consistent with the step 3 of the Allowable power methodology: limiting class-II
power distributions are determined by neutronic simulations based on 3D static calculations. The maximal variations of power
during transients are evaluated at any point of the core.
4. Evaluation on-line of Limit Powers
For each rod and axial node, a Limit Power is evaluated as the difference between the allowable power calculated on-line and the
maximal variations of power during transients.
5. Evaluation of ERPO duration and potential relaxation of PCI protection thresholds
By comparing the Limit Powers to the maximal Local Power estimated by the CMS, ERPO durations are evaluated. If the ERPO
durations are longer than the conservative values covering ranges of burnups and power levels determined with the MIR
methodology on the reference core, customer has the opportunity to choose between operate at low power for an extended period
of time or to raise the PCI protection thresholds hence increasing the reactor maneuverability.

IV. APPLICATIONS
1 Description of enhanced plant maneuverability conditions
Flexible plant operation is targeted by a growing number of utilities and, as variations from a “conditioned” thermal-mechanical
equilibrium state are unfavorable for the PCI risk, studies have to account for enhanced maneuverability. The two main operating
modes associated to enhanced maneuverability are Modulations of Power and ERPO (see Figure 9 and Figure 10). ERPO and
Modulations of Power can also be combined without overlapping.

Figure 9: Schematic drawing of MP Figure 10: Schematic drawing of ERPO

Modulations of Power: the modulations of reactor power aim at adjusting the energy produced to the anticipated demand which
fluctuates during the day and during the week, Load Follow being a specific type of Modulations of Power. For that purpose, the
core power is alternatively set at a high level value (usually nominal reactor power) and then at a low level value. Durations are
typically in the range of a dozen of hours to a couple of days. This operating mode induces alternative deconditioning and
reconditioning stages with specific kinetics and the global impact results in a decrease of the PCI margin. The assessment of the
impact of Modulations of Power can be achieved by an explicit modelling of the power oscillations during the PCI analysis for a
given cycle (typically the case of a study performed with the Allowable Power methodology). In the case of the MIR
methodology, a bounding impact is first determined thanks to parametric analysis and then applied on the PCI margins obtained
during a normal operation.
ERPO: utilities might have to operate at reduced power either for grid constraints (with high priority to renewable energies for
instance) or for technical reasons. Typical orders of magnitudes range between a couple of days to several dozens of days or, in
exceptional cases to several months. In the latter case, protection thresholds have to be adjusted in order to ensure positive PCI
margins. For all cases of ERPO, the deconditioning during the ERPO is explicitly modelled and the PCI margins are assessed at
the end of the ERPO. The calculations take into account also the return at full power.
2 Application of the MIR methodology
The ERPO study with the MIR methodology allows justifying allowable durations ranging between several dozens of days to one
hundred or more days for some low power levels at several instants during the cycle. The Figure 11 shows an example of PCI
margin decrease along with the ERPO duration; the maximum authorized duration being defined as the time of null margin.
In addition to the great ERPO durations allowed by the MIR methodology (higher than 100 days), it provides direct parameters to
follow on-site the evolution of the PCI margin.



For all these situations, the kinetic of the fuel deconditioning during the ERPO is assessed and translated in a mathematical
function.
The reconditioning study with the MIR methodology, after the ERPO analysis, specifies the kinetic of the fuel reconditioning and
defines the durations when the PCI margins are restored. The evolution of the PCI margins during the reconditioning after an
ERPO is also translated in a mathematical function.
These mathematical functions which represent the kinetic of deconditioning and reconditioning are followed on-site through a PCI
parameter. This parameter depends on the ERPO level and duration and on the reconditioning duration as well: it decreases during
an ERPO, and increases during the reconditioning stage (see Figure 12). It shall always remain positive and is bounded by a
reference value determined from the base load analysis (accounting for a Load Follow bias).

Figure 11: PCI margin evolution during an ERPO – Search
of the allowable duration

Figure 12: Example of on-site monitoring of the PCI
parameter

3 Application of the Allowable Power methodology
The Allowable Power methodology was initially deployed on plants operating in base load mode, but the method bears the
capability to deal with short ERPO and Modulations of Power.
An example of the distribution of the allowable power and the class-II transient power for a 1000 MWe reactor is given in Figure
13. The global trend of the allowable power is decreasing: this is due to the global effect of irradiation (pellet gaseous swelling
and thermal conductivity degradation with burnup). In the meantime, the class-II power is also decreasing due to fissile depletion.
The margin is obtained by comparing, for each rod, the Allowable Power and the Transient Maximum Power.
The impact of Modulations of Power (between 50% and 100% core power) on the PCI margin is shown in Figure 14, the
reference being the base load operation. To assess such impact, a base load case and a case with Modulations of Power have been
performed at a given burnup; the impact being obtained by subtracting minimal PCI margin (from all the rods in the core)
obtained with MP from base load margin. The upper part of the plot shows the evolution of the core average impact (normalized
with respect to impact after 30 modulations).
The figure clearly demonstrates that the initial loss of margins during the first 10 PM is followed by a weaker increase of the
curve indicating a saturation effect of the deconditioning process along with the number of power modulations (effective after
about 30 modulations).
The study also shows that if the sequence of Modulations of Power is followed by a return to full base load operation,
reconditioning takes place in the fuel rods and allows to recover a reconditioned state after a certain period of time.

Figure 13: Allowable power and Transient Maximum Power
on a 1000MWe PWR case

Figure 14: Relative impact of Modulations of Power on the
average core PCI margin.

Typical values of ERPO durations justified with the Allowable Power methodology are of the order of 20 to 50 days. The allowed
ERPO duration depends on the cycle operation (loading pattern and power history) and the combination of Modulations and
ERPO shall be accounted for when assessing the net margin. Therefore studies for a specific reactor are in any case needed to
confirm the possibility of ERPO.



The presented study case demonstrates that the Allowable Power is suited to assess PCI failure risk on base load associated to
complex reactor maneuvering operations.
Therefore this methodology provides an excellent tool to access the PCI risk without restraining plant maneuverability with
reduced engineering efforts.

V. CONCLUSION
Enhanced flexible operation may require specific PCI analysis and for that purpose AREVA NP has developed a set of innovative
methodologies to address PCI risk in PWR reactors. They are based on a common thermal-mechanical approach supported by a
series of experimental ramp tests and on the COPERNIC fuel rod code.
The two primary methodologies, the MIR methodology and the Allowable Power Methodology mainly differ regarding the
neutronic calculations (3D kinetics for the MIR vs 3D static for the Allowable Power methodology) and the coupling between
thermal-mechanics and neutronic calculations (chaining for the MIR versus full decoupling for the Allowable Power
Methodology). Thanks to a high level of sophistication, the MIR methodology allows to justify considerable plant
maneuverability but at a significant computational cost. With a more simplified approach, the Allowable Power methodology
provides cycle to cycle justification without restraining plant maneuverability at a moderate computational cost. Based on these
two main methodologies, AREVA NP has developed a set of approaches able to meet the customer’s need for an extended
maneuverability, such as a coupled MIR and Allowable Power methodology aiming to Operating Technical Specifications for
specific cycles. With this portfolio, AREVA NP supports utilities for a more flexible nuclear energy production. Finally these
methodologies have also potential for evolution by optimizing the computational cost to even further increase their performance.
In particular they are ready to take benefits of the new generation of codes, ARCADIA code system for neutronic /
thermohydraulics [9] and GALILEO for thermal-mechanics [10].
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VII. NOMENCLATURE
CMS: Core Monitoring System
CSED: Critical Strain Energy Density
DR: Deconditioning rate
ERPO: Extended Reduced Power Operation
I&C: Instrumentation and Control
IR: Increase rate
LHGR: Linear Heat Generation Rate
LPD: Linear Power Density
Max PCI limits: Maximal PCI limits (upper half core and lower half core)
Min PCI limit: minimal PCI limit
MIR: Méthode IPG Rénovée
MP: Modulations of Power
NSSS: Nuclear Steam Supply System
OA: Overshoot Allowance
OTS: Operating Technical Specifications
PCI/SCC: Pellet-Cladding Interaction assisted by Stress Corrosion Cracking
PT: Partial Trip
RCCA: Rod Cluster Control Assembly
RCSL: Reactor Control Surveillance and Limitation System
SED: Strain Energy Density

M5 is a trademark or a registered trademark of AREVA NP in the USA or other countries.
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Operational constraints related to SCC-PCI 
Author : Philippe Paulin (EDF / Nuclear Generation Division) 

This paper describes the main aspects of Pellet Clad Interaction assisted by Stress Corrosion 
Cracking (SCC-PCI) management in operation of EDF nuclear power plants. It also shows examples 
of industrial needs regarding maneuverability and operation at intermediate power. These operational 
requirements have to be met by fuel rod performances regarding SCC-PCI behavior. 

1. BRIEF RECALL OF PCI RISK ASSESSMENT FOR EDF FLEE T 

The risk of SCC-PCI failure of the fuel cladding was not assessed in the initial Safety Analysis Reports 
(SAR) of EDF plants. 

The only topic mentioned in the original Operation Technical Specifications (OTS) is related to Pellet 
Clad Mechanical Interaction (PCMI). Limitations during the power increase after a refueling outage 
(with fuel assembly handling) are imposed. The maximal load increase gradient is 3 %NP/hr above 15 
%NP, as long as the minimal cumulated time during the last week at a given power level is less than 
of 72 hours. The purpose of this requirement is mainly to mitigate the effects of pellet surface "sharp 
edges", which are potentially aggressive towards the clad inner wall. 

The SCC-PCI risk in operation has been gradually taken into account by EDF, in two steps : 

• first, in the mid-eighties, for normal operation (category 1), especially from the beginning of 
load follow operation, generating linear power cycles applied to fuel rods, 

• then, from the mid-nineties, for abnormal operation occurrences (category 2) involving a local 
increase of linear power in the fuel rods, likely to induce PCI cladding failure. 

2. MAIN PRINCIPLES OF SCC-PCI RISK MANAGEMENT  

Presently, the SCC-PCI risk management in operation at EDF is based on three “pillars”. 

2.1. The surveillance system  

The first aim of the surveillance system (alarms) is to monitor the normal operation conditions, 
considered as the initial state of accidents, while preserving sufficient linear power margins for 
standard operation. 

This surveillance is based on the monitoring of the following parameters : 

• normal operation domain (∆I,P) and/or linear power margins (Figure 1), 

• temperature regulation and power regulation banks positions, especially regarding the 
insertion limits (Figure 2). 

Apart from surveillance, the second function of the alarms is prevention. This means that the operator 
should have a sufficient time delay for a corrective intervention before the occurrence of the next steps 
of automatic actions : 

• load reduction or regulation bank extraction blocking, 

• reactor trip. 

The determination of the surveillance set-points adapted to operation and, at the same time, 
compatible with PCI constraints is the first major challenge for plant design. 

It is a tricky job because the alarms have to be sufficiently far from the normal operation values of 
parameters to allow maneuverability and at the same time not to close to the protection thresholds in 
order to maintain an acceptable capability for operator corrective action. 
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2.2. The protection system  

The protection system (scram or reactor trip) is required to stop the transients before PCI cladding 
failure, in case of abnormal operation occurrences (category 2 events). 

The main accidents assessed in the safety analysis are the following : 

• Excessive Load Increase (ELI) : 

A fast increase of steam flow rate in the Steam Generators (depending on the conventional 
part of the plant design characteristics) induces an unbalance between primary and secondary 
power. The subsequent cooling of the core leads to an increase of reactivity and neutronic 
power, mainly by moderator temperature effect and eventually by banks movements induced 
by the regulations. 

• Uncontrolled Regulation Bank Withdrawal (URBW) : 

The extraction of a regulation bank leads to an uncontrolled insertion of reactivity. The core 
power increases rapidly. Until the opening of pressure relief valves on the secondary side, the 
heat evacuation by the Steam Generators is slower than the core heat generation. The 
consequences are an increase of primary temperature and pressure. 

• Control Rod Drop (CRD) : 

Following a rod drop into the core, there is an immediate decrease of reactivity and power. In 
case of the absence of detection and protection intervention, the unbalance between primary 
and secondary power induces a decrease of the core inlet temperature via the primary loops. 

This cooling of the core leads to an increase of reactivity mainly by moderator and Doppler 
temperature effects and also by temperature regulation banks movements. The core power 
increases and reaches a new equilibrium, usually close to the initial value. 

All these accidents are likely to induce a local linear power increase due both to : 

• global core power increase, 

• axial and radial power redistribution in the core during the transient. 

On EDF PWR plants, the usual protections involved in PCI protection are : 

• For 900 MW reactors (Figure 3 and Figure 4) : ∆TOP ("OP" for Over Power) based on the 
monitoring of temperature increase ∆T between hot and cold legs of primary loops, with 
thresholds depending on the average coolant temperature (Tm), the primary pumps rotation 
speed (ΩPP) and the axial power difference (∆I). 

• For 1300 MW and N4 reactors : high linear power on the Digital Integrated Protection System 
(SPIN) which makes an on-line evaluation of the axial distribution of maximal linear power 
based on a reconstruction of the axial power shape P(z) using excore power range detectors 
signals and calculated or measured radial peaking factors Fxy(z). 

These systems are basically designed to monitor the core peaking factor, which may be sometimes 
different from the core minimal PCI margin. This "duality" requires some adaptations of the 
protections. 

The determination of the protections thresholds is the second major issue in PCI design studies and 
for plant operation. The challenge is to provide a robust protection of the core while preserving 
sufficient margins for power capability and maneuverability. 

2.3. The Operation Technical Specifications (OTS)  

The Operation Technical Specifications purpose is to monitor the fuel "conditioning" (using a PCI 
"credit"), based on the global core power profile versus time, to ensure that the current thermo-
mechanical state of the fuel rods is compatible with safety analysis studies. 

The PCI "credit", which is updated every day, depends on operation conditions : 

• steady state base load at nominal power (100 %NP), most favorable mode for PCI impact 
(Figure 5), 
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• frequency control with limited power "fluctuations" between 92 %NP and 100 %NP (Figure 6 
and Figure 7), 

• daily load follow operation, with power "cycles" between 100 %NP and 25 %NP (Figure 8), 

• Extended Low Power Operation (ELPO), most severe mode for PCI impact, because of fuel 
rod "deconditioning". 

The determination of the minimal allowable ELPO durations is the third major issue in PCI design 
studies and for plant operation. 

Main features of PCI OTS  

• The thermo-mechanical state of the fuel is surveyed using a PCI credit (named "K" factor). 

Basically, the K factor decreases at intermediate power (below LPO level 92 %NP) and 
increases or remains stable above 92 %NP. 

• The load follow operation is "business as usual". 

It is based on a "16/8" daily profile adapted to the European grid needs, with 16 hours above 
the LPO limit of 92 %NP and no more than 8 hours below 92 %NP. 

Frequency control and load follow are taken into account through a fixed penalty due to fuel 
deconditioning caused by daily linear power cycles applied to the fuel and simulating  the 
impact of local alternance between upper and lower levels of the power profile. 

Once this penalty has been applied, the K factor is stable for a given mode : conventionally, 
the reference value in case of permanent daily load follow operation during the whole cycle is 
100. 

• Primary frequency control (97.6 +2/-3 %NP) and base load operation (≥ 99 %NP) are more 
favorable than load follow. 

The K factor increases above 100 up to a maximum value (between 110 and 120). 

• ELPO is the most deconditioning operation mode. 

The K factor decreases to a minimum authorized value (K=0 � zero PCI margin). 

• The OTS consider 2 types of ELPO ("rodded" and "unrodded"), at different power levels (10 
%NP, 30 %NP, 50 %NP, 70 %NP and 85 %NP) and at several moments during the cycle 
(typically beginning, middle, end of cycle and also stretch-out). 

• After ELPO, operation above 92 %NP allows fuel reconditioning. 

The K factor increases and ultimately reaches a new equilibrium value. There is no specific 
limit on the power increase rate after the ELPO (≤ 5 %NP/min). 

• The OTS depend on the cladding material and its PCI performances. 

At the moment, they are generally based on Zy-4 for the majority of EDF reactors. 

The OTS approach is conservative compared to studies results but the main advantage is simplicity. 

3. CONSTRAINTS ON MANEUVERABILITY DUE TO SCC-PCI  

3.1. Key parameters  

The first operational constraint related to SCC-PCI is the potential reduction of maneuverability, if the 
margins between the normal operation conditions (including load follow and frequency control) and the 
thresholds of the alarms are not sufficient. 

This may happen in case of a drastic reduction of thresholds on the protection system or the 
surveillance system. 

At the moment, the most sensitive parameters are : 

• the size of the normal operation domain, 

• the alarm on the temperature regulation bank insertion. 
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As illustrated on Figure 9 and Figure 10 based on experience feedback, the operation domain and the 
regulation bank insertion limits are just sufficient to cover EDF operating needs, and these limits are 
impacted by PCI safety studies. 

3.2. Maneuvering operational needs  

They have always been important for EDF fleet since 75 % of generation in France is provided by 
NPPs. It is currently increasing due to renewable energies contribution. It will be probably reinforced in 
the future with a new energy mix in Europe. 

4. CONSTRAINTS ON ELPO DURATIONS DUE TO SCC-PCI  

4.1. Definition of Extended Low Power Operation (EL PO) 

Operation at a power level less than LPO limit (92 % Maximum Available Power during the "natural" 
cycle and the stretch-out) and above 2 %NP (Hot Zero Power), during a time interval of more than 
8 cumulated hours on a 24-hour "range". 

4.2. List of events likely to induce ELPO  

ELPO may have various root causes, such as : 

• Grid constraints : generation/consumption power balance, renewable energies "abundance" 
(Figure 11), High Voltage power lines maintenance, 

• Intended power reduction for plant outage schedule optimization, 

• Environment or public health constraints : coolant temperature (Figure 13), amoeba presence, 

• Partial unavailability of secondary system or condenser (Figure 12) : loss of feed water turbo-
pump, condenser "raw" water entry, steam leakages, 

• Steam generator constraints : primary/secondary leakages (Figure 16), mud deposit (Figure 
14), clogging, hydraulic stability, high tube plugging ratio, 

• Miscellaneous material unexpected events : generators (Figure 15), transformers. 

These events may happen at any moment of the cycle. 

4.3. ELPO operational needs  

Standard ELPOs : minimum requirement for operation 30 days 

The main features regarding this kind of events are the following : 

• Continuous durations vary typically between 8 and 26 days. 

• This type of event may happen at any moment of the cycle. 

• The power level varies from the Technical Minimum Power (25-30 %NP) up to 85-90 %NP, 
with usually a preferential range between 60 and 90 %NP. 

• The 30-day "target" is generally met with the OTS (Figure 17). 

EDF R&D has conducted prospective long-term studies (up to 2050) illustrating future flexibility needs 
for EDF PWRs, taking into account the ambitious targets set by the European Commission for 
Renewable Energy Sources for Electricity (RES-E) : up to 60% in 2030 (and 80% in 2050), with 40% 
of wind and solar generation. 

That type of scenario leads to a much more variable demand curve addressed to conventional 
generation means, with more occurrences of nuclear power plants shut down because of a lack of 
demand. The 30-day target is considered relevant for long-term needs also. 
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Exceptionally long ELPOs in case of major unexpecte d events : beyond 30 days 

The main features regarding this kind of events are the following : 

• The ELPO can last from 5 weeks to several months. 

• Generic studies are presently licensed to be able to operate at intermediate power ([70 %NP, 
92 %NP]) during a whole cycle with Power Regulation Banks extracted out of the core. 

 

5. CONSTRAINTS ON CORE VARIABILITY DUE TO SCC-PCI  

5.1. Definition of core variability  

The typical variable core characteristics in EDF fuel management framework are : 

• slight variations of the fuel reloads : -8, -4, +4 or +4 fresh assemblies, proportion of MOX/UOX 
fuel during a cycle, 

• extension of early shutdown durations (from 25 to 40 EFPD) or stretch-out durations (from 60 
to 72 EFPD in some cases). 

This variability is necessary for several reasons : 

• to cope with the consequences of unexpected events, implying outages schedule 
modifications, 

• to adapt cycle lengths especially in case of strong constraints, such like general plant 
maintenance and up-date every ten years or Steam Generator replacement, 

• to restore a good quality of spare assemblies reserves, which are used in case of loading 
pattern re-design. 

PCI studies are too long and too complex to be performed in the standard industrial Reload Safety 
Analysis at each refueling outage. 

5.2. PCI variability approach at EDF  

A simplified "PCI with variability" approach is being licensed to improve the robustness of PCI studies. 
EDF has defined "variable" OTS, including a "penalty" on PCI margins (Figure 18) while maintaining a 
generic design approach. 

Meanwhile, the French regulator ASN imposes restrictions. ELPO maximal durations are limited to 8 
days with several months of operation above 98 %NP for fuel reconditioning. 

These restrictions may lead to operation difficulties, as illustrated in Figure 19 and Figure 20. This kind 
of event has been an incentive to develop the "PCI with variability" approach. 
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6. CONCLUSIONS 

The main operational constraints related to SCC-PCI at EDF are : 

• the potential reduction of maneuverability, if the margins between the normal operation 
conditions (including load follow and frequency control) and the thresholds of the alarms are 
not sufficient, 

• the limitation of ELPO durations below the minimal requirements, 

• the compatibility with core variability needs. 

So far, these constraints have been just compatible with industrial requirements and operation 
"serenity" for EDF fleet. 

In the future, improved designs of fuel rods or enhanced performances of cladding material regarding 
SCC-PCI are expected to be able to maintain the operational capabilities. Improvements could also be 
investigated by the plant designers regarding the efficiency of surveillance and protection systems. 

This is a crucial challenge, especially for the stability and safety of the European electrical grid, in a 
context of increased renewable energies generation. 

A global review of PCI safety risk status could also be useful. In June 2013, the Advisory Committee 
on Reactor Safeguards (ACRS) of the US NRC voted not to require specific evaluation of SCC-PCI 
during Abnormal Operation Occurrences. This position is different from the French regulator approach. 
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Figure 1 

900 MW units : example of normal operation domain 

 

Figure 2 

900 MW units : example of surveillance system monit oring 
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Figure 3 

900 MW units : example of ∆T protections 

 

Figure 4 

900 MW units : example of protection system interve ntion 
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Figure 5 

EDF fleet : example of base load operation 

 

Figure 6 

EDF fleet : example of primary frequency control op eration 
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Figure 7 

EDF fleet : example of primary and secondary freque ncy control operation 

 

Figure 8 

EDF fleet : example of full grid follow operation 
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Figure 9 

EDF fleet : example of normal operation domain use 

 

Figure 10 

EDF fleet : EDF fleet : example of regulation bank insertion 
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Figure 11 

EDF fleet : example of ELPO because of generation/d emand balance 

 

Figure 12 

EDF fleet : example of ELPO for material unexpected  events 

 

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

06/05/15 11/05/15 16/05/15 21/05/15 26/05/15 31/05/15 05/06/15 10/06/15

N
et

 e
le

ct
ric

 p
ow

er
 (M

W
e)

Date

GOLFECH 1 cycle 19
Electric power diagram

Net electric power

short ELPOs due to
renewable energies

0

100

200

300

400

500

600

700

800

900

1000

01/09/13 01/10/13 31/10/13 01/12/13 31/12/13 30/01/14 02/03/14 01/04/14 01/05/14 01/06/14 01/07/14

N
et

 e
le

ct
ric

 p
ow

er
 (M

W
e)

Date

GRAVELINES 2 campagne 31
Power diagram

Net electric power

ELPO

ELPO

2 ELPO with a cumulated duration of 22 days



Page 13/16 

Figure 13 

EDF fleet : example of ELPO because of environment constraints 

 

Figure 14 

EDF fleet : example of exceptional ELPO (Steam Gene rator mud deposit) 
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Figure 15 

EDF fleet : example of exceptional ELPO (Electric g enerator cooling problem) 

 

Figure 16 

EDF fleet : example of exceptional ELPO (Steam Gene rator leakage mitigation) 
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Figure 17 

900 MW MOX/UOX units : examples of authorized ELPO durations 

 

Figure 18 

900 MW MOX/UOX units : examples of authorized ELPO durations 
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Figure 19 

EDF fleet : example of drastic ELPO restriction to 8 days 

 

Figure 20 

EDF fleet : example of drastic ELPO restriction to 8 days 
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Abstract 

 

Fuel failures resulting from severe local interaction between fuel pellets and cladding inner surface 

during, or subsequent to, a significant power increase are termed duty-related failures, including pellet-

cladding interaction (PCI) and pellet-cladding mechanical interaction (PCMI) conditions. PCI failures are 

initiated when cladding experiences high local stresses due to pellet expansion simultaneously with the 

chemical action of aggressive fission products on the cladding’s inner surface. In that sense,  the 

underlying failure mechanism is both chemical and mechanical in nature. Similarly, PCMI failures involve 

the mechanical loading with high cladding stresses but cladding fracture is due primarily to an 

embrittlement effect (i.e., hydriding). Fuel rod irradiation conditions (for example, burn-up 

accumulation rates and local power changes) leading to these interaction processes are sometimes 
characterized as the fuel duty. 

Nearly 5% of fuel failures in U.S. plants during 2000–2014 were closely related to such fuel duty 

associated with startups, mid-cycle power ascensions, control rod movement, or power maneuvering 

and, thus, believed associated with PCI and/or PCMI. The failure rate for duty-related failures has since 

been reduced through a number of mitigating technologies, designs and core operations as well as 

improved fuel pellet quality. Despite these trends, plant uprates, efficient core-design strategies, flexible 

power operations (i.e., load following), high fuel residences, and other considerations may further 

challenge margins to duty-related failures. Guidance and risk assessment tools for mitigating these types 

of failures have been developed and implemented, but require frequent reviews and adjustments to 
reflect the current state of the industry. 

This paper will introduce such guidance and risk assessment criteria based primarily on the deliberations 
of an industry collaboration of utilities, fuel suppliers and technical experts.     



 

 

Introduction 

 

In the 1970s and 1980s, duty-related fuel failures were not unusual in commercial plants, especially 

boiling water reactors (BWRs), and to a certain extent also in pressurized water reactors (PWRs). In 

response, a number of remedies were developed that would increase margin to these types of failures: 

 Introduction of ductile inner liners for BWR designs.  Cladding inner-surface liner concepts were 

introduced into fuel designs. The reduced stress concentrations in the Zircaloy-2 cladding with 

cladding inner surface liners and limited the fission product concentration at the Zircaloy-2 inner 

surface, thereby increasing margin to iodine-induced stress corrosion cracking (SCC). The low 

liner stress inhibits crack initiation on the inner surface and restricts fission products from 

reaching the Zircaloy-2 cladding, thereby eliminating the corrosive component to SCC and PCI. 

 More restrictive power change controls during startups and mid-cycle maneuvers. These were 

based on ramp tests performed in test reactors on then-contemporary fuel designs and 

experience gained from commercial reactor operation. Probabilistic-based criteria were 

developed based on separating failures from non-failures when operated at various 

preconditioning power levels then ramped to higher power levels at various ramp rates.  

 Transition to higher order fuel assembly arrays. This reduced individual fuel rod heat rates for 
the same assembly average power level. 

These remedies proved effective through much of the late 1980s and 1990s. More recently, the benefits 

of different fuel pellet types, and tighter quality control to prevent the operation of pellets with critically 

larger missing pellet surface (MPS) or chips, are now being realized. However, since the start of the 

2000s, there have been a number of duty-related failures,1 which have coincided with fuel rod power 

changes, and subsequent causal analyses and/or hot cell examinations have determined that the most 

likely failure mechanism in these cases was pellet-cladding interaction-stress-corrosion cracking (PCI-

SCC). These have included upwards of five confirmed PCI-SCC failures, and eight suspected failures due 

to power changes or increased fuel duty in BWRs. For PWRs, PCI-SCC was confirmed in only one reactor, 

but there are upwards of five more duty-related failures. In some cases the failure mechanism is known 

or believed to be PCI-SCC, while in others, pellet defects, namely MPS, appeared to play a role. Most 

recently, a duty-related failure in a BWR is likely associated with high residence time, high burnup 

effects and is therefore more aligned with a PCMI-type of failure. Regardless, power changes and 

increased duty are all common to these failures. 

The increased occurrence of such duty-related failures during operation in the 2000s, as shown in Figure 

1, suggests that the factors contributing to reduced margin are not well understood and/or operating 

regimes have changed without fully understanding the impacts on fuel behavior and margins  to failure 

[1]. The reduction in duty-related failures since the mid-2000s is mostly attributed to conservative 
power operations, improved pellet quality, and introduction of mitigating fuel designs and features.  

                                                                 
1
 For the context of this paper, it is important to note that duty-related fuel failures may include pellet-cladding 

interaction-stress-corrosion cracking (PCI-SCC) and/or pellet-cladding mechanical interaction (PCMI) mechanism. It 

is inherently difficult to determine the exact failure mechanism in operating fuel due to the complex thermal, 
chemical, mechanical, and microstructural conditions within the fuel rod and cladding. 



 

 

One means of increasing margins to duty-related failures is through operational restrictions (i.e., power 

maneuvering restrictions). Therefore this paper provides an overview of the basis for operational 

restrictions implemented by commercial plant operators and includes discussions of fuel conditioning 

and deconditioning. In this context, it is critical to understand the conservatisms in these operations be 

realized to improve operational efficiencies and thus the economics of power generation. This paper 

provides a basis for various criteria and risks to duty-related fuel failures. 

 

 

Figure 1 - Number of duty-related failures from recent operating experience [1] 

 

Additionally, guidance on performing cycle- and design-specific risk assessments is provided to help 

understand the relative change to duty-related failure margins, and generally speaking, how plants may 

further increase these margins. The paper will describe some of the generic approaches used by both 

reactor operators and fuel suppliers to assess the risk of fuel failure during planned power maneuvers 

and present different practices used to prevent failure while fuel is operating in the reactor. The 

approaches and practices provided are a compilation of responses provided by both utilities and fuel 

suppliers that can be used as reference material to support utilities in their individual approach to duty-

related failure mitigation. The approaches and practices to fuel failure mitigation should not be 

considered as required activities to be performed for each cycle of operation, but more as a set of tools 

that are available to help a reactor operator/engineer develop and implement a successful failure 

mitigation plan. Reactor operators should review their current practices for prevention of duty-related 

failures and determine if some of the criteria summarized in this paper could further supplement these 
practices.  

The operational practices, research results and fundamental understanding of duty-related fuel failure 

realized over the past decade serve as the bases for refining guidance to mitigate duty related failures, 

including that outlined in this paper. The most recent and suspected duty-related failures and research 

results of the past several years need to be further investigated to improve understanding of margins 

under operating restrictions that have been previously understood to be conservative and with 



 

 

sufficient margin. As plants also evaluate flexible operations, understanding margins to duty-related fuel 

failures under various operating scenarios is important to ensure failures are eliminated or otherwise 

minimized. 

 

Power Maneuvering Guidance for Duty-related Failure Mitigation 

Preventing the occurrence of duty-related failures is a critical consideration in the operation of a LWR 

power plant. The consequences of this fuel rod failure mechanism can impact plant operational 

efficiency by limiting flexibility in reactor operation, increasing reactor outage times to locate and 

identify leaking fuel rods, and increasing radiation exposure to plant equipment and personnel. The 

most widely used approach to mitigate the occurrence of PCI failure has been to impose restrictions on 
the power ascension rates used to increase the overall reactor or local fuel rod power.  

As discussed in the previous seminar [2] and other synthesized work [3], the magnitude and rate of 

power increases are key factors in the duty-related failure process. The operational restrictions to 

mitigate PCI failures are provided as power maneuvering guidance (PMG) documents from the fuel rod 

vendors as part of the fuel warranty and contract arrangements. The PMGs contain recommended 

power maneuvering restrictions that should be used when a vendor’s fuel type is being operated in -

reactor. 

These recommendations typically include controlled power ramp rates, threshold power levels to 

initiate controlled ramp rates (with or without power level hold periods), and restrictions on the 

operating conditions that impact the potential for duty-related failure. The purpose of the PMGs is to 

allow time for stress relaxation mechanisms to reduce cladding stress buildup during power maneuvers. 

Most, but not all, utilities generally incorporate a conservative representation of the vendor PMGs in the 

Fuel Operating Practices (FOPs) provided to the operators for use in reactor startup following a refueling 

outage, mid-cycle power changes, and power distribution adjustments. Two general approaches have 

been adopted in the development of PMG to mitigate duty-related failures in operating commercial 

reactors. The more traditional approach relies primarily on past operational experience of similar fuel 

rod and plant configurations, and power ramp testing of representative fuel rod designs to develop a 

‘safe’ operating domain relative to power preconditioning, power ramp rate and maximum power. The 

second approach uses an analytical methodology where a figure-of-merit representative of duty-related 

fuel failure vulnerability, generally cladding hoop stress, is calculated using a fuel performance code. 

Power ramp tests and operational experience are used to develop the figure-of-merit over a wide range 

of operating conditions, which then provides a probabilistic-based threshold curve that separates failed 

rods from non-failed rods. The analytical methodology is used to construct power ramp rate and 

threshold power regimes that describe this ‘safe’ operating domain. PMG developed using the second 

approach can allow for the consideration of unique circumstances specific to a particular operating 

reactor. 

In both approaches, the resultant PMG is then implemented in the fuel operating practices used in 

commercial plants. As will be discussed later in this paper, utility engineers may choose to add 

additional reductions in ramp rate or threshold power in the application of the vendor PMG to ensure 

that various inputs, conditions, parameters and criteria are not exceeded during plant operations. 



 

 

Furthermore, the PMGs may be modified as necessary to preclude duty-related failures as plant 
operating and/or fuel designs change or other factors affect failure margins. 

A more detailed discussion of these two approaches is provided elsewhere [2, 3], and only generic data 

and references are provided and discussed in this paper. It is not the intent of this paper to provide an 
exhaustive review of either approach.  

 

Use of Ramp Test Data and Operational Experience 

The traditional approach to develop power maneuvering restrictions and fuel rod conditioning / 

deconditioning conventions has been to use operational experience from commercial reactor fuel 

combined with the results from power ramp tests. Because of the low frequency of duty-related failures 

in commercial reactors, power ramp test programs have been performed to evaluate the important 

variables such as cladding material susceptibility, burnup accumulation, preconditioning power, and 

peak power on the failure process. Further, by reviewing and contrasting the operating conditions in 

commercial reactors with successful power maneuvers (i.e., no duty-related failure) and those with 

failures, the industry has been able to identify some of the operating variables that influence the PCI and 

PCMI failure process. Both the experimental data and the operating experience on the conditions that 

lead to duty-related failure have been used to define a regime of operation with low failure probability. 

Ensuring operation within this power operating regime is achieved by imposing power maneuvering 
restrictions. 

Power ramp tests like that shown in Figure 2 [4] have been performed in experimental reactors to 

mostly study the PCI failure process such as, GETR, R2 at Studsvik, OSIRIS at CEA-Saclay, DR3 at Risø, the 

Halden BWR, etc. since the late 1960s. In these tests, conditioned rod segments, general ly commercial 

designs irradiated in commercial plants, are ramped under varying conditions of preconditioning power, 

power ramp rate, and peak power.  

Through the use of a number of ramp tests, a ‘safe’ operating domain can be established in terms of a) 

the conditioning power level prior to the ramp test, b) characteristics of the ramp test itself (i.e., the 

ramp rate and the power change relative to the preconditioning power level), c) test rod exposure, and 

d) the test rod design characteristics. A failure threshold, comprising the upper boundary of the safe 
operating domain, separates the failed rods from the non-failed rods as a function of these parameters. 



 

 

 

Figure 2 – Power ramp test sequence strategy [4] 

Figure 3 provides the results of power ramp tests and the resulting failure thresholds for liner and non -

liner BWR fuel designs fabricated by General Electric (now, Global Nuclear Fuel) and Framatome ANP 

(now, Areva) [5]. Rod integrity status (i.e., failed or non-failed) is plotted as a function of ramp terminal 

power level (i.e., maximum power at end of ramp) and rod segment exposure. A similar plot for two 

different cladding alloys used in PWR fuel designs is shown in Figure 4 [6]. Many plots of this type are 

provided in the open literature and the data shown in Figures 3 and 4 are presented only as examples.  

 

As shown in these figures, the traditional approach to evaluate the data from power ramp test programs 

is to study the trends of the rod integrity status as functions of the rod segment burnup, preconditioning 

power [P(tn-1)], peak power at the top of the power ramp [P(tn)], and the change in power [ΔP = P(tn) – 

P(tn-1), where tn > tn-1]; refer to Figure 2 to see this graphically. However, these evaluations have in 

general not been able to fully represent all the different characteristics of fuel duty and conditions that 

cause cladding failure. This is evidenced by the fact that distinct separation between the failed and non -

failed rods is not achieved for these evaluations as shown in the examples. Billaux proposed that the 

shortcomings in evaluating the ramp test data using this empirical approach may be due to the inability 

of these traditional parameters to properly capture both the conditioned state of the test rods and the 

resulting damage imposed by the power increase [7]. Such understanding is the main motivation to 

apply improved analytical methods to the prediction of the duty-related failure process. As a result of 

these uncertainties, some level of margin to the failure thresholds deduced from power ramp test 

results such as those shown in Figures 3 and 4 has been introduced in the development of power 

maneuvering restrictions to be applied to commercial reactor fuel operation. 

 



 

 

 

Figure 3 – Duty-related failure thresholds for liner and non-liner BWR fuel designs fabricated by two fuel 
suppliers; solid points are cladding failures by imposed fuel duty [5] 

 

Transposing the ramp test results to power maneuvering restrictions has generally used some 

combination of in-reactor operational experience, engineering judgment, and sometimes fuel 

performance code evaluations. Such an approach is needed because the rese archers have found that 

the power levels and ramp rates leading to failure of short fuel rod segments in power ramp tests can be 

much higher than that experienced under normal fuel operating conditions in a light water reactor 

(LWR). Since operating experience indicates that duty-related fuel failure is possible in commercial 

reactor operation, margins to these failure conditions are introduced when the restrictions on power 

ramp rates and power threshold levels are developed and implemented. This margin accounts for 

uncertainties in the experimental conditions of the test rods and the inability of the ramp test programs 
to span the possible ranges of operating conditions in commercial reactors.  

 



 

 

 

Figure 4 – Duty-related failure thresholds for Zircaloy-4 and ZIRLO-clad PWR fuel designs; redrawn from 
original reference [6] 

 

Analytical Methods in Support of Power Maneuvering Guidance 

Analytical methods have recently been used to support the development of PMG to mitigate duty-

related failures. The use of analytical methods range from interpretation of ramp test results up to and 

including development of PMGs based on modeling the fuel rod behavior during projected power 

maneuvers or Anticipated Operation Occurrences (AOOs) [8]. The use of analytical methods for PCI 

evaluations and PMG development has continued to evolve with the advancement of fuel performance 

modeling capabilities. The general approach to apply analytical methods for duty-related (mostly, PCI) 

failure mitigation in operating reactors has been to use the results from steady state irradiation and 

ramp test programs to develop many qualified fuel performance codes across the industry and research 

organizations. The result is the identification of a duty-related failure limit parameter, typically cladding 
hoop stress, which can be used to define a boundary between failed and non-failed behavior. 

Once such a code has been qualified and the duty-related failure limit parameter established. Then a 

methodology can be developed to apply these tools over a wide range of operating conditions to assess 

the margin to duty-related failure. Part of this methodology would include sensitivity evaluations that 

can be used to define power maneuvering restrictions to ensure that the limit parameter never exceeds 

the critical value. EdF has used such an approach to develop restrictions on extended low power 

operation or to impose more restrictive operating envelopes to preclude PCI failure during a Class 2 
transient (AOOs) [8]. 

 

Duty-related Failure Risk Assessment 



 

 

The potential for duty-related failure in commercial light water reactor fuel is influenced by several 

interacting elements, including 1) the local operating conditions as defined by the nodal burnup, nodal 

conditioning power and the nodal peak power during a change in power; 2) the rate at which the power 

change is implemented; and 3) the fuel rod characteristics (e.g., cladding material susceptibility to stress 

corrosion cracking, pellet and cladding irradiation and thermal performance, and initial fuel rod design 

and quality). Changes in one or more of these elements can have a positi ve or negative effect on the 

failure probability during power maneuvers. As discussed previously, the main element used to reduce 

the potential for duty-related failures has been through controls on the rate at which power changes are 

implemented. 

Controlling the rate of power increases, however, is only one element in the duty-related failure 

process. In general, vendor PMGs were developed under the assumption that fuel rod cond ition 

remained essentially unchanged. Operating strategies have evolved because of larger demand for 

energy output from the reactor which has impacted the local operating conditions in the fuel and these 

higher fuel demands have also elevated the relevance of fabrication quality. Because of this ever 

changing environment in which fuel rods are operated, procedures or methods are needed within the 

core design and reactor operations processes to assess the risk of duty-related failure during planned 

power maneuvers. 

The purpose of this next section is to provide an overview of the factors that can influence the potential 

for duty-related failure, especially when changes are introduced in these factors. Also, a procedure to 

assess PCI failure risk in PWR fuel is presented; note this is also extensible to PCMI-type failures. The 

procedure was developed based on the PCI failure margin evaluation described earlier, and this 

procedure represents one method that may be used by a utility to assess the potential for PCI failure 

and plan options to mitigate their occurrence. Other methods used to assess the risk of PCI failure that 

have been or are being used by vendors and utilities are summarized elsewhere [3]. 

 

Risk Factors to Consider 

Within the three elements of local operating conditions, power maneuvering rates, and fuel design, 

there are many factors that interact together to shape the duty-related failure risk during a power 

increase, either at reactor startup following a refueling outage or a mid-cycle power maneuver. Below is 

a list of factors that should be considered in a duty-related failure risk assessment when changes are 

introduced at a plant. The factors have been grouped into three main categories: Core Design, Power 

Maneuvering, and Fuel Design (see Table 1 through Table 3). The information shown in Table 1 through 

Table 3 is an attempt at a comprehensive list of the most important factors that can influence the  duty-

related failure margin. Other factors limited to a particular reactor type or fuel design are possible and 
should also be considered in a plant specific risk assessment. 

 

Table 1 - Core design duty-related failure risk factors 

Risk Factor Change  
Reason for Reduced 

Duty-related Failure Margin 

Nodal power Increases in nodal power peaking Higher local power levels enhance fuel expansion 



 

 

peaking cause higher local powers. and can increase cladding stresses. 

Nodal burnup Increases in nodal burnup cause 
additional pellet swelling and cladding 
creep, potentially reducing the pellet-
cladding gap, depending on the 

operating history. 

Reduction of the pellet-cladding gap decreases the 
conditioned power of the fuel rod, thus increasing 
the cladding stress for any future power escalation. 
The conditioned state defines the ability of the fuel 

rod to accommodate a power increase without 
raising the cladding stress. 

Delta power Increasing the nodal power change 
(ΔP) produces more pellet expansion. 

Increasing the pellet expansion causes additional 
gap closure and higher cladding stresses, depending 
on the conditioned power of the fuel rod. 

Sequence 

exchange 
frequency 

Lengthening the sequence exchange 

frequency causes longer period at 
lower power for rods covered by 
inserted control blades. 

Low power operation causes fuel rod 

deconditioning, i .e. decreases the fuel rod ability to 
accommodate a power increase. Future power 
escalation will increase cladding stresses. 

Cycle length Increasing cycle length causes the 
local burnup to increase and can 

decrease the end of cycle operating 
power. 

See Nodal Burnup Change. 

Coastdown 
length and final 

power 

Extending cycle coastdown at EOC 
decreases the fuel rod power levels. 

Operation at lower LHGR at EOC causes fuel rod 
deconditioning, i .e. decreases the fuel rod ability to 

accommodate a power increase. Future power 
escalation during reactor startup will increase 
cladding stresses. 

Extended 
operation at 

low (or 
reduced) 
power 

Extended operation at low power 
(e.g., unit derate, peripheral fuel 

moved inward, failed fuel power 
suppression) cause fuel rod 
deconditioning. 

Operation at lower LHGR at EOC causes fuel rod 
deconditioning, i .e. decreases the fuel rod ability to 

accommodate a power increase. Future power 
escalation during reactor startup will increase 
cladding stresses. 

Core average 
power 

Increasing core average power 
increases the local power and burnup 

or alternatively increases the number 
of high power nodes. 

Higher local power levels enhance fuel expansion 
and can increase cladding stresses. 

Loading 
pattern, 
batch size 

Changes in the assembly loading 
pattern strategies and new fuel batch 
size can increase local power. 

Placement of certain fuel assemblies can result in 
exacerbating the increase in power between one 
cycle and the next. Large positive power changes 

can increase the cladding stress. 

ΔP = P(tn) – P(tn-1), where tn > tn-1           EOC = End Of Cycle  LHGR = Linear Heat Generation Rate 

  



 

 

Table 2 – Power maneuvering duty-related failure risk factors 

Risk Factor Change  
Reason for Reduced 

Duty-related Failure Margin 

Power 
threshold 

Increasing the power threshold 
extends the operating range for fast 

power ramps 

Fast power ramps enhance the cladding stress increase 

Power 

ascension 
rate 

Increase in power ramp rate Reduces the amount of cladding stress relaxation during 

power increase, resulting in higher cladding stresses at 
completion of the power maneuver. 

Control rod 
withdrawal 

rates 

Increase in withdrawal rate Reduces cladding stress relaxation during power 
increase, resulting in higher cladding stresses at 

completion of the power maneuver. 
Constant 

power 
hold periods 

Decrease frequency, power level, 

and duration 

Reduces time for stress relaxation, resulting in higher 

cladding stresses at completion of the power maneuver. 

Axial power 
offset 

control 

Less control of axial deviation in 
power shape during power increase 

Increases local power peaking, resulting in higher 
cladding stresses at completion of the power maneuver. 

 

Table 3 – Fuel rod design duty-related failure risk factors 

Risk Factor Change  
Reason for Reduced 

Duty-related Failure Margin 

Cladding 
material 

Fabrication processes, material 
constituents, etc. 

Modification of cladding material constituents and 
fabrication processes can change the stress at which 
duty-related failure is l ikely 

Pellet 

thermal 
creep 

Decrease pellet thermal creep rate Reduce pellet stress relaxation, resulting in higher 

cladding stresses at completion of the power maneuver. 

Cladding 
thermal 
creep 

Decrease in cladding thermal creep 
rate 

Reduce stress relaxation during power increase, 
resulting in higher cladding stresses at completion of the 
power maneuver. 

Cladding 

irradiation 
creep 

Increase in cladding irradiation 

creep rate 

Faster deconditioning rate 

Clad 
thickness 

Reduction of wall thickness Increases cladding stress  

Pellet-
cladding 

gap 

Reduction of pellet-cladding gap 
thickness 

Gap closure at lower burnup and enhanced 
cladding stress during power increase 

Rod internal 

pressure 

Reduction of initial gas pressure Larger inward pressure differential causes enhanced 

cladding creepdown and a faster deconditioning rate 
that results in lower conditioned powers. Future power 
escalation will increase cladding stresses. 

Pellet defects Increase in MPS defect size and 

frequency 

High cladding stress concentrations 

Pellet density Increase in as fabricated pellet 

density 

Reduces fuel densification, fuel pellet creep (or stress) 

compliance rate and swelling accommodation, 
producing a faster deconditioning rate that results in 
lower conditioned powers. Future power escalation will 

increase cladding stresses. 



 

 

A Duty-related Failure Risk Assessment Procedure for LWRs 

Various methods have been used by utilities to assess the PCI failure risk of a given power maneuver or 

reactor startup, with the most popular being comparison of planned operating conditions (nodal burnup 

and nodal power) to their previous experience base. While  this method has worked well in mitigating 

the occurrence of duty-related failures, uncertainty exists in this approach because the level of margin 

to failure is mostly unknown, and therefore it is difficult to assess the impact on failure risk of less 

obvious changes in operation and fuel rod characteristics. As an alternative to current approaches, a 

PCI/PCMI Risk Assessment Procedure (PRAP) has been developed based on the duty-related failure 

margin evaluations performed using the Falcon fuel performance code [9], or any other qualified fuel 

performance code. This procedure only represents one method to assess the risk of duty-related failure. 

Other procedures to assess failure risk are available that have been used by different fuel vendors and 

utilities and a summary of several of these procedures is provided elsewhere [3] and in the open 

literature. The PRAP has not been fully validated throughout the industry and is provided as an 

alternative approach that utilities may choose to perform a plant-specific duty-related failure risk 
assessment. 

The analytical evaluation of the duty-related failure margin in the current fuel PMGs has been 

performed using a select set of reactor cycles, operating strategies and fuel designs found in plants that 

span the range of operation in the current PWR and BWR fleet. To define the duty-related failure margin 

for all plants and fuel operating cycles using such an analytical methodology would require a 

tremendous amount of effort that may be unwarranted in most cases. As an alternative, a risk 

assessment procedure has been developed to generalize the results of the duty-related failure margin 

evaluation using just a few plants with application to a wider spectrum of plants and reactor cycles using 

cycle-specific information readily available to a utility engineer. The main objective of the risk 

assessment procedure is to provide a means by which a utility engineer may quantitatively estimate 

duty-related failure margin that exists during the startup of a reactor cycle following a refue ling outage 

for a specific fuel design and previously operated set of reload fuel assemblies. 

The following PRAP example is limited to PWR reactor fuel and only applies to reactor startups after a 

refueling outage or a restart from a fully deconditioned fuel state after a period of low power operation 

following reactor shutdown. Currently, the PRAP does not apply to planned or unplanned mid-cycle 

power maneuvers such as a return to full power following a reduction in power for equipment 

maintenance or testing. For BWRs the use of inner-liner cladding introduces more uncertainty that must 

be adequately represented before this PRAP can be extended beyond PWR applications.  The delta-

LHGR and maximum allowable MPS-size margin obtained using the PRAP is based on the assumption 

that the reactor is operated in accordance with the power threshold and ramp rates provided in the 

applicable vendor PMG document. The impact of using FOPs that are more restrictive than the vendor 

PMG on the margin results obtained using the PRAP have been evaluated through sensitivity analyses 

and are summarized elsewhere [3] for a select set of alternative power maneuvering rates and threshold 
power levels. 

The application of the PRAP by a utility or fuel vendor provides a unique approach of quantifying a 

conservative estimate of the margin to duty-related failure for a cycle-specific reactor startup. Using 

information from the most susceptible assemblies, the PRAP identifies the most representative case 

study in an available dataset, and once identified, the detailed duty-related margin evaluation for the 



 

 

representative plant can then be applied to the plant of interest. The PRAP considers the impact of 

power uncertainty and MPS defects on the failure margin. Once the failure margin has been estimated, 

alternative fuel operating practices or core design strategies can be applied to reduce the potential for 

PCI failure. A step-by-step example using the new PRAP to quantify the PCI fai lure margin in terms of 

maximum nodal power and maximum allowable MPS size is provided as follows. The PWR PRAP consists 

of four (4) main steps that begin with cycle specific information, and upon completion of the last step, 

produces a conservative estimate of the margin for a plant specific reactor startup. Figure 5 contains a 

graphical representation of the PRAP, highlighting the main input and output for each of the four steps. 

The PRAP uses the nodal pin power and nodal burnup information at the end of the previous cycle (N -1) 

and upon completion of the reactor startup at the beginning of the next cycle (N) for the once -burned 

assemblies to identify the duty-related failure margin. Because the mechanisms leading to duty-related 

failure are controlled by the local conditions of power, burnup and power increase, the use of pin -by-pin 

nodal information was necessary. Since a simple relationship between the nodal power and burnup 

information and the global reactor and assembly parameters used to design and operate the plant does 

not exist, the PWR PRAP was developed on a nodal basis. Pin-by-pin nodal information for Cycle N-1 and 

Cycle N may be obtained from core simulation codes such as ANC, NEMO, SIMULATE, etc.  

 

 

Figure 5 – PWR PCI (duty-related) risk assessment procedure [3] 



 

 

The primary purpose of the PRAP steps is to identify the PCI case study plant contained in the PCI 

Guideline (GL) [3] that best represents the plant of interest. Once the representative plant is known, 

then the PCI margin is obtained from the case study plant found in companion vendor-proprietary 
documents reference in the PCI Guideline [3]. As an example, the PWR PRAP steps are: 

1. Develop Nodal Information for PCI Susceptible Assemblies: Identify the maximum nodal power 

(Pmax) from the once-burned assemblies with the highest nodal power and the largest change in 

nodal power. These two assemblies represent the most PCI susceptible assemblies during the 

reactor startup. Once the rod and axial nodal locations have been defined from the key 

assemblies containing Pmax, use the pin-by-pin nodal information from the cycle depletion for 

the previous cycle (N-1) and the expected nodal power at full power statepoint at the start of 

the planned cycle (N) to obtain the corresponding conditioned nodal power and corresponding 

nodal exposure just prior to the reactor startup of interest. The conditioned nodal power is the 

nodal power just prior to initiation of EOC shutdown. For cycles undergoing coastdown, the 

conditioned nodal power is the nodal power at the end of the coastdown, just prior to EOC 

shutdown. 

2. Review PCI Guideline Case Studies to Identify Representative Plant: Using the preconditioning 

envelope maps from available case studies, identify the case study that bounds the cycle-

specific nodal preconditioning power and burnup associated with Pmax. The PCI Guideline case 

study identified by this approach is defined as the representative plant for the cycle -specific 

assessment. 

3. Determine Nodal Power at Conditioned State of Pmax for PCI Guideline Case Study: Calculate the 

bounding power (Pbound) for the PCI Guideline case study at the nodal preconditioning power and 

burnup for Pmax using the power-burnup relationship for the representative plant contained in 

the applicable vendor proprietary report. The purpose for determining Pbound is to assess 

whether a stress analysis has been performed for the nodal conditioning power, the nodal 

burnup and the peak nodal power conditions expected in the cycle -specific reactor startup. 

4. Identify Margin to PCI Failure: Compare the Pmax from Step 1 and Pbound from Step 3. If Pmax is less 

than Pbound then the stress analysis performed for the PCI Guideline case study (representative 

plant) provides a conservative estimate of the PCI margin for the plant of interest. If  Pmax is 

greater than Pbound then the margin to PCI failure is less than that determined for the PCI 

Guideline case study or the margin is indeterminate because the conditions reside outside the 

experience base spanned by the PCI Guideline case studies. In either situation, further action is 

required to ensure that sufficient margin exists within the utility fuel operating practices to 
preclude PCI failure. 

The PWR PRAP described above provides an approach to quantify a lower bound estimate for the 

margin to PCI (duty-related) failure for a cycle-specific reactor startup. Using information from the PCI 

susceptible assemblies, the PRAP attempts to identify the most representative case study included in 

the PCI Guideline development work and once identified, the detailed PCI margin evaluation for the 

representative plant can then be applied to the plant of interest. The PRAP considers the impact of 

power uncertainty and MPS defects on the failure margin. Lastly, the PRAP provides alternatives to 
address situations in which the margin to PCI failure is insufficient or indeterminate. 

 



 

 

Options for Increasing Duty-related Failure Margins 

In the event that a duty-related failure risk assessment identifies possible susceptibility or reductions in 

failure margin, generally three options are available to increase the margin to duty-related failure or 

reduce the impact of adverse changes to core design, plant operation or fuel design. These options are:  

 More restrictive fuel operating practices can be implemented during the reactor startup that 

would allow for cladding stress relaxation effects to reduce the maximum cladding stress 

achieved during the reactor startup. Modifications to the FOPs include using a reduced power 

ascension rate, adding constant power hold periods or some combination of both. Utilities 

should consult with their fuel vendor on appropriate modifications to the fuel operating 

practices. 

 A cycle-specific duty-related failure margin evaluation can be performed using the methodology 

described earlier or a similar methodology based on alternative fuel performance codes. Factors 

that may be considered in a cycle-specific duty-related failure margin evaluation include the use 

of power ascension rules that differ from the vendor PMGs and the nodal burnup, 

preconditioning, and peak power conditions for the assemblies of interest. During the cycle-

specific evaluations, feedback into the cycle design and fuel loading pattern development 

process can also be used to improve PCI margin. 

 The cycle design can be modified to decrease nodal power peaking factors and nodal power 

changes (ΔP) in key high power assemblies. Modifications to the core design can include fuel 

shuffling changes to reduce the placement of high gradient assemblies into the interior of the 

core and reducing peaking factors by designing lower radial peaking factors (flatter core power 
distribution). 

Utilities have used these methods separately or in various combinations to reduce the potential for 

duty-related failures during reactor power maneuvers. The selection of the desired method and the 

implementation of any plant changes to prevent duty-related failures are dependent on the plant 

operating requirements (cycle energy, power maneuvering flexibility, etc.) and the failure risk deemed 

acceptable by the plant operator.  

 

Conclusions and Summary 

An experienced team consisting of several utilities, all major fuel vendors, and industry expert 

consultants representing a broad spectrum of core design, reactor engineering, and fuel performance 

backgrounds provided overall direction in the development of guidance and risk assessments for duty-

related fuel failures, including those resulting from thermal, chemical, mechanical and/or 

microstructural effects of pellet-cladding interaction with stress-corrosion cracking (PCI-SCC) and pellet-

cladding mechanical interaction (PCMI). The intent of this guidance was to develop a sound basis for 

failure criteria, but not require individual utilities to perform cycle -specific code-based analyses for 
implementing this guidance. 

The guidance and risk assessment criteria of this paper are based on various analyses of carefully 

selected fuel rod cases from recent operating experience where duty-related failures were either 

confirmed or strongly implicated. Also analyzed were several  thousand fuel rod cases that operated 



 

 

successfully from plants representing low-, medium-, and high-fuel-duty operations on a core-average 

basis. Failure cases were evaluated with fuel performance codes to identify fuel rod design and 

operating characteristics leading to failure. From these analyses, the various risk factors and options for 
increasing margins to duty-related failures were introduced.  
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Abstract 

In order to cope with the core flexibility operating flexibility requirements, to enhance the fuel reliability and 

to reduce the risk of late loading pattern modifications, Tractebel (ENGIE) has developed a loading pattern 

PCI risk assessment (LPPRA) tool, as part of the loading pattern fuel reliability assessment procedure (LP-

FRAP), and has implemented it in the current core design and safety evaluation process. This paper presents 

the Tractebel core design and safety evaluation process, the motivation and approach for LPPRA 

development, as well as the applications. 

Key words: Code design, Flexibility, Loading pattern, PCI, PCMI. 

1. Introduction 

ENGIE Electrabel, the owner and operator of the 7 Belgian nuclear power plants (NPPs), is committed to 

reliably supply customers with safe, competitive and environmentally friendly energy and services. In this 

context, Electrabel is dedicated to operate Doel and Tihange NPPs with a high level of safety and reliability. 

Tractebel (ENGIE), as the Architect Engineer and the Owner’s Engineer, is responsible for fuel 

procurements for all the 7 Belgian NPPs, core design and safety evaluation for 5 Belgian NPPs.  

 

In the core design and safety evaluation process for Belgian NPPs, Tractebel is responsible for the core 

loading patterns design, while the Fuel Vendors are responsible for verification of the loading pattern for the 

fuel design aspects. One of the fuel design verification is related to the verification of the PCI/PCMI aspects, 

either by Condition II transient power limit verification or by specific PCI margin verification. The objective 

of this PCI/PCMI verification is to ensure the reliability of the fuel during operation. 

 

In recent years, large scale deployment of intermittent renewable energy sources in Europe and in Belgium 

has introduced significant and irregular variations in the power supply such that balancing electricity supply 

and demand has become increasingly difficult. Therefore, as requested by the grid operator, Electrabel has to 

operate some NPPs in a flexible way, including extended power modulations (EPMs), or extended reduced 

power operation (ERPO) [1]. This requires further adaptation of the core design process and enhancement of 

the fuel design verification, including the development of loading pattern fuel reliability assessment 

procedure (LP-FRAP). 

 

In order to enhance the fuel reliability and reduce the risk of late loading pattern modifications, Tractebel has 

developed a loading pattern PCI/PCMI risk assessment (LPPRA) tool, as part of the loading pattern fuel 

reliability assessment procedure (LP-FRAP), and has implemented it in the current core design and safety 

evaluation process. In LPPRA, the PCI/PCMI risk is assessed during the loading patterns design process 

based on the core neutronic calculation results using the Tractebel’s LWP 3D code package. This assessment 

is based on the simple guidelines and correlations which are either provided directly by the Fuel Vendors, or 

developed by Tractebel using the vendors’ fuel design verification results from the previous cycles. To 

enhance the reliability of the assessment tool, some correlations are continuously calibrated and updated on 

mailto:jinzhao.zhang@tractebel.engie.com
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the basis of the Fuel Vendors’ results. In particular, the correlations will be adapted to cope with the 

requested plant operational flexibility like EPMs.  

2. The PCI/PCMI phenomena and fuel design verification  

2.1. The PCI/PCMI phenomena 

At the beginning of irradiation of the fuel loaded in a NPP, there is a circumferential gap of typically 85 μm 

in radius at cold state between the surface of the fuel pellets and the inner surface of the cladding tube. On 

the initial power ramp following reactor startup, this gap is reduced gradually through thermal expansion of 

the pellet and creep of the cladding. It becomes less distinct due to the ceramic pellets crack under the 

influence of the radial temperature gradient. The gap between the pellet surface and the cladding inner 

surface is further reduced as the pellet fragments relocate radially outwards. The free volume is then shared 

between the residual gap and the space between pellet fragments. 

 

As irradiation proceeds, the cladding diameter reduces by creep, driven by the compressive hoop stress 

induced by the difference between coolant pressure and the internal pressure of the fuel rod. Eventually, the 

cladding creeps down onto the fuel, finally eliminating the fuel-to-clad gap and moving the pellet fragments 

closer together. This gap closure occurs roughly during the second cycle of irradiation in the burnup range of 

10-20 GWd/tU for most claddings. Prior to gap closure, the cladding is under compressive hoop stress. Once 

the gap is closed and the cladding and pellet fragments are in contact, the hoop stress reduces. It eventually 

becomes positive when all the internal free space is exhausted and the pellet fragments are in “hard” contact. 

 

At any stage of irradiation, an increase in power also can cause the pellets to expand through both thermal 

expansion and fission product swelling, which induces a positive hoop stress in the cladding. The immediate 

reaction of the cladding is to expand outward by elastic deformation and subsequently by plastic strain and 

creep, thus reducing the interfacial stress. This interaction between the fuel pellet and the cladding is usually 

termed pellet-clad mechanical interaction (PCMI).  

 

If the clad hoop stress becomes sufficiently large and the pellet temperature is high enough to release 

corrosive fission products, internal cracks may be initiated at the inner surface by irradiation-assisted stress 

corrosion cracking (SCC). The cracks would grow under the influence of the maintained hoop stress, such 

that the cladding eventually fails. This failure is usually referred to as pellet-clad interaction due to stress 

corrosion cracking (PCI-SCC, or simply PCI) [2][3]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic view of the sufficient conditions for PCI-SCC [3]. 

 

During extended reduced power operation (ERPO), the thermal contraction of the fuel pellets causes re-

opening the pellet-cladding gap or the gaps between the pellets fragments after a power reduction. If the 
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reduced power operation is maintained long enough, the fuel cladding will creep down and close the gaps 

again. The fuel element is then considered as re-conditioned at this lower power level. When the reactor core 

goes back to full power later on, tensile stresses will appear in the cladding. Those residual stresses will 

increase the susceptibility to PCI/SCC. 

 

Experience has shown that the cladding of fuel rods might fail due to either PCMI or PCI during normal 

reactor operations (including ERPO) prior to the designed end-of-life condition, although there has only been 

a low incidence of PCI/PCMI failures in PWR cladding [2][3]. However, recent experience shows that PCMI 

failure may be possible in PWR fuels with pellet defects (e.g., missing pellet surface or MPS) [4][5].  

 

In response to the regulatory and operational requirements, the industry has addressed PCI/PCMI through 

improvements in fuel design, manufacturing, core design and operation. Fuel design approaches to prevent 

failure due to PCI have focused on both pellet and cladding. Modifications to both the pellet and the cladding 

design, and tighten the fuel pellet quality inspection as well core design and operating  have proven effective 

at reducing risks to PCI failure. 

 

2.2. The PCI/PCMI Design basis and design limits 

PCI limits and rules are not licensed in all countries [9]. In general, each NPP is designed to cope with a 

certain number of small fuel failures, and Technical Specification limits (particularly the I-131 concentration 

level in the primary coolant) will bound plant operation with limited fuel failures including PCI. Therefore, 

in order to maintain low probability of fuel cladding failures caused by PCMI/PCI, appropriate operational 

limits on power changes and power ramp rates of change should be determined such that the power-ramp 

failure thresholds are not exceeded [8]. 

 

In Belgium, the USNRC rules and standards are mostly followed for ICFM fuel design and safety evaluation 

[10]. The current USNRC regulation does not have any specific requirements for fuel failures induced by 

PCI/PCMI, but two design criteria under Anticipated Operational Occurrences (AOOs) or Condition II 

transients can be considered as related to PCI/PCMI failures [11]:  

• The uniform strain (elastic and inelastic) in the cladding should be less than 1 %; and  

• Fuel melting should be avoided.  

 

It has been observed that although respecting this strain limit may preclude some PCI and PCMI failures, it 

will neither preclude the corrosion-assisted PCI failures that occur at low strains nor the highly localized 

strain-driven failures introduced by MPS on the outer fuel diameter [11]. However, the USNRC considers 

that PCI/SCC has low safety significance, because it has no challenge to 

 core coolable geometry; 

 pressure vessel integrity; 

 containment integrity; 

 systems designed to mitigate transient and minimize offsite activity releases. 

 

Also, USNRC considers that PCI/SCC failure has low probability of occurrence, because the magnitude and 

duration of the power excursion are limited: the maximum power level must remain below automatic trip set 

points, and the duration below timing for reasonable Operator response [12]. 

 

The generalisation of load follow operation in all French NPPs in the 1980s was subjected to requirements 

from the French nuclear safety authority for guarantees against PCI failure during Condition II conditions.  

Since then, the French safety requirements impose that no fuel failure by PCI should occur during normal 

operation, as well as during accidental situations [13]. This led to the definition of the so-called PCI 

technological limit based on the power ramp tests, and the development of analytical PCI verification 
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methods based on detailed neutronic transient calculations and thermal mechanical calculations, in co-

operation with the Fuel Vendor AREVA [13]. 

 

During major plant modification projects (e.g., power uprate and steam generator replacement) or fuel design 

changes, the Belgian Technical Support Organization (TSO), Bel V, also accepted to apply the similar PCI 

technological limit and verification methodology by AREVA for certain Belgian NPPs with their fuels, 

although the Belgian NPPs are not in load follow operation. However, there is no requirement to perform 

cycle specific PCI verification as did in France. 

 

2.3. The PCI/PCMI empirical operating rules 

The PCI/PCMI phenomenon has been extensively investigated after multiple PCI failures during the 70's. In 

the context of nuclear fuel reliability, Fuel Vendors have introduced fuel operational limits on power 

manoeuvring and rate of power ascension to prevent PCI or PCMI. To establish and validate these limits or 

rules, extensive power ramp tests were performed in the STUDSVIK and PETTEN test reactors. The failure 

threshold of the cladding is known very well up to 40 GWd/t and for power ramps well beyond normal 

operation. A certain amount of ramp testing has also been performed at higher burnups (up to 60-70 GWd/t) 

later on, e.g. in France. At high burnup (higher than 40 GWd/t) fission gas release becomes increasingly 

important and due to increased releases in iodine, cadmium and cesium the gap gas composition is more 

aggressive and can enhance PCI induced fuel cladding failure. Also the mechanical interaction between the 

fuel pellet cladding (bonding) is becoming an increasingly important phenomenon in the high burnup area.   

 

The operating management recommendations were provided to limit local power increases and to condition 

fuel to power ramps. These limits are valid for a specific fuel design. Verification of these rules was 

performed in various commercial NPPs. The limits have satisfactorily resolved the problem at the expense of 

restricted operational performance (i.e., maximum power, power ramping and burnup) that limit potential 

revenue in operation. Furthermore, the implementation of these measures does not preclude the reoccurrence 

of PCI failures following other design changes in the future. 

 

In order to prevent PCMI problems and most particularly to cover unknown phenomena, the Belgian TSO 

accepts that the total duration of ERPO (< 85 % NP) is limited to 4 weeks per cycle, stretch-out included (the 

operation in hot shutdown conditions is not considered as ERPO) [10]. In case of ERPO beyond 4 weeks, a 

specific PCI justification is required. 

 

2.4. The PCI/PCMI fuel design verification methods 

In Belgium, the PCI/PCMI aspect is treated additionally for the reference safety analysis during major plant 

modifications, or the reload fuel compatibility and safety evaluation during the introduction of new fuel 

design [10].  

 

For certain plants (for example, Tihange 1), in order to prevent any PCMI problems with the fuel, the linear 

heat generation rate (LHGR) in Condition II conditions has been limited to a specific value [10]. The 

calculated Condition II transient power level must remain below the level which results in predicted fuel 

failure calculated using conservative analytical models along with conservative assumptions and initial 

conditions. This is ensured by preventing fuel centre melting and hence fuel expansion during the phase 

change which might rupture the fuel cladding. To preclude centre melting, a lower centreline fuel melting 

temperature limit has to be considered. This fuel melting temperature reduction takes into account the 

decrease of the melting temperature with the exposure, the fabrication tolerances, the model uncertainties, 

and an additional safety margin has to be applied on this value. This safety margin applied to the peak linear 

power used for the overpower protection system setpoints provides provision to avoid fuel rod damage (due 

to excessive clad stress, clad strain, internal pressure…) occurring at linear powers lower than the limit.  
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For fuel rod design verification, the Condition II transient rod power limit is obtained by scaling upwards the 

Condition I rod bounding power history limit (BPH) so that by meeting the BPH the transient rod power 

limit is also assured to be met. A verification is performed for each reload cycle to confirm that the 

Condition I rod bounding power history limit is indeed met for all fuel rods in the core, and thus the transient 

rod power limit is also confirmed to be met. 

 

For the other plants, the Belgian TSO accepted specific verification of a PCI failure criterion, using the PCI 

technological limit and considering Condition II transients based on a reference equilibrium cycle. The 

currently accepted PCI/SCC limits are either based on a critical Hoop stress limit (the formerly Siemens 

approach for improved Zr-4 cladding) or a critical strain energy density limit (CSED, the AREVA approach 

for M5 cladding). The method for the assessment of the PCI margins for the reference equilibrium cycle 

should be established in the fuel rod design methodology report, which should be licensed before 

applications. One example of such approved methodology is the AREVA’s “Allowable Power 

methodology”, as illustrated in Figure 2 [14]. The methodology has been first developed for Doel 3, and then 

applied to other NPPs with AREVA fuels. 

 
Figure 2. Schematic view of the AREVA’s Allowable Power methodology [14]. 

 

The essential principle of the Allowable Power methodology consists in quantifying the PCI margins by 

comparing limiting Condition II transient power distributions (from the transient neutronic calculation) with 

the allowable LHGR for each axial node of the core (from the decoupled thermal mechanical calculation). 

Bounding assumptions for the transient boundary conditions and power ramp simulations induce a greater 

degree of conservatism, and the 3D calculations for different Condition II transient scenarios lead to 

considerable computational effort. This methodology has been applied for fuel rod design for each new fuel 

product to demonstrate an acceptably low risk of PCI failure.  

 

It should be noted that the resulting PCI margins are rather large for the improved fuel products with M5 

cladding. During the loading pattern verification, the PCI margins are only verified to ensure the fuel 

reliability. Therefore, a simplified verification method may be sufficient.  
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3. The flexibility operating requirements and fuel design verification 

3.1. Extended power modulations (EPMs) 

In Belgium, like in many other European countries, renewable energies receive priority access to the 

electrical grid. Therefore the electricity supply on the grid depends on the instantaneous production of 

renewable energy, which has to be complemented by the nuclear power plants (NPPs) and other fossil plants 

to meet the demand. Sometimes the demand is lower than the total power produced by renewables plus the 

full output of all the 7 nuclear power plants. In the new context, where renewable energies become more 

important and get priority on the grid, the nuclear power plants are required to become flexible.  This trend is 

consistent with the practices in many other OECD countries [15]-[16]. 

 

The nuclear power plants in Belgium have been designed to operate at full power, as they were supposed at 

the construction time (1970’s -1980’s) to provide a base load power capacity. However, they are currently 

already capable of providing some flexible services to the grid, including frequency control and power 

modulations (A detailed definition of both operating modes can be found in reference [15]).  

 

The first service to the grid provided by the nuclear power plants is the frequency control support. The power 

plants will adapt their power output to stabilize the frequency of the grid. In most Belgian power plants this 

is performed by derating the power plant to 97.5 %NP. This allows the power plant to increase the power to 

sustain the grid when the frequency becomes too low. For example, at Doel 4 and Tihange 3, an asymmetric 

system of frequency control has been installed. These plants operate at 100%NP all the time and will 

decrease their electrical power when required by the grid. Therefore they only provide a service in case the 

frequency of the grid becomes too high. 

 

Another auxiliary service would be to adapt the power automatically to the demand, known as load 

following. This operational mode has been excluded explicitly in our safety case and is therefore not 

considered as an option for the Belgian nuclear power plants. 

 

Recently it has been investigated if it would be feasible to adapt the power output of the nuclear plants and in 

what conditions. It was considered that power changes would only be acceptable if they were controlled by 

the operators in the control room and well prepared. Therefore the power modulations were defined. In this 

case the power profile (power level, duration and power ramps) is defined and fixed before performing the 

power change. This allows the operator to prepare and check the status of the plant before performing the 

power manoeuver.  

 

A power modulation is requested by the grid dispatch at least 2 hours in advance and is manually executed 

by the NPP operator. The operator can decide not to perform the requested power modulation if, for 

example, this could have a negative impact on nuclear safety.  

 

The first step was the application of limited modulations. In this case the power would only be reduced up to 

75%NP and for a very limited time up to 6 hours. The frequency of occurrence was limited to only several 

times a year. However, this flexibility was considered insufficient to give an answer to the future needs of 

the grid. Therefore more demanding power modulations have been defined and called extended power 

modulations.  

 

The extended power modulations (EPMs) would request reducing the power from 100% NP down to 50% 

NP up to 30 times per fuel cycle (cycle lengths of 12 and 18 months are common practice in Belgium). The 

power decrease could last up to 72 hours before reaching again full power, as illustrated in Figure 3. 
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Figure 3. Extended power modulation (EPM). 

 

The frequency of occurrence was limited to 30 times per fuel cycle. A power modulation will only be 

allowed when the nominal boron concentration of the cycle is well above 200 ppm and when no leaking fuel 

rods have been identified in the core. 

 

3.2. Fuel design verification for EPMs 

A feasibility study has been performed to make the existing nuclear power units in Belgium more flexible 

without implementing hardware modifications and guaranteeing safety at all times [1]. In particular, the 

impact on the fuel design has been studied by the Fuel Vendors. 

 

Post irradiation examinations revealed that no additional effect was observed on fission gas release or on 

changes in fuel microstructure due to power cycling and modulation conditions [17]-[19]. In addition, 

operating experience showed that load following operation and power cycling does not have a significant 

impact on the fuel performance [20]-[22]. 

 

From the fuel rod design point of view, the related thermal-mechanical parameters are not impacted by 

power modulations. The limited impacts on the cladding stress and strain, or the PCI margins are quantified 

or verified by the Fuel Vendors.  

 

For example, for two of the target plants Tihange 3 and Doel 4, the Fuel Vendor first verified that the nuclear 

design inputs to the fuel rod design reports are not affected by extended power modulations, with exception 

of the local power changes during Condition II overpower transients. Therefore, Condition II local power 

transient limits were regenerated conservatively as input for fuel rod thermal mechanical design verification. 

Using the licensed fuel rod design codes and methods, and the updated neutronic transient inputs, the 

impacted cladding stress and strain were shown to remain within the design limits. 

 

For other target plants like Tihange 2 and Doel 3 fuelled by AREVA, the Fuel Vendor has quantified the 

impacts on the PCI margins, which are in general more than compensated by the available PCI margins for 

the reference equilibrium cycle.  

 

It is thus concluded that all existing fuels loaded in the Belgian plants allow up to 30 power modulations per 

fuel cycle.  

 

The fuel design verification process for each loading pattern is adapted to cope with the requested plant 

operational flexibility like extended power modulations. Since the PCI margins in the reference fuel design 

verification based on an equilibrium cycle are significant with the improved fuel designs, a cycle specific 

PCI verification is not requested. Moreover, the impacts of the EPMs on the PCI margins remain limited [1], 

a simplified PCI verification is justified. 
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4. The core design process and tools 

4.1. The core design and safety evaluation process 

The Tractebel LWRWIMS-PANTHER (LWP) core physics package is based on the 3-dimensional (3D) 

neutronic code PANTHER [23] and the lattice code LWRWIMS [24] for the generation of the assembly 

nuclear data.  Both are used under AMEC Foster Wheeler license and have been qualified by Tractebel for 

the Belgian Units to perform a complete range of PWR reactor calculations for fuel management design 

safety parameters assessment, transient analysis and operational support [25][26]. 

The application of the 3D core physics package for safety related studies is conditioned by its validation 

range as approved by the Belgian Safety Authorities.  

Tractebel has developed a full set of tools to facilitate the core design process and improve its efficiency. The 

Loading Pattern Optimizer (LPO) is a multi-objective / multi-search option code [27][28] dynamically linked 

to PANTHER and available within the LWP licence.  The LPO-PANTHER application has been tailored to 

closely match the Belgian units ICFM requirements and constraints.  

In-core fuel management for each core loading consists in determining core reactivity, power distribution 

and isotopic inventory for subsequent fuel cycles of a nuclear power plant in order to maintain adequate 

safety margins and operating lifetime. The aim of core loading pattern (LP) design is to find a core loading 

scheme that simultaneously meets both these technical and economical requirements. However, the 

evaluation of a loading pattern is non-linear, three-dimensional, time dependent, and therefore expensive in 

terms of time and resources. Due to the large combinatorial space of possible loading patterns, many 

evaluations are often required in order to obtain the desired results. The global approach deployed in 

Tractebel to facilitate this process is presented in Figure 4. 

          

Figure 4. Schematic description of the Core LP design environment. 

The graphical interface PANACHE offers interactive core LP – pool inventory reshuffling with PANTHER. 

The LPO (Loading Pattern Optimiser) user provides the program with an initial, sub-optimal loading pattern 

and a series of optimisation objectives and constraints. Optimisation is achieved by means of random 

permutations in the fuel assembly (FA) arrangement, in line with the given objectives and constraints, and 

according to rules defined by specialized algorithms that perform well for discrete non-linear problems with 

a high number of possible combinations (the so-called simulated annealing and/or genetic algorithms). 

Evaluation of the evolution of core design parameters such as power peaking factors, moderator temperature 

feedback and fuel assembly burnup are performed in reduced 3D core geometry in order to minimize 

calculation time. The LP Reporter has multiple functionalities. Originally intended as a LP-identification 

tool, it has grown to be a documentation tool and an automated link between PANTHER, LPO and the Guess 

environments which facilitates the task of the core LP designer in managing pool inventories or checking the 

application of guidelines (e.g.  burnup gradients across fuel assemblies) or mechanical constraints. 
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4.2. The Loading Pattern Fuel Reliability Assessment Procedure (LPFRAP) 

In addition, the Loading Pattern Fuel Reliability Assessment (LPFRAP) procedure have been developed and 

used to assess the fuel design and reliability related constraints, during the loading pattern consolidation 

process, as shown in Figure 5. 

 
Figure 5. Schematic view of the loading pattern assessment and verification process. 

 

In the LP design process, Tractebel determines the cycle loading pattern matching the Safety requirements 

and the operational targets of the Utility. The Fuel Supplier is responsible for verification of the Tractebel’s 

LP to ensure that the future loading of his fuel in the core meet all fuel design criteria and reliability 

requirements.  

 

In order to facilitate this final fuel design verification process and to avoid any unnecessary delays, Tractebel 

developed the LPFRAP procedure to assess the relevant fuel design and reliability aspects in advance during 

the loading patterns design process based on the core neutronic calculation results using the Tractebel’s LWP 

code package. In particular, a specific tool has been developed for assessment of the PCI/PCMI risk. 

 

This assessment is based on the simple guidelines and correlations which are either provided directly by the 

Fuel Vendors, or developed by Tractebel using the vendors’ fuel design verification results. To enhance the 

reliability of the assessment tool, certain correlations are continuously calibrated and updated on the basis of 

the Fuel Vendors’ results.  

 

4.3. Adaptation for flexible core design 

An increased demand for flexibility regarding ICFM (e.g. variability in cycle length) emphasises the need for 

atypical and short-term loading pattern design, as well as the need for coping with the EPM and ERPO.  

Therefore, support scripts have been developed to simplify the user’s task of setting up and configuring the 

calculation environment and offer basic means for post-processing purposes. Additional optimisation 

constraints have been introduced in order to meet the real demands of core loading pattern design: e.g. 

control of the maximal fuel assembly burnup, simplified evaluations at penalising control rod configurations 
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or implementation of the Fuel Vendor’s guidelines for the reshuffling of fuel assemblies to prevent the 

amplification of an eventual in-core power tilt.  

All these improvements allowed the full deployment of the LPO tool for production applications at 

Tractebel, where it showed its added value by supporting faster determination of suitable core loading 

pattern candidates in the recent research for optimized restart of the Belgian units. 

For the LPFRAP, the PCI margin correlations will be also adapted to cope with the requested plant 

operational flexibility like extended power modulations. 

5. Loading pattern PCI risk assessment (LPPRA) tool 

5.1. Principle  

As shown if §2.2.3, the PCI/PCMI fuel design verification is different for each plant, depending on the 

design basis, limits and methods used by the Fuel Vendors. This can be verified by either directly the 

Condition II transient power limit, or explicitly the PCI margins. 

 

As the explicit verification of PCI margins by the Fuel Vendor may take significant time, it is useful to make 

an advanced preliminary verification during the loading pattern design phase. This preliminary verification 

will be based on the TE 3D neutronic code PANTHER calculation of all the fuel rod powers and burnups for 

each assembly in the core during its life, and the simple PCI margin correlations which are based on the PCI 

margin verification results from the last cycles. For simplicity, the PCI margin correlations are established as 

a function of the rod Condition I power and rod local burnup. 

  

5.2. PCI margin correlations 

For loading pattern verification, the PCI margin correlations will be used to determine the predicted PCI 

margin, defined as the difference between the predicted allowable power and the predicted maximum 

transient power: 

 

PCI margin = Pall – Ptran 

 

Where  

Pall = f1 (Pin, BU) = Maximal allowable rod power before clad failure during power ramp 

Ptran = Pin + ΔP = Maximum transient rod power during power ramp due to Condition II transients 

 

With  

Pin = Transient initial rod power = Condition I rod power 

ΔP = f2 (Pin, BU) = Power variation during power ramp due to Condition II transients 

BU = Rod burnup 

 

Both the maximum allowable and transient powers can be calculated directly using fuel rod thermal 

mechanical code and neutronic codes, respectively, using the method shown in §2.4. However, this approach 

has several drawbacks: 

 the calculations would take too much time and efforts; 

 the results may be subject to differences in the codes and in the calculation methods.  

 

In order to save calculation time and reduce the false prediction of PCI due to large differences in the codes 

and in the calculation methods, we have chosen to use simple correlations to indirectly evaluate the transient 
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and allowable powers, using the rod local burnup (BU) and the condition I power (Pin), which are obtained 

directly from the preliminary code design calculations with PANTHER.  

 

The simple correlations, Pall = f1 (Pin, BU) and ΔP = f2 (Pin, BU), are obtained from the vendor’s PCI 

verification results.  This is valid only if the rod power histories calculated by PANTHER are sufficiently 

close to those calculated by the Fuel Vendor’s codes. Some benchmarks have been performed to confirm this 

assumption.  

 

The conditioning power is not represented, and the fuel rods are considered in equilibrium state when the 

transient begin. This is consistent with the Fuel Vendor’s method: the rods are first irradiated to the planned 

burnup in nominal conditions, then condition I transients are launched to initiate condition II situations. The 

initial power given by the Fuel Vendor is thus the baseload power. This is a source of variability for the 

transient evaluation, but the allowable power will not be impacted. 

 

An example of the PANTHER predicted allowable power and transient power (Pall and Ptran) using the 

correlations are shown in Figure 6, in comparison with the transient power from the Fuel Vendor’s results 

(FV). Some adaptations of the correlations for transient power are made in order to obtain the same low 

margins in the rectangle region, as in the results from the Fuel Vendor. 

 

 
Figure 6. Comparison of PANTHER predicted powers using simple correlations and the transient 

power from the Fuel Vendor. 

 

5.3. Method of verification 

When a preliminary loading pattern is verified, PANTHER will first evaluate the power history of the fuel 

rods in the core. Then, the simple correlations as obtained above to “predict” the corresponding PCI margins. 

 

The goal of this verification is not to predict the absolute real PCI margins, which remain the responsibility 

of the Fuel Vendor, but to optimize the loading pattern such that the PCI risk will be reduced and hence to 

limit the iterations with the Fuel Vendor during the fuel design verification.  

 

Therefore, the results should be analyzed in order to identify if there is an increased PCI risk with the loading 

pattern comparing with the previous cycles. Indeed, not all predicted negative margins mean real PCI risks. 

Due to the simplifications or the conservatisms in the simple correlations, some false negative margins may 

appear. Care should be taken not to make the correlations overly conservative. Moreover, since there is not 

any contact between the fuel and the cladding for fresh fuel, negative margins before a burnup of 7 GWd/t 
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will not be considered as indication of PCI risk. The analyses should be focused on the critical burnup range 

between 10 and 30 GWd/t. 

 

5.4. Adaptation for the requested plant operational flexibility 

For the requested plant operational flexibility, for example, for the extensive power modulations (EPMs), the 

Fuel Vendor has quantified the impacts as a loss of PCI margins (see §3.2). 

 

In this case, the method of interpretation of the LPPRA results is adapted. Indeed, the goal is not any more to 

have positive margins, but to have sufficient margins to cover the requested plant operational flexibility.  

 

If the LPPRA results are degraded by comparison to previous cycles, the core design team discusses whether 

such a degradation applied to the Fuel Vendor’s results would jeopardise the margins necessary for 

flexibility. As the LPPRA analysis is more qualitative than quantitative, such engineering judgment is 

necessary. 

 

5.5. Applications 

The LPPRA has been applied successfully to optimize the loading pattern design for Belgian NPPs where an 

explicit PCI verification is performed. The verification was done with an automated process that will select 

the most penalising instant for each of the assemblies. All the results shown here are consequently in the low 

margin area. 

 

When Fuel Vendor’s verification results for the previous cycle Z are received, they are usually added to the 

full database and compared both to the Fuel Vendor’s previous results and to the correlations. In most cases, 

the new results confirm the previous ones and validate the correlations (as shown in Figure 7). 

 
Figure 7. Comparison of allowable power from correlations and database prior to cycle Z                 

with allowable power from cycle Z. 
In certain specific cases, however, a recalibration of the correlations may be necessary. This is for example 

the case if the Fuel Vendor’s results show smaller margins than in the previous cycles due to decrease of 

allowable power or increase of transient power. It could also be in case of changes in the fuel management, 

which requires a recalibration of the correlations based on the most recent cycles in the database. Examples 

of the application results of the updated correlations for a new cycle Z+1 are shown in Figures 8 and 9. 
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Figure 8. Comparison of margin from the correlations and margin from the Fuel Vendor. 

 

 
Figure 9. Comparison of margin from the correlations and margin from the Fuel Vendor. 

 

The updated correlations are shown to be adequate as they are able to predict the same minimum margin 

results as the Fuel Vendor. This shows the robustness of the LPPRA tool and the verification process. 

 

6. Conclusions and perspectives 

In order to maintain low probability of fuel cladding failures caused by PCMI/PCI, appropriate operational 

limits on power changes and power ramp rates of change should be determined and verified. In Belgium, the 

USNRC rules and standards are mostly followed for ICFM fuel design and safety evaluation, however, the 

PCI/PCMI aspect is treated additionally for the reference safety analysis during major plant modifications, or 

the reload fuel compatibility and safety evaluation during the introduction of new fuel design. 

 

The recent electricity market development requires more flexible operation of the Belgian NPPs. In order to 

enhance the reliability and safety of the fuels under flexible operation conditions, Tractebel’s 3D core 

physics design codes and tools were improved to optimize the core design. This was further enhanced by the 

Loading Pattern Optimizer for LP searches. In addition, a loading pattern fuel reliability assessment 

procedure (LP-FRAP) has been developed for assessing the fuel rod design and reliability aspects, including 

a specific LPPRA tool. 
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For the plants where the PCI/PCMI is limited by the linear heat generation rate (LHGR) in Condition II 

conditions, the impacts of the EPMs are shown to be limited. The Condition II transient rod power limit is 

obtained by scaling upwards the Condition I rod bounding power history limit (BPH) so that by meeting the 

BPH the transient rod power limit is also assured to be met. In LPFRAP, a verification is performed for each 

reload cycle to confirm that the Condition I rod bounding power history limit is indeed met for all fuel rods 

in the core, and thus indirectly the transient rod power limit is also confirmed to be met.  

 

For the plants where the PCI/PCMI is explicitly verified using both core neutronic and fuel thermal 

mechanical codes, a specific loading pattern PCI/PCMI risk assessment (LPPRA) tool has been developed 

and implemented in the current core design and safety evaluation process. The PCI/PCMI risk have been 

assessed in advance during the loading patterns design process based on the core neutronic calculation results 

using the Tractebel’s LWP 3D code package. This assessment is based on the simple guidelines and 

correlations which are either provided directly by the Fuel Vendors, or developed by Tractebel using the 

vendors’ fuel design verification results. To enhance the reliability of the assessment tool, certain 

correlations are continuously calibrated and updated on the basis of the Fuel Vendors’ results. In particular, 

the correlations will be adapted to cope with the requested plant operational flexibility like extended power 

modulations.  

 

It should be noted that the Belgian NPPs are mostly in base load operation, the PCI margins in the reference 

fuel design verification based on an equilibrium cycle are significant with the improved fuel designs, and 

hence a cycle specific PCI verification is not requested. In addition, the impacts of the extended power 

modulations on the PCI margins remain limited. Therefore, a simplified PCI verification is justified. 

 

The applications of LPFRAP and LPPRA have shown to be able to improve the efficiency of the core design 

process on the one hand, and to enhance the reliability and safety of the fuels under flexible operation 

conditions on the other hand. 
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Abstract 

The Nuclear Safety Authority requires EDF to demonstrate that no fuel will fail by SCC-PCI (Stress 
Corrosion Cracking – Pellet-Clad Interaction) during any AOOs (Anticipated Operational 
Occurrences) conditions. 

Because of the large part of nuclear energy in the French energetic mix, the French Nuclear Power 
Plants (NPPs) have to be particularly flexible including frequency control and daily load following. In 
addition, to deal with potential operational events, the NPPs operators require at least 30 days of 
ELPO (Extended Low Power Operation). These specific operational conditions have to be justified 
with an appropriate approach. PCI studies prevent the SCC-PCI failure by two means: 

- Adjustment of the reactor protection thresholds, 

- Definition of the PCI Operating Technical Specifications. 

It is interesting to mention that, despite these specific operational conditions and rather fast start-up 
rates, no SCC-PCI failures have been observed in EDF NPPs over more than 1500 reactor-years 
of experience. This good result is likely due to the EDF’s SCC-PCI design approach which includes 
specific constraints on the manufacturing process and on the operational conditions. 

 

To fulfill these safety requirements, specific SCC-PCI analyses, presented in this paper, are 
performed and cover each operating mode of the reactor. The studies relate to the whole core, as 
SCC-PCI failure risk is local. A SCC-PCI failure criterion, called Technological Limit, must be 
defined, based on experimental ramp tests. The experimental and numerical approach used to 
obtain this Technological Limit is briefly described in this paper. 

 

Two types of approach are devoted to SCC-PCI studies. First, a specific methodology called MIR 
(Renovated PCI method) had been developed in co-operation with AREVA NP. This methodology 
is based on neutronic (3D kinetics calculations) and thermal-mechanical calculations. Since the 
MIR method is time consuming and focused on a single reference reload pattern, a new approach 
has been developed to deal with various core patterns and to reduce the calculations time. The 
main changes are: 

- Statics neutronic calculations instead of kinetics calculations, 

- Decoupled calculations between neutronic and thermal-mechanics. 

Considering a single core, these simplifications reduce the calculation time but lead to smaller 
maneuverability margins. This approach is well suited to assess the impact of core patterns 
variability on SCC-PCI margins and to perform sensitivity analysis. 

 



1. Introduction 

Electricity from nuclear power plants (NPPs) in France is generated by 58 standardized 
Pressurized Water Reactors (PWRs) owned by EDF and representing 60 to 75 % of the annual 
electric production. As a consequence, the entire fleet of plants has to follow the demand of the 
grid, leading to a significant plant maneuverability need: frequency control, daily load follow, 
extended low power operations (ELPO). 

The generalization of load follow operation in the 1980s was subjected to requirements from the 
French Nuclear Safety Authority. In particular, EDF was asked for guarantees against Pellet-Clad 
Interaction (PCI) failure during Anticipated Operational Occurrences (AOOs) conditions (PCC-2 
events). Since then in France, safety requirements impose that no fuel failure by PCI should occur 
in normal operation, as well as during PCC-2. 

In this particular context, the purpose of this paper is to present the PCI issues in France from the 
utility standpoint. First, the paper gives an overview of the PCI failure criterion developed for EDF 
PWRs. The specific methodology built by EDF and AREVA NP to take into account the PCI risk in 
operating phase is then examined. The paper ends by discussing the new static approach currently 
investigated to fulfill the recent Nuclear Safety Authority requirements. 

 

2. SCC-PCI failure criterion – Technological Limit 

PCI failures are due to stress corrosion cracking in the cladding material and are associated to high 
local power variations. The damage in the clad is limited to a millimeter size axial crack. The clad 
keeps its structural integrity (no crack propagation consequent to the failure) and no fuel particles 
ejection in the coolant is possible. The main consequence of PCI failure is limited to the 
contamination of the primary coolant by fission gases. 

The goal of this paragraph is to present the approach used in France to assess the PCC-2 PCI 
performances of a fuel product. This assessment is based on a mechanical criterion, the so-called 
Technological Limit, derived from the analysis of an experimental database including several failed 
and non-failed power ramps. This analysis is based on Post-Irradiation Examinations (PIEs) 
interpretations and on ramp simulations with a fuel performance code.  

2.1 Experimental procedure 
Samples are obtained from rods irradiated in commercial PWRs. Samples can be of two kinds:  

- A rodlet refabricated from a standard rod span, and pressurized at the pressure of this rod after 
irradiation; 

- A segment removed from a segmented rod. 

Tests consist in power ramps performed in a Material Testing Reactor (MTR). A particular care is 
given to limit the variation of the experimental parameters, in order to compare each power ramp 
on a steady basis. The main parameters that are controlled during the ramps are summarized in 
Table 1. It enables a rationalization of the modeling rules during the simulation step, and makes the 
comparison of the ramp results easier. Furthermore, regarding cladding temperature (which has a 
significant impact on clad creep-relaxation properties); 342°C corresponds to the state of nucleate 
boiling of water at 150 bar. Thus, by ensuring a forced convection regime with nucleate boiling at 
the clad surface, the operator can control the outer clad temperature very precisely and uniformly 
along the axial and radial directions.  

On the other hand, parameters like water chemistry or neutron flux are not mentioned in Table 1 as 
power ramps are short-term experiments for which clad corrosion and irradiation creep do not play 
a significant role. 

 

 

  



Parameter  Required value  

Burn-up of Rodlet 25 GWd/tU – 55 GWd/tU 

Conditioning power 150 W/cm – 250 W/cm during more than 12 h 

Maximum power 350 W/cm – 550 W/cm 

Power rate between conditioning and max. power 100 W/cm/min 

Holding time at maximum power In case of failure: no hold time. If no failure : 12 h 

Pressure 145 bar – 155 bar 

Outer clad temperature For P>300 W/cm : 342°C 

Table 1. Main input parameters for SCC-PCI power ra mp used in the French approach 

 

To cover the full ranges of operational burn-ups, maximum powers or conditioning powers, a 
minimum of 10 to 15 power ramps (according to the number of failed ramps) is needed for each 
fuel type. 

2.2 Post-Irradiation Examinations and code calibrat ion 

PIEs are performed on ramped rodlets for two main reasons:  

- To confirm the validity of the ramp by checking that there was no experimental artifact and, in 
the case of failed ramps, by identifying evidences of I-SCC; 

- To provide experimental data to calibrate the models of the fuel performance code. 

This implies that visual inspection, Eddy current testing profilometry measurements and inner 
pressure measurements by puncture are systematically done on ramped rodlets. Optionally, 
additional examinations (ceramography, gamma scanning, neutron radiography, metallography, 
etc.) can also be carried out. 

The fuel performance code which is used to derive the Technological Limit from the ramp tests 
data base has to be the same as the one used to perform the safety case analysis based on this 
Technological Limit. Thus, this code has to be qualified for both normal operations simulation (to 
simulate the irradiation of the father rod prior to ramp testing) and PCC-2 transients (to simulate the 
power ramp test). The two fuel performance codes approved by the French regulators for such 
studies are CYRANO3 [1], developed by EDF, and COPERNIC [2], developed by AREVA NP. 
Beyond the usual experimental data which are used to calibrate and validate the calculation tool for 
normal operations, specific experimental results have to be taken gathered to validate the code in 
transient (i.e. thermal creep law, for each cladding material, has to be assessed after the 
interpretation of hardening-relaxation tests). 

The validation of a fuel performance code in PCC-2 conditions is done through a comparison of 
simulation with two sets of experimental values:  

- Post-ramp diameter increases, obtained from post-ramp profilometries; 

- Ramp-induced fission gas release, obtained after rodlet puncturing. 

 

2.3 SCC-PCI Technological Limits of the fuel produc ts used in French 
PWRs 

From the EDF power ramps database, a Technological Limit can be determined for each cladding, 
from an analysis of the simulation results. An example of such analysis is shown on Figure 1. 

Usually, the discriminating parameter for failure prediction is the hoop stress. However, for some 
cladding materials, a saturation of the computed hoop stress has been observed for power levels 
below the lowest power leading to failure. That is why the hoop stress alone cannot be used as a 
discriminating parameter for failure prediction in this case and Strain Energy Density (SED) has 
been selected as a good discriminating evaluation parameter. 



 

 
Figure 1 : Technological Limit assessment from ramp  simulation results of a given cladding. 

 



3. Renovated SCC-PCI Method (Méthode IPG Rénovée - MIR) 

3.1 General information about the MIR approach 

An analysis of the risk of clad failure by SCC-PCI must guarantee the integrity of the fuel rod during 
any Anticipated Operational Occurrences (AOOs) by checking the adjustment of the reactor 
protection thresholds. 

Indeed, any transient of power likely to lead to failures of rods must be stopped by a SCRAM 
before the first failure occurs on one rod. This is why fuel performance codes and analysis methods 
were developed by EDF and AREVA NP in order to evaluate, for all the fuel rods of the core, the 
risk of clad failure by SCC-PCI during any PCC-2. 

 

The study is divided into five parts, detailed in the continuation of this paragraph: 

1. Generation of conditioning power histories, 

2. Simulation of the initial conditions of the PCC-2, 

3. Simulation of the PCC-2 transients, 

4. Thermo-mechanical evaluation of PCI risk for base load operation, frequency control and 
load follow, ELPO de-conditioning or return to full power after ELPO re-conditioning, which 
allows defining PCI Operating Technical Specifications (OTSs), 

5. Modification of the reactor protection thresholds (not presented here). 

 

Comparing with other PCC-2 PCI methodologies used abroad, this kind of study requires more 
human and computing resources. Only a generic study on a prototypical reference core reload 
pattern is carried out. The objective is:  

- To define the protection thresholds for PCC-2 operations, 

- To limit the manoeuvrability of the plant in PCC-1 operations (ELPO, load follow, etc.) at a 
level that can guarantee the absence of PCI failure if a PCC-2 event occurs. 

 

Because of their complexity, MIR studies cannot be duplicated rapidly when the impact of a change 
of the input data (evolution of the fuel management for example) has to be quantified.  

Within the frame of the SCC-PCI methodology review the French Nuclear Safety Authority asked 
EDF to complement the demonstration to include the potential impact of core reload pattern 
variability on the outcomes of the analysis. As a result, EDF developed a new methodology to 
address this request. In this context, a variation of the fuel loading pattern refers to any deviation 
from the reference loading pattern, in term of number and/or type of fuel assemblies. 

3.2 Generation of conditioning power histories 
For the thermo-mechanical analysis, it is necessary to determine the power history seen by each 
rod of the core at the beginning of the PCC-2. The local thermo-mechanical state of the rod 
depends on its history. It is thus necessary to follow each rod since its introduction into the core 
until the beginning of the transient. It enables to take into account the cycles which precede that 
from which the transients are analyzed. 

The power histories associated to each rod are generated under various conditions: 

- Base load operation at full power; 

- Extended Low Power Operation (ELPO) with inserted RCCA; 

- ELPO with extracted RCCA. 



3.3 Simulation of the initial conditions of the tra nsients 

The PCC-2 transients are initiated from a conditioning state obtained after normal operations 
simulation. The initial conditions are selected so as to maximize the local power increase. 

For each transient, the initial conditions are characterized by the burn-up, the power level, the 
power axial distribution, the Xenon axial distribution, the position of the regulation groups, the 
Boron concentration. These assumptions can vary depending on the transient under investigation. 

3.4 Simulation of the PCC-2 transients 
The behaviour of the whole core is simulated by taking into account the regulation and the 
protection systems. The neutronic behaviour of the core is modelled kinetically. The fine kinematic 
power distribution in the entire core as a function of time is also provided with an uncertainty factor. 
The transients are simulated starting from the initial states described in the previous paragraph, at 
several moments in the irradiation cycle. 

The conventional PCC-2 power transients considered to be restrictive for the SCC-PCI failure risk 
(i.e. leading to fastest and strongest local power increase) are: 

- Excessive Increase in Secondary System Flow, 

- Uncontrolled Bank Withdrawal at Power, 

- Control Rod Drop. 

The initial thermo-hydraulic parameters are taken at their nominal value without uncertainty. The 
regulations are taken into account only if they have unfavourable consequences. The limitation 
systems are not taken into account. 

3.5 Thermo-mechanical evaluation of SCC-PCI failure  risk 

The clad failure risk during the PCC-2 transient is estimated by comparing the evaluation 
parameter calculated by the fuel performance code with the Technological Limit (see paragraph 2). 

The fuel performance code used for the study has to be the same as the one used to determine the 
Technological Limit. It has to be licensed by the Safety Authorities. 

The evaluation of the clad failure risk consists in explicit thermo-mechanical calculations: the 
evolutions of stress or SED in the clad are calculated according to the applied local power history.  
The PCI margin of a rod is defined as the difference between the maximum simulated stress (or 
SED) and the technological limit. Minimal PCI margins are assessed in every fuel rods for various 
operational states (base load operation, ELPO, return to base load operation after ELPO, 
frequency control and load follow). 

3.5.1 Base load operation 

The study consists in the sequence of an irradiation under base load operation followed by a PCC-
2 transient. Each mesh of each rod shows specific pre-transient thermo-mechanical characteristics 
evolving with the burn-up. 

3.5.2 ELPO and reconditioning 

ELPO is a deconditioning operation regarding PCI fuel behavior. For given situations, this type of 
operation must be limited to keep the SCC-PCI margins positive. On the contrary, an increase of 
power after an ELPO leads to a reconditioning process which allows reconstituting PCI margins. 
The ELPO analysis consists in simulating the most limiting PCC-2 transients at different times 
during an ELPO and also after the return to nominal reactor power (from 1 to 100 days). 
Calculating the PCI margins evolution in these conditions allows elaborating deconditioning and 
reconditioning laws (see Figure 2). 

The effect of the reactivity which appears at the time of the passage at lower power can be ensured 
by Boron dilution / concentration or by RCCAs. These two strategies of ELPO management, i.e. 
with extracted or inserted RCCAs, are studied. 

  



 

 

 

 

 

Figure 2 : De-conditioning (ELPO) and re-conditioni ng (base load operation) simulation 

 

3.5.3 Operation in frequency control and load follo w 

Load follow operation as well as frequency control may induce some fuel deconditioning. Thus this 
type of operation is associated to smaller margins than the ones computed in the case of base-load 
operation. Computations are performed using the fuel performance code, based on analytical 
power histories for base load, load follow and frequency control operations (see Figure 3 and 
Figure 4). The comparison between these computations gives the bias for load follow and 
frequency control operations. 

 



 
Figure 3 : Load follow simulation 

 

 
Figure 4 : Frequency control simulation 



4. New static approach dedicated to core loading pa tterns 
variability 

4.1 Description of the static approach 
This approach is divided in two steps: 

1. Evaluate the PCI margins during PCC-2 transients for one cycle: 

• Generate conditioning power histories, 

• Generate pre-transient operation conditions using 3D static neutronic calculations, 

• Simulate post-transient operation conditions using 3D static neutronic calculations. This 
stage generates the 3D power distributions of PCC-2 (PPCC-2); 

• Evaluate the thermo-mechanical SCC-PCI failure risk for various operation conditions: 

○ Reference operations conditions (base load operation, frequency control and load follow 
operations through bounding penalties), 

○ Extended Low Power Operation (ELPO). 

This stage generates the 3D maximum allowable power without clad SCC-PCI failure 
(Pallowable) for each conditioning state. 

• Calculate the SCC-PCI margins to failure. 

2. Cover the variability of the core reloads pattern (i.e. deviating from the reference equilibrium 
cycle): 

• Quantify the variability of the core reloads patterns with respect to the SCC-PCI margin 
(comparison between the variable reload and the reference equilibrium cycle) using a 
specific “variability bias”: 

○ Calculate SCC-PCI margins to failure on the reference equilibrium cycle and on a range 
of representative cycles of variability for various conditioning states, 

○ Determine for each type of reload pattern the margin gap with the reference equilibrium 
plan. The maximum variation obtained for all the situations and for all the plans is defined 
as the “variability bias” expressed in W/cm. 

• Determine the allowable ELPO durations covering the variability of the cycles: 

○ Integrate the variability bias to each point of 3D power kinetics transients of generic study 
MIR having been used to determine the reference allowable ELPO durations. 

○ Check the allowable ELPO durations using thermo-mechanical evaluation of PCI risk of 
3D power kinetics transients penalized by variability bias. 

4.2 Generation of conditioning power histories 
For the thermo-mechanical analysis, it is necessary to determine the power history seen by each 
point of the core at the beginning of the PCC-2 transient. 

The local thermo-mechanical conditioning of the rod depends indeed on this power history. It is 
thus necessary to simulate each rod from its introduction into the core until the beginning of the 
PCC-2 transient. 

For that, it is necessary to take into account the cycles which precede that from which the 
transients are analyzed. The fine distribution of the 3D burn-up fraction is reconstituted by 
integration of this power history on each elementary mesh. The conditioning power histories are 
generated with a 3D neutronic code for a base load operation with a systematic stretch. 

The conditioning power history related to each rod is thus generated for various operating 
conditions: 

- Base load operation at full power 

- ELPO with inserted RCCA 



- ELPO with extracted RCCA 

4.3 Simulation of the pre-transient operational con ditions 

The PCC-2 transients are initiated starting from operational situations. They are defined such as 
they maximize the local power increase during the incidental transient. For each transient, the pre-
incidental states are characterized by: 

- burn-up, 

- power level, 

- axial power distribution, 

- axial xenon distribution, 

- position of regulation groups, 

- Boron concentration. 

4.4 Simulation of the post-transient operational co nditions (PCC-2 
transients) 

The PCC-2 states are simulated using a 3D neutronic code. Conservative decoupling assumptions 
are made in the 3D static neutronic calculations to cover every PCC-2 situations likely to be 
reached by the Reactor Pressure Vessel (RPV). These decoupling make it possible not to model 
explicitly the RPV. 

The 3D neutronic code provides the fine power distribution on the entire core for each PCC-2 state. 
An uncertainty factor is then affected. These PCC-2 states are simulated starting from the pre-
incidental states at several moments in the cycle. 

The restrictive PCC-2 situations are those leading to the strongest and fastest local power 
increases: 

- Excessive Increase in Secondary System Flow, simulated with penalizing assumptions in 
order to cover all cooling incidents initiated in secondary system, 

- Uncontrolled Bank Withdrawal at Power, 

- Rod Drop not detected by the protection system. 

No variation of primary flow is taken into account and no variation of primary pressure is taken into 
account in 3D neutronic calculations. The regulations are taken into account in the study only if 
they have unfavourable consequences. The limitation systems are not taken into account in the 
analysis. 

The first automatic SCRAM is taken into account. The PCC-2 states being generated by 3D static 
neutronic calculations, the response of the safety channels is not covered explicitly but by 
penalties. 

4.5 Thermo-mechanical evaluation of PCI risk 
The evaluation of the risk of clad failure by PCI is based on thermo-mechanical simulations of an 
analytical power transient. An analytical power transient consists in simulating a linear power 
increase representative of the PCC-2 transients. Also, in consistency with the experimental power 
transient defining the Technological Limit and with the kinetics of the PCC-2 transients penalizing in 
terms of PCI risk, the rate of this analytical transient is chosen equal to 100 W/cm/min. 

For a given thermo-mechanical conditioning, the simulation of this analytical transient is done to 
determine the allowable power Pallowable (expressed in W/cm) corresponding to the power level 
leading to the reaching of the Technological Limit. Pallowable is evaluated with a fuel performance 
code for each mesh of the core. 

Pallowable 3D maps of the core are established for various operating processes: 

- Base load operation, 

- Frequency control an load follow, 



- Extended Low Power Operation (ELPO), 

The reconditioning operation (return to full power after ELPO) is not considered here. 

4.5.1 Base load operation 

This simulation is based on an irradiation under base load operation followed by an incidental 
transient. 

The conditioning step makes it possible to determine the behaviour of the rod and more particularly 
of the pellet-clad gap closure before the transient. Conditioning is characterized primarily by the 
pellet-clad gap which depends on the creep of the clad and the swelling of the fuel. Each rod and 
each assembly shows specific pre-incidental thermo-mechanical characteristics evolving with the 
burn-up. 

4.5.2 Frequency control and load follow 

Operation in frequency control and load follow are taken into account through bounding penalties, 
such as in the MIR method (see § 3.5.3) 

4.5.3 ELPO de-conditioning 

In the framework of the PCI studies, the fuel conditioning under ELPO is carried out for several 
values of low power levels in order to cover all the configurations likely to be met during operation. 

The resumption of the reactivity effects which appear during ELPO can be ensured by soluble 
boron (extracted RCCA) or by the RCCA (inserted RCCA). These two strategies are studied. 

In practice, the simulation of an analytical transient after the modelling of a given ELPO duration 
makes it possible to determine the 3D allowable power associated to this de-conditioning. 

4.6 Calculation of PCI margins to failure 

Considering a given cycle, for each state of conditioning and each type of incident, the PCC-2 
powers are compared with the allowable powers for the whole core. 

The margin to failure (in W/cm) is thus obtained by direct comparison of the 3D distribution of PCC-
2 power with the 3D distribution of allowable power (Calculation “Pallowable-PPCC-2”). 

4.7 Quantification of the variability of the reload s 

PCI margins to failure are calculated on a representative range of variability cycles and on the 
reference equilibrium cycle for the various states of conditioning. 

For each studied loading pattern, a variation of margin (in W/cm) is then given between the 
variability loading pattern and the reference loading pattern. 

The maximum variation obtained on every situations of conditioning for all the studied loading 
patterns is defined as variability bias, expressed in W/cm. 

4.8 Determination of allowable ELPO durations cover ing the variability of 
the cycles 

The variability bias is integrated as a penalty into the 3D PCC-2 power obtained for the kinetic 
transients of MIR study and initially used to determine the allowable ELPO durations. This penalty 
is uncoupled with the time, the transient, the conditioning state or the studied cycle. The allowable 
ELPO durations are then determined by a new MIR study based on the penalized 3D PCC-2 power 
histories. 

5. Comparison of the two PCI approaches 

5.1 Specificities of the new static approach 

Some basic principles have been applied to reduce the duration of the study: 

- Static neutronic simulation 



- Decoupling of the neutronic and thermo-mechanical simulations 

- Analytical power transient with a constant speed (100W/cm/min) applied for the thermo-
mechanical study 

There are some counterparts to theses simplification principles: 

- Penalization of the PCC-2 transients 

- Reduced margins in comparison with the standard MIR method 

A new MIR study, with penalized PCC-2 power histories, can be required after the assessment of 
the variability bias 

5.2 Comparison of the PCI approaches 

Three approaches are compared and examples of allowable durations of ELPO are reported in 
Table 2: 

- Reference MIR study 

- Static new approach, with a direct determination of the allowable durations of ELPO1 

- Static new approach dedicated to the variability, with a penalty applied to MIR reference 
study 

The characteristics of each approach are summarized in Table 3. The third approach is the 
heaviest but it is the only one which allows taking variability into account. The first one maximizes 
the PCI margins whereas the second one minimizes the time and size of the study. Each one 
should then be used according to the main objective of the study (PCI margins, cost of the study, 
variability). 

 

Method Minimal allowable 
ELPO duration 

Loss compared 
with MIR duration 

MIR 80 days  

Static approach  54 days -32% 

Mixed approach for 
variability 42 days -47% 

Table 2 : Example of minimal allowable ELPO duratio n for the MIR approach, the static approach with 
direct determination of allowable ELPO duration and  the mixed approach with definition of a variabilit y 
bias applied to MIR calculation 

 

Method  PCI margins  Cost of the study  Variability  

MIR Maximized  Expensive  No 

Static approach Reasonable loss / 
MIR (for one plan) Optimization of the cost / MIR Possible  (by studying 

several plans) 

Mixed  approach 
for variability 

Consequent loss / 
MIR 

Very expensive (MIR study + 1 
static approach / variability plan) Yes 

Table 3 : Comparison between the MIR approach, the static approach with direct determination of 
allowable ELPO duration and the mixed approach with  definition of a variability bias applied to MIR 
calculation 

 

                                                   
1 To obtain the allowable ELPO duration, steps 4.5 and 4.6 are repeated until the predefined ELPO duration lead 

to minimal PCI margin. Steps 4.7 and 4.8 are not realized in this case. 



6. Conclusions 

To fulfil the French safety requirements, specific SCC-PCI analyses, presented in this paper, are 
performed to cover each operational condition of the French Nuclear Power Plants. A SCC-PCI 
failure criterion, called Technological Limit, has been defined, based on the analysis of an 
experimental power ramp tests database. The experimental and numerical approaches used to 
obtain this Technological Limit have been described in this paper. 

Two types of approaches are devoted to SCC-PCI studies. First, a specific methodology called MIR 
(Renovated PCI method) has been developed in co-operation with AREVA NP. This methodology 
is based on neutronic (3D kinetics calculations) and thermal-mechanical calculations. Since the 
MIR method is time consuming and focused on a single reference reloading pattern, a new 
approach has been developed to deal with various core loading patterns and to reduce the 
calculation time, based on statics neutronic calculations instead of kinetics calculations and 
decoupled calculations between neutronic and thermal-mechanics. 

The MIR method and the static approach have been described and compared in this paper. Using 
MIR method allows maximizing the PCI margins whereas using the static method allows minimizing 
the cost of the study. The combination of the two approaches allows assessing the impact of core 
loading patterns variability on PCI margins. 
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Background 

The previous OECD seminar on 

PCI was held in 2004 in Aix-en-

Provence, more than 10 years 

ago 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 
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Background 

some recent studies have pointed out that more and more flexible 

operation of NPPs will probably be required in the future 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 
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Background 

 Image: NEA report n° 
6004 (2004) 

▌ Since 2004 a number of experimental programs 

were conducted that addressed PCI: Halden, SCIP-I, 

SCIP- II, national programs … 

▌ Benchmarks were also conducted: FUMEX, SCIP 

▌ And fuel vendors continued their efforts to enhance 

the resistance of fuel to PCI 

 

▌ It appears desirable to reconsider the findings and 

recommendations of the last seminar in light of the 

new results acquired 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 
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Background 

More emphasis on industrial applications at the present workshop 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 
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Findings and recommendations from the 2004 Seminar 

Source: TU-Delft 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 

▌ Irradiation induces major evolutions of the fuel 

structure and consequently has an impact on material 

properties. Thus properties determined on fresh fuel 

were considered irrelevant for PCMI evaluations 

▌ Mechanical properties of fuel were still not well 

established due to the lack of experimental data 

▌ Further investigations on high burnup structure 

formation and on MOX peculiarities were needed 

▌ Develop experimental techniques and devices to 

assess mechanical properties evolution with burnup 

and temperature 

▌ Investigate the reasons why MOX seems to behave 

better with respect to PCMI  

Fuel pellets 
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Findings and recommendations from the 2004 Seminar 

▌ A particular session devoted to the interaction 

between stress field and fission gas behavior in the 

pellet 

▌ Gaseous swelling has a significant impact on PCI and 

is always involved in reported fuel failures 

▌ Stress field in the pellet plays an important role on 

fission gas release and on gaseous swelling 

▌ The importance of intra granular swelling remained 

unclear and even controversial 

▌ Need for reliable experimental data to characterize 

the fuel gaseous swelling 

▌ Multi dimensional models might help understanding 

the effect of stresses on fission gas behavior 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 

Source: TU-Delft 

Fuel pellets 
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Findings and recommendations from the 2004 Seminar 

▌ The question of the nature of the chemically 

aggressive species in PCI remained to be 

clarified: I, Cs, CsI? Cd? … 

▌ Irradiated and unirradiated materials behave 

differently with respect to cracking in an I 

enriched environment 

▌ The relevant parameter(s) to characterize PCI 

risk not clearly established 

▌ The role of the fuel to clad bonding layer in 

triggering PCI induced failures remained open 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 

Source: Sandvik 

Fuel cladding 
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Findings and recommendations from the 2004 Seminar 

▌ In-pile experiments confirmed the better behavior of 

MOX fuel 

▌ Cr-doped fuel was also foud to have a superior PCMI 

behavior, however unexpected with respect to the 

large grain size of such kind of fuel 

▌ The linear heat rate is a good indicator of the PCI 

failure risk for UO2/Zr4 rods 

▌ The internal liner concept was more or less 

abandoned for BWRs and the issue of improved 

cladding concept was open 

▌ New experiments needed in such conditions that the 

relative weight of the different phenomena might be 

assessed, because the fuel properties under 

irradiation conditions not sufficiently known to 

inform simulation tools 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 

Source: CEA 

In-pile experiments 
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Findings and recommendations from the 2004 Seminar 

▌ Multi dimensional modelling needed to understand 

experimental failures because they appear at pellet 

interfaces 

▌ Promising analytical approaches to derive 

porous/heterogeneous fuel viscoplastic behavior  

▌ Trend to move to local cracking models for a more 

realistic simulation than with diffuse cracks models 

▌ 1.5 and 3D codes remain complementary. 1.5D codes 

still the basis of industrial applications due to running 

time constraints 

▌ No modelling effort on cladding because there was no 

data to support a possible different behavior of 

different alloys 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 

Source: Anatech 
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Some questions that can be addressed at the present workshop 

▌ Do we now have good characterization of the fuel 

pellet mechanical behavior as a function of burnup 

and temperature? 

▌ Do we satisfactorily understand the reasons why 

MOX fuel behaves better than UO2 fuel? 

▌ Do we satisfactorily understand the effect of 

additives on fuel PCMI behavior? 

▌ Is gaseous swelling presently adequately understood 

and modelled? 

▌ Is pellet geometry optimization still a considered 

way to reduce/avoid PCI failure risk? 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 

Source: Anatech 
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Some questions that can be addressed at the present workshop 

▌ Is the nature of the chemically aggressive species 

involved in PCI failures clarified? 

▌ What is the relevant parameter to characterize 

the clad failure risk? LHR? Strain? Stress? SED? 

▌ Is the internal liner option still of interest to 

mitigate PCI failure risk? 

▌ Do different cladding alloys behave differently 

with respect to PCI? 

 

 

▌ Are more experiments needed? In-pile or out-of-

pile? On fresh or on irradiated material? 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 

Source: Sandvik 

Fuel cladding 

In-pile experiments 
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Some questions that can be addressed at the present workshop 

▌ Are 3D codes needed/mature enough for 

industrial applications? What can be their role? 

▌ What are modelling efforts focused on? Still 

pellet behavior? Or cladding behavior? The role 

of the bonding layer? 

▌ Did « computational material science » (smaller 

scale models with multiscale approaches) 

succeed in bringing decisive elements for 

understanding PCI? 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 

Source: Anatech 

Modelling 
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The bottom line 

Is a PCI-free fuel, i.e. a fuel that can be 

operated without any restriction on power 

variation rates, levels and durations, a 

realistic/valuable goal? 

In the 2004 proceedings, the subtitle of the report on the panel 

session was: Towards a PCI-free fuel! 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 
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Thank you for your attention 

OECD PCI Workshop, 22-24 June, 2016, Lucca, Italy 
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Outline 

1. Specificities of the French electric system : 
  Nuclear share  

   Load seasonality & variability 

    Nuclear generation seasonality & flexibility 

2. Economic issues associated to nuclear flexible 
operation 

   Refueling outages schedule 

   Load-following 

   Power reduction due to unexpected events 
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 2015 : EDF France Installed Capacity : 93 GW 

Nuclear  : 63,1 GW (58 PWRs) 

    68 % 

Hydro : 19,9 GW 

     21% 

   Thermal :  10 GW 

                11% 

Nuclear share in terms of installed capacity 
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Nuclear share in terms of generation 

2015 : EDF France Generation : 455,7 TWh 

Nuclear : 416,8 TWh 

                91,5 % 

Hydro :  

32,1 TWh 

7% 

Thermal : 6,8 TWh 

    1,5 % 



Load seasonality 
French seasonality compared to other European countries  Marked 

annual seasonality of the French electric system 
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Winter is the most critical period : higher load, and higher sensitivity to 

temperature :  - 1°C  + 2400 MW in the winter load (due to electric heating) 

Summer sensitivity, linked to air conditioning  : +1°C  +500 MW 

Load variability 
Within the day… 
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… and within the week… 

 



Nuclear generation seasonality 
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Standardized core managements of the French NPPs designed to match the 

electric system seasonality as best as possible.  

 12-month and 18-month cycles are favored, to schedule the nuclear fleet 

outages in the lower demand periods  

 

Number of PWR planned outages per week 

Flexible operation at lower power (modulation) is also needed to optimize outage 

periods.  

 That modulation amounts to 5 to 20 TWh/year 
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Illustration of typical flexible operation observed on a PWR over a year  

Nuclear generation seasonality & flexibility 

Several types of power variations :  

 Primary frequency control and remote load dispatch control 

 Load-following (power decrease under 92% NP for less than 8 hours over 24 hours) 

 Power level under 92% NP for a duration greater than 8 hours over a 24-hour period :    

  Extended Low Power Operation (ELPO) 



9 I  Séminaire IPG du 25/3/16 

Primary frequency control 
Remote load dispatch control 

Load-following 

ELPO  
12 days 

ELPO 
12 days 

Illustration of the different types of power flexibilities: Nogent 1 cycle 19 

10 I  Séminaire IPG du 25/3/16 

Short ELPOs  
due to RES 

Illustration of the different types of power flexibilities : GOL1 cycle 19 en 2015 
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Economic issues associated to nuclear flexible 

operation 

 

Modulation and refueling outages schedule for a plant with « 18-month » cycles 

 Modulation is necessary to succeed in keeping the outages of the « 2-winter  

     cycles » out of the winter periods 

 Mostly met through load-follow and ELPO during short periods, as  

     illustrated on the previous slides 

 High economic stakes : eg : scheduling 7 days of modulation at a cost of 

10 €/MWh (modulation being scheduled in off-peak periods) on a 1300 MW 

plant to postpone a winter stop by a week (with a price differential of 20 

€/MWh between a January week and an April week) can save 2 M€.  
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Economic issues associated to nuclear flexible 

operation 

 Load-following enables decreasing the generating power for a few hours  

    without shutting down the plants (eg : during the night when the load is low,  

    or during a sunny afternoon with a lot of sun) 

 Without that load-following capacity, operating the electric system during those  

     periods would lead to shutdown one or several nuclear plants, for a minimum  

     duration of 24 hours, which would then impose to start other more costly  

     generations means (coal, gas,…) to meet the peak load of the next day 

 ELPOs may result from environmental constraints, unexpected events or  

   partial outages affecting a given component of the plant 

 That type of power reduction may be necessary for a long duration , reaching  

    sometimes several months. For a 1300 MW plant operating 10 days at 60% NP,  

    the benefit of operating the plant even at reduced power instead of shutting down t    

    that unit amounts to an order of several million Euros depending on the electricity  

     market prices 
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Conclusion 

Given the share of nuclear generation in the French electric system, flexible  

 power operation is very important for French PWRs : 

 Contribution to the optimization of the refueling outages scheduling 

 Contribution to the balance between supply and demand, with economic  

    benefits associated to avoiding starting more costly generation means to  

    meet the peak daily load  

In case of an unexpected event affecting a component of the plant, it enables  

   to keep a PWR in operation and generate electricity over sometimes  

    significant durations, instead of shutting down that PWR 

 

 The total economic benefit associated to the flexible operation of the 58 

French PWRs is significant, even with the current rather low electricity market 

prices 

 

APPENDIX 
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Primary frequency control 

 Primary frequency control: very quick (on a few seconds notice) power variations to 

automatically correct electricity supply & demand unbalances resulting in frequency 
variations 

   New equilibrium: frequency  reference frequency 

        Maximum theoretical limit : 7% (in this case, no remote load dispatch control) 

 Instruction for maximum power with minimum primary reserve : 

           100%  -  2% - 0,4% = 97,6% 

 

Minimum primary reserve :  

2% nominal power 

Possible unbalance between electric 

power and thermal power : 0,4% 

Remote load dispatch control 

 Remote load dispatch control: automatically re-establishes the reference 

frequency. 

     The contribution of a PWR to that type of remote control amounts to 5% NP 

    That contribution is available only when the plant also contributes to the primary  

             frequency control 

  

 Instruction for maximum power with a 5% contribution : 

           97,6%     -     5%      =      92,6% 

 leaves the possibility for a 7% power increase (adding reserves for primary frequency 
control and for remote load dispatch control) 
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Evolution of the spot market prices over the 5 last years 
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PCI: A Regulator’s Perspective 

June 2016 

 
Michelle Bales 

Division of Systems Analysis 

Nuclear Regulatory Research 
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PCI Cladding Failure 

• PCI is a broad phenomenon that includes several failure 

modes 

– PCI failure due to Hydrogen Embrittlement (HE) 

– PCI failure due to Stress-Corrosion Cracking (SCC) – potential 

occurrence during AOO time scale 

– PCI failure due to Delayed Hydride Cracking (DHC) 



3 

• Fuel should not fail during an AOO. 
– General Design Criteria 10 establishes specified 

acceptable fuel design limits (SAFDLs) that 
should not be exceeded during any condition of 
normal operation, including the effects of AOOs. 

 

• Fuel failures should not be underestimated 
in a design basis accident 

– 10 CFR Part 100 requires the calculation of the 
exposure to an individual caused by the release of 
fission products to the environment during a 
postulated reactor accident and consideration of 
the result when determining the acceptability of a 
reactor site. 

 

• Fuel criteria should be established to 
address PCI 

– SRP acknowledges that no criterion currently 
exists for fuel failure resulting from PCI or PCMI. 
Nevertheless, two criterion are offered: 

• Limit uniform strain to <1% 

• Avoid fuel melting 

Requirements and Guidance 

• Staff conduct their fuel system safety review to confirm that the 

applicant provides assurance that the fuel doesn’t fail during an 

AOOs and that the number of fuel rod failures is not 

underestimated for postulated accidents. 

– Staff have issued “request for additional information” (RAI’s) during reviews 

of new fuel designs, as well as reviews of extended power uprates, when the 

applicant provides insufficient evidence.  

 

• Applicants generally provide “reasonable assurance” that fuel 

cladding failure would not occur due to PCI/SCC during AOOs or 

power maneuvering by: 

– Providing results from ramp test programs which are applicable to their 

design that show that margin exists between current operating limits and an 

empirically-based lower failure threshold  

– Citing fuel design features 

– Crediting SAFDLs established for other failure modes (e.g., MCPR, cladding 

strain, centerline melt).  

4 

Current Regulatory Practice 



• In 2009, the NRC staff briefed the ACRS on BWR vulnerability 

to PCI/SCC fuel cladding failure.  

– After deliberation, ACRS did not recommend any changes in 

current regulatory practice. 

 

• In 2013, the NRC staff briefed the ACRS in response to 

concerns raised by ACRS committee members during Design 

Certification and Extended Power Uprate reviews on the 

potential for core-wide fuel rod cladding failure due to PCI/SCC 

during PWR AOOs. 

– To support the ACRS inquiry, the staff utilized FRAPCON to model 

ramp tests so as to develop an empirical PCI/SCC cladding failure 

threshold. The staff also performed a safety analysis using the 

FRAPCON code. 
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NRC Advisory Committee Review 

6 

Addressing ACRS concerns for fuel 

failure due to PCI during PWR AOOs 

FRAPCON 
calculations 

performed on 
16 Studsvik 
ramp tests, 
including 6 
failed rods 

Hoop stress 
predictions: 

 

• Failed, 229 to 
297 Mpa 

 

• Intact, 231 to 
319 MPa 

Proposed 
stress 

threshold for 
PCI failures  

 

• Lower Bound - 
200 Mpa 

 

• Best Estimate - 
250 MPa 
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Addressing ACRS concerns for fuel 

failure due to PCI during PWR AOOs 

• AOO overpower trip set points already exist to protect against violation of 

SAFDLs: highest approved allowable value is 111% 

 

• Analysis performed with FRAPCON 3.4: 

• σ max hoop  for 112% ramp < 200 MPa 

 

• Existing trip setpoints provide adequate 
protection against PCI/SCC cladding 
failure during core-wide AOOs. 

Do existing RPS trip 
functions provide 

adequate protection 
against PCI/SCC 
cladding failure? 

• 118.2% and 125.1% overpower needed 
to reach 200 and 250 MPa, respectively 

 

• Safety margin exists to PCI/SCC 
cladding failure 

How much safety 
margin exists to 

predicted PCI/SCC 
cladding failure? 

8 

Addressing ACRS concerns for fuel 

failure due to PCI during PWR AOOs 

• ACRS presentations concluded by stating: 

 
– NRC staff will continue to participate in international 

research activities investigating PCI/SCC.  

– NRC staff will continue monitoring PWR design and 

operations (e.g. load following) to ensure PCI/SCC 

does not become a safety significant issue. 



• In response to PCI-SCC fuel rod failures during BWR control blade 

maneuvering, industry spent years researching and developing fuel 

rod design changes (e.g., barrier liner) and plant maneuvering 

guidelines to prevent fuel rod failures 

• These measures have proven effective and have essentially eliminated 

PCI failures the BWR fleet 

 

• Abundant natural gas, renewable energy-use legislation and 

deregulated markets mean that many US PWRs are considering 

load follow operation  

• Whereas BWRs will likely vary core flow to achieve global core power 

changes, PWRs may rely on control rod maneuvering to load follow. 

 

• Flexible operations in PWRs challenge fuel performance and may 

necessitate design changes and/or revised plant maneuvering 

guidelines 

 9 

Load Follow Operations Present New 

Challenges for PWRs 

10 

• Prior to undertaking flexible operation, a comprehensive 

review of NPP design and licensing bases are necessary. 

o Technical Specification LCOs and SRs 

o Safety Analysis 

o PRA 

o Operating Procedures and Training 

 

• Capabilities to support flexible operation depend on many 

parameters and will vary for each plant design. 

 

Load Follow Operations Present New 

Challenges for PWRs 
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• Protection against PCI/SCC cladding damage during 

flexible operation requires the following: 

 

1. Specific knowledge of each fuel rod design’s susceptibility to 

PCI/SCC 

2. Qualified analytical models and fuel design limits 

3. Established fuel pre-conditioning and maneuvering guidelines. 

4. Accurate core power distribution measurements 

 

• In-pile power ramp testing of irradiated fuel rod segments is 

necessary to qualify analytical models and establish 

PCI/SCC threshold and maneuvering guidelines. 

 

PCI/SCC Protection 

12 

• International guidance documents exist to support transition 

from baseload to load follow: 

– NEA report, “Technical and Economic Aspects of Load Following 

with Nuclear Power Plants,” 2011 

– EPRI report, “Program on Technology Innovation: Approach to 

Transition Nuclear Power Plants to Flexible Power Operations,” 

2014 

– IAEA NES report, "Non-Baseline Operations in Nuclear Power 

Plants: Load-Following and Frequency Control Flexible Operations,” 

2015 

 

• NRC has not reviewed or endorsed any of these guidance 

documents 
 

Available Guidance 
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• Regulatory concerns of PCI failure are primarily related to the potential for fuel 

failure during AOOs and the potential to underestimate DBA fuel failures 

 

• Existing PCI failure thresholds are not perfect and therefore providing 

“reasonable assurance” that failures are understood often requires a 

combination of analytical, empirical and engineering evaluations  

 

• In the past, PCI fuel failure safety concerns have been dispositioned with 

respect to:  

– BWR power maneuvering 

– PWR Design Certifications 

– PWR Extended Power Uprates 

 

• Load follow operations present new challenges for PWRs 

– NRC continues to monitor international research on PCI and collaborate with 

international counterparts from countries with experience with load follow operations 

 

Conclusions 

Backup Slides 
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• Power excursion: 

– A rapid power excursion which over-shoots HPT setpoint will 

yield higher cladding stress; however its time duration will not be 

sufficient for crack propagation. 

– As a result, prolonged power excursion must remain below HPT 

setpoint. An instantaneous ramp to 112% of initial rod power is 

assumed. 

• Rod design and power history: 

– Limiting 2nd cycle fuel rod from prior EPU study. 

– Limiting 3rd cycle fuel rod from prior EPU study. 

– Bounding radial fall-off curve (Reload Checklist, Fr vs. BU) 

• Cladding failure threshold: 

– 200 MPa (lower bound) 

– 250 MPa (best-estimate) 

15 

Safety Analysis - Inputs and 

Assumptions 

 Investigation #1: 112% Ramp 

16 

Local Burnup 

(GWd/MTU) 

Initial Condition  (Pre-Ramp) Final Condition  (Post-Ramp, 12% ΔLHGR) 

LHGR        

(KW/ft) 

Hoop Stress  

(MPa) 

Hoop Stress  

(MPa) 

Ramp ΔStress 

(MPa) 
Ramp Total 

ΔStrain (%) 

Limiting 2nd Cycle UO2 Fuel Rod 

0.2 8.01 -67.4 -65.4 2.0 0.01 

20.7 7.55 -58.4 -55.5 2.9 0.01 

39.7 6.58 -49.9 -4.4 45.5 0.05 

48.7 6.43 64.3 120.2 55.9 0.06 

Limiting 3nd Cycle UO2 Fuel Rod 

40.5 5.55 58.3 102.7 44.4 0.05 

50.9 5.85 78.5 135.9 57.4 0.04 

58.7 5.75 107.8 160.5 52.7 0.06 

Radial Fall-Off Curve 

31.2 9.55 15.4 104.1 88.7 0.10 

40.4 9.43 29.3 122.6 93.3 0.10 

48.9 9.39 39.5 138.9 99.4 0.11 

58.1 8.71 48.9 142.5 93.6 0.10 

66.9 7.75 73.6 164.2 90.6 0.10 



• Power ramps simulating an AOO overpower scenario (e.g., 

IOSGADV) were added at various burnup steps to three 

different base power histories.  

– The maximum predicted cladding hoop stress was below the lower-

bound 200 MPa and well below the best-estimate 250 MPa failure 

thresholds.  

• High power, low burnup fuel rods are less susceptible to 

PCI/SCC. 

 

Staff calculations suggest that existing RPS trip 

functions and setpoints provide adequate 

protection against PCI/SCC cladding failure during 

core-wide AOOs. 

17 

Safety Analysis –  

Investigation #1: 112% Ramp 

• Rod power was iterated at various burnup steps until cladding 

hoop stress achieved the draft failure thresholds.  

18 

Local 

Burnup 

(GWd/MTU) 

Iterated Power Ramp to PCI/SCC Threshold 

200 MPa 250 MPa 

ΔKW/ft 

 

Power 

Increase 

(%) 

Ramp Total 

Strain (%) 

ΔKW/ft 

 

Power 

Increase 

(%) 

Ramp Total 

Strain (%) 

18.8 6.34 66.9 0.29 6.80 71.7 0.34 

31.2 2.32 24.3 0.20 2.83 29.6 0.26 

40.4 2.07 22.0 0.19 2.52 26.7 0.24 

48.9 1.85 19.7 0.18 2.36 25.1 0.23 

58.3 1.72 19.7 0.18 2.24 25.7 0.23 

66.9 1.41 18.2 0.14 1.98 25.5 0.20 

Safety Analysis –  

Investigation #2:  Iterated Power 



• The FRAPCON-3.4 calculations show that a prolonged power 

excursion greater than 118.2% (lower bound) and 125.1% 

(best-estimate) is necessary to exceed their respective 

PCI/SCC failure threshold.  

 

 
 

 

Staff calculations suggest that safety margin exists to 

PCI/SCC cladding failure based on existing RPS trip 

functions and setpoints. 
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Safety Analysis –  

Investigation #2:  Iterated Power 

20 

Addressing ACRS concerns for fuel 

failure due to PCI during PWR AOOs 
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Burnup (MWd/kgU) 

PWR Ramp Data: no clear differences 

between non-failed and failed cladding 

Blue circle: non-failed cladding 

Red diamond: failed cladding 



• Advanced BWR control blade maneuvering practices introduced 

significant vulnerability to PCI failure in the 1990’s 

• BWR vendors spent years researching and developing operating limits 

to prevent PCI failure 

• These operating limits have proven effective and have essentially 

eliminated PCI failures in BWRs 

 

• Flexible operations in PWRs challenge fuel performance and may 

necessitate design changes. 

• Extends cycle length and residence time for fuel assemblies. 

• Component corrosion limits 

• PWR grid-to-rod fretting and BWR debris fretting 

• Increases number of  thermal and mechanical cycles for assembly 

component fatigue analysis 

• Impacts existing fuel performance models (e.g., FGR, rod growth) 

• Increases cladding stress and promotes PCI (cladding failure) 

 21 

Load Follow Operations Present New 

Challenges for PWRs 

22 

• Iterative FRAPCON-3.4 calculations demonstrate that allowable 

ΔLHGR decreases dramatically after hard contact and continues to 

decrease with exposure. 
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• Cladding strain SAFDL designed to protect against 

strain-driven failure during rapid over-power 

scenarios. 

23 

– Based on separate effects mechanical testing 

(e.g., rod burst) on irradiated cladding 

segments. 

– Accounts for hydrogen embrittlement. 

– Lower-bound of uniform-elongation data. 

– Empirical strain limit compared against 

predicted strain using conservative analytical 

models. 

Cladding Strain SAFDL 
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Introduction 

• Studsvik started ramp tests in 1969, since then more than 
1000 ramp tests have been performed 

• About 150 of these ramp tests have been part of past 
internationally funded ramp projects. The majority of this 
data is publicly available through OECD/NEA in the IFPE 
database 

• SCIP is an OECD/NEA project started in 2004 and now it 

is in the 3 phase 

• During SCIP II, 2009-2014, a general survey of the ramp 

tests data obtained in the Studsvik R2 Reactor was 

performed 

SCIP II Proprietary Information 
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3 SCIP II Proprietary Information 

Introduction 

• Plots of different ramp parameters and general trends 

and correlations were indentified 

– Failure threshhold (RTL and dP) vs burnup and ramp rate 

– FGR vs RTL and burnup 

– Residual strain vs RTL and burnup 

– Time to failure and time to activity release 

– Categories: failed/intact, liner/no-liner, BWR/PWR, ramp type, 

ramp rate, hold time, refabricated/segmented rods 

• Ramp data from past Studsvik R2 ramp tests was 

collected in a database (~1000 ramp tests) 

• Ramp database was made available on 2013 to SCIP II 

partecipants 
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Introduction 

SCIP II Proprietary Information 

 

Program Date released Database 

INTER-RAMP Nov. 1997 IFPE* 1975-1979, BWR(20), BU=10-20  

Failure thr&mech, Cladding HT, Modeling. 

OVER-RAMP March 2006 IFPE 1977-1980, PWR(39), BU=10-30 

Failure thr, Design parameter, Modeling 

DEMO-RAMP I March 2001 IFPE 1979-1982, BWR(5), BU=15 

PCI rem. (anular/Niobia pellets) 

DEMO-RAMP II March 2001 IFPE 1980-1982, BWR(8), BU=25-30 

Failure thr, Ramp test 

SUPER-RAMP BWR 

SUPER-RAMP PWR 

Dec. 2000 

Nov. 1997 

 

IFPE, 

NTIS** 

IFPE, NTIS 

1980-1983, BWR(16), BU=30-35, PWR(28), BU=30-45 

Failure thr, HB effect, PCI rem, Gd fuel, Ramp rate, 

Design parameter, Modeling 

SUPER-RAMP EXT.   NTIS 1984-1986, BWR(9), BU=25-30 PWR(4), BU=30-35 

Ramp rate, Filure resitance 

TRANS-RAMP I March 2003 IFPE 1982-1984,BWR(5), BU=18 

Crack Init&prop, FGR, Modeling 

TRANS-RAMP II March 2003 IFPE 1982-1986, PWR(7), BU=30 Crack Init&prop, FGR, 

Modeling 

TRANS-RAMP IV March 2003 IFPE 1988-1991, PWR(7), BU20-25, Influence of inc. cracks 

ROPE-I BWR March 2007 IFPE 1986-1989, BWR(4), BU35, Clad Creep out 

ROPE-II PWR March 2007 IFPE 1991-1995, PWR(14), BU40, Clad Creep out 

DEFEX March 2007 IFPE ……. 

DEFEX II DEMO March 2007 IFPE ….. 

STEED March 2007 IFPE ……… 
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Ramp rig 

R2 Reactor, tank in pool type, 50 MW 
• Power control by 3He (variable pressure) 

• Rig in LWR loop (temperature, pressure) 

• Single fuel rod 

• Calorimetric power measurement  

• (coolant DT, mass flow) 

 

Features 
• Accurate power determination 

• Variable ramp rate 

• Rod elongation measurement 

• Test rod exchange during R2 operation 

 
SCIP II Proprietary Information 
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6 SCIP II Proprietary Information 

Example of measured data in a ramp 
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7 SCIP II Proprietary Information 

Ramp database  
Content statistics (1) 
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8 SCIP II Proprietary Information 

Content statistics (2) 

• Rod failed in 37 % of the ramp 

tests in the database 

• Failed/intact ratio decreases 

with burnup 

Design Cladding 

OD [mm] 

Wall 

thickness 

[mm] 

Gap 

[mm] 

Fraction in 

database [%] 

BWR 8x8 12.25 0.80 0.21 41 

BWR 8x8 12.50 0.86 0.23 21 

BWR 9x9 11.00 0.67 0.17 1 

BWR 

10x10 

9.62 0.63 0.17 1 

PWR 

15x15 

10.75 0.73 0.19 5 

PWR 

17x17 

9.50 0.57 0.17 14 

  >12.6     7 

Main fuel designs in database 
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Content statistics (3) 

SCIP II Proprietary Information 
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Content statistics(4) 

SCIP II Proprietary Information 
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11 SCIP II Proprietary Information 

Content statistics(5) 

Ramp rates [W/(cm min)]
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12 SCIP II Proprietary Information 

Plots and correlations 
RTL vs BU 

• >1000 ramp results 

– Failed (red dots) 

– Intact (blue dots) 

• A large scatter =>  

Need to categorize and 

group data (eliminate 

outliers) 

• Basic trend/envelope 

• No clear separation 

between failed and  

non-failed ramp tests 
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13 SCIP II Proprietary Information 

Average trends 

• Data collected in burnup 

groups of 10 MWd/kg 

• Average RTL curves agree 

• Lower line shows minimum 

failure limit 

• Margin to PCI failure is 

smallest in 15-45 MWd/kg 

with failure limit ~45 kW/m 

• Very few failures over  

55 MWd/kg 
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Failure limits for grouped BWR ramp 
tests 

SCIP II Proprietary Information 

0 20 40 60 80
0

10

20

30

40

50

60

70

80

Burnup [MWd/kgU]

R
T

L
 [
k
W

/m
]
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Liner

No liner
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Single

Stepwise

Benefit of ~5 kW/m for stepwise over 

single step ramp tests  

(only non-liner rods) 

Benefit of ~10 kW/m for liner over non-

liner ramp tests 
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15 SCIP II Proprietary Information 

Ramp step 

• Minimum ramp step required to 

fail a rod: 

– 10-15 kW/m in 15-40 MWd/kg 

– 15-20 kW/m above 40 MWd/kg 

– 20 kW/m or more for liner fuel 

• Classical min requirement for 

PCI failure: 

– dP >15 kW/m 

– RTL > 40 kW/m 

– Conditioning at the LHR level 

of the last irradiation cycle 

• PCI safe domain for all failed 

ramp tests of any type 
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16 SCIP II Proprietary Information 

Ramp rate 
• Ramp rate considered important 

for PCI failure 

• Operational limitations on ramp 

rate 

• No clear failure limit with ramp rate 

• Fraction of failures is smaller for 

slow rates 

• Few ramps at different ramp rates 

• No failures at low ramp rates after 

~1985 

• Only SuperRamp-EXT program 

focused on ramp rate 
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17 

Gd compared to std ramp tests 

SCIP II Proprietary Information 

• 10 Gd rods have been ramp tested 

(7 PWR, 3 BWR)  

• 1 BWR Gd rod failed in a stepwise 

ramp to 50 kW/m 

• Comparison of test with 30-40 

MWd/kgUshows some benefit with 

Gd-addition 

• Ramp test of similar Gd and std 

PWR rods in SUPER-RAMP 

– 4 Gd non-failed, max 50.5 kW/m 

– 2/4 std failed, fail limit 44 kW/m 
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Additive compared to std ramp tests  

SCIP II Proprietary Information 

• 12 additive rods have been 

single ramp tested in BWR 

conditions 

• 1 rod failed, 44.5 kW/m 

• Comparison of tests with 

burnup 15-30 MWd/kgU 

shows some benefit in ramp 

step of additive pellets 
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19 SCIP II Proprietary Information 

Time to failure 

- Average time to failure: 14 min. Median 10 min 

- Average time to activity release: 27 min  

 (transport delay = 2.5 min) 
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20 SCIP II Proprietary Information 

Elongation measured in a ramp 

Elongation in ramp 

Elongation decrease 

 (Relaxation) during  

hold time 

Power down 

Power up 

Hold time 

Conditioning 
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 Burnup < 20 MWd/kgU

20 MWd/kgU < Burnup < 45 MWd/kg

45 MWd/kgU < Burnup

Correlation for elongation in ramp 

Dependence on ramp step, burnup, rod power 
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FGR in ramp tests 

SCIP II Proprietary Information 
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22 SCIP II Proprietary Information 

FGR Influence of hold time 
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FGR vs hold time

• Short hold times limit FGR 

• No clear correlation 

between FGR and hold 

time 

• Transient FGR due to 

inter-linkage, grain 

boundary opening and  

fuel cracking 

• Strong dependence on 

burnup 

• Volatile FPs released with 

FG 

Id Burnup 

[MWd/kgU

] 

RTL 

[kW/m] 

Hold time [h] FGR [%] 

2689 SCIP I 63 40 0.0014 5.9 

2688 SCIP I 63 40 12 15.5 

1640 27 43 0.0018 0.5 

1647 26 43.5 1 7.5 

3028 SCIP II 69 41 0.0028 7.4 

3029 SCIP II 69 36, 40 6+6 (2 steps) 23.7 
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FGR during ramp hold time 

SCIP II Proprietary Information 
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Id Burnup 

[MWd/kg

U] 

RTL 

[kW/m] 

Hold time 

[h] 

FGR [%] 

2371 53 44 6 14.9 

2369 53 44 1 5.2 

1605 15 42 10 2.09 

1606 15 42 30 4.04 

• Assume FGR during hold time 

is controlled by thermal diffusion 

• Booth-model for FG diffusion in 

grains 

 

 

•         is chosen to fit the data 

point with longest hold time 

• Predicted values at shorter hold 

times agree with data 

=> FGR in ramp tests with long 

hold times are dominated by 

thermal release 
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Cladding residual strain 

SCIP II Proprietary Information 

SCIP-42 Task0 Final Report
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Strain vs RTL

• Linear relationship between strain 

and LHR 

• Strain also depends on burnup 

(gap size, gas swelling) and hold 

time (creep relaxation) 10 MWd/kg 

70 MWd/kg 
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25 SCIP II Proprietary Information 

List of parameters in the database 
• Basic rod data: 

– Burnup in MWd/kgU 

– Initial enrichment  

– Irradiation time (from year to year or No. 

of cycles) 

– Reactor type (BWR/PWR) 

– Liner / no liner 

– Experimental PCI remedy (Yes/No) 

– Fuel density 

– Fuel type (UO2, MOX, UO2+GdO2, 

Additive pellets) 

– Pellet geometry (diameter and length-to-

diameter ratio) 

– Cladding inner and outer diameter (initial 

design gap) 

– Cladding heat treatment (RXA/SRA) 

– Axial position of the ramp segment in the 

father rod or segment number 

• Ramp data: 

– Date of the test 

– Ramp type (Step ramp, single ramp, fast 

or other)  

– Conditioning power level (CPL) 

– Conditioning time 

– Ramp terminal level (RTL) 

– Hold time 

– Ramp rate  

– Failure/no failure 

– Time to failure (time to elongation drop 

and/or power spike) 

– Time to activity release 

– Rod elongation increase during ramp 

– Rod elongation decrease during the hold 

time (relaxation) 

• Post-ramp PIE: 

– Residual strain at mid-pellet for max LHR 

– Residual strain at ridge for max LHR 

– Fission gas release after ramp (FGR) 
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W. Wiesenack 
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OECD/NEA/WGFS Workshop on 

Pellet-cladding interaction (PCI) in water-cooled reactors 

22-24 June, 2016, Lucca, Italy 

Experimental observations 

related to PC(M)I 

2 

Scope of HRP programme on PCI 

• Stress corrosion cracking (SCC) 

• Role of aged and fresh fission products in SCC  

• Power cycling 

• Mechanical interaction 

• Influence on fission gas release 

• Fast and slow power changes 

• Ramping 

• Shield lift experiments 
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INSTRUMENTATION 

PCMI is directly measured in-pile in two ways: 

• Diameter gauge 

• three-point feeler moving along a rod, measuring the clad 

diameter at power 

• detection of primary and secondary ridges, cladding creep-

down and creep-out, crud build-up 

• Cladding elongation detector  

• main application: monitor the elongation response to power 

changes 

• for high burnup, bonded fuel, cladding elongation reflects 

the length change of the fuel inside the cladding, e.g., due 

to swelling 

4 

Results from two experiments 

• Main objective: assess fuel thermal properties and fission 

gas release of commercial fuel, pair of rods 

• Two refabricated segments are tested side-by-side  

• One equipped with cladding elongation detector 

• Information derived from the measurements 

• Onset of PCMI and change of the onset point 

• Strength of PCMI 

• Axial ratcheting if present 

• Relaxation of PCMI at constant power 

• Fuel swelling 

• Point out developments and interaction of phenomena 

which are part of the total picture of fuel behaviour 

• No models or correlations for modelling 
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Overview of 

Experiment 1 

• Base-irradiated PWR fuel 

• Average power ~200 W/cm 

• EOL power ~130 W/cm 

• Burnup 54.7 MWd/kgUO2 

 

• Test irradiation in HBWR 

conditions 

(coolant at about 235°C 

and 28 bar pressure) 

 

• Segment length 441 mm 

6 

Power increase and 

hold periods 

• Cladding elongations at first 

follows thermal expansion 

• After a transition period, 

elongation follows fuel 

expansion 

• The slope of strong PCMI tends 

to increase with number of 

power increases 

• Fuel – cladding accommodation 

is seen as shift of the point of 

contact 

• Signs of relaxation can be seen 

in the curves of the first ramps 
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Fuel creep and axial stress relaxation 

𝜀 𝑖𝑟𝑟 ∝ 𝜑 ∙ 𝜎 

𝑑∆𝐿

𝑑𝑡
= −𝑏 ∙ ∆𝐿 

∆𝐿 = ∆𝐿0 ∙ 𝑒
−𝑏∙𝑡 

The time constant 1/b 

tends to increase from 

ramp to ramp: the fuel 

becomes stiffer. 

As measured (upper row) and with hold period 

normalised to constant power (lower row) 
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Overview of 

Experiment 2 

• Base-irradiated PWR fuel 

• Average power ~140 W/cm 

• EOL power ~87 W/cm 

• Burnup 47.9 MWd/kgUO2 

 

• Test irradiation in PWR 

conditions 

(coolant at about 290°C 

and 155 bar pressure) 

 

• Segment length 405 mm 
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Power increase and 

hold periods 

• The first onset of PCMI is more 

gradual and earlier than in 

experiment 1 

• Earlier onset probably due to lower EOL 

power (87 W/cm versus 130 W/cm) 

• After thermal expansion and a 

transition period, cladding elongation 

follows fuel expansion 

• Fuel – cladding accommodation is 

manifest in a shift of the transition 

from thermal expansion to PCMI to 

higher power 

• The slope after onset of PCMI 

becomes steeper after the first ramp 

• Relaxation is considerable and 

clearly visible after all ramps 

10 

Fuel creep and axial stress relaxation 

-slope increases from hold 1 to hold 3 which may be explained with increasing power and 

increasing ΔL above thermal expansion. The slope then decreases which can be a sign of 

internal voids being more and more filled by the creep process similar to experiment 1 
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Comparison of creep rates 

• Experiment 2 seemingly shows much 

more relaxation than experiment 1  

• However, the different conditions, 

especially the amount of PCMI, must be 

taken into account  

• The first hour ΔL can be normalised with 

the maximum ΔL, power, and fuel stack 

length (441 mm vs. 405 mm) 

• Both experiment show strong initial 

relaxation which may be attributed to 

removal of pellet fragment mismatch 

caused by refabrication and handling 

• Thereafter, the normalised relaxation 

rates are similar 

12 

Power down – power up cycles 

• The down and up curves in cycles 1 to 3 are perfect repetitions: no axial ratcheting 

• In cycles 4 to 7, the up-curve is first equal to or above the down-curve and then 

crosses the down-curve and stays a little below 

• This development is the opposite of what would occur if there is axial ratcheting 
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Rod pressure and fission gas release 

• At a certain point, the down-curve deviates from being parallel to the preceding up-curve due to 

released fission gas leaving the fuel stack 

• The point of deviation occurs at ever higher powers from one cycle to the next due to fuel creep 

during the hold period which causes the fuel stack to open earlier with each cycle 

14 

Summary 

• In both experiments, the onset of PCMI shifts to higher 

power from ramp to ramp as a consequence of fuel – 

cladding accommodation 

• Axial ratcheting effects were not identified in the data 

• Modelling 

• The underlying problem is that of describing the mechanical, 

thermal and gas permeability properties of a randomly 

cracked stack of fuel pellets where fragments can separate 

(relocate) and interact with each other and the cladding 

• An integral fuel model that can explain all observations will be 

a challenge to formulate 
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OECD/NEA Workshop on Pellet-Cladding Interaction in Water-Cooled Reactors, Lucca, Italy, 22-24 June, 2016 3 

 The fuel failure initiating at the cladding outer surface and penetrating 

inwards(outside-in cracking) was observed in power ramp test. 

 It occurred on high BU ( >55 MWd/kgU) BWR fuel rods. 

 <50 MWd/kgU rods exhibited well-known PCI-SCC failure. 

1.Introduction 
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 No fuel failures at burnups higher than 50MWd/kgU 

 Incipient cracks at the outer surface observed on non-failed 

fuel cladding at burnup around 60 MWd/kgU 
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 Post-ramp examinations on BWR fuel rods suggested that  

 radial hydrides precipitated at the cladding outer rim 

were closely related to the outside-in cracking. 

 crack initiates with the fracture of radial hydrides and 

propagates by delayed hydride cracking (DHC) process. 

 The outside-in cracking is considered to be a potential 

issue for the high burnup fuel integrity during power ramp 

events. 

 Hence, the research program has been carried out to 

clarify its mechanism and occurrence conditions[6]. 

 This presentation overviews experimental studies on the 

outside-in cracking fuel failure. 

1.Introduction (Cont.) 
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2. BWR claddings 
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2. 1 Experimental procedure –BWR claddings- 

Hypothesis for outside-in cracking process 

 When a power ramp event occurs, increased local power 

causes PCMI and higher temperature gradient. 

 Hydrogen picked-up to cladding and stored mainly at Zr-liner 

during normal operation diffuses to colder outer rim. 

 Hydrogen precipitates as brittle hydride in radial direction 

due to PCMI-induced hoop stress.  

 Crack initiates with the fracture of radial hydrides. 

 Crack propagates by DHC process. 

Factors affecting the process were examined 

by the series of experiments utilizing the test 

device simulating power ramp.  

OECD/NEA Workshop on Pellet-Cladding Interaction in Water-Cooled Reactors, Lucca, Italy, 22-24 June, 2016 8 

 Central heater generates heat flux. 

  heat flux expressed as LHGR* 

 Temperature at cladding outer surface is 

kept at 288oC. 

  temperature gradient  

 Pressurized water is induced into cladding 

specimen. 

  generating hoop (and axial) stress 

simulating PCMI 

2. 1 Experimental procedure -BWR claddings- (Cont.)  

Central heater 

Pressurizer 

Pressurized 

water 

Cladding specimen 

Heat flux 

Central heater 

Pressurized water 

Test device 

Specimen materials 

 Zr-lined Zircaloy-2 (8X8 and 9X9A designs) 

 Unirradiated  

 Irradiated  8X8   : about 55 MWd/kgU 

 9X9A : about 65 MWd/kgU  

 Irradiated and hydrogen-charged 

* Linear Heat Generation Rate 

Pressure 
vessel 

Pressurized 
Water (7MPa) 
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2. 1 Experimental procedure -BWR claddings- (Cont.)  

i. Hydrogen thermal diffusion test 

 Time to radial hydride precipitation 

 Effects of LHGR and hoop stress 

 

ii.Crack propagation test  

 Crack propagation behavior 

 Crack propagation rate 

 

iii.Outside-in cracking simulation test 

 Time to failure due to outside-in cracking 

 Minimum hoop stress for the initiation of outside-in 

cracking 

The experiments and its points of interest 
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2. 1 Experimental procedure -BWR claddings- (Cont.)  

i. Hydrogen thermal diffusion test 

 Hoop stress : 200-650  MPa (nominal) 

 LHGR  : 20-45 kW/m  

 Test duration : 30-120 min 

Metallographic examination was performed after the test to observe 

hydride distribution and morphology. 
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2. 1 Experimental procedure -BWR claddings- (Cont.)  

ii.Crack propagation test 

 Pre-cracked specimens were used. 

 Hoop stress : 200-300  MPa (nominal) 

 LHGR  : 30-45 kW/m  

 Test duration : 30 min 

Depths of the propagated cracks were measured by SEM. 

Average crack propagation rate in radial direction calculated by 

(length of crack extension) / (test duration). 

Heating and loading patterns  

(example) 
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2. 1 Experimental procedure -BWR claddings- (Cont.)  

iii.Outside-in cracking simulation test 

 Hoop stress : 600-750  MPa (nominal) 

 LHGR  : 30-45 kW/m  

 Test duration : until failure (max.120 min) 

Heating and loading patterns (example) 
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*Test was terminated when rapid decrease of internal 

pressure was detected (indicating specimen failure) 
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200mm 

Irradiated 9X9A (H-charged) 

Irradiated 8X8 

Surface temp : 288oC 

Heater LHGR : 45 kW/m 

Test duration : 120 min 

Number density of radial hydrides shows an increasing trend 

with increasing hoop stress (clear on 9X9A, unclear on 8X8). 

Hoop stress: 200MPa 400MPa Pre-test  

249ppm-H 261ppm-H 276ppm-H 

Pre-test Hoop stress: 200MPa 400MPa  650MPa 

220ppm-H 208ppm-H 231ppm-H 231ppm-H 

2. 2 Results and discussion -BWR claddings- 

i. Hydrogen thermal diffusion test  (Effect of hoop stress) 

OECD/NEA Workshop on Pellet-Cladding Interaction in Water-Cooled Reactors, Lucca, Italy, 22-24 June, 2016 14 

 Clear radial hydrides on 9X9A specimens at LHGRs 

≥35kW/m. 

 Its lengths in radial direction appeared to increase with 

increasing LHGR. 

LHGR: 30kW/m 35kW/m 45kW/m No heat flux 

261ppm-H 301ppm-H 269pm-H 261pm-H 

Irradiated and H-charged 9X9A cladding 

Surface temp : 288oC 

Hoop stress   : 200 MPa 

Test duration  : 120 min 

2. 2 Results and discussion -BWR claddings- (Cont.) 

i. Hydrogen thermal diffusion test  (Effect of LHGR) 

200mm 
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Hydrogen diffusion analyses 

2. 2 Results and discussion -BWR claddings- (Cont.) 

 Hydrogen thermal diffusion analysis was performed. 

 Hydrogen dissolution and precipitation model proposed by Takagi, 

et al.[9] and diffusion coefficient obtained by Sawatzky[10] were used. 

 Heat of transport Q*(a) was estimated from the results of thermal 

diffusion test. 

 Time to precipitation of radial hydride(b) as a function of LHGR can be 

obtained. 

0 

30 

60 

90 

120 

20 30 40 50 60 

LHGR(kW/m) 

T
im

e
 (

m
in

) 

     H-content 
     231ppm 
     120ppm 
     110ppm 
     100ppm 
       90ppm 

8X8 cladding 

     H-content 
     150ppm 
     100ppm 
       90ppm 

9X9A cladding 
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equation[10] of diffusion flux as 

 

 

 

𝐽 = −
𝐷𝐶

𝑅𝑇
𝑅𝑇

𝑑𝑙𝑛𝐶

𝑑𝑥
+
𝑄∗

𝑇

𝑑𝑇

𝑑𝑥
 

OECD/NEA Workshop on Pellet-Cladding Interaction in Water-Cooled Reactors, Lucca, Italy, 22-24 June, 2016 16 

Hydrogen diffusion analyses 

2. 2 Results and discussion -BWR claddings- (Cont.) 

 Reasonable agreement between the test results and the 

analysis 
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eccentricity of internal heater. 

Hydrogen content 

 test  : 249 - 536 ppm 

 analysis : 400 ppm  
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2. 2 Results and discussion -BWR claddings- (Cont.) 

ii. Crack propagation test 

Stress intensity factor KI   (MPa.m1/2) 

A
v
e

ra
g

e
 c

ra
c
k
 

 p
ro

p
a

g
a

ti
o

n
 r

a
te

 (
X

1
0

-8
m

/s
) 

100 

0 

200 

300 

5 10 0 15 

   8X8, irradiated 

  9X9A, irradiated    With heat flux 

  9X9A, unirradiated 
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 Average propagation rate was plotted in relation to KI at 

the pre-crack. 

 Several specimens showed no crack propagation.  

(plotted as zero propagation rate) 
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2. 2 Results and discussion -BWR claddings- (Cont.) 

iii. Outside-in cracking simulation test 

 Appearances of the failed specimens are similar to 

those of observed on the ramp test. 

 Time to failure varied in the range of 15-94 minutes. 

Max. effective LHGR*  :  42.4 kW/m 

Cladding outer 
Surface hoop stress** :  672MPa 

Test duration  :  53 min. 

Length of hydride : ~53 mm 

 *  Analyzed by FEM considering heater eccentricity 

 **  Analyzed by FEM 

200mm 
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2. 2 Results and discussion -BWR claddings- (Cont.) 

iii. Outside-in cracking simulation test 

 Some specimens remained intact. 

 No incipient cracks were observed on the intact 

specimens. 

 intact 

Max. effective LHGR*  :  42.4 kW/m 

Cladding outer 
Surface hoop stress** :  565 MPa 

Test duration  :  120 min. 

Length of hydride : ~120 mm 

200mm 

 *  Analyzed by FEM considering   

 heater eccentricity 

 **  Analyzed by FEM 
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2. 2 Results and discussion -BWR claddings- (Cont.) 

outer 
surface 

inner 
surface 

Max. effective LHGR  : 42.4 kW/m 

Cladding outer 
Surface hoop stress : 672MPa 

Typical SEM image of fracture surface 

 Fracture surface shows   

 brittle feature within a certain depth from outer surface. 

transition to mixed feature of brittle/ductile at deeper zone.  

iii. Outside-in cracking simulation test 
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2. 2 Results and discussion -BWR claddings- (Cont.) 

iii. Outside-in cracking simulation test 

 The minimum hoop stress of failed specimens is about 

640 MPa in this study. 
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3. PWR claddings 
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 No fuel failure with outside-in cracking was 

observed on PWR  

 Cladding material is resistant ? 

 Test condition (mainly temperature) is not 

favorable? 

 

 To confirm above, EDC* tests on PWR 

claddings at 300oC and 385oC were 

performed. 

 - Considering cladding temperatures of 

BWR and PWR 

 

 An aluminum mandrel was inserted into an 

cladding tube specimen. 

 

 Mandrel was axially compressed by push 

rod and radially expanded, simulating PCMI. 

23 

* Expansion due to compression 

EDC test method 

3. 1 Experimental procedure -PWR claddings- 

Mandrel (Al) 

Specimen tube 

Compression load 

Push rod 

Compression load 

EDC test on PWR cladding 
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 Test conditions 

 Test specimen 

- irradiated Zircaloy-4 

 

 Test temperatures 

- 300oC and 385oC 

 

 Loading pattern 

Test specimens were expanded up to 

about 3% diameter increase and then the 

compressions by pushrods were  

- instantly removed ((a)ramp-and-release)  

- held for 240 min.  ((b)ramp-and-hold) 

 

 Post-test examination 

Metallographic examination 

3. 1 Experimental procedure -PWR claddings- (Cont.) 
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Test at 385
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C 

 No failure was observed. 

 Incipient cracks were formed at the cladding outer rim (both temperature). 

 Crack blunting was observed at 385
o
C. 

(a) Ramp-and-release 

: Load 
: Diameter change 

3. 2 Results and discussion -PWR claddings- 
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(b) Ramp-and-hold 

Test at 300
o
C Test at 385

o
C 

: Load 
: Diameter change 
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3. 2 Results and discussion -PWR claddings- (Cont.)  
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 A stepwise decrease  in compression load suggests specimen failure  

after about 60min hold at 300oC. 

 The appearance of penetrating crack was similar to those which were 

observed in the post-ramp examinations on the BWR fuel rod. 

 Blunted crack tip and no indication of crack propagation at 385oC 
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3. 2 Results and discussion -PWR claddings- (Cont.)  

 Cracks were blunted at 385oC. 

 It is possibly brought by the higher matrix deformability 

due to higher temperature. 

 Cracks exhibited no propagation at 385oC. 

 It could be attributed to relaxations of stress 

concentration caused by the crack blunting. 

 Irradiated Zry-4 cladding failed with outside-in cracking at 

300
o
C under “ramp-and-hold” loading. 

 PWR fuel cladding is not resistant to outside-in cracking 

failure. 

 

 The temperature of  385oC is considered to be not 

favorable to crack propagation by DHC. 
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According to the test results, the mechanism of outside-in cracking process was 

understood as following 3 steps 

(1) Radial hydride precipitation 

This is a time dependent process. (closely related to H thermal diffusion) 

Power level, cladding geometry and initial hydrogen content have an influence on time 

to the hydrogen thermal diffusion and the radial hydride precipitation. 

(2) Crack initiation (incipient crack formation) 

Fracture of radial hydride results in crack initiation. 

(3) Crack propagation 

 Incipient crack propagates by the DHC process. 

This is also a time dependent process.  

The initial propagation is assumed to occur in a brittle manner and transit to the mixed 

brittle/ductile mode fracture. Finally, rapid ductile fracture penetrates the cladding wall. 

4. Mechanism of outside-in cracking process 

(2) Crack initiation (3) Crack propagation 

Fracture of radial hydride 
Outer surface 

Zircaloy-2 

Zr 

Zr-hydrides 

H diffusion 

Radial hydrides 

(1) Radial hydride        
       precipitation 

Propagation (i) 
(Brittle) 

Propagation (ii) 
(Brittle / ductile) 

Propagation (iii) 
(Ductile) 
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 Factors affecting the outside-in cracking process were examined by 

the series of tests utilizing the test device simulating power ramp 

condition. 

 The hypothesis for the mechanism of outside-in cracking process 

was reasonably demonstrated.  

 The occurrence conditions in terms of time to formation of radial 

hydride at cladding outer rim, crack initiation and crack propagation 

rate were also obtained. 

 

 Difference  in power ramp test results between BWR and PWR fuels 

was well described  by the EDC tests at 300oC and 385oC. 

 The crack was blunted at 385oC possibly due to higher temperature. 

 No indication of crack propagation at higher temperature could be 

attributed to the reduced stress concentration brought by the crack 

blunting.      

5.  Summary 
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Estimation of heat of transport Q* by the thermal diffusion test 

Schematic description of hydrogen 

profiles under temperature gradient 











dx

dT

T

Q

dx

Cd
RT

RT

DC
J

*ln

Small DT 

(No hydrides) 

Large DT 

(Hydrides) 

Threshold for 

hydride 

precipitation 

Equilibrium 

hydrogen profiles: 

Outer 
surface 
(288oC) 

Inner 
surface 

Zr-liner 

TSSP: Terminal Solid Solubility for Precipitation 
TSSD: Terminal Solid Solubility for Dissolution 
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Diffusion analysis of the time to onset 

of radial hydride precipitation 

Analyses of time to onset of the radial hydride precipitation 
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Hydrogen diffusion analyses 
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 Hydrogen diffusion analyses 

using estimated Q* provide 

reasonable prediction of 

radial hydride initiation conditions 
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Diffusion test results  
(No radial hydrides) 
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 LHGRs during thermal diffusion test were corrected to effective LHGRs 

considering axial heat conduction and effect of eccentricity of the heater 

 Heat of transport Q* was estimated from the thermal diffusion test results 

3. 2 Results and discussion -BWR claddings- (Cont.) 

 Hydrogen thermal diffusion analysis was performed 

based on the results 

 Threshold time to hydride precipitation was obtained 

(Analyzed assuming heater eccentricity of 25mm) 
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• A part of the Studsvik Cladding Integrity Project II (SCIP II) focused on the 
PCI mechanism and the possibly beneficial effect of additive elements in 
the UO2 pellet. 

 

• Studsvik ramp database indicates that there is a PCI benefit using 
additives/dopants in the fuel but it is unclear why they behave better. 

 

• We have characterized Gd, Al-Si and Al-Cr as well as standard pellets 
before and after a PCI transient in the Halden reactor using a range of 
analytical techniques in order to gain further understanding about the 
possible increase in PCI resistance by using additives/dopants. 

 

Introduction 

2 



• Red dashed lines show the failure limit for the complete Studsvik ramp database. The database 
consists of several hundreds of ramp tests. 

• Only one additive fuel has failed in transient regimes where standard UO2 fuel normally fails. 

• 19 out of 20 additive/doped fuel rods survived the PCI transient 

• Separated results for Gd doped fuel and other additives/dopants. 

PCI performance for different additive types 
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• Fission product trapping 

• Retention of aggressive fission products within the fuel preventing/delaying them from 
reaching the cladding inside. 

 

• More compliant pellet due to addition of other compounds 

• Change the pellet mechanical properties producing a softer, more ductile pellet resulting in 
lower stresses in the cladding during the transient. 

 

• Enhanced oxygen supply to the cladding competing with the aggressive fission products 
needed for stress corrosion cracking 

• Thin oxide layer covers the fresh metal in the crack before the metal is attacked by corrosive 
fission products, e.g. I, Cs, Te and/or Cd or compounds thereof. 

• High O/U fuel have showed good behavior in past ramps – indications of inner cladding oxide 
growth during the transient observed 

 

Proposed possible PCI mitigating mechanism 
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Studied fuel types in SCIP II and ramp details 

Pellet 

type: 

Average Burnup 

(local) 

[MWd/kgU] 

Ramp power 

(local) 

[kW/m] 

Std. pellet 57 (50) 31 (30) 

Al-Si pellet 44 (48) 48 (40) 

Al-Cr pellet 58 (56) 38 (30) 

Gd pellet 53 (53) 42 (41) 
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Standard PIE results 
• No measureable differences in 

mechanical response during 
transient 

No fuel rod failures during 
ramp tests (the tests were 
designed not to fail) 
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Gadolinia doped fuel 



• No clear indications of any changes in the pellet mechanical properties 
reported in the literature when adding Gd to the UO2 fuel. 

• Elemental analyses in the SEM show that aggressive fission products do 
reach the cladding inside through fuel cracks 

 

Gd doped fuel behavior (1) 

 
 

 

Cd Cs 

Cd Cs 
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Gd doped fuel behavior (2) - Gd profile before and after 
ramp testing 
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Lower standard deviation after ramp suggests homogenization 

8 

Incomplete solution of Gd2O3 during manufacturing 
could result in in-reactor sintering ((U,Gd)O2) and if 
Gd is dissolved in the UO2 lattice during the transient 
it would result in one free oxygen atom per two Gd 
atoms dissolved. 

SEM-WDS measurements 



Gd doped fuel behavior (3) - Inner oxide 
comparison 
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Gd fuel 

Gd fuel – before ramp 

• Cracks are oxidized 
• Oxidation seems to 

occur during ramp 

Light optical imaging 
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Alumina-Silica additive fuel 



• There are indications of any changes in the pellet mechanical properties 
reported in the literature in the Al-Si fuel as being softer but in SCIP II we 
didn’t see any clear benefit 

• SEM-WDS and TEM-EDS reveal trapping of potentially aggressive species, 
Cs and I. 
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Al-Si additive fuel behavior (1) – Chemical changes 
during transient 

 

 

r=4 mm Al Si Cs 

r=0 mm Al Si Cs 
SEM-WDS mapping 

TEM-EDS mapping in rim  

• Al-Si additive fuel behaves differently compared to other fuel types. Instead of increasing release 
with temperature, a “flat” profile is observed in the pellet center suggesting improved retentions 
of fission products 

• However, release is observed as a step at r~2.2 mm 
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Al-Si additive fuel behavior (2) – Chemical changes 
during transient 
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Alumina-Chromia additive fuel 
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Al-Cr additive fuel behavior (1) – Chemical changes 
during transient 
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• There are indications of any changes in the pellet mechanical properties 
reported in the literature in the Al-Cr fuel as being softer but in SCIP II we 
didn’t see any clear benefit 

• Trapping of volatile species in the hot center of pellet (T>1300°C) 
observed 

• Migration of Cr to the pellet center occurred during the ramp 

SEM-WDS mapping LA-ICP-MS diametral scan 



• TEM results reveal Cr-Ba-Zr-U oxide precipitates in the pellet center after ramp 

• Simple Thermo-Calc calculations reveal possibility of oxygen release at high temperature 

• Liquid phases are formed at T>730°C 
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Al-Cr additive fuel behavior (1) – Cr containing 
precipitates in pellet center after ramp 
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TEM-EDS mapping Ba-Cr-U-Zr-O Thermo-Calc 

• Gd homogenization during the ramp test possibly releases oxygen to the fuel free volume. It 
could help mitigate PCI. 

• Al-Si: Better at retaining volatile, potentially aggressive, elements within the fuel. 

• However, out-of-pile experiments (Mandrel testing) suggest very little iodine release is needed to produce PCI 
cracking (ppm levels of the available inventory) but may be different and change the chemistry/stress timing. (Not 
measured, just hypothetical)   

• Cs was measured in the Al/Cr and Al/Si additive phases mainly in the center regions of the 
fuel (T>1300°C) using SEM/WDS. Iodine was measured in the Al-Si additive phases using 
TEM/EDS in the rim. 

• However, out-of-pile experiments (Mandrel testing) suggest very little iodine release is needed to produce PCI 
cracking (ppm levels of the available inventory) 

• Trapping mechanism highly unlikely sufficient enough to prevent PCI cracking. 

• Al-Cr: Cr migrates towards the hot pellet center forming Ba-Cr-Zr and possibly U and O 
containing precipitates. This could help mitigate PCI by dissociation, releasing oxygen, during 
high temperature transients. This statement is partly supported by thermodynamic 
calculations. 

Conclusions 
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Resumption of Transient Testing at the 

Idaho National Laboratory Treat Reactor: 
Development of Experimental and Analytical 

Capabilities in Support of the Accident Tolerant Fuels 

Campaign 

Dr. Robert C. O’Brien 

 

24TH June 2016 

PCI Workshop, Lucca, Italy 

INL/CON-16-38946 

Arial View of the 

Transient Reactor Test 

(TREAT) Facility 

 100 kW Steady-state power 

with 19 GW Peak Transient 

Power 

 Core: ~1.2 m high x 2 m. 

dia.; surrounded by 0.25 m 

graphite reflector 

 19 x 19 array of 10 x 10-cm. 

fuel and reflector 

assemblies 

 Fuel: 0.2 wt.% high 

enriched UO2 dispersed in 

graphite 

 12 steady-state and 8 

transient control rods 

 Instantaneous, large 

negative temperature 

coefficient (self protecting 

driver core) 

 TREAT Refurbishment activities initiated with FONSI Signature on Feb 27, 2014 
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Transient Experiments Program: What 

Event Conditions Need to be Evaluated 

Anticipated Operational 
Occurrences 

Design Basis Accidents Severe Accidents 

What events do we care about? 

Who are ‘we’? 

NRC 

Fuel 
Vendors 

Utilities 

DOE 

Public Safety 

Fabricability 

Reliability 

Market 

Enhanced Safety  

Performance 

Reliability 

Power Uprates 

Cost 

Final Fuel Design Req 

LTR/LTA Fuel Design Req 



ATF Metrics (INL/EXT-13-30226) 

 DBA 

– RIA 

– LOCA 

 

 AOOs 

– Energy to melt threshold 

– Ramps (100 W/m/min) 

– Reduced flow conditions 

 

 BDBA 

– tbd 
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The INL is a U.S. Department of Energy National Laboratory 
operated by Battelle Energy Alliance 

INL/EXT-13-30226

Advanced Fuels 

Campaign  

Light Water Reactor 

Accident Tolerant Fuel 

Performance Metrics 

Executive Summary 

February 2014 
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Transient Testing Methodology 

 Testing Strategy 

– Separate effects tests are initially conducted for preliminary screening of 

concepts 

– Integral (or ‘semi-integral’) tests are required to fully evaluate the dominant 

failure modes of new fuel types (and to screen out more concepts) 

– Once dominant failure modes are identified, these can be prioritized for 

quantitative investigation with separate effects studies 

– Separate effects test data (in- and out-of-pile) is connected quantitatively 

to integral tests through modeling and simulation 

– Integral tests for validation and qualification purposes 

 Transient testing program is working to anticipate and develop 

the necessary capabilities 

– Separate effects testing 

– Integral testing 

 Modeling and simulation effort requires common analysis 

platform  

– Complex 3D phenomena anticipated in experiments 

– Wide variety of materials must be considered simultaneously 

– Proceeding with MOOSE based platform 

Separate Effects 
Screening Tests 

Integral 
Screening Tests  

Quantitative 
Separate Effects  

Quantitative 
Integral Tests 
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 ATF-3 Testing will emphasize collection of ‘minimum’ data 
required to receive NRC approval for LTR/LTA 

– Follow-on test series from ATF-1 and ATF-2 in INL ATR. 

 

– Provide industry, utilities and regulators with information to support Lead 
Test Assembly (LTA) irradiation in commercial reactors. 

 

– Evaluate ATF design performance at current Zry/UO2 fuel design limits 
under Design Basis Accident conditions (RIA and LOCA) 

 

 ATF-3 Experiment design is being ‘informed’ by fuel performance 
modeling and simulation to  

– Anticipate fuel failure modes 

 

– Prioritize phenomenological and property data needs 
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ATF-3 Test Objectives 

 

 Perform baseline testing of state-of-the-art LWR fuels. 

– Fresh Fuel 

– Irradiated Specimens 

  

 Perform transient testing of ATF concept fuels in comparison to 
baseline fuels. 

– Fresh Fuel 

– Irradiated Specimens 

 

 Evaluation of fuel performance under emulated conditions of: 

– Reactivity Initiated Accidents (RIA): ATF3-1 and ATF3-2 

– Loss of Coolant Accidents (LOCA) with option of re-flood 

– Loss of Flow Accidents (LOFA) 

– Prototypical Power Transients (PPT) 

 

ATF-3 Test Objectives 

8 



2012 

Feasibility studies on  

advanced fuel and clad concepts 

-- bench-scale fabrication 

-- small-scale irradiation tests 

-- steam reactions 

-- mechanical and chemical properties 

-- furnace tests 

-- fuel performance modeling 

Workshops  

2013 2014 2015 2016 2017 2018 2019 2020 2021 

Assessment of new concepts 

-- impact on economics 

-- impact on fuel cycle 

-- impact on operations 

-- impact on safety envelope 

-- environmental impact 

Concept Prioritization 

Steady State Loop and Capsule Tests 

Transient Irradiation Tests  

Loss of Coolant Accident (LOCA)/Furnace Tests 

Fuel Performance Code 

Fuel Safety Basis 

Lead Fuel Rod 

Ready 

Phase 1 

Feasibility 

Phase 2 

Development/Qualification 

Phase 3 

Commercialization 

2022 

Industry led projects (Phase 1a) Industry led 

projects (Phase 1b) 
Industry led projects (Phase 2) 

RD&D Strategy For Enhanced Accident 

Tolerant Fuels – 10 Year Goal 
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ATF-3 Experimental Series 

10 

SATIC PWR WATER ENVIRONMENT 

TESTING 

(280 °C – 15.5 MPa) 

PWR WATER LOOP TESTING 

ATF-3-1 

RIA 

 

FRESH FUEL 

711 J/g 

(MULTI-SERTTA)  

ATF-3-2 

RIA 

 

IRRADIATED FUEL 

250-350 J/g 
(628 J/g by prior NUREGS) 

(SUPER-SERTTA)  

TBD 

 

RIA, LOCA, LOFA, PPT 

(TWERL)  

2019-2020 2018-2019 2020 + 



Phenomena Promoted under RIA Testing 

11 

Static Capsule & Flowing Loop 

Comparison 

12 

 Example RIA transient power Profile. 

 Onset of PCMI occurs approx. synchronously in static or flowing loop. 

 Longer time at higher temperature leads to increased fission gas release in static capsule. 

 Loop reduces time at temperature reducing fission gas release and hence likelihood of 

ballooning. 

 Vapor phases last longer in static capsule leading to increased steam reaction and corrosion. 

 Earlier quench in flowing loop is more severe (greater dT) but cladding is less degraded. 

 Fuel fragmentation & relocation likely very different in flowing coolant. 

 

Change in 

Rodlet 

Surface 

Temperature 

(K) 



Fresh Fuel Pin Response to Successively Larger 

Energy Depositions in the SPERT-IV Facility. 

 Initial calibration Power Transients (Baseline to peak) – PCF validation. 

 Single TED per specimen. 

 Hot PWR water conditions at 15.5 MPa pressure. 

 280 °C – HZP Inlet 

 Target Specific TED  

FRESH vs Irradiated  

(711 J/g vs 250-350J/g)  

 

ATF-3 RIA Testing approach 

13 

ATF-3 Experimental Series 

14 

ATF-3-1 

ATF-3-1-CAL 

 

Steady state PCF 

 

Transient PCF 

Correction 

 

Flux Wires &  

2” Stack Length 

Specimens of each 

composition 

 
(MULTI-SERTTA-CAL)  

ATF-3-1 

RIA 

 

FRESH FUEL 

711 J/g 

 

 

4 specimens per 

transient 

 

 
 

(MULTI-SERTTA)  



PCMI failure threshold Test Regimes for ATF-3 

15 

ATF-3 Experimental Series 

16 

ATF-3-2 

ATF-3-2-CAL 

 

Steady state PCF 

 

Transient PCF 

Correction 

 

Flux Wires &  

2” Stack Length 

Specimens of each 

composition 

 
(SUPER-SERTTA-CAL)  

ATF-3-2 

RIA 

 

IRRADIATED FUEL 

628 J/g 

 

(250-350 J/g) 

1 specimen per 

transient 

 

Enhanced Instr. Suite 
 

(SUPER-SERTTA)  



Importance for Fresh Fuel Transient 

Testing 

 Limited availability of irradiated concept specimens. (~28) 

 

 Possibility to adjust TEDs to determine thresholds for different 

performance phenomena in fresh fuel Baseline systems. 

 

 Will provide comparison and contrasts of performance 

phenomena for irradiated specimens at BU(s) of interest. 
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Total Test Specimens (Anticipated) 

Fresh RIA  

(711J/g) 

Irradiated RIA 

(250 - 300 J/g) 

~6-10 Areva 

~15 Westinghouse inc 

Baselines 

~6-10 GE 

~8 Labs 

~12 AHB Specimens 

~ 4-6 Westinghouse 

~4 Areva 

~4 GE 

~4 Labs 

~8-10 Baseline 

Total ~52 

(13 Transients) 

~28 

(28 Transients 

Burnup 0 GWd/T ~30-60 GWd/T 

Vehicle (Multi-SERTTA) (SUPER-SERTTA) 

18 

 Currently evaluating Fresh RIA testing to include artificial high 

burn-up structures to promote PCMI phenomena. 

 



Analysis of Benchmarks Cases with BISON 

 RIA Benchmark Study  

– OECD/NEA Working Group for Fuel 

Safety proposed 10 UO2-Zry cases to 

benchmark various fuel performance 

codes including BISON                 

(Charlie Folsom) 

– Test case for fresh U3Si2-Zry 

completed in BISON (Pavel Medvedev) 
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UO2 

Zr-4 

10 

cm 

water 

plenum 

gap 

Bison Evaluation of PCMI as a function of 

transient pulse width 

 M&S is integral to 
ATF-3 Design. 

 

 Examining effect of 
pulse width on 
radial average 
enthalpy, cladding 
temperatures, 
cladding hoop 
strain, strain rates 
and stresses. 

 

 Study of pellet-
cladding gap 
influence & 
behavior. 
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Radial Average Enthalpy 
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(a) (b) 

Cladding Internal Temperature 

22 

(a) (b) 



Cladding Surface Temperature 

23 

(b) (a) 

Temperature Gradients Across Claddings 

24 

(b) (a) 



Gap Width Evolution During Transient 
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(b) (a) 

Cladding Hoop Strain 

26 

(b) (a) 



Cladding Hoop Strain Rate 

27 

(b) (a) 

Cladding Stress Under Transient 

28 

(b) (a) 



 Recent report specifies instrumentation needs:  INL/LTD-15-35121 

 Prioritized into two categories: Primary & Secondary Science 

 Primary Science instrumentation planned for Multi-SERTTA. 

– potential for limited Secondary Science instrumentation in Multi-
SERRTA 

 Primary and Secondary Science instrumentation possible in          
Super-SERTTA 

ATF-3 Data Objectives 

29 

Primary Science 

Fuel Rodlet Temperature & Internal Pressure 

Environment Temperature 

Environment Pressure & Flow* 

Vessel Temperature 

Fuel Location / Movement 

Total Energy Deposition / FGR through PIE 

Secondary Science 

Cladding Expansion (radial, elongation) 

Void Fraction 

Cladding and/or Pellet Failure 

Instrumentation for ATF-3-1 

30 

Primary Science 

Fuel Rodlet Surface Temperature 

Environment Temperature 

Environment Pressure 

Vessel Temperature 

Fuel Location / Movement 

Total Energy Deposition 

Secondary Science 

Void Fraction 

Cladding and/or Pellet Failure 



 Test environment: Gamma Heating, radiant  heating 

– High power but short duration <1 S 

– Calibration correction requirements 

 

 Sensor testing and qualification in TREAT: Non-fueled vehicle 

checkout and calibration transient testing. 

 

 Post-Test disassembly of experiments in HFEF                                    

(or glovebox – potential for Fresh Fuel) 

 

 

 Instrumenting of Irradiated specimens. 

 

 

Challenges & Development Areas For 

ATF-3  

31 

End Plug and Bellows Device Concept 

32 

SECTION G-G

SCALE 2

SECTION H-H
SCALE 2

DETAIL  J
SCALE 4 : 1

1

1

2

2

3

3

4

4

A A

B B

C C

D D

SHEET 2  OF 5 

DRAWN

CHECKED

QA

MFG

APPROVED

durtbp 8/25/2015

DWG NO

Post Irradiation Feature Attachment

TITLE

SIZE

C
SCALE

REV

G

G

H

H

J

Stage 2: Pin for insertion into ATR

6.604

.127

Machine this area clean to allow a good surface 
for the oring seal. Tight tolerance required

Knife seal for a copper type gasket.

High surface finish requirements.

Alternatively, a flat surface with flexatalic seal?

Stage 3: Pin after insertion into ATR, hot cell modifications for
attachment of pressure bellows

• The ATF-2 and ATF-3 teams are developing a novel “Blistered End Plug” that allows 

for instrumentation of ATF specimens following irradiation in ATR. 

 

• End Plug blister can be punctured by an instrumented piercing head that can provide 

in-pile plenum pressure measurement during transient testing via measurement of the 

displacement of a calibrated bellows coupled with and LVDT and readout device. 



 Halden LVDT sensors will be used  

– (All GE specimens, some Areva & Westinghouse). 

 For use under ATF-3-2 

 

 

 

 

 

 

 

Rodlet Internal Pressure 
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X-Ray CT of End plug prior to piercing 

34 



Engineering Baseline Specimens for 

ATF-3 with HBS; Setup for PCMI 

 ATF-3-2 will examine irradiated Zr4 clad UO2 fuels as a 
baseline. 
– Fresh 

– Irradiated ~ 30 – 60 GWd/tHM 

 

 Estimated number of baseline specimens will be of the 
order 8-10 

 

 Need for the verification of instrumentation that can 
respond to PCMI to determine onset and quantitative 
measurements of strain rates. 

 

 AHBS Fuel Specimens likely to fill void in baseline 
irradiated specimens. 

R&D for Artificial HBS Pellets 

 Exploration of fine grain powder production: 

– Sol-Gel (INL/ORNL) 

– High Energy Ball Milling (RPI/INL) 

 SPS Sintering of Pellets with functional gradient: 

– High density bulk UO2 with coarse grain size 2-6 μm at 96 % of Theoretical 

Density (T.D.) 

– Outer 500 μm radial region composed of 100-300 nm grains at 84-92 % of 

T.D, 

 Annealing of pellet at 1000C for 24 hrs under Ar/Xe. 

3 m 

Ave Grain size: ~3.5 

m;  

Pore radius: ~282 

nm 

1 m 

Grain size: ~200 

nm;  

Pore size: ~500 nm 



Assembly of AHBS Fuel 

 Installation of AHBS Pellets into Zr4 cladding. 

 

 Installation of HIP End Plugs and TIG girth 
welding. 

 

 Evacuation of rodlet and Hip Stem closure. 

 

 Pressure / Heat Treatment of cladding at 400 °C 
in HIP 

–  (15-100 Mpa T.B.D) 

 Cutting of HIP stem flush with End Plug to create 
weep hole. 

 

 Pressurization to ~ 12 MPa (1740 PSI) and Weep 
Hole Sealing (TIG) 

 

 Heat Treatment Exploration to “soften” HBS / 
RIM region and onset chemical bonding with 
cladding. 

 

 

 

 

 

Aspired Transient Results with AHB Fuel 

 Transient Testing in TREAT with an RIA emulated energy 

deposition of 250-250 J/g. 

 Exploration of response up to 628 J/g. 

 

 

 

 

 

 
NEA /CSNI/R(2010)1 Nuclear Fuel Behaviour Under Reactivity-Initiated Accident (RIA) Conditions 



 Pre-Transient NDE 

 

 Gas Sample Collection from vehicle atmosphere. 

 

 Disassembly / handling tooling (HFEF). 

 

 Sample preparation technique development for microscopy: 

eg for Ceramic-metallic hybrid claddings. 

FY 16 PIE Development for ATF-3 

 May 2016 milestone to meet with the FOAs to finalize ATF-3-1 

Test Plan. 

– Complete 

 ATF-3-1 Test Plan: 30th June 2016 

 

 Assembly and qualification testing of SERTTA prototype 

 

 Preparation of ATF-3-1-CAL and ATF-3-2-CAL calibration 

experiments in SERTTA drop-in vehicle(s). 

 

 Initial preparation of ATF-3-1-CAL, ATF-3-1 test specimens in 

addition to fabrication of ATF-3-2 specimens for irradiation 

under ATF-2 in ATR. 

ATF-3 FY-16 Activities 

40 



Summary 

 TREAT will be operational to perform transient testing of ATF 
concept fuels by 2018. 

 

 The overall transient performance of ATF concepts is unknown for 
most concepts. 

 

 ATF 3-1 & 3-2 will support FOA partner installations in commercial 
plants. Broad concept screening. 

 

 ATF 3-3+ will be used to learn more about candidate fuel 
performance limitations. 

 

 Continuation of LWR fuel transient testing  at TREAT may support 
revision of the current NUREGS. 

 

 AHB Fuels will permit exploration of phenomena that cannot be 
promoted in prototypical fresh fuel. 
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ATF-3 



Drivers For Transient Testing of ATF 

43 

Exploring The Influence of The RIA NRC 

Regulatory Limits 

44 

 

 Previous regulatory criteria for RIA aimed to prevent severe / 

extensive fragmentation of fuel rods: 

– “Maintain a coolable geometry” 

 

 In 1974, was set at 280 cal/g (1171 J/g) max radial average 

enthalpy at any axial node 

 

 PCMI was not originally recognized as a cladding failure 

mechanism. 

 

 Reduced to 230 cal /g (962 J/g) by 2007 interim Acceptance 

Criteria and Guidance. 

 

 



Exploring The Influence of The RIA NRC 

Regulatory Limits 

45 

 

 Minimization of clad failures: 

– “Offsite dose consequences limited to well within the guidelines outlined in 

10CFR Part 100.” 

 

 Concerned with minimization of fission products that are 

released to the reactor coolant system. 

 

 Peak Radial average fuel enthalpies: 

– 170 cal/g (711 J/g): Internal Pressure ≤ Reactor system pressure 

– 150 cal/g (628 J/g): Internal Pressure ≥ Reactor system pressure 

 

 

 

X-Ray CT  of End plug after piercing 

46 



X-Ray CT of End plug after piercing 
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X-Ray CT of End plug after piercing 

48 



As Built PWR Fuels 

 Fill pressure ~2 MPa He at 

room temperature. 

 

 Cladding is initially under 

compression by surrounding 

coolant at ~15 MPa. 

J.D. Hales & K.A. Gamble“PRELIMINARY EVALUATION OF FeCrAl CLADDING AND U-Si FUEL FOR 

ACCIDENT TOLERANT FUEL CONCEPTS ”, Proceedings of TOPFUEL 2015, Zurich, CH.  

Low Burnup Irradiated LWR Cross 

Section 

P. Roy & D. Sah, “Irradiation behaviour of nuclear fuels”, Pramana, Vol.24 pp. 397-421 



Pellet Soft Contact with Cladding 

Cladding Creep-Down 

 Pellet to cladding gas gap is typically 

0.004 to 0.005 inches (0.1-0.13 mm) at 

beginning of life. 

 

 Creep down and Pellet contact driven 

by: 

– PWR system pressure 

– Swelling and restructuring of Pellet 

microstructure. 

 

D.O. Hobson, “Creepdown of 

Zircaloy Fuel Cladding – Initial 

Tests”, ORNL/NUREG/TM-81 



Soft Contact and Creepdown 

 Specific grain structure and O/M ratio. 

Stress Concentration due to pellet radial 

cracking and hourglassing 

 
Figure 1. Mechanisms of stress concentration due to pellet radial cracking and hourglassing. [1] 

 

 

PCMI Damage Effects 

 

The consequences of hard contact between the fuel pellet and the cladding are not 

necessarily unacceptable; however, it can lead to excessive deformation or cracking of 

the cladding. In the most straightforward analysis, the contact pressure between the pellet 

and the cladding increases the cladding radial and hoop stresses, just as if the rod internal 

pressure had been increased. Because the initial fill pressure of the rod is much less than 

that of the external coolant, the cladding will be in compression before contact. 

 

For some time after contact is likely the cladding will remain in compression, but the 

added pressure from the pellet will continue to reduce the cladding hoop stress. Because 

Zircaloy cladding creeps down towards the pellet during operation, the transition from 

compression to tension will take place at a smaller diameter than the cladding tube’s 

original dimensions. After this point, the cladding will be in tension. This state favors the 

propagation of cracks, and may eventually cause yielding and failure of the cladding. 

 

The hourglassing effect concentrates the contact force along small ridges, which 

correspondingly causes circumferential ridge deformations in the cladding. These stress 

concentrations will cause cladding failures before that predicted by a plane stress 

expansion model.  

 

The pellets will also develop radial cracks that lead to pellet fragmentation into wedges. 

Each of these wedges then swells, which can produce additional hoop stresses at the 

 6

Bison Modeling of cladding stresses. 

 

 

 

 

 

D. Carpenter “Comparison of Pellet-Cladding Mechanical 

Interaction for Zircaloy and Silicon Carbide Clad Fuel 

Rods in Pressurized Water Reactors”, MIT Report, 

December 2006 



Establishment of stresses within the 

cladding that promote PCMI related failures 

 Chemical bonding in the region of the  Pellet-Cladding interface & 

Themo-mechanical hardening of cladding. 

 

 Reduction in ductility and increase in tensile stresses due to 

expansion of materials. 

 

 Chemical and irradiation assisted crack growth in claddings. 

 

 All combined with PCMI increase probabilities of through wall 

failures during severe accidents. 

LWR High Burnup / Rim Structure 

Vincenzo V. Rondinella & Thierry Wiss, “The high burn-up structure in nuclear fuel”, Materials Today, Vol.13 pp. 24-32, 

December 2010. 



Typical HBS distribution 

 Example UO2 pellet 

taken to average       

67 GWd/tHM. 

 

 HBS region extends 

400-500 micormeters 

in from outer radius. 

 

Vincenzo V. Rondinella & Thierry Wiss, “The high 

burn-up structure in nuclear fuel”, Materials Today, 

Vol.13 pp. 24-32, December 2010. 

HBS thickness with respect to Burnup 

Vincenzo V. Rondinella & Thierry Wiss, “The high 

burn-up structure in nuclear fuel”, Materials Today, 

Vol.13 pp. 24-32, December 2010. 



HBS thickness with respect to Burnup 

NEA /CSNI/R(2010)1 Nuclear Fuel Behaviour Under Reactivity-Initiated Accident (RIA) Conditions 
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Slow Power Ramps: 
Are the Mitigating
Factors Mechanical or 
Chemical in Nature?
Ioan Arimescu

Senior AREVA Expert

PCI Workshop, Lucca, June 2016
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Content

PCI (Pellet-Cladding Interaction) contributing processes 

and mechanisms

3rd Studsvik Cladding Improvement Program Modeling 

Workshop (SCIP MWS)

HRX tests to investigate strain rate effects during slow 

ramps for BWR conditions

Conclusions regarding mechanical behavior during slow 

power ramps and alternative suggested mitigating 

mechanism
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PCI – SCC (Stress-Corrosion Cracking) 
Contributing Parameters

STRESS
CORROSIVE 

AGENT

FUEL CHEMISTRY

CLAD INNER OXIDE 

CRACKING & 

HEALING

CLADDING 

TEXTURE, 

OTHER 

PROPERTIES
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Candidate Mechanisms for Explaining 
Low Ramp Rate Benefits

Reduced stress by cladding creep

Reduced stress by pellet creep and dish filling

Lack of synchronization between the time at high 

stress and occurrence of Fission Gas Release (FGR)

Increased FGR with associated reduced gaseous 

swelling

Increased pellet compliance – fragment re-

arrangement with resultant inward movement 

Healing of oxide layer cracks on cladding inner 

surface– enough time for re-passivation of cladding 

inner surface during a slow ramp 

Property of AREVA Inc
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Evidence in Favor of the Oxide Layer’s 
Role in PCI Mitigation – Some Examples

AECL studies: presence of moisture, deliberately added to 

“doped” fuel rods inhibited the SCC action of I when both I 

and moisture were added to the doped fuel rods.

Lee & Adamson dislocation channeling study: SCC cracks 

only in regions of severe local strain -this observation was 

corroborated with a local strain threshold that has to be 

exceeded in order to break the surface oxide film in order for 

the SCC attack to occur. 

Other studies further supported the following:

� Clad inner oxide has protective role and has to be breached to trigger SCC

� Beneficial effect if clad inner oxide healing can take place (GE 

hyperstoichiometric UO2+x power ramps)

Interesting SR BG8-1 observation: MPS driven PCI case can 

be correlated with lack of oxide formation because of no 

contact between pellet and cladding at the location of MPS
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3rd SCIP Modeling Workshop – Insights 
Regarding Mechanical Aspects  

Previous two SCIP MWS’s aimed at studying the impact of 

high burnup on fuel rod failure mechanisms

The 3rd SCIP MWS was organized to investigate the PCI 

mitigating effects of lowering the ramp rate, because of:

� Reduced number of slow ramps in international programs or otherwise

� Ramp rate restrictions in all vendors’ operating guidelines

The goal of the 3rd  SCIP MWS was to identify common 

trends in the participating codes’ results that would 

correlate with slow ramp PCI mitigating factors

For all PCI models reported it was difficult to clearly 

distinguish the ramp rate effect that was experimentally 

observed
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Ramp Terminal Power (RTL) as a Function 
of Ramp Rate for Slow Ramp Tests in the 

Studsvik Ramp Database
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Comparison of Slow, Staircase and 
Single Fast Power Ramps

Staircase & slow 

ramps are similar

Stress evolution 

similar in all 

cases, with less 

relaxation during 

hold time for 

slow ramps, 

but lower peak 

stresses

Peak stress and 

time at high 

stress not very 

different for F 

and NF cases
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Comparison OA1/OL1 - Larger gap of OL1 rods resultes 

in:

�lower stresses at same power level than small-gap OA1 

rods 

�higher maximum powers achieved without failure for 

the OL1 rods

Therefore, the outcome of a power ramp is dependent 

also on the level of conditioning prior to the power ramp, 

namely:

�Gap status, with gap just closed being defined as 

conditioned state

�If the gap is open at the beginning of a power ramp, 

some of the initial power increase is used to 

“decondition” the fuel rod by clsoing the gap

Pellet-to-Cladding Gap Impact on SRX 
Power Ramps
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Confirmation of Small Contribution to Stress 
Relaxation During Slow Ramps by HRX Tests

SCIP II Hardening-Relaxation (HRX) tests simulated slow 

ramp mechanical loading of the cladding

7 % reduction in hoop stress for the HRX test equivalent of a 

slow ramp relative to HRX test equivalent to a fast ramp 

The power ramp simulated in the HRX tests was slower than 

the SRX ramps  >  stress reduction is less in the SRX ramp 

tests

Property of Studsvik Nuclear AB

Property of AREVA Inc
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Stress-Strain Curves and Relaxation as a 
Function of Time from HRX Tests on 

Irradiated Zry-2 at 290 C

Property of Studsvik Nuclear AB
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Impact of Radial Stress Distribution 
During the Power Ramp

Hoop stress higher at cladding inner radius at the beginning, 

followed by higher stress at cladding outer radius

�Based on calculations with ALCYONE and RODEX4

This change in radial stress distribution is enhanced during 

slow or staircase power ramps

This could be another mitigating factor of the staircase ramp, 

as SCC cracks are initiated at cladding inner radius and the 

diminishing stress at that location might lead to slowing down 

or even arresting a potential SCC crack
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Conclusions – Suggested PCI Mitigating 
Mechanism for Slow Ramps

When cladding strain rate is higher than stress relaxation rate, 

clad stress is increasing: the faster the power increase, the 

higher the peak cladding stress 

The stepwise ramp appears to be a variant of a slow ramp, both 

showing PCI benefits

Pure mechanical effects do not seem to fully explain 

the slow ramps’ benefits - the competition between 

the oxide formation and healing and the SCC-

aggressive agent chemical attack could be an 

important dynamic factor leading to slow ramp 

benefits 

The need was identified for a multiple-parameter 

PCI threshold in combination with an uncertainty 

analysis
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PACE - Pellet-Associated Cladding Degradation 

Pellet-Associated Cladding Degradation 
A collaborative research consortium to investigate Pellet Cladding Interaction (PCI)  
 

Philipp Frankel 

 
 

 

PACE 

PCI
which issues of concern to PWR utility ?

Antoine AMBARD

Nathalie BARNEL

PCI Workshop at Manchester University June 17-18th 2014

OECD/NEA/WGFS Workshop on PCI June 22-24 June 2016, Lucca, Italy 

PACE - Pellet-Associated Cladding Degradation 

Aims of PACE 
Combine: 

• Capabilities of leading academic institutions 
• Experimental & modeling 

• Industry based knowledge and experience  

mechanistic understanding of PCI 

Improved operation flexibility  
 

Builds on success of other collaborative efforts 
• MUZIC – Corrosion & H pickup of Zr alloys 

• Irradiation growth program 

 

Oxide microstructure 
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PACE kick-off Workshop  
(June 2014, University of Manchester)   

• Launch of Industry-University collaboration 

program on PCI 

 

• Key areas of interest for industry 

(Westinghouse, EDF, Rolls-Royce & Studsvik)  

   

• What work has been done or currently underway? 

 

• Provide framework for future work  

 

• Prevent fragmentation of research and encourage 

collaboration using complimentary strengths. 

PACE - Pellet-Associated Cladding Degradation 

Key areas: Pellets 
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Key areas: Cladding 

PACE - Pellet-Associated Cladding Degradation 

PACE membership requirements 

- An interest in understanding PCI 
- Semi-annual meetings to share results and experience 

       

- Membership contribution  
- PhD project supervision/sponsorship  

- Provision of materials/samples to the group  

- Financial contribution (support material transport etc.) 

 

- Simplify experiments  
- Decouple different effects 

- Validate against more realistic examples 
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Current/Already-Proposed Projects 

• Boise State (L. Lin & D. Butt) 

- 2 x PhD proposed - Suppression of PCI with Fuel Dopants (WH) 

• Queens (Mark Daymond) 

- 1 x  PhD Proton Irradiation & I-SCC (CNL)   

    

• Imperial College London (M. Wenman & R. Grimes) 

- PhD Oxygen-iodine competition and oxide stoichiometry by DFT (WH) 

- PhD Peridynamics Modelling of Pellet Fracture and Relocation (NNL) 
 

• Manchester (C. Race & P. Frankel)  

- PhD Proton irradiation & I-SCC in Zr alloys (EDF & RR) 

- PhD Role of aggressive species in PCI by atomistic simulations (WH) 

- PhD Role of oxygen in mitigating PCI (AMEC FW) 

- PDRA  High-res. characterisation of I-SCC cracks in Zr alloys (EPSRC) 

PACE - Pellet-Associated Cladding Degradation 

Suppression of PCI with Fuel Dopants (WH) 

• Multi-Scale Modeling  

• Amorphous UO2 and doped systems.  

• Predict fission product behaviors 

• Release rate of fission products  

• GB plasticity with dopants.  

 

 

 

• Rapid Thermal Transient Experiments  

• Heating the pellets inside cladding tube - refractory wire electrode  

• Release fission product gases 

• Quantify the transport kinetics with and without additives  

• Characterization of any cracks formed 

PACE - Pellet-Associated Cladding Degradation 

(Lan Li & Darryl P. Butt) 

Radial Distribution Function 
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Simplified diagram of 

fuel pin radial slice 

Atomistic Simulation PhD Project (WH) 

• A simulation study of the behaviour of iodine 
defects in zirconia (ZrO2) using density 
functional theory (DFT) 

• Objectives:   
1. Describe mechanisms by which iodine is transported 

to Zr metal component of fuel cladding via the oxide 
layer. 

2. Determine significance of PCI (at higher burnup) on 
overall process of iodine stress corrosion cracking. 

3. Predict effectiveness of intermediate ZrO layer as a 
chemical barrier to iodine transport.  

• Method: 
1. DFT simulations of point defects and clusters in 

ZrO2 + interface studies with ZrO2/ZrO and 
ZrO/Zr(metal) 

2. Fitting of empirical Zr-O pair potential using DFT data 
(parameters used to be confirmed). 

3. MD simulations of ZrO2 and ZrO grain boundaries. 

 

PACE - Pellet-Associated Cladding Degradation 

Alex  Kenich - (Mark Wenman & Robin Grimes) 

 

PACE - Pellet-Associated Cladding Degradation 

Peridynamics Modelling of Pellet Fracture and Relocation (NNL) 

• Combine Non-local fracture mechanics 

with finite element to understand fuel 

fracture and relocation on PCMI. 

• Reformulate heat transfer models for 

peridynamics. 

• Formulate and test interfaces between 

peridynamics and finite element. 

• Model early PWR power transients on the 

radial displacements of the fuel pellet  

- Estimate the cladding strains for comparison 

to standard FE approaches.  

Damage 

R. Mella, M. R. Wenman. Modelling explicit fracture of 

nuclear fuel pellets using peridynamics. J. Nucl. Mater. 467 

(2015): 58-67. 

PACE - Pellet-Associated Cladding Degradation 

PhD TBC (Mark Wenman) 

r-q slice through 3D peridynamics 

model of AGR fuel pellet showing 

radial cracks and damage fraction 

Outer surface crack statistics 
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Manchester: Current work 
 

• Manchester (C. Race & P. Frankel)  

- PhD Role of aggressive species in PCI by atomistic simulations (WH) 

- PhD Proton irradiation & I-SCC in Zr alloys (EDF & RR) 

- PhD Role of oxygen in mitigating PCI (AMEC FW) 

- PDRA  High-res. characterisation of I-SCC cracks in Zr alloys (EPSRC) 

PACE - Pellet-Associated Cladding Degradation 

Atomistic simulation to expose the 

mechanisms of pellet-cladding interaction 

PhD – Adam Plowman  

(supervised by Chris Race) 
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Approach 

• Focus initially on effect of I2 initiation at cladding inner surface 

• Adsorbed iodine: embrittlement and pitting corrosion? 

• Van Arkel-de Boer purification via ZrI4? 

• Associated with grain boundary regions 

• First-principles modelling favoured initially 

• Can explore iodine-zirconium interactions with minimum assumptions 

• So far, using Density Functional Theory (DFT) to calculate Zr 

grain boundary and surface energies. 

 

 

PACE - Pellet-Associated Cladding Degradation 

Building boundaries: tilt or twist? 

Characterising grain boundaries 
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Building boundaries: Σ value 

• CSLs are characterised by a Σ value: the ratio of the number of lattice 

points in CSL to the number in the original lattice. 

• Can only model low-Σ boundaries using DFT: 

 

Low-Σ HCP grain boundaries about [0001] 

𝚺 𝜽 (deg) Min. atoms in supercell Possible boundary planes 

Pure tilt Pure twist 

7 21.79 28  1 32 0 ,   213 0   0001  

13 27.80 52  1 43 0 ,   314 0   0001  

19 13.17 76  235 0 ,   52 3 0   0001  

31 17.90 124  16 50 ,   516 0   0001  

37 9.43 148  47 30 ,   347 0   0001  

 

PACE - Pellet-Associated Cladding Degradation 

Next steps:  

• How do impurities such as Cs, I, Te, Sn, Ni, Cr, N behave at 

grain boundaries? 

• Adsorption of I on different Zr surfaces (Transition state theory) 

 

• Relate to pitting observed experimentally 

• Where pitting occurs 

• Grain boundary decohesion 

• Relationship to orientations 
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Rig 1 
Loading 

nut 

C-ring or 

tensile 

sample 

Quartz 

or steel 

tube 

He/N gas 

Iodine crystals Zeolite 

Tube furnace 

Water 

To Vent 

Spring 

Initiating I-SCC experimentally  
PhD – Conor Gillen 

• Can take C ring samples from different cladding / liner material 

• Won’t have to notch => study initiation 

• Control of: Temp, Stress & Iodine 

• Additional control of O2 levels  

PACE - Pellet-Associated Cladding Degradation 

Proton irradiation experiments  

• New irradiation facilities:  

• Manchester (DCF) & Queens 

• Zr Irradiation damage - good agreement for protons & neutron  

• Fast irradiation (days vs years  systematic studies) 

• “non” active samples  state-of-the-art characterisation at univ. 

Limited penetration 
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Iodized 
Ethanol 

Quartz 
Container 

Tilted 
Tensile 

Sample 

Fracture 
Surface 

Incipient 
Cracks 

Preliminary experiment:  

     i.e. getting a crack! 

   - Iodized Ethanol 

   - Constant strain 
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Iodized 
Ethanol 

Quartz 
Container 

Tilted 
Tensile 

Sample 

Fracture 
Surface 

Incipient 
Cracks 

Preliminary experiment:   

   - Iodized Ethanol 

   - Constant strain 



PACE - Pellet-Associated Cladding Degradation 

Preliminary experiment:  - Iodized Ethanol 

      - Constant strain 

Intergranular 

fracture 

 

Transgranular 

fracture 

 

PACE - Pellet-Associated Cladding Degradation 

Preliminary experiment:  - Iodized Ethanol 

      - Constant strain 

Without iodine 

 

With iodine 

 

Next step: vary conditions  relate to facture surface.  

Quantitative analysis of fracture surfaces 
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Preliminary experiment:  - Iodized Ethanol 

      - Constant strain 
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Incipient cracks 
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High resolution Characterisation 
PDRA – Alistair Garner 

 • Relationship between conditions at crack tip & I-SCC 

mechanism 

(Nikulin, 2005) 

• Characterise grain orientations rel. to crack path 
• Diffraction contrast tomography 

• Serial sectioning – Plasma FIB 

• TKD (transmission Kikuchi Diffraction) c.f. EBSD 

• ASTAR – orientation mapping in TEM 

• Chemistry ahead of crack 
• High Res. Chemical mapping  

- EDX and EELS mapping (chemi-STEM Titan) 

- Nano SIMS 

- Atom probe 

 

Understand: 

• Behaviour at Grain Boundaries 

• Role of Orientation 

• Different Crack Regimes 
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Crack tip lift out 

 

 
Protective Pt layer 

FIB trenches 

PACE - Pellet-Associated Cladding Degradation 

Thinned crack tip region  
- ready for high resolution chemical/orientation analysis 

 

 
After thinning, can see 

crack tip in thinned 

region 
Thicker 

frame left 

to to 

prevent 

bending/

breaking 

of crack 

tip region 
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How do you find the crack tip? 

 

PACE - Pellet-Associated Cladding Degradation 

Diffraction Contrast Tomography (DCT) 

• Allows 3D mapping of grain orientations 

• Non-destructive  

Collaboration with N. Harker (ESRF, Grenoble) 

Non-destructive 3D grain orientation map 
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In-situ tomography 

• Proton irradiate sample  
• irradiation damage material affects EBSD 

• DCT before irradiation allows characterisation on 
microstructure prior to testing.  

• Carry out I-SCC test during tomography 

• Relate crack path back to DCT result 

 

 

 

 

 

 
 

• Take TEM sample from crack tip 
• Correlative analysis 

PACE - Pellet-Associated Cladding Degradation 

Example of correlative tomography 
Nucleation and growth of pits in sensitized stainless steel 

Burnett, T. L., McDonald, S. A., Gholinia, A., Geurts, R., Janus, M., Slater, T., … Withers, P. J. (2014). Correlative Tomography. Scientific Reports, 4, 4711.  
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Validation 

• Material from I-SCC tests under more realistic conditions 

• E.g. Ramp tests, Mandrel tests 

• Controlled conditions, (especially with arrested crack) 

• Neutron irradiated PCI samples  

• Small e.g. FIB samples 

• Validation for observations on proton irradiated material 

PACE - Pellet-Associated Cladding Degradation 

Summary  

• PCI is a complex phenomena with a huge number of areas to 

study 

 

• A collaborative approach enables a systematic study of the 

possible mechanisms.  

 

• PACE aims to provide forum for exchange of ideas within the 

community 

 

• A number PACE associated projects have now started  

• Experimental and Simulation 

• More welcomed 



PACE - Pellet-Associated Cladding Degradation 

Extra slides 
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Sequential FIB slicing – 3D EBSD 

• Validation of DCT orientation & grain shape 
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Related work  Orientation mapping ZrO2 using TEM: ASTAR 

ASTAR correlation index map 
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500nm 
Metal 

500nm 

ASTAR monoclinic orientation map 

Work by Alistair Garner, Felicity Baxter 

Oxide 

PACE - Pellet-Associated Cladding Degradation 

Related work  Characterising irradiation damage: STEM vs Atom Probe 

(Work by Allan Harte & Prasath) 
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Improving PCI performances of texture 
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1. Introduction 

2. Overview of PCI failure mechanism and prevention 

3．Improvement of resistance to PCI 

 3.1. Cladding crystal texture control 

 3.2 Performance of texture controlled cladding 

 3.3 Ramp data on high burn-up rod  

4. Review of PCI failure thresholds 

5．Conclusion 

Outline 
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Pellet Cladding Interaction (PCI) failure mechanism is known as stress 

corrosion cracking (SCC) , and occurrence of PCI is associated with local 

power ramps during reactor startup, power maneuvering such as load-follow 

operation, or anticipated operational occurrences (AOOs). 

 

To improve PCI resistance, collaborating with Japanese PWR utilities, 

Mitsubishi Nuclear Fuel, Co. Ltd. (MNF) has studied a virtue of radial texture 

controlled cladding material. 

 

In this presentation, texture controlled cladding material by means of the 

current modern fabrication process show good property of resistance to PCI 

failure, based on a number of power ramp test results of Zircaloy-4 and 

MDA cladding, current standard PWR fuel cladding material of Japanese PWR 

fuel, and advanced corrosion resistance cladding material of M-MDATM. 

 

1. Introduction 

3 

 

Factors of Stress Corrosion Cracking (SCC) 

SCC is caused with combinations of following three fundamental conditions: 

 

I. Tensile stress 

 In a PWR fuel rod, circumferential tensile stress is applied due to pellet-

cladding mechanical interaction. Tensile stress increase when fuel rod 

power increases due to pellet thermal expansion. 

II. Sensitive material 

 In PWR fuel rod, Zirconium-based alloy is used as a fuel cladding material 

and it is sensitive to SCC. 

III. Aggressive environment 

 During an operation, many of fission products are generated inside fuel 

rod. Some of fission products, like iodine and cesium, are corrosive and 

they attack cladding inner surface and make micro cracks, which become a 

starting point of stress corrosion cracking. 

2. Overview of PCI failure 

             mechanism and prevention 
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Several approach to prevent PCI SCC 

1) Power restriction 

 To restrict reactor operation, which ensure that cladding tensile stresses is below 

the PCI failure threshold during power increases.  

2) Design improvement  

   i) Cladding design   

 a) Zirconium Liner  

 Zr metal barrier (liner) at cladding inner surface. The barrier is soft and serves to 

reduce the local stress and hence to give cladding resistance to SCC.  

 b) Radial texture control  

 A radial texture makes it more difficult for the PCI crack to propagate through the 

cladding thickness since the cracks propagate preferentially in planes that are 

tilted at 30o to the basal planes.  

   ii) Pellet 

 To reduce cladding tensile stress due to PCMI, relatively soft pellet (such as high 

creep rate), or to reduce aggressive FP release, large grain size pellet are 

developed. 

2. Overview of PCI failure 

             mechanism and prevention 
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Effect of cladding texture control 

The alpha phase of Zirconium alloy has a hexagonal close-packed 

(hcp) crystal structure and there is anisotropy (texture) in cladding 

crystal matrix.  

Historically, it is known that crack initiation and crystal texture are 

correlated. For the basal pole angles between 50 and 70 deg, 

many cracks were observed. Increasing the basal pole angle to 90 

deg decreases the crack density to some extent.  

3．Improvement of resistance to PCI 
 3.1  Cladding crystal texture control 

Cladding axial direction 

Cladding radial direction 

<c>-axis 

Manufactured cladding tube using this approach 

has crystal texture controlled and this texture 

controlled cladding will become a remedy for PCI 

failure.  

 

50 O 
70 O 
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Index of texture control 

 As an index of texture control, Kearns texture factors (fr, fθ and fz) can be 

applied. Where fr, fθ and fz are corresponding to resolved fractions of basal 

poles (c-axis).  

 From point of crack initiation, it is preferable that fraction of basal pole (hcp 

c-axis) is toward cladding radial is relatively high, that means fr is high. 

Performance of  texture controlled material 

 In next slide,  several power ramp test data are shown.  In the figure, there 

is two groups:  Texture controlled (fr is relatively higher), and the other. 

Furthermore, the texture controlled cladding data consists of two 

subgroups. One is the group of fuel rods with high texture controlled 

cladding (fr at cladding inner surface: 0.66-0.68). These claddings were 

manufactured intentionally to increase texture control level. The other 

group is the rodlets with cladding fabricated by the current modern 

fabrication method. These cladding has moderately texture control level (fr: 

0.61-0.65).   

3．Improvement of resistance to PCI 
 3.2  Performance of texture controlled cladding 

7 

3．Improvement of resistance to PCI 
 3.2  Performance of texture controlled cladding 

Power ramp test results 

Large symbols: Texture controlled (basically fr > 0.6) 

Small symbols:  Old  data (no texture controlled) 

Solid = Failed,  Open =  Intact 

Texture controlled data shows higher power thresholds 
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High burn-up ramp data 

 Power ramp test data of higher burn-up fuel rods is presented in next slide. 

These figures show the ramp test data of high burn-up MDA cladding fuel 

rodlet with those of M-MDATM cladding fuel rodlet, and PCI failure 

thresholds seems to be increased in high burn-up region. 

Possible causes of the remedy at high burnup 

  A number of radial direction cracks at pellet peripheral region leads 

reduction of local cladding tensile stress. As supporting the cause, shown 

in Fig.7, pellet ceramography from relatively low burn-up (about 30 GWd/t) 

pellet and high burn-up (about 60GWd/t) pellet suggest that high burn-up 

pellet has a number of pellet radial cracks, compared with low burn-up 

pellet.  

 As another cause, in high burn-up condition, there is bonding/oxidation 

layer between pellet outer surface and cladding inner surface, and this 

layer might be a protection cover to crack initiation due to aggressive, 

corrosive fission products. 

 

3．Improvement of resistance to PCI 
 3.3  Ramp data on high burn-up rod 
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3．Improvement of resistance to PCI 
 3.3  Ramp data on high burn-up rod 
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High burn-up ramp data 

 Power ramp test data of higher burn-up fuel rods is presented in next 

slide. These figures show the ramp test data of high burn-up MDA 

cladding fuel rodlet with those of M-MDATM cladding fuel rodlet, and PCI 

failure thresholds seems to be increased in high burn-up region. 
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Possible causes of the remedy at high burnup 

  A number of radial direction cracks at pellet peripheral region leads 

reduction of local cladding tensile stress. As supporting the cause, pellet 

ceramography from relatively low burn-up (about 30 GWd/t) pellet and high 

burn-up (about 60GWd/t) pellet suggest that high burn-up pellet has a 

number of pellet radial cracks, compared with low burn-up pellet.  

 As another cause, in high burn-up condition, there is bonding/oxidation 

layer between pellet outer surface and cladding inner surface, and this 

layer might be a protection cover to crack initiation due to aggressive, 

corrosive fission products. 

 

3．Improvement of resistance to PCI 
 3.3  Ramp data on high burn-up rod 
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3．Improvement of resistance to PCI 
 3.3  Ramp data on high burn-up rod 

Possible causes of the remedy at high BU 

  A number of radial direction cracks at pellet 

peripheral region leads reduction of local 

cladding tensile stress. As supporting the 

cause, pellet ceramography from relatively 

low burn-up (about 30 GWd/t) pellet and 

high burn-up (about 60GWd/t) pellet 

suggest that high burn-up pellet has a 

number of pellet radial cracks, compared 

with low burn-up pellet.  

 As another cause, in high burn-up 

condition, there is bonding/oxidation layer 

between pellet outer surface and cladding 

inner surface, and this layer might be a 

protection cover to crack initiation due to 

aggressive, corrosive fission products. 

 

UO2/ZIRLO cladding 
(texture controlled) 
Local burn-up : 
30.3 GWd/t 
 

Ramp terminal level 
(Pmax): 44.8kW/m 

Power increase 
(ΔP): 17.0kW/m 
Result: Intact  

UO2/MDA cladding 
(texture controlled) 
Local burn-up : 
60.1 GWd/t 
 
Ramp terminal level 
(Pmax): 45.0kW/m 

Power increase 
(ΔP): 16.4kW/m 
Result: Intact  
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 The current PCI failure threshold for Japanese PWR fuel licensing 

reference is defined with ramp terminal power (Pmax) level versus 

burn-up, and power increase (ΔP) versus burn-up.  

  

 As presented, the claddings produced by the current fabrication 

method, which has higher fr (texture controlled),  show higher PCI 

resistance.  

  

 Thus, for moderately texture controlled cladding fabricated by the 

current method, PCI failure thresholds may be renewed up to 

higher burn-up region. The conclusion is shown in figure with the 

solid lines. These lines are made by adding the estimated improved 

performance to the current PCI threshold lines. 

4. Review of PCI failure thresholds 

13 

4. Review of PCI failure thresholds 

Pmax :   + 2 ~ 3 kW/m to current threshold 

Delta P:   + 7 ~ 8 kW/m to current threshold 
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 Texture controlled cladding (fr > about 0.6) fabricated by 

the current method, show improved resistance to PCI 

failure from many power ramp test data 

 For these cladding, higher PCI failure thresholds in 

Japan to some extent can be applied 

 PCI failure thresholds will be applicable to high burn-up, 

up to 80GWd/t (local burn-up), based on high burn-up 

ramp data. 

5. Conclusion 

15 

Thank you for your attention 
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Composition of MDA/M-MDATM 

Sn Nb Fe Cr Zr 
Final Heat 

Treatment 

M-MDA 0.5 0.5 0.3 0.4 Balance Stress Relieved 

MDA 0.8 0.5 0.2 0.1 Balance Stress Relieved 

Zircaloy-4* 1.3 - 0.2 0.1 Balance Stress Relieved 

Alloying metal elements and final heat treatment 

* Low tin Zircaloy-4 
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Irradiation growth data 
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Mechanical Strength 
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Elongation 
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EXPERIMENTAL PROCEDURE AND 

RESULTS 
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INNER PRESSURE TESTS ON SMOOTH SPECIMEN 

Inner pressure tests 

The diametrical strain of the cladding can be measured by a laser throughout the tests. 

The inner pressure can be regulated by this laser in order to pilot the 

diametrical strain.  
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Possible loads 

Constant pressure (creep tests)  

Constant diametrical strain rate 

(strain hardening tests) 

Constant diametrical strain 

(relaxation tests) 

Iodine content 

75 mg of iodine ≈ iodine partial 

pressure of 0.3 MPa [1] 

beyond 60 Pa, the iodine partial 

pressure does not influence anymore 

the ISCC behavior [2] 

Applied hoop stress 𝜎𝜃𝜃 = 𝑃.
𝑅𝑜𝑢𝑡 + 𝑅𝑖𝑛

2. 𝑒
 

[1] T. Jézéquel, "Stress corrosion crack initiation of Zircaloy-4 cladding tubes in an iodine vapor environment during creep, relaxation, and constant strain rate tests", PhD 
thesis, ENSIACET, 2016, To be published 
[2] C. Anghel et al, “Experimental and Finite Element Modeling Parametric Study for Iodine-Induced Stress Corrosion Cracking of Irradiated Cladding”, Top Fuel 2010 



INNER PRESSURE TESTS: RESULTS ON UN-

IRRADIATED ZY-4 

3 MAI 2018 |  PAGE 5 OECD-NEA - PCI WORKSHOP – 22-24 june 2016 - Lucca  

Constant pressure tests 

Effect of the temperature on the I-SCC initiation 

Hoop stress threshold s0 independant of the temperature [1] 

[1] T. Jézéquel, "Stress corrosion crack initiation of Zircaloy-4 cladding tubes in an iodine vapor environment during creep, relaxation, and constant strain rate tests", 
PhD thesis, ENSIACET, 2016, To be published 

INNER PRESSURE TESTS: RESULTS ON IRRADIATED 

ZY-4 
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Constant pressure tests 

Hoop stress threshold s0 

 



INNER PRESSURE TESTS ON PRE-CRACKED 

SPECIMEN 

Pre-cracked fabricated at the inner wall of the cladding by fatigue or fatigue-corrosion 

 

 

 

 

 

 

 

 

 

 

 

 

Results expressed as:  

Mean I-SCC propagation rates expressed with the measured time-to-failure tF 

and with the initial and final cracks (measured post-mortem) 

 

 

As a function of the initial Stress Intensity factor 
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𝑉 =
𝑎𝑓 − 𝑎0

𝑡𝐹
 

𝐾0 = 𝜎𝜃𝜃 . 𝜋. 𝑎0 

INNER PRESSURE TESTS ON PRE-CRACKED 

SPECIMEN: RESULTS ON UN-IRRADIATED ZY-4 
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Constant pressure tests 

The I-SCC tenacity « KSCC = 4 Mpa.√m » and the I-SCC propagation rate are 

independant of the temperature 



INNER PRESSURE TESTS ON PRE-CRACKED 

SPECIMEN: RESULTS ON IRRADIATED ZY-4 
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Constant pressure tests 

The I-SCC tenacity « KSCC= 1 MPa.√m » is lower on irradiated CWSR Zy4.  

EXPERIMENTS AND RESULTS 

The inner pressure tests on smooth specimen exhibit a stress threshold s0:  

s0=240 MPa that is independent of the temperature between 320°C and 380°C 

for un-irradiated CWSR Zy-4.  

- s0 was identified to 300 MPa on un-irradiated CWSR Zy-4 [3].  

s0=150 MPa on irradiated CWSR Zy-4.  

I-SCC tenacity and the propagation rate seem to be independent of the temperature. 

The irradiation decreases the I-SCC tenacity of the CWSR Zy-4.  

I-SCC propagation times appear to be short in comparison to the usual initiation times 

(few minutes versus hours respectively). As a consequence, the experimental time-to-

failure can be assimilated to the time to initiate an I-SCC crack on the smooth 

specimen.  
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[3] P. Magnusson et al, "An experimental and Finite Element modeling study of cladding strain and localized stresses under simulated iodine-induced stress corrosion 
cracking", Topfuel 2014  



I-SCC MODELING 
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Finite-element simulations with CAST3M 

Orthotropic viscoplastic behavior’s law for irradiated or un-

irradiated CWSR Zy-4 cladding 

As implemented in the MISTRAL module 

Usable in CAST3M 

Continuum mechanics 

Portion of cladding simulated in 2D-Rq plane, in the frame of 

the 2D generalised plane strain assumption 

Inner pressure applied at the inner wall of the cladding 

The inner pressure acts as an axial force F on the end caps 

of the specimen 

Taken into account through the generalised plane 

strain assumption 

INNER PRESSURE TESTS: FE SIMULATIONS 
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𝐹 = 𝑃. 𝜋. 𝑅𝑖𝑛
2  



DAMAGE MODEL = KACHANOV’S MODEL 

Kachanov’s model = evolution of a damage variable D 

Written with a stress threshold s0 

 

 

 

Damage variable D:  

Sane material: D=0 

Failled material: D≈1 

Used in post-treatment of the FE calculations 

sqq is the hoop stress calculated at the inner wall of the cladding 

D=1 stands for the initiation of an I-SCC crack at the inner wall of the cladding 

Temperature effect on I-SCC initiation 

Stress threshold s0 independant of temperature 
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𝑑𝐷

𝑑𝑡
= 𝐴

𝜎𝜃𝜃
1 − 𝐷

− 𝜎0
𝑛  𝑤𝑖𝑡ℎ < 𝑋 >=  

𝑋 𝑖𝑓 𝑋 > 0
0 𝑖𝑓 𝑋 < 0

 

𝑑𝐷

𝑑𝑡
= 𝐴𝐼𝑜𝑑𝑖𝑛𝑒 . 𝑒

−
𝑄
𝑇

𝜎𝜃𝜃
1 − 𝐷

− 𝜎𝐼𝑜𝑑𝑖𝑛𝑒
𝑛𝐼𝑜𝑑𝑖𝑛𝑒 

KACHANOV’S MODEL ON UN-IRRADIATED ZY-4 
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As an illustration, the times at which the calculated Diametrical Strain “DS” is larger 

than 40% are plotted on the figure under the name “Inert-DS>40%” curves.  



KACHANOV’S MODEL ON IRRADIATED ZY-4 
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Coupled Kachanov’s model implemented in the MISTRAL module 

Coupled to the viscoplastic models available in the MISTRAL module  

 

 

 

Crack strain added to the other types of strains in the MISTRAL module 

As described in the Ottosen’s model 

It’s a method to make the coupled damage model independent of the size of 

the mesh used in the calculation  

 

 

 

 

The critical crack opening “uC” and the stress threshold s0 allow to define the minimal 

fracture energy “G0” of the model.  

COUPLED KACHANOV’S MODEL 
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𝑑𝐷

𝑑𝑡
= 𝐴𝐼𝑜𝑑𝑖𝑛𝑒 . 𝑒
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𝑄
𝑇

𝜎𝜃𝜃
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− 𝜎𝐼𝑜𝑑𝑖𝑛𝑒
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𝑑𝜀𝜃
𝑓

𝑑𝑡
=

𝑑𝐷

𝑑𝑡
.
𝑢𝐶

𝐿𝜃
 𝑤𝑖𝑡ℎ 𝐺0 =

1

2
. 𝜎0. 𝑢𝐶 



Constant strain rate “V”, on one element.  

s0=100 MPa and uC=0.5 microns in this example 

The fracture energy “G” is defined as the area under the curve, tends to “G0” as the 

applied strain rate “V” decreases.  

the displacement-to-failure is equal to the critical crack opening “uC” plus a 

viscoplastic elongation of the material 

the displacement-to-failure is equal to the critical crack opening “uC” for the 

lowest “V” 

UNI-DIRECTIONNAL RESPONSE OF THE COUPLED 

KACHANOV’S MODEL 
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Kachanov’s model with embrittlement functions according to the iodine content 

 

 

Embrittlement functions according iodine content “I”:  

When “I” is lower than a threshold of iodine content “IC1”, there is no 

embrittlement of the material. The Kachanov’s model is supposed to model the 

damage of the material under an inert environment.  

When “I” is higher than a saturation iodine content “IC2”, the I-SCC 

susceptibility of the material does not change.  

The local iodine content “I” and the parameters IC1 and IC2 can be physical 

quantities or dimensionless quantities. 

IODINE EMBRITTLEMENT 
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𝑑𝐷

𝑑𝑡
= 𝐴(𝐼). 𝑒−

𝑄
𝑇

𝜎𝜃𝜃
1 − 𝐷

− 𝜎0(𝐼 
𝑛 𝐺0(𝐼) =

1

2
. 𝜎0 𝐼 . 𝑢𝐶(𝐼) 



LOCAL EVOLUTION OF IODINE 

The local iodine content “I” is assumed to follow I-SCC Miller’s model  

Based on Fick’s law (diffusion) 

Assuming that iodine does not diffuse in the zirconium, except in the I-SCC 

crack or at the tip of a crack, the Fick’s law can be written, in 2D-Rq, as:  

 

 

 

t is a period of time characteristic of the diffusion of iodine in the crack and the tip of a 

crack, in the zirconium.  

External iodine load “IEXT” and the local iodine content “I” are fields of values defined 

on all the elements of the mesh in the FE simulations.  

IEXT is 0 everywhere, except in the crack or at the tip of the crack.  

IEXT is updated after each step of calculation in CAST3M according to the 

updated position of the I-SCC crack.  
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𝑑𝐼

𝑑𝑡
=

1

𝜏
𝐼𝐸𝑋𝑇 − 𝐼  

KACHANOV-MILLER’S MODEL 

Coupled Kachanov’s model  with Miller’s model = Kachanov-Miller’s model 

External iodine load “IEXT” and the local iodine content “I” are fields of values defined 

on all the elements of the mesh in the FE simulations.   

IEXT is updated after each step of calculation in CAST3M according to the 

updated position of the I-SCC crack.  

Example of the iso-values of IEXT that evolved with the position of the I-SCC crack. 

Blue: IEXT = 0 

Red: IEXT = 1  
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KACHANOV-MILLER’S MODEL ON IRRADIATED ZY-4 

(INNER PRESSURE ON SMOOTH SPECIMEN) 
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The parameters under iodine of the embrittlement functions were those identified with 

the Kachanov’s model used in post-treatment.  

The parameters IC1 and IC2 are arbitrarily set to 0.2 and 0.5 respectively in order to 

saturate the iodine embrittlement.  

KACHANOV-MILLER’S MODEL ON IRRADIATED ZY-4 

(INNER PRESSURE ON PRE-CRACKED SPECIMEN) 
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The pre-crack is simulated in affecting D=1 to a row of elements as initial values in the 

calculations 

The result of the model is the same for a given initial stress intensity factor, whatever 

the depth of the pre-crack “A” in the calculation. 



KACHANOV-MILLER’S MODEL ON IRRADIATED ZY-4 

(INNER PRESSURE ON PRE-CRACKED SPECIMEN) 
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The pre-crack is simulated in affecting D=1 to a row of elements as initial values in the 

calculations 

The result is independent of the size of the elements of the mesh “L” thanks to the use 

of the crack strain tensor “e
f” . 

KACHANOV-MILLER’S MODEL ON IRRADIATED ZY-4 

(INNER PRESSURE ON PRE-CRACKED SPECIMEN) 
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The I-SCC propagation rate is under-evaluated with the set of parameters that predicts 

correctly the I-SCC initiation. The set of parameters had to be modified to properly 

evaluate the I-SCC propagation rate.  



FUTURE WORKS 
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The Kachanov-Miller’s model was implemented in Alcyone in 2D-Rq and is to be 

implemented in Alcyone 3D 

The goal is to enable a good discrimination of failed and non-failed ramps.  

In the example below, an I-SCC crack initiated and developed from the inner 

wall to the outer wall of the cladding, assuming that the “external iodine load” 

conducted to saturated iodine embrittlement in the calculation.  

 

KACHANOV-MILLER’S MODEL IN ALCYONE 
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CONCLUSIONS 
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CONCLUSIONS 

The inner pressure tests carried out at constant pressure, under iodine vapor 

environment, on smooth CWSR Zy-4 specimen, tend to reveal a hoop stress threshold 

for I-SCC. This stress threshold seems to be independent of the temperature in the 

range 320°C to 380°C.  

This result is consistent with the fact that the I-SCC tenacity “KSCC” seems to be 

independent of the temperature too.  

The level of stress threshold is about 240 MPa on un-irradiated CWSR Zy-4. 

The stress threshold is about 150 MPa on irradiated CWSR Zy-4.   

The Kachanov’s model, used in post-treatment of finite-element calculations, was used 

to model the I-SCC initiation.  

The Kachanov-Miller’s model properly simulated both I-SCC initiation and I-SCC 

tenacity “KSCC” for irradiated CWSR Zy-4. 

It tends to give the same physical meaning to the I-SCC stress threshold and to 

the I-SCC tenacity “KSCC” in the calculations.  

The I-SCC propagation rates were under-estimated with that set of parameters. 

In order to better evaluate the I-SCC propagation rates, some parameters had 

to be re-evaluated.  
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• Introduction

• Fuel Rod Configuration

• BISON Modeling

• Results

• Summary
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Introduction

• Planned Experiment at Halden

– INL thermal conductivity probe

– Introduce MPS defects

• Goals

– Predict clad deformation

– Provide power history to maintain TTC < 1100C

– Validate BISON

3

Fuel Rod Configuration

4

• Fuel

– UO2

– 21 pellet stack (12 annular & 9 solid)

• H = 9.5 mm D = 8.31 mm

• Dish Dia = 7 mm & Depth = 0.13 mm

• Annular Hole Dia = 1.8 mm

• Clad

– Zircaloy-4

– Outer Dia = 9.50 mm & Inner Dia = 8.36 mm

• Missing Pellet Surfaces

– Defect depth of 0.1 mm

– Central (in solid pellet)

– Offset (in annular pellet near TC)



BISON Modeling

5

• Finite element-based engineering scale fuel performance

code based on INL’s open-source MOOSE framework

• Solves the fully-coupled thermomechanics and species

diffusion equations in 1D symmetric, 2D axisymmetric or

generalized plane strain, or 3D

• Applicable to both steady and transient operation

• Used for LWR, TRISO, and metal fuels

• Easily coupled to lower length scale material models

• Designed for efficient use on parallel computers

• Working to establish needed accident capability

BISON Fuel Performance Code

BISON LWR Capabilities

6

Oxide Fuel Behavior

• Temperature/burnup dependent conductivity

• Heat generation with radial and axial profiles

• Thermal expansion

• Solid and gaseous fission product swelling

• Densification

• Thermal and irradiation creep

• Fracture via relocation or smeared cracking

• Fission gas release (two stage physics)

transient (ramp) release

grain growth and grain boundary sweeping

athermal release

Cladding Behavior

• Thermal expansion

• Thermal and irradiation creep

• Irradiation growth

• Gamma heating

• Combined creep and plasticity

Gap/Plenum Behavior

• Gap heat transfer with kg= f (T, n)

• Mechanical contact (master/slave)

• Plenum pressure as a function of:

evolving gas volume (from mechanics)

gas mixture (from FGR model)

gas temperature approximation

General Capabilities

• Finite element based 2D-RZ axisymmetric
and Cartesian and 3D fully-coupled
thermo-mechanics with species diffusion

• Linear or quadratic elements with large
deformation mechanics

• Steady and transient operation

• Parallel computation

• Meso-scale informed material models

Temperature

Coolant Channel

• Closed channel thermal hydraulics

with heat transfer coefficients



5 Pellet Stack

7

• Initial test model

– MPS creation

– Mesh Density

• Boundary Conditions

• Analysis

– Time Stepping

– Parallel Efficiency

• Parametric Study

– MPS depth

– Power

BISON Modeling

Full Rod 3D Model

8

• Size of model

– 335k nodes

– 36k elements (higher order, 27-noded)

• Run times

– 2 year simulation using 300 CPUs took ~1 day

– Varies with power history

• Data Extraction

– Selected times (6 month intervals)

– Clad deformation (outer edge of clad)

– Temperature (selected nodes or axial elevations)

BISON Modeling



Clad Deformation with MPS Depth

9

Results

Cool Down Effect on Clad Deformation

10

Results



Clad Deformation Full Rod Simulation

11

Results

Variation of TC Temperature with Linear Power

12

Results



Proposed Axial Power History

13

Time

(days)

Power

(%)

Power

(kW/m)

0 100 32.0

182 95 30.4

365 88 28.2

547 82 26.2

Results

TC Temperature with Tapered Power History

14

Results



3D Temperature Contour at 2 years

15

• 3D model required

• Higher temperature in MPS pellets

• Solid pellets higher TCL compared

to annular pellets

Results

16

Contact Model Effects on Cladding Deformation

Results
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Contact Model Effects on Cladding Deformation

Results

Frictionless Contact Glued Contact

18

Contact Model Effects on Cladding Deformation

Results

Frictionless Contact Glued Contact
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Contact Model Effects on Cladding Elongation

Results

Summary

• Largest 3D BISON fuel rod simulation with mechanical contact run to date

• BISON predicts measureable clad deformations (> 20 microns) at MPS

• Linear power history optimized for experiment

• Contact model influences certain cladding results

• Halden Reactor Experiment to begin soon

• Periodic (out of reactor) and continuous (in reactor) measurements to update

model inputs and validate BISON

• Special thanks to Helge Thoresen, Christian Helsengreen and Lise Moen
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Nicolas WAECKEL  

 

CSNI NEA WGFS PCI Workshop 

June, 2016 Lucca Italy 

Overview of 

the French 

effort to 

address SCC-

PCI issues 

• Renewable 

Energy Sources 

(RES) expand in 

all Europe 

 

• European 

electricity grids 

are well 

interconnected 

 

• … but energy 

policies still 

defined by each 

country ! 

 

  % of RES in energy mix 

European RES put NPPs operation in tension 
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• European electricity demand is highly variable,  

• 2/3 of EDF nuclear fleet might be asked to be in load 

following mode  

Impact of RES on NPPs operation 

European Electricity  Demand 

400 GW ramp from 

Sunday to Monday       
RES capacity is > European demand 

Net Demand = European 

Demand - Intermittent RES  

Mid-day 

hollow 

Su Mo 
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• European electricity demand is highly variable,  

• 2/3 of EDF nuclear fleet might be asked to be in load 

following mode  

Impact of RES on NPPs operation 

European Electricity  Demand 

400 GW ramp from 

Sunday to Monday       
RES capacity is > European demand 

Net Demand : European 

Demand - variable RES  

Mid-day 

hollow 

Su Mo 
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• EDF-R&D performed a comprehensive 

study showing Nuclear is still relevant 

even with 60% RES in the mix  

 

 

Flexible Operation will be common 

practice for NPPs 

Source : « Technical and economic 

analysis of the European electricity system 

with 60% RES », EDF R&D Division 
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Impact of RES on NPPs operation 

 

 

• EDF NPPs are used to operate in load following mode  

• Need experienced operators on both primary and secondary 

sides (human factors should not be neglected).   



Impact of RES on NPPs operation 
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• EDF NPPs are used to operate in load following mode  

• Need experienced operators on both primary and secondary 

sides (human factors should not be neglected).   

SCC-PCI : a classical drama..  

 

- Unity of place … where PCI stresses are max 

- Unity of time … needed to generate and maintain the right level of 

stresses and  the right amount of corrosive fission products 

- Unity of action … of the hot corrosive product(s) which diffuse 

through the fuel matrix and initiate a crack on the cladding ID  

…with full respect for unity of place, time 

and action: 
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SCC PCI : a classical drama..  

 

- Unity of place … where PCI stresses are max 

- Unity of time … needed to generate and maintain the right levels of 

stresses and concentration of corrosive fission products 

- Unity of action … of the hot corrosive product(s) which diffuse 

through the fuel matrix and initiate a crack on the cladding ID  

• This drama is usually played in 5 acts:  

- Pellet thermal expansion,  

- Fission products diffusion,  

- Pellet-cladding interaction,  

- Cladding crack initiation,  

- Crack propagation…. 

• And one epilogue : looking for mitigation (i.e. developing SCC-PCI 

resistant fuel products to facilitate flexible operation) 

…with full respect for unity of place, time 

and action: 
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Should SCC-PCI failures be considered as a 

safety related issue in NPPs?   

• SCC-PCI through wall cracks are small 

• No propagation (i.e. no further damage of the first 

barrier) 

• No dispersal of solid particles 

• Event limited to radioactive gases releases in RCS 

• No fuel melting (pellet Max T<2000oC during an AOO 

transient) 

• No clad melting (clad ID Max T<400-450oC) 

• No alteration of the coolable geometry (Ɛɵɵ ≤ 1%) 

SCC-PCI failure = loss of leak tightness of a 

certain number of fuel rods in the core(*).  

Costly for the operator, but not a “safety issue” 
<1mm 

(*) A conservative PCI design analysis shows that the number of fuel rods exhibiting a 

margin to failure <10W/cm for the most limiting AOOs transients is <200    

M5 clad     20W/cm > 

PCI failure threshold 

Zr4 clad     50W/cm > 

PCI failure threshold 

<3mm 
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From base load to load following mode 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

 

 

  

 

 

 

 

 

 

 

   

1980’s 

1984 

1994 

2002 

French Safety Authorities require to include SCC-PCI in the 

fuel core design analysis for both normal operations and 

Anticipated Operation Occurrences (AOO’s) conditions  

Load following mode is implemented in EDF NPPs 

First complete PCI design analysis  

Methodology evolution (MIR) but unchanged 

requirements 

Specific PCI design methodology is developed  

Advanced methodologies under development to 

account for variable reload patterns 
>2012 
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Define operational 
requirements ensuring no  
in-reactor SCC-PCI failure  

PCI design approach  
Resolving SCC-PCI issues in NPPs  

Define SCC-PCI failure threshold 
using a validated Fuel 
Performance Code and an 
extensive power ramps 
database 

Calculate normal operation and 
AOOs power transients for all 
BU and locations in the core 

Evaluate margins to failure with  
the same Fuel Performance 
Code as the one used to define 
the failure threshold 

Include the effect of load follow 
operation on the margins to 
failure 

Fuel Performance Code+ System 
Code +Method 

Power Ramps Database,  PIEs, Separate effect tests 

[3.6] 

[3.9] [3.4] 

PCI design approach 

Burnup 

T/M metric 

PCI failure limit 

Failed 

Non Failed 
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PCI design approach 

= Limitative AOOs transients 

Base 

ERPO 

100% 
PN 

Power (%NP) 

Time 

Base 

Neutronic-T/H calculations 

time 

PCI margin 

Allowed ERPO duration 

Initial 
margin 

Thermo-mechanical calculations  

Define operational 
requirements ensuring no  
in-reactor SCC-PCI failure  

PCI design approach  
Resolving SCC-PCI issues in NPPs  

Define SCC-PCI failure threshold 
using a validated Fuel 
Performance Code and an 
extensive power ramps 
database 

Calculate normal operation and 
AOOs power transients    for all 
BU and locations in the core 

Evaluate margins to failure with  
the same Fuel Performance 
Code as the one used to define 
the failure threshold 

Include the effect of load follow 
operation on the margins to 
failure 

Fuel Performance Code+ System 
Code +Method 

Power Ramps Database,  PIEs, Separate effect tests 
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[3.6] 

[3.9] [3.4] 

Define operational 
requirements ensuring no  
in-reactor SCC-PCI failure  

PCI design approach  
Resolving SCC-PCI issues in NPPs  

Define SCC-PCI failure threshold 
using a validated Fuel 
Performance Code and an 
extensive power ramps 
database 

Calculate normal operation and 
AOOs power transients for all 
BU and locations in the core 

Evaluate margins to failure with  
the same Fuel Performance 
Code as the one used to define 
the failure threshold 

Include the effect of load follow 
operation on the margins to 
failure 

Fuel Performance Code+ System 
Code +Method 

Power Ramps Database,  PIEs, Separate effect tests 

PCI design approach 

 Linear power (%) 

Axial Offset Power 

   No PCI failure 

    PCI failure  

        Threshold 
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[3.6] 

[3.9] [3.4] 



Define operational 
requirements ensuring no  
in-reactor SCC-PCI failure  

PCI design approach  
Resolving SCC-PCI issues in NPPs  

Define SCC-PCI failure threshold 
using a validated Fuel 
Performance Code and an 
extensive power ramps 
database 

Calculate normal operation and 
AOOs power transients for all 
BU and locations in the core 

Evaluate margins to failure with  
the same Fuel Performance 
Code as the one used to define 
the failure threshold 

Include the effect of load follow 
operation on the margins to 
failure 

Fuel Performance Code+ System 
Code +Method 

Power Ramps Database,  PIEs, Separate effect tests 

[2] 

[7] [6] 

PCI design approach 
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Understand involved phenomena and  propose 
solution  for a  PCI resistant fuel concept 

Multi-scale mechanistic R&D approach  
Resolving SCC-PCI phenomena , from pellet center to cladding ID  

SCC MECHANISMS : 
•Study Crack initiation 
and propagation  

•Assess Cladding 
susceptibility to SCC 
on separate effect 
tests 

•Develop SCC damage 
model  

CLADDING FUEL PELLET 

THERMO-CHEMISTRY modeling 
•Calculate Fission Products 
generation 

•Assess transport from center to 
pellet periphery, Identify species 
and roles / SCC 

•FP thermal chemistry models 
•O radial thermal diffusion models 
•PIES to confirm calculation 
results 

THERMO-MECHANICAL modeling 
•Calculate Pellet cracking pattern  
•Assess max stresses applied to 
cladding 

[8] 

Fuel Performance Code, Multi-scales models 

Power Ramps Database,  PIEs, separate effect tests 

[8] 

Multi-scale mechanistic R&D approach 

• Prototypical times to SCC failure obtained in 

out of pile tests   

• SCC mechanistic models not intended to be 

used in design PCI approach where actual 

stress are not calculable   

I-SCC in pressurized 

cladding tube 

specimens 
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[1.8] 
[2.4] 

[2.6] 

[3.1] 



Power Ramps Database,  PIEs, separate effect tests 

Multi-scale mechanistic R&D approach 

 Interrupted 

Power Ramp Test 

 12h at RTL 

Understand involved phenomena and  propose 
solution  for a PCI resistant fuel concept 

Multi-scale mechanistic R&D approach  
Resolving SCC-PCI phenomena , from pellet center to cladding ID  

SCC MECHANISMS : 
•Study Crack initiation 
and propagation  

•Assess Cladding 
susceptibility to SCC 
on separate effect 
tests 

•Develop SCC damage 
model  

CLADDING FUEL PELLET 

THERMO-CHEMISTRY modeling 
•Calculate Fission Products 
generation 

•Assess transport from center to 
pellet periphery, Identify species 
and roles / SCC 

•FP thermal chemistry models 
•O radial thermal diffusion models 
•PIES to confirm calculation 
results 

THERMO-MECHANICAL modeling 
•Calculate Pellet cracking pattern  
•Assess max stresses applied to 
cladding 

[1.8] 
[2.4] 

[2.6] 

[3.1] 

Fuel Performance Code, Multi-scales models 
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Multi-scale mechanistic R&D approach 

PCI design approach  
Resolving SCC-PCI issues in NPPs  

Understand involved phenomena and  propose 
solution  for a  PCI resistant fuel concept 

Multi-scale mechanistic R&D approach  
Resolving SCC-PCI phenomena , from pellet center to cladding ID  

SCC MECHANISMS : 
•Study Crack initiation 
and propagation  

•Assess Cladding 
susceptibility to SCC 
with separate effect 
tests 

•Develop SCC damage 
model  

CLADDING FUEL PELLET 

THERMO-CHEMISTRY modeling 
•Calculate Fission Products 
generation 

•Assess transport from center to 
pellet periphery, Identify species 
and roles / SCC 

•FP thermal chemistry models 
•O radial thermal diffusion models 
•PIES to confirm calculation 
results 

THERMO-MECHANICAL modeling 
•Calculate Pellet cracking pattern  
•Assess max stresses applied to 
cladding 

Fuel Performance Code, Multi-scales models 

• The advanced (and promising) 

“R&D roadmap” aims at 

understanding SCC-PCI 

phenomena and proposing 

innovative solutions for a PCI 

resistant fuel 

• Provide insights for the fuel 

performance codes used in the 

“PCI design approach” 
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[1.8] 
[2.4] 

[2.6] 

[3.1] 



Understand involved phenomena and  propose 
solution  for a  PCI resistant fuel concept 

Multi-scale mechanistic R&D approach  
Resolving SCC-PCI phenomena , from pellet center to cladding ID  

SCC MECHANISMS : 
•Study Crack initiation 
and propagation  

•Assess Cladding 
susceptibility to SCC 
with separate effect 
tests 

•Develop SCC damage 
model  

CLADDING FUEL PELLET 

THERMO-CHEMISTRY modeling 
•Calculate Fission Products 
generation 

•Assess transport from center to 
pellet periphery, Identify species 
and roles / SCC 

•FP thermal chemistry models 
•O radial thermal diffusion models 
•PIES to confirm calculation 
results 

THERMO-MECHANICAL modeling 
•Calculate Pellet cracking pattern  
•Assess max stresses applied to 
cladding 

[3] 
[4] 

[5] 

[8] 

Fuel Performance Code, Multi-scales models 

Multi-scale mechanistic R&D approach 

PCI design approach  
Resolving SCC-PCI issues in NPPs  
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Improving PCI resistance by reducing the height 

of the fuel pellets  

Max stress on 

cladding ID 

depends on 

pellet height 

Max stress at 

the pellet-pellet 

interface is 

reduced if pellet 

height is 

reduced 
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Improving PCI resistance by reducing the height 

of the fuel pellets  

Max stress on 

cladding ID 

depends on 

pellet height 

Max stress at 

the pellet-pellet 

interface is 

reduced if pellet 

height is 

reduced 

Insertion of short fuel pellets in a 

cladding tube is problematic  

manufacturing hurdles 
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Improving PCI resistance by reducing the height 

of the fuel pellets  

• EDF applied for a patent in 

France on May 14, 2007 

• Then in Europe and in the 

US a few years later 

• In 2012, EDF filed the 

patent in China 

• Pre-chamfered pellets 

• Easy to insert in the 

cladding tube 

• Will crack into short pellets 

at the first power up-rate 
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Improving PCI resistance by reducing the height 

of the fuel pellets  

• The Chinese patent office 

opposed all kind of old patents to 

the pre-chamfered pellets idea 

• These old patents were not 

related to nuclear fuel  

• Grooves were patented to 

improve heat exchange 
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Improving PCI resistance by reducing the height 

of the fuel pellets  

• Eventually, in 2014, the Chinese patent office found a 

Japanese patent, filed in Japan in 1977 

• This patent had never been translated and was valid in 

Japan only  
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Improving PCI resistance by reducing the height 

of the fuel pellets  

• Eventually, in 2014, the Chinese patent office found a 

Japanese patent, filed in Japan in 1977 

• This patent had never been translated and was valid in 

Japan only  

Application Number: 52-96016  

Application Date:   August 12, 1977 
Inventor: Masahisa OHASHI  from Hitachi 
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Conclusions 

• The “PCI design approach” (where full availability of corrosive products 

is conservatively assumed) has not been challenged by the thermal 

chemistry scenarios.  

• The advanced (and promising) “R&D roadmap” aims at improving our 

mechanistic understandings and proposing innovative solutions for new 

concepts of SCC-PCI resistant fuels 

• Fuel pellet thermal 

chemistry scenarios and 

SCC models still need to 

be confirmed and 

validated 

 

• Not directly applicable to 

an industrial “PCI design 

approach” 
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Modelling Approach in TESPA-ROD Code 

Deduced from Studsvik HRX tests for 

Cladding Creep of Zry-2  

under Operational Condition 
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PELLET-CLADDING INTERACTION (PCI) IN WATER-COOLED 

REACTORS 

 

Session 2: Modelling and simulation, part 1 
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Load Follow Operation 

 Peak stress reduces if 

sufficient hold time 

before next power rise given 

 

 Peak stress depends on cladding creep 

 

 Thus, quantification of cladding creep 

is essential for predicting PCI  

 

Time (h) 

LHGR 

(W/cm) 

Stress 

(MPa) 
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Cladding Creep Measurement at Studsvik 

 Irradiated fuel rod claddings (Zry-2, M5, Zirlo) investigated at constant temperature 

 

 Internal pressure controlled to follow predefined strain as function of time 

 

 Internal pressure indicates  

cladding stress development 

Figures taken from report  

STUDSVIK SCIP-100 
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Creep Modelling in TESPA-ROD 

Norton Creep Law for a-Zr 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Prediction compares well within first hour, but... 
 

 Severe over-prediction for subsequent period 

𝜀 = 𝐴 𝜎𝑛 𝑒
−

𝑄
𝑅𝑇  

A=1487 (1/Pa)n 

n=5.89 

Q=135000 + T * 278.21  J/mol 
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Creep Modelling in TESPA-ROD modified (1) 

Norton Creep Law for a-Zr 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Prediction compares well for first load cycle, but.... 

𝜀 = 𝐴 𝜎𝑛 𝑒
−

𝑄
𝑅𝑇  

A=1487 (1/Pa)n 

n=5.89 

Q=135000 + T * 278.21  J/mol 

𝜀 𝑐𝑟𝑒𝑒𝑝 = 𝜀 𝑐𝑟𝑒𝑒𝑝,𝑁𝑜𝑟𝑡𝑜𝑛  𝑒
−𝜀𝑐𝑟𝑒𝑒𝑝
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Creep Modelling in TESPA-ROD modified (2) 

Norton Creep Law for a-Zr 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Severe under-prediction for subsequent load cycles 

 Indication for reset of the creep rate reduction if stress reaches zero 

𝜀 = 𝐴 𝜎𝑛 𝑒
−

𝑄
𝑅𝑇  

A=1487 (1/Pa)n 

n=5.89 

Q=135000 + T * 278.21  J/mol 

𝜀 𝑐𝑟𝑒𝑒𝑝 = 𝜀 𝑐𝑟𝑒𝑒𝑝,𝑁𝑜𝑟𝑡𝑜𝑛  𝑒
−𝜀𝑐𝑟𝑒𝑒𝑝
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Creep Modelling in TESPA-ROD modified (3) 

Norton Creep Law for a-Zr with reset of creep rate reduction if stress reaches zero 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Severe over-prediction for subsequent load cycles 

 Indication for reset of creep rate reduction,  
but creep rate reduction progresses after resetting with doubled velocity 
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−
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0.0015  
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Creep Modelling in TESPA-ROD modified (4) 

Norton Creep Law for a-Zr with reset of creep rate reduction if stress reaches zero 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 

 Creep rate reduction progresses after resetting with doubled velocity 

 

 Prediction compares well for all load cycles 

𝜀 𝑐𝑟𝑒𝑒𝑝 = 𝜀 𝑐𝑟𝑒𝑒𝑝,𝑁𝑜𝑟𝑡𝑜𝑛  𝑒
−

𝑎 𝜀𝑐𝑟𝑒𝑒𝑝−𝜀𝑟𝑒𝑠𝑒𝑡
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𝑎 = 1 𝑓𝑜𝑟 𝑓𝑖𝑟𝑠𝑡 𝑙𝑜𝑎𝑑 𝑐𝑦𝑐𝑙𝑒 

𝑎 = 2 𝑓𝑜𝑟 𝑠𝑢𝑏𝑠𝑒𝑞𝑢𝑒𝑛𝑡 𝑙𝑜𝑎𝑑 𝑐𝑦𝑐𝑙𝑒𝑠 
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Conclusion 

 Complex algorithm for creep rate prediction  
could be deduced from Studsvik hardening relaxation tests  

 

 Creep rate reduction would suggest transition from primary to secondary creep, 
but.... 

 

 Creep rate reduction varies from first load cycle to subsequent load cycles 

• contradiction to such transition 

 

 Standard Norton creep law applies to the beginning of each load cycle 

• from start of the load cycle up to 1 hour 

 

 Modelling shown applies to irradiated Zry-2 within tested temperature range 

• from 310° to 360°C 

 

 Modelling shown is not applicable to any other cladding alloys 
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Outline 
• The many Faces of PCI 

•Generalized Failure Model  
• Model’s Theoretical Construct  

• Numerical Demonstration 

• Application to R2 Reactor Tests 

• Application to CABRI RIA Tests 
 



The many Faces of PCI 
 Pellet-Cladding Interaction (PCI) failure,  

(with “failure” left out but implied)  

Due to Aggressive 

Pellet-Cladding Mechanical Interaction (PCMI) 

At the 

Pellet-Cladding Interface (PCI)  

During 

Normal Operations, Operational Transients and Accidents 

Can a Single Failure Model be Developed for All Three ?  

 

Generalized Cladding-Failure Model 
•Under the General Definition of PCI, Cladding 
Failure  Evolves from a “Flaw” or “Damage 
Localization”, Depending on the PCMI Event: 
•Normal Operations – Power Ramping: At a pellet 

crack interfacing/interacting with the cladding, 
sometimes at a missing pellet surface (MPS) 

•RIA: Outer-surface corrosion pit, combined with a 
brittle -phase zirconium hydride 

• LOCA Ballooning: Fracture initiation at a localized 
plastically strained thinned wall 

 
 

 



Generalized Cladding-Failure Model 

•The premise of the model is: 
•To predict cladding failure in each of the three 
regimes, using a single measure that recognizes 
the presence of a flaw but without requiring 
the explicit representation of the flaw 
geometry in the computational model. 

•How to do this? 
•Adapt the path-independent J-Integral Methodology 

of elastic-plastic fracture mechanics    

The Path Independent J-Integral    

•Define the far field strain 
energy density U:  
𝑈 =   𝜎𝑖𝑗 𝑑𝑖𝑗     

•Where, σij and εij are the  

  stresses and the strains,  

  respectively  
• The J-integral is defined 

by  

𝐽 =   𝑈𝑑𝑦
 

Γ
−  𝐹 ∙  
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 𝑑𝑠

 

Γ
   

 



Application to Fuel Rod Geometry  

𝐽 =   𝑈𝑑𝑦
 

Γ
−  𝐹 ∙  

𝜕𝑢

𝜕𝑥
 𝑑𝑠

 

Γ
   

We choose a contour  
such that the  

line integral vanishes 

Application to Fuel Rod Geometry  
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𝜒 𝜑 = 2𝑎/𝐷𝑚 = 0.0056 



 mCC DJU )(/ 

Critical Strain Energy Density – Fracture 
Toughness Relationship 

 𝐽𝑐 is generally quantified in terms of KJC, the above equation is 
recast for plane strain condition as follows 

𝑈𝑐 = 1 − 𝜈2 𝐾𝐽𝐶
2 𝐸 𝜋𝜒 𝜑 𝐷𝑚  𝑈𝑐 =

0.0003675

𝜒 𝜑
𝐾𝐽𝐶
2  

Failure Criteria 

Application Disturbance 
Function χ(φ) 

Failure Criterion 

PCI/MPS 0.125 
𝑈𝑐 =

0.0003675

𝜒 𝜑 = 0.125
𝐾𝐽𝐶
2

= 0.00294𝐾𝐽𝐶
2  

RIA and LOCA 0.0056 
𝑈𝑐 =

0.0003675

𝜒 𝜑 = 0.0056
= 0.0656𝐾𝐽𝐶

2  

KJC is a function of: material, Fluence/Burnup, T, Hydrogen,…. 
                             KJC                    KJH , KSCC , KDHC 



Fracture Toughness for Zircaloy-4 

KJC = 40 MPa m , T >280C, H ~500ppm. 

KJC = 30 MPa m , T >280C, 100< H<500ppm. 

KJC = 20 MPa m , T >280C, 500< H <750ppm.               

KJC = 12 MPa m , any temperature, H >1000ppm. 
 

KJC = 13.3 MPa m  for high-burnup  
         cladding with coherent (~80μm) oxide. 

KIC = 10 MPa m , 149C <T<280C,  
         H >2000ppm. 

KJC = 7 MPa m  for high-burnup  
cladding with spalled (130μm) oxide. 

 

mmmmmmm

Model-developed Uc  Criteria  

KJC (MPa m  UC (MJ/m3) – Eq. (18) 

Uc  for PCI/MPS Uc  for RIA 

7 0.14 3.2 

10 0.29 6.5 

12 0.42 9.5 

13.3 0.52 11.6 

20 1.2 26.3 

30 2.6 59.0 

40 4.7 105.0 

 

mmmmmmm



Comparison to BISON’s Calculations for 
the Over Ramp and Trans Ramp Test Rods 

BISON Calculations of Strain Energy Density U (MJ/m3) Model’s UC  

Rod ID Bu (MWd/tU) 2-D 3-D  

 

 

2.6 - 4.7 

(MJ/m3) 

OR W4-1 22.8 1.63 2.32 

OR W5-6 24.2 2.31 2.76 

TR Q11-1 31.3 2.37 2.72 

TR Q11-2 30.7 3.3 3.2 

TR Q12-1 31.3 3.41 3.55 

TR Q12-2 31.2 2.83 3.41 

TR M17-3 24.7 2.82 2.27 

 

Hydrogen content: 100-500 ppm, KJC =  30-40  MPa √m  

mmmmmmm

Mean Value:     2.66      3.03          3.65 

Comparison to CABRI RIA REP Na tests 
Spalled Oxide, Hydrogen > 2000 ppm, KJC =  7-10  MPa √m  

mmmmmmm
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1. MOTIVATION 

 Understanding and modelling of PCI → Key aspect to demonstrate fuel design 

suitability for more flexible/demanding modes of operation 

 Gaseous swelling impact on PCMI → Important to analyse fuel reliability and 

safety 

 In SCIP project gaseous swelling was identified as a key phenomenon for fuel 

response to power ramps → In-code modelling improves the predictions 

(e.g. FRAPCON-3.4 → FRAPCON-3.5) 

Unit of Nuclear Safety Research 

PCI workshop 
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1. OBJECTIVE 

 Assessment of gaseous swelling effect on PCMI under operational transients 

along irradiation (up to 75 GWd/tU)  

 Reactor startups 

 Anticipated Operational Occurrences (AOOs) 

Analytical insight with FRAPCON-3.5 
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2. SCENARIO 

Design: 16x16 PWR 

Cladding: ZIRLO 

EOL Bu: 75 GWd/tU 
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2. SCENARIO 

Design: 16x16 PWR  

Cladding: ZIRLO 

EOL Bu: 75 GWd/tU 

Startup: 24 h  

AOO: 4 h 

Ramps 
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3. METHODOLOGY 

FRAPCON-3.5 

 Two options: 

 By default (with gaseous swelling model) 

 Modified (without gaseous swelling model) 

MODULE MODEL 

THERMAL Heat eqs. 

MECHANICAL FRACAS-I 

FGR  MASSIH 
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3. METHODOLOGY 

FRAPCON-3.5 - Gaseous swelling model 

egs = f(T)·g(Bu) 

 Modelling of the effect through empirical correlations 

 Supporting database: Data from slow ramp tests on high burnup fuel 

 Primary variables accounted for: temperature and burnup 
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3. METHODOLOGY 

FRAPCON-3.5 - Gaseous swelling model 

Cº1370TCº960,10·37.4T10·55.4 25  

Cº1832TCº1370,10·40.7T10·05.4 25  

egs = f(T)·g(Bu) 

g(Bu) = 

0 ,                       Bu < 40 GWd/tU 

0.1·Bu - 4,  40 ≤ Bu ≤ 50 GWd/tU 

1 ,                       Bu > 50 GWd/tU  

f(T) = 

f(
T

) 

g
(B

u
) 
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3. METHODOLOGY 

 Assessment of base irradiation (pellet-cladding mechanical performance) 

 

 Assessment of ramps based on safety conditions for cladding integrity: 

 

 Startups - Cladding hoop stress margin (CHSM) with respect to a stress limit 

imposed (400 MPa) 

 AOOs - Maximum allowable linear power increment, Dq’, for not exceeding a 

cladding strain limit imposed (1%) 

PROCEDURE 
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4. RESULTS 

BASE IRRADIATION 

FUEL SURFACE DISPLACEMENT 

(Upper half of the fuel rod) 

 Important differences from 40 GWd/tU due 

to gaseous swelling modelling: 

• 40-50 GWd/tU, significant increase 

(gaseous swelling increase) 

• 50-54 GWd/tU, slight increase (swelling 

due to solid FP) 

• From 54 GWd/tU, decreasing trend 

(gaseous swelling reduction) 
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4. RESULTS 

BASE IRRADIATION 

 Cladding strain follows the fuel deformation 

CLAD HOOP STRAIN 

(Upper half of the fuel rod) 
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4. RESULTS 

BASE IRRADIATION 

 When gaseous swelling is modelled differences appear close to 50 GWd/tU  

• Higher increase → stress relaxation → stress reversal 

CLAD HOOP STRESS 

(Upper half of the fuel rod) 
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4. RESULTS 

STARTUPs 

MIN. CLADDING HOOP STRESS MARGIN 

 When gaseous swelling is modelled: 

• Important reduction at 48.7 GWd/tU 

(higher load) 

• Margin recovery at 55.3 GWd/tU       

(stress relaxation) 
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4. RESULTS 

AOOs 

MAX. ALLOWABLE POWER INCREMENT 

(Ratio of estimations with and without gaseous swelling) 

 When gaseous swelling is modelled: 

• 40-65 GWd/tU, higher power allowed 

(higher load but higher eclad 
base irr)  

• From 65 GWd/tU, lower power allowed 

(higher load and lower eclad 
base irr) 
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5. FINAL REMARKS 

 The gaseous swelling reinforce the importance of the modelling of the    

pellet-cladding mechanical performance 

 If gaseous swelling is simulated with FRAPCON-3.5 under ramping 

conditions the contribution on safety margins related to PCMI is noticeable 

at high burnup 

 Further work is foreseen to review the gaseous swelling model used in 

FRAPCON-3.5 
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MECHANISTIC R&D APPROACH 

3 MAI 2018 

In order to better understand SCC-PCI issue, with the ultimate objective to provide the nuclear 
operator with operational margins, R&D actions are being conducted. 
 
 1) Perform power ramps in MTRs on PWR pre-irradiated products to acquire a comprehensive 
experimental database 

F? 

Conditioning phase 

Pmax 

DPmax Ramp rate 
dP/dt = 100 W/cm.min 

If cladding 
failure 

If no cladding 
failure 

Max. power plateau 
Progressive framing of the ‘technological 

limit’ 
 

 Used in the industrial ‘PCI design 
approach’ to define a SCC-PCI failure 

threshold (s, SED) 

2) Identify the key mechanisms affecting the cladding failure risk 

 
3) Develop a reference 3D simulation tool dedicated to SCC-PCI: ALCYONE 3D 

Integrate into the analysis the very local aspect of the failure risk 

Take into account all the components of these complex phenomena (mechanics, thermal-chemistry, 
thermal-physics, …)  Multi-scales and multi-physics approach 

Validate the modeling assumptions of the simplified ‘industrial’ codes 
PCI Workshop | June 22-24 2016 |  PAGE 2 

 



Simplified description of the SCC-PCI phenomenology 
 

  1- Base irradiation 

Strong thermal gradient as soon as power increases 

-Radial cracking of the pellet 

-Hourglass shape 

 

Pellet swelling 

-Thermal dilatation of the pellet 

-Swelling due to solid fission products 
 

  Cladding creep-down 
 

Axially inhomogeneous pellet-cladding 
contact 

SCC-PCI PHENOMENOLOGY 

3 MAI 2018 
PCI Workshop | June 22-24 2016 |  PAGE 3 

 

"Bamboo 

effect" 

 Locally unfavourable conditioning points 

SCC-PCI PHENOMENOLOGY 

3 MAI 2018 
PCI Workshop | June 22-24 2016 |  PAGE 4 

 

 2- Power transient, such as AOO-Class II transient 

Cladding failure by SCC-PCI if: 

- Unfavourable conditioning state at the end of base irradiation 

- Rapid and significant power variation at unfavourable conditioning points 
 

SCC-PCI failure risk is local due to the nature of the cladding loading mode 

 



• P/C contact 

with friction 

• Creep 

behavior 

• Thermal 

dilatation 

• Gaseous 

swelling 
 

• SCC-PCI 

failure initiation 

& propagation 

ELEMENTARY MECHANISMS 

3 MAI 2018 

• Thermo- 

chemistry 

(speciation) 

PELLET 

INTERFACE 

CLADDING 

• Oxygen radial 

thermo-diffusion 
 

• Pellet cracking 

(brittle behavior) 

• Visco- 

plasticity 

PCI Workshop | June 22-24 2016 |  PAGE 5 

 

• Fission gas 

release 

3 MAI 2018 

Thermo-mechanical aspects: pellet cracking 

 
 

 

Primary 

cracking during 

base irradiation 

Pellet primary / secondary cracking 

Radial secondary cracking during power transient leads to a reduction 

of the opening of the primary crack and helps to reduce the local stress 

intensity factor at the cladding inner wall 

Secondary 

cracking during 

power transient 

Modeling pellet cracking 
 Smeared crack model, characterized by two physical parameters: critical stress and 

fracture energy 
 In order to measure these parameters, a methodoloy based on the realization of 

bending and indentation tests has been defined 
 Cracking pattern in the pellet also depends on the friction coefficient at the P/C 

interface 

PCI Workshop | June 22-24 2016 |  PAGE 6 

 

PELLET CRACKING 

See Sercombe J. et al. (2012), “Power ramped cladding stresses and strains in 3D simulations with burnup-

dependent pellet–clad friction“, Nuclear Engineering and Design, 242, 164-181 



Smeared cracking model used to calculate pellet cracking 
 

Simple model: stress versus cracking strain relationship 

Fixed cracking directions: (r, q, z)  

Can be easily introduced in a F.E. method 

Downside: the length of the finite element must be introduced 

3 MAI 2018 

f

i

c
f L

K
G ..

2

1 2s


sc: critical stress 

Gf: surface energy 

Lf: finite element length 

• Critical stress and surface energy are first obtained for fresh fuels from bending tests 

• Correction for burnup is obtained from Vickers indentation tests 
 

See Gatt J.-M. et al. (2015), “Experimental and numerical study of fracture mechanisms in UO2 nuclear fuel“, 

Engineering Failure Analysis, 47 (2015) 299–311 
PCI Workshop | June 22-24 2016 |  PAGE 7 

 

PELLET CRACKING 

3 MAI 2018 

Secondary cracking pattern calculated at the end of the power transient depends 

largely on the P/C characteristics via the friction coefficient 

 

Characteristics of the pellet/cladding interface and thus friction 

coefficient, evolve with irradiation 
 

Friction coefficient can be determined by an inverse analysis using 
radial metallographic cuts 

 

Example of 

calculated radial cracking 

evolution with friction coefficient 

PELLET CRACKING 

PCI Workshop | June 22-24 2016 |  PAGE 8 

 



3 MAI 2018 

PIE from rods of the power ramps database 
Use of the metallographic radial cuts to extract the characteristics of the fuel 

secondary cracking pattern 

 Number and length of the secondary cracks are used to adjust the burnup-

dependency of the friction coefficient 

PCI Workshop | June 22-24 2016 |  PAGE 9 

 

PELLET CRACKING 

FUEL CREEP 

3 MAI 2018 

Thermomechanical aspects: fuel creep behavior 
 

 
 

 

 CREEP + GASEOUS SWELLING 

Diameter increase at mid-pellet, dish 

filling due to fuel creep at inter-pellet 
 

 Increase of secondary ridge   

FUEL CREEP 

Diameter decrease in regions 

close to dishings 
 

 Decrease of primary ridge 

 Secondary ridge formation 

IP 

(inter-pellet) 

MP 

(mid-pellet) 

Hourglass effect due 

to T° gradient 
 

 Primary ridge formation 

 with power 

Determination of the fuel creep constitutive law 
 Isotropic viscoplastic model with two stationary temperature-activated mechanisms: 

diffusion-creep and dislocation creep 
 In order to get the parameters for fresh fuel, realization of compression tests (creep tests) 

coupled to numerical simulation using F.E. modeling 
 Irradiation effects are estimated by inverse analysis, the studied parameter being the 

dishings filling ratio, estimated from longitudinal metallographic examinations 

See  J. Julien et al., “ Adjustment of fuel creep behavior based on post-ramp dish filling observations and 

3D simulations. Impact on clad ridges“, TOP FUEL 2012 PCI Workshop | June 22-24 2016 |  PAGE 10 

 



FUEL CREEP BEHAVIOR: ISOTROPIC VISCOPLASTIC MODEL 

),()( Tthath

vp ss  

Irradiation-induced creep thermal viscoplastic creep 

),(),()1(),( TTT dislocdiffprth sqsqs  

primary creep 
secondary creep 
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Coupling 

function 

 All parameters of this model are first adjusted on non-irradiated samples 

using compression tests on fuel pellets 

Numerical simulation of the compression tests using a F.E. modeling is 
performed in order  to distinguish between the materials effects and the 
structural effects and the non-uniform stress field resulting from the tests 

Structural effect 

during 

compression test 
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FUEL CREEP 

Adjustment of the law with a dependence on burnup 

 Defects and precipitates created during irradiation tend to block the movement of 

dislocations and thus favour the diffusion-induced creep mechanism 

 

A burnup-dependency has been introduced in the coupling function 

 

 

 

 

 2

00 exp BUqq 

new parameter burnup 

This new parameter is only adjusted on post-

ramp dish filling measurements and more precisely 

on the measurements of the rods without holding 

time in order to minimize the impact of gaseous 

swelling. 
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FUEL CREEP 



3 MAI 2018 

IP 4/5 IP 5/6 

Avant rampe 

 

 

Après rampe 

 

Avant rampe 

 

Après rampe 

 

 

Légende 

Courbe en bleu : résultat avant rampe 

Courbe en rouge : résultat après rampe 

 

 

PIE from rods of the power ramps database 
Dish filling ratio is estimated from longitudinal metallographic cuts 

In order to identify precisely the areas of interest to perform the cuts, neutron-

radiography realized before and after power ramp tests are used 

PCI Workshop | June 22-24 2016 |  PAGE 13 

 

FUEL CREEP 

3D scheme 

 

 

 

 

 

 

 

 

 

DESCRIPTION OF ALCYONE 

3 MAI 2018 

3D modeling of only ¼ of a pellet fragment  

and its overlying piece of cladding 

PCI Workshop | June 22-24 2016 |  PAGE 14 

 

ALCYONE 3D is a scientific calculation tool devoted to the simulation of SCC PCI-
related physical phenomena in a best-estimate way 



3 MAI 2018 TOP FUEL 2013 | Sept 15-19 2013 

Numerical scheme 
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DESCRIPTION OF ALCYONE 

VALIDATION PROCESS 

3 MAI 2018 

3D validation process 

• 3D simulation of more than 50 ramp tests performed on 2 to 6 cycles base irradiated UO2, 

Cr2O3-doped UO2 & MOX fuel rods with Zy4 or M5 claddings (OSIRIS reactor) 

• Max Linear Heat Rates between 395 and 610 W/cm  

• Holding periods at max LHR between 0 and 12 hours 

• PIE include residual diameters, IP and MP ridges heights, dish filling estimations by optical 

microscopy, number of radial cracks in the pellet 

• Geometry of the pellets in the database is fairly constant with a H/D ratio of about 1.5-1.6, 

dishings 6 mm in diameter and 0.3 mm in depth. About 40% of the pellets have no chamfer. 

• First, 1D calculations of the complete fuel rods are performed, with best-estimate values of the 

FG model parameters 

• Results of the 1D calculations (at PPN or at axial locations of interest) are used as input data 

for the 3D calculations: 

• Power history 

• External cladding temperature 

• Coolant pressure 

PCI Workshop | June 22-24 2016 |  PAGE 16 

 



3 MAI 2018 

Verification of the code capacity to predict the global and local 
deformations of the cladding 
 Example of comparaison between calculated and measured cladding diameters at the 

end of base irradiation and after power ramp test 

Primary ridge 

at inter-pellet 

(IP) 

Secondary 

ridge at mid-

pellet (MP) 

After base 

irradiation 

After ramp test 

In this case: 

 After base irradiation: good estimation of cladding diameter and height of 

primary ridges 

 After power ramp test: 

 Slight underestimation of the cladding diameter 

 Height of ridges (primary and secondary) correctly calculated. 
PCI Workshop | June 22-24 2016 |  PAGE 17 

 

CLADDING DIAMETER BEFORE/AFTER POWER RAMP 

TEST 

3 MAI 2018 

End of base irradiation 

 Cladding diameters at MP. Good agreement with 72% of data included in the 

tolerance band of +/- 10 microns 

 Primary ridges. Slight under-estimation of few microns but otherwise good 

agreement with 77% of results included in the tolerance band of +/- 5 microns 
PCI Workshop | June 22-24 2016 |  PAGE 18 

 

CLADDING DIAMETER AND PRIMARY RIDGES AT THE END 

OF BASE IRRADIATION 



CLADDING DIAMETER INCREASE AT MID-PELLET 

DURING RAMP TESTS 

3 MAI 2018 

End of power ramp tests 

 Cladding diameters increase at MP. Good matching between calculations and 

measurements: 74% of data included in the tolerance band 

 Shows a good consistency between 1D and 3D computational schemes, as 

gaseous swelling modeling parameters have been adjusted in 1D 
PCI Workshop | June 22-24 2016 |  PAGE 19 

 

PRIMARY AND SECONDARY RIDGES 

DURING RAMP TEST 

3 MAI 2018 
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End of power ramp tests 

 Primary and secondary ridges.  Good agreement for a large part of rods (with 

a wide range of final experimental values) 

 74% of the data included in the tolerance band for the primary ridges and 55% 

for the secondary ridges 



DISH FILLING AT THE END OF POWER RAMP TESTS 

3 MAI 2018 

End of power ramp tests 

 Except for 2 rods, the results are in very good agreement with the 

measurements, except for 2 rods 

 80% of the results are included in the admitted tolerance band, which 

corresponds to a relative error of +/-5% 

PCI Workshop | June 22-24 2016 |  PAGE 21 

 

Current situation regarding thermo-mechanical modeling with 

ALCYONE 3D 
 
 The complexity of the multi-physics phenomena involved in PCI and their strong coupling 

has led to develop the ALCYONE 3D code, integrating models to simulate: 
 pellet cracking 
 fuel creep behavior 
 fission gas behavior 
 cladding visco-plastic behavior, … 

 
 Validation of ALCYONE 3D for PCI has been performed on an extended data base 

comprising UO2, UO2 doped with Cr2O3 and MOX fuels with Zy4 or M5 claddings 
 

  Good agreement has been obtained regarding global and local cladding deformation, 

particularly: 
 diameter increase at MP and IP during ramp tests 
 primary and secondary ridges heights 

 

 Validation now takes into account dish filling and pellet cracking occurring during power 

transient 
 

The 3D scheme of ALCYONE is able to correctly trigger PCI local effects at the 

cladding triple point where I-SCC is known to initiate 

CONCLUSION / PERSPECTIVES 

PCI Workshop | June 22-24 2016 |  PAGE 22 

 



On-going work: 
 

Thermo-chemistry modeling 
 Calculate creation of fission products in the fuel pellet during irradiation 
 Estimate changes in the speciation of these FPs in the fuel pellet during power transient, 

taking into account oxygen radial thermo-diffusion  
 Calculate release from the central part of the pellet and transport to the inner part of the 

cladding 
 
 See Sercombe J. et al. (2016), “Simulations of power ramps with ALCYONE including fission 
products chemistry and oxygen thermo-diffusion”, this workshop 

 

SCC mechanisms and cladding damage model 
 Carry dedicated pressure tests under iodine vapor environment in order to identify 

mechanisms and key parameters (i.e. hoop stress threshold for I-SCC) 
 Develop a damage model to calculate initiation and propagation of I-SCC (i.e. Kachanov-

Miller’s model) 
 Use this model to simulate tests from the power ramp database as regards the 

“failed/un-failed” feature 
 

 See Le Boulch D. et al. (2016), “Testing and Modelling Iodine-induced Stress Corrosion Cracking in 
Zircaloy alloys”, this workshop 
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CONCLUSION / PERSPECTIVES 
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Introduction Simulation of the formation and development of cracks in the fuel pellet «Mandrel» test modelling «Ramp» test modelling
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Introduction Simulation of the formation and development of cracks in the fuel pellet «Mandrel» test modelling «Ramp» test modelling

Outline

1 Simulation of the formation and development of cracks

in the fuel pellet

2 «Mandrel» test modelling

3 «Ramp» test modelling
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SC «VNIINM» approaches for studying PCI

Reactor experiment;

Laboratory experiment;

1, 5D calculations using START–3A code;

2D, 3D calculations using ANSYS code.

Introduction Simulation of the formation and development of cracks in the fuel pellet «Mandrel» test modelling «Ramp» test modelling

Using numerical calculation to determine project margins

«Mandrel»

test

ANSYS

modelling

«Ramp»

test

START–3A

modelling

ANSYS

modelling

limit stress
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Boundary conditions and finite element mesh

Boundary conditions Finite element mesh

Introduction Simulation of the formation and development of cracks in the fuel pellet «Mandrel» test modelling «Ramp» test modelling

Calculation result

Hoop stress distribution at

the end of power raise, MPa Finite element mesh

The maximum values of

tensile stresses in the fuel

are implemented in the

upper part of the

uncracked zone and is 568

MPa;

Maximum stresses in the

cladding and are

implemented opposite to

fuel cracks and has the

value of 190 MPa.
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«Mandrel» test modelling in ANSYS software

The loading device
Deformed finite element

mesh

Introduction Simulation of the formation and development of cracks in the fuel pellet «Mandrel» test modelling «Ramp» test modelling

The radial displacements map

The radial displacements

map (experiment)

The radial displacements

map (calculation)
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Force and stress calculation result

The plunger force.

Comparison of the calculated

and experimental curves)

The hoop stress distribution

in the sample, MPa
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Load history

Load history
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1 Preconditioning at
least 12 hours at
maximum linear
power of ∼
220 . . . 230 W/cm;

2 The power increase
∼ 1, 65 times in 15
minutes;

3 Time–exposure at
maximum power
∼ 365 . . . 420
W/cm ∼ 12 hours.
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Temperature calculation

Temperature change in the center of the fuel pellet for two

variants of calculation (with chip and without chip in the fuel

pellet) and the results of the calculation in code START–3A
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Stress calculation

Dependence of hoop stress in the fuel rod cladding at the site

opposite to crack in fuel pellet for models with and without

missing chip via the time of the experiment and the results of

code START–3A calculations
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Numerical and experimental test study

The formation of the crack in

the cladding of the fuel rod

opposite to the chip in the fuel

pellet

The missing chip of the fuel pellet
acting as the source of the
disturbance to the original state
causes an increase in cladding
temperature on ∼ 46◦C and in
cladding hoop stresses on
∼ 140 MPa;

Thus, the calculations show that the
fuel pellet cleavage really could
cause a local increase in stress
during the power ramp, which led to
the formation of cracks in cladding.

Introduction Simulation of the formation and development of cracks in the fuel pellet «Mandrel» test modelling «Ramp» test modelling

Conclusion

PCI is regarded as one of the main causes of failure of fuel

rods.

It is especially important to consider places of the fuel cladding

in front of the cracks and chips in the fuel pellet. In these places

local stress concentrators are formed.

In order to quantitatively describe the effect of such local

imperfections on the performance of the cladding is necessary

to use calculation–experimental methods.

This study is conducted in two stages:

1 At the first stage the experiment («Mandrel»–test or

«Ramp»–test) is held;

2 At the second stage, the numerical simulation of the

experiment is held and project margins are set.

The report showed that such an approach allows for the most

correct description of the experimental data obtained.
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MOTIVATION 

 Fuel performance codes generally provide a detailed description of fuel 
Pellet Cladding Mechanical Interaction (PCMI) 
 

 Stress Corrosion Cracking (I-SCC) failure of fuel rods is associated with 
iodine but it is not clear what minimum quantity is required 
 

 In this paper, we present the adaptation of the fuel performance code 
ALCYONE to the modeling of the fuel thermo-chemistry in order to estimate 
the quantity and the chemical form of iodine in the vicinity of the clad inner 
wall during a power transient. 
 

 
 

I-SCC of a cladding in front of a fuel fracture and 3D Finite Element model of PCI 
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CESAR Pre-ramp quantities of stable 
isotopes (r,t), Table 1 1 

Elements Representative  
Element 

Creation  
(mol / mol UO2 / at%) 

Family 

Xe + Kr 
Cs + Rb 

I + Br 
Te + Se 

Xe 
Cs 
I 

Te 

3.06 10
-3
  

1.70 10
-3
  

1.31 10
-4
 

3.02 10
-4
 

Inert fission 
gas and 

volatile fission 
products 

Ba + Sr 
Zr + Nb 

Ba 
Zr 

1.38 10
-3
 

2.62 10
-3
 

Stable oxydes 

Mo Mo 2.33 10
-3
  

Ru + Tc + Rh 
Pd 

Ru 
Pd 

2.44 10
-3
 

1.02 10
-3
 

Metallic fission 
products 

Ce 
Eu + Sm 
La + Y 

Gd + Nd + Pm 
Pu + Pr 

Ce 
Eu 
La 
Gd 
Pu 

1.24 10
-3
 

3.81 10
-4
 

9.31 10
-4
 

1.92 10
-3
 

5.35 10
-3
 

Fission 
products in 

solid solution in 
UO2 

Table 1: Quantities of fission product per at% burn-up and per mol of unirradiated UO2 fuel obtained from CESAR 
calculations. 
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Burnup
 (r,t)

ALCYONE 

Stresses 
 (r,t)

Temperature
T (r,t)

Noble gases
percolation flux 

JXe → rod

MARGARET

Gas swelling
gs (r,t)

Based on calculations performed with the depletion 

code CESAR which provides estimates of the depletion, 

decay and transmutation of up to 200 isotopes. 

J.-M. Vidal et al. (2012).Waste Management 2012, Phoenix, Arizona, USA.  
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CESAR Pre-ramp quantities of stable 
isotopes (r,t), Table 1 1 
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Burnup
 (r,t)

ALCYONE 

Stresses 
 (r,t)

Temperature
T (r,t)

Noble gases
percolation flux 

JXe → rod

MARGARET

Gas swelling
gs (r,t)

Pressure 
P (r,t)

ANGE

Gas phases 
ngi (r,t)

Condensed 
phases    
nci (r,t)

O/M (r,t)

GO2 (r,t)

Solid solution 
phases         
nssi (r,t)

2 

Thermo-chemical solver 

- AdvaNced Gibbs Energy (ANGE)  

- Gibbs energy minimizing routines of the SOLGASMIX 

code 

- Model describing the solid solution of uranium, 

plutonium and dissolved fission products 

- Special attention was given to tellurium species 

G. Eriksson (1975). Chem. Scripta (8) 100-103.  T. M. Besmann (2012). Comprehensive Nuclear Materials (1) 455-470.  
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CESAR Pre-ramp quantities of stable 
isotopes (r,t), Table 1 1 
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ALCYONE 

Stresses 
 (r,t)

Temperature
T (r,t)

Noble gases
percolation flux 

JXe → rod

MARGARET

Gas swelling
gs (r,t)

Pressure 
P (r,t)

ANGE

Gas phases 
ngi (r,t)

Condensed 
phases    
nci (r,t)

O/M (r,t)

GO2 (r,t)

Solid solution 
phases         
nssi (r,t)

2 

Release of corrosive gas species

MULTI-PHYSICS MODELING IN ALCYONE V1.4 

CsI(g) 

I(g) 

I2(g) 
TeI2(g) 

3 

Gas phases    
percolation fluxes                                 

Jgas → rod =ngi/nXe JXe → rod
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Number of irradiation cycles 3 

Average cycle power (W/cm) 178-260-214 

Cladding material Stress-Relieved Zy4 

Fuel material Stoichiometric UO2 

235U content 4.5 % 

Max. Linear Heat Rate (LHR) 520 W/cm 

Hold Time (s) 90 

Xe+Kr gas release 3.8 % 

 

Table 1: Main characteristics of the simulated Short Hold Time power ramp. 

 

Figure 1: Evolution in time of the Linear Heat Rate (LHR) during the 3D simulation of the power ramp.  
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The short holding time of the power 

ramp precluded rod failure. 

3D simulation 

B. Baurens, et al. (2014). 3D thermo-chemical-mechanical simulation of power ramps with ALCYONE fuel code, Journal of Nuclear Materials, 452(1), 578-594. 
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Interface 
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The differences between Cs and I, Te release are well reproduced thanks to thermo-chemistry 
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Power ramps on Cr-doped fuels show evidence of oxygen radial 
redistribution in the pellet (after a few hours at max. Linear Heat Rate) 
 
Chromium oxides initially solubilized in the fuel are reduced at the pellet 
center [Riglet-Martial et al., 2016] 
 
 

 
 

Oxygen 

Chromium 

Riglet-Martial et al., 2016, Experimental evidence of oxygen thermo-migration in PWR UO2 

fuels during power ramps using in-situ oxido-reduction indicators, submitted to the Journal of 

Nuclear Materials. 
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One possible mechanism is thermo-diffusion of oxygen in the solid, in 
agreement with similar observations in SFR fuels [Sari & Schumacher, 1976]. 

 
Thermo-diffusion of oxygen describes the time and space evolution of oxygen 
vacancies (UO2-x) or oxygen interstitial atoms (UO2+x) in the fuel under 
simultaneous concentration (𝑐) and temperature gradients. 
 
 
 
 
 
 
 
 
 
A convenient numerical solution (named OXIRED) was proposed by Lassmann 
[Lassmann,1987] and is used in our work. 
 
Thermo-diffusion is assumed to proceed without any loss of oxygen from the 
pellet (redistribution).    
 
 

 
 

                                                                                                     
 

 
 
 

𝑄 = heat of oxygen transport (J/mol) 

𝐷 = diffusion coefficient of oxygen in the fuel (m2/s) 

𝑐 =
2 − 𝑂/𝑀

2
 𝜕𝑐

𝜕𝑡
=
1

𝑟

𝜕

𝜕𝑟
𝑟𝐷

𝜕𝑐

𝜕𝑟
+ 𝑐

𝑄

𝑅𝑇2
𝜕𝑇

𝜕𝑟
 

O

𝑀
=

𝑂(𝑠𝑠)

𝑈 𝑠𝑠 + 𝑃𝑢(𝑠𝑠) + 𝐹𝑃(𝑠𝑠)
 

Sari, C., & Schumacher, G. (1976). Oxygen redistribution in fast reactor oxide fuel. Journal of Nuclear Materials, 61(2), 192-202. 

Lassmann, K. (1987). The oxired model for redistribution of oxygen in nonstoichiometric uranium-plutonium oxides. Journal of Nuclear Materials, 150(1), 10-16. 
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Rare gas release 
(FGR)                  

JXe → rod

Burnup
 (r,t)

ALCYONE

MARGARET 

Stresses     
 (r,t)

Temperature
T (r,t)

Gas swelling
gs (r,t)

Release of corrosive gas
species

OXIRED O/MOXIRED (r,t)

O/MANGE (r,t) Gas
phases    
ngi (r,t)

Power 
density
Pv (r,t)

ANGE

While :
O/MOXIRED – O/MANGE > 10-4

Linear Heat Rate

Time

Time t

Time t + dt
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Linear Heat Rate

Time

t0 ramp

t0 HP t0 HP + 12h

HP = Holding Period

The rod survived the ramp 

with no damage 

1.5D simulation 

 

Radial profiles at 3 times 

RADIAL PROFILE OF TEMPERATURE 
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Decrease of the oxygen potential at the pellet center and increase at the 
pellet periphery. 
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Reduction of the solubilized chromium oxides at the pellet center. 
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Reduction of cesium molybdate at the pellet center. 
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Reduction of molybdenum oxides at the pellet center. 
 

IMPACT OF OXYGEN REDISTRIBUTION ON THE 

SPECIATION OF MINOR FISSION GASES 
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Before oxygen redistribution (O/M > 1.993), minor fission gases consist of 
Te2(g), CsI(g) and TeI2(g)  
 
Redistribution leads to the disapearance of TeI2(g) and Te2(g) in favor of Cs(g), 
as a result of the reduction of Cs2MoO4(s,l).  
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More than 25% of the iodine inventory is released (Te 7%, Cs 2%) in 
consequence of thermo-chemistry and oxygen thermo-diffusion. 

 
 

 
 

Calculated FGR in the rod reaches 10% (8±1% measured) 
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CONCLUSIONS 

  

Our simulations show that some observation made on fuel rods after a 
power ramp are very likely consequences of oxygen redistribution in the 
pellet. 
 
The pronounced reduction of molybdenum and chromium oxides at the 
pellet center, highlighted by EPMA, results from oxygen depletion at the 
pellet center. 
 
Thermo-diffusion of oxygen modifies greatly the concentration in the minor 
gas species of interest for I-SCC. 
 
The calculated iodine partial pressure near the clad inner wall shows 
therefore a limited time window during which I-SCC is likely to occur. 
 
Oxygen thermo-diffusion might be a missing piece of the PCI puzzle ! 

 
In the calculations, we assumed that CsI(g) was not dissociated which may 
have led to an underestimation of the amount of iodine for I-SCC.   
 
The proposed calculation is not limited to Cr-doped fuel but can be 
applied to other dopant and to fuels with different burnup. 
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3D Finite Element model of ALCYONE 
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B. Michel, et al. (2012). Modelling of Pellet Cladding Interaction. In : Konings R.J.M., (ed.) Comprehensive Nuclear Materials, 3, 677-712, Elsevier. 
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At a given temperature and under a given oxygen potential, the O/M ratio of 
irradiated UO2 decreases with irradiation (burnup).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
An initially stoichiometric UO2 becomes slightly hypostoichiometric (O/M < 2) 
with irradiation. 
The concentration in oxygen vacancies increases                  , enabling 
oxygen thermo-diffusion. 
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Introduction 

Duty-related fuel rod failures continue to be a risk to fuel 

reliability and plant operations 

– Pellet-Cladding Interaction (PCI) via stress-corrosion cracking 

(SCC) 

– Pellet-Cladding Mechanical Interaction (PCMI) 

Missing Pellet Surface (MPS) has also introduced higher 

levels of risk to fuel failure 

Duty-related failures have been mitigated through 

conservative power (duty) operations but various challenges 

continue to reduce margins to failures 
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Introduction (cont’d) 

Objective 

– Perform parametric, analytical and probabilistic studies of MPS-

type fuel defects during simulated power maneuvers using the 

Falcon fuel performance code 

 

Benefit  

– Results of these studies and benchmarks to actual duty-related fuel 

failures with and without detected MPS defects have been 

incorporated into comprehensive guidance provided in PCI 

guidelines* 

* Fuel Reliability Guidelines: Pellet-Cladding Interaction. EPRI, Palo Alto, CA: 2008. 1015453 
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Introduction (cont’d) 

Acknowledgements in Guideline Development 

– Contributions from member utilities (including Dominion, Duke 

Energy, Electricite de France, Exelon, Iberdrola, Progress Energy, 

PSE&G, Southern Nuclear, TVA, Xcel Energy) and fuel suppliers 

(Areva, GNF and Westinghouse) were also critical to the 

development of this guidance. 

– ANATECH Corporation for their consultancy with the EPRI Pellet-

Cladding Interaction (PCI) Guideline.  
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Analytical Approach for PCI / PCMI Failure Evaluation 

Two-Dimensional (2-D) Methodology 

1. Establish the initial fuel rod conditions prior to a power 

maneuver. Initial conditions include the residual pellet-

cladding gap, fission gas release, rod internal pressure, 

oxide thickness accumulation, etc. 

a. Use axi-symmetric R-Z steady state analysis capabilities to 

establish fuel rod initial conditions prior to a power maneuver as a 

function of burnup and power history 

b. Multi-cycle core follow power history can identify critical power 

maneuvers (typically 2nd cycle startup for PWRs) 
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Analytical Approach for PCI / PCMI Evaluation (cont’d) 

 

 

R-Z Model 

R-θ Model 

(with MPS) 

R-θ Model 
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Analytical Approach for PCI / PCMI Evaluation (cont’d) 

2. Calculate the local cladding stress distribution and cladding 

damage accumulation from stress corrosion cracking 

during a power maneuver. This analysis will identify the 

most PCMI limiting location on the fuel rod. 

a. Use axi-symmetric R-Z steady state analysis capabilities to 

analyze the power maneuver; and then 

b. Use the R-θ explicit radial crack model to calculate peak cladding 

hoop stress and Cumulative Damage Index (CDI) at the PCMI 

limiting location (as determined in the R-Z analysis) during and 

following a power maneuver 
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Analytical Approach for PCI / PCMI Evaluation (cont’d) 

3. Compare / Contrast calculated peak hoop stress or 

damage index to pre-defined threshold (i.e., failure 

criterion) 

– Well, what goes into the pre-defined threshold?...Some examples 

PWR BWR 

10 
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Approaches of Duty Failure Thresholds (with MPS) 

Options: 

A. Use of conservative assumptions about the location and size of the MPS 
defect 

– Largest MPS defect is situated at the core location with the worst PCMI  

– Results in restrictive reactor startup power ascension profiles to limit 
cladding stress buildup. While successful in preventing failure, extends 
the time required to reach full power operation and decrease the plant 
capacity factor 

 

B. Perform a probabilistic evaluation using statistical information on the MPS 
defect size distribution in the pellet population of concern and the core 
power distribution 

– Next several slides show the inputs into this probabilistic evaluation 
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First consider the stress 

effect: 

Probabilistic Approach – Option No. 2 

𝜎𝑀𝑃𝑆
𝜎𝑃𝐶𝐼

= 𝐹2−𝐷  𝑥 𝐹3−𝐷  

𝜎𝑀𝑃𝑆 is the peak cladding inner surface hoop stress during a power increase for an MPS defect affected fuel pellet. 

𝜎𝑃𝐶𝐼 is the peak cladding inner surface hoop stress under classical PCI conditions (pellet crack) from the Falcon R-θ analysis. 

𝐹2−𝐷 is the stress concentration factor caused by the presence of an MPS defect evaluated assuming an infinitely long MPS axially (L/W > ~2.5). 

𝐹3−𝐷is the stress reduction factor accounting for a finite length of the MPS defect (L/W < ~2.5) 

12 
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Probabilistic Approach – Option No. 2 (cont’d) 

F2-D 

138 MPa 

207 MPa 

276 MPa 

345 MPa 

Falcon Derived 

F3-D 

ABAQUS Derived 

3.81 1.27 2.54 5.08 6.35 (mm) 

1.27 mm 

1.52 mm 

1.91 mm 

2.29 mm 

2.67 mm 

3.05 mm 
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Probabilistic Approach – Option No. 2 (cont’d) 

Next, consider the statistical information describing the size and 

frequency of occurrence of the pellet defects with the frequency 

distribution of the fuel rod nodal power and burnup levels 

1. Results from deterministic calculations that provide the critical fuel rod 

nodal power for failure by PCMI with MPS as a function of MPS defect 

size (width or area) and fuel rod nodal burnup, 

2. Frequency distribution of MPS defect sizes (width or area) within a 

population of false accepts observed in the pellet oversight inspections, 

3. Frequency distribution of the nodes within the affected fuel assembly 

population that equal or exceed the critical fuel rod nodal power and 

experience a power increase. 

14 
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Some schematics 

Probabilistic Approach – Option No. 2 (cont’d) 

<0.76 mm 

1.52 mm 

2.54 mm 

0.76 mm 

3.05 mm 
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Probabilistic Approach – Option No. 2 (cont’d) 

Procedure for designing cores with inputs from the previous 
slides: 

1. Collect the nodal peak power, delta power and burnup 
information for the assemblies and the MPS defect size 
frequency distribution. 

2. Determine the fraction of nodes in the population that exceed the 
critical power for each MPS defect size within the frequency 
distribution for selected burnup intervals (1 GWd/tU). 

3. Calculate the failure frequency at each MPS defect size for each 
burnup interval, then adding up the result for each burnup 
interval. 

4. Combine failure frequency for all the MPS defect sizes to obtain 
the total failure frequency for a give population of assemblies. 

16 
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Implications of Probabilistic Approach (PWR Example) 

 Database of 11 suspected PCI rod failures 
as well as 45 non-failed sibling rods and 
peak-power rods 
– Highly limited numbers with confirmed MPS 

through hot cell PIE 

– Empirical threshold value delineating failed 
versus non-failed stress using best estimate 
peak hoop stress 

 

 Probabilistic approach permits a more 
appropriate and specific definition of 
threshold for unique core and fuel 
design/product conditions (MPS statistics) 
– 0.1% and 50% failure rate criteria 

Failure with 124-150 mil (3.15-3.81 mm) MPS 

Failure with 60 mil (1.52 mm) MPS 

Failure without MPS 

Non-Failed 

50% Failure Rate Threshold 

0.1% Failure Rate Threshold 
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Summary and Conclusions 

Risk of duty-related fuel rod failures (including PCMI, PCI) 
continue to limit core designs and power maneuvering rates 

Parametric, analytical and probabilistic studies of missing 
pellet surface (MPS)-type fuel defects using primarily the 
Falcon fuel performance code with the specific purpose of 
supporting the technical bases for duty-related failure 
mitigation 

Probabilistic approach results show that an approximate 1.5-
mm MPS defect size is typically more than ten times lower 
failure rate than a 3-mm MPS defect size, even though the 
occurrence rate of former is typically a factor of two greater 

18 
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• BISON Background 
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– 3D Missing Pellet Surface 

– Multiscale Material Modeling 
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– Software Quality Assurance 

– Code Verification 
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– Temperature and FGR 

– PCMI via Rod Diameter 

 Parametric study 

 Smeared vs discrete pellet fuel 

• Conclusions 
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Fuel cracking 

via XFEM 

LOCA Burst 

Tests 



MOOSE-BISON-MARMOT (MBM) 

Multiphysics Object-Oriented Simulation 

Environment 

Atomistic/Mesoscale Material 

Model Development 

• Predicts microstructure 

evolution in fuel and cladding 

• Used with atomistic methods 

to develop multiscale 

materials models 

• Simulation framework allowing rapid 

development of FEM-based applications 

Advanced Multidimensional 

Fuel Performance Code 

• Models LWR, TRISO and metal 

fuels in 1D, 2D and 3D 

• Steady and transient reactor 

operations 

 

• The MOOSE-BISON-MARMOT codes provide an advanced multidimensional, 

multiphysics, multiscale fuel performance capability 

3 

 Fuel Performance Code 

4 

• Finite element-based engineering scale fuel 

performance code based on INL’s open-source 

MOOSE framework 

• Solves the fully-coupled thermomechanics and 

species diffusion equations in 1D spherically 

symmetric, 2D axisymmetric or generalized 

plane-strain, or full 3D 

• Applicable to both steady and transient 

operation 

• Used for LWR, TRISO, and metal fuels 

• Readily coupled to lower length scale material 

models 

• Designed for efficient use on parallel computers 

• For LWR fuel, working to validate and establish 

needed accident capability 

3D 

2D axisymmetric 

2D plane strain 



BISON LWR Capabilities 

Oxide Fuel Behavior 

• Temperature/burnup dependent conductivity 

• Heat generation with radial and axial profiles 

• Thermal expansion 

• Solid and gaseous fission product swelling 

• Densification 

• Thermal and irradiation creep 

• Fracture via relocation or smeared cracking 

• Fission gas release (two stage physics) 

 transient (ramp) release 

 grain growth and grain boundary sweeping 

 athermal release  

 

 

 

Cladding Behavior 

• Thermal expansion 

• Thermal and irradiation creep 

• Irradiation growth 

• Gamma heating  

• Combined creep and plasticity 

• Hydrogen diffusion and 
hydride precipitation 

 

 

 

 

Gap/Plenum Behavior 

• Gap heat transfer with kg= f (T, n) 

• Mechanical contact (master/slave) 

• Plenum pressure as a function of: 

 evolving gas volume (from mechanics) 

 gas mixture (from FGR model) 

 gas temperature approximation 

 

 

 

 

 

General Capabilities 

• Finite element based 2D-RZ axisymmetric 

and Cartesian and 3D fully-coupled 

thermo-mechanics with species diffusion 

• Linear or quadratic elements with large 

deformation mechanics  

• Steady and transient operation 

• Parallel computation 

• Meso-scale informed material models 

 

 

Temperature 
Coolant Channel 

• Closed channel thermal hydraulics 

with heat transfer coefficients 

 

 

 

 

 

• Yes, when the local physics dictates (e.g., pellet 
defects, fracture, azimuthal variations in power or 
cooling, ballooning, etc.) but need not be viewed 
as an insurmountable computational challenge  

• An efficient approach to modeling local effects: 

– Global model of full fuel rod (2D-RZ for efficiency) 

– Local submodel (3D for accuracy) 

– Transfer of boundary conditions  

– Identical material/behavioral models 

• BISON permits variable transfer from 2D 
axisymmetric model to prescribe boundary 
conditions on 2D-RQ or 3D submodels 

– Global scalar variables (fission gas released, 
plenum gas temperature and volume) 

– Field variables (displacements at submodel ends, 
cladding temperature beyond submodel region) 

 

 

2004 PCMI Workshop… Are 3D Models 

Needed?Fuel Defect Analysis: 2D-3D Coupling 



2004 PCMI Workshop… Are 3D Models 

Needed?Fuel Defect Analysis: 2D-3D Coupling 

B. W. Spencer, R. L. Williamson, D. S. Stafford, S. R. Novascone, J. D. Hales, G. Pastore,  “3D Modeling 

of Missing Pellet Surface Defects in BWR Fuel,” Nuclear Engineering and Design, in review. 

 

• Density functional theory (DFT) is being used to investigate the 

diffusion constants of fission gas (Xe) in UO2. 

 

Mechanisms and values of diffusivity are calculated for intrinsic and radiation 

diffusion mechanisms. 

Comparison to Turnbull 

DFT calculations 

conducted at LANL 
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Andersson et al., Atomistic 

modeling of intrinsic and 

radiation-enhanced fission 

gas (Xe) diffusion in UO2: 

Implications for nuclear 

fuel performance 

modeling, Journal of 

Nuclear Materials, 451, 

225 (2014) 
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2004 PCMI Workshop… Is Multiscale Modeling 

Playing a Role? Fission Gas Diffusivity 



BISON Verification 

• Verification ensures that each piece of code performs as 

expected… and is the foundation upon which a strong 

validation basis is built.  

• Code Verification (ensures models are programmed 

correctly) 

- Software Quality Assurance (SQA) 

- Unit and Regression testing 

• Solution Verification (ensures analyses are numerically 

converged) 

- Spatial Resolution 

- Temporal Resolution 

- Adequate convergence of iterative solutions 

 

Software Quality Assurance 

• BISON software quality is tightly controlled using issue tracking, merge 

requests and collaborative code review (via GitLab) 

Issue Tracking 

• Users can submit 

issues or request 

improvements  

• Each issue is recorded 

and tracked to 

completion 

Collaborative Code Review 

• Code changes are posted on 

the GitLab site 

• Users can comment and make 

suggestions on code 

• Once satisfied with the 

changes, they are merged into 

the code 

Merge requests and testing 

• Code changes are 

submitted for review 

• Review starts once the 

code updates pass all tests 

• Recently (Nov 2015) underwent detailed 

software quality assessment. Deemed NQA-1 

compliant for R&D software. 



Code Verification  
 

• BISON thru MOOSE is 

supported by >1000 unit 

and regression tests 

 

• All new code must be 

supported by 

verification testing 

 

• All tests are run and 

must pass prior to any 

code modification 

 

• Current line coverage is 

at ~85% 

 

• Journal article 

published in FY-14 

documents BISON code 

verification 

 

Solution Verification (LWR Fuel)  

• Ensures converged 

solutions… essential 

prerequisite to validation 

• Representative rod 

geometry, power history, 

material behavior, etc. 

• Used to demonstrate 

adequate spatial and 

temporal resolution for 

LWR validation cases 

 

 

 



Validation for LWR Fuel 

● Recently published 

summary article in 

Nuclear Engineering 

and Design  

 

● Validation areas 

● Fuel centerline 

temperature through all 

phases of fuel life 

● Fission gas release 

● Clad diameter (PCMI) 

 

LWR Integral Rod Validation (48 cases)  

• Initial modeling assumptions 

– 2D-RZ smeared pellet fuel 

– Empirical relocation (w/o recovery) 

– Elastic fuel 



LWR Validation – Fuel Centerline Temperature  

Beginning of life 

0 < Bu < 20 <MWd/kgU Ramp testing 

40 < Bu < 60 <MWd/kgU 

LWR Validation - Fission Gas Release  

• Accuracy in predicting 

FGR is consistent 

with state-of-the-art 

modeling and with the 

involved uncertainties  
 

 

Pastore et al, Uncertainty and 
Sensitivity Analysis of Fission 
Gas Behavior in Engineering 
Scale Fuel Modeling, Journal of 
Nuclear Materials, 456, pp. 398-
408 (2015) 

 



creep-down 

rates too high  

fuel swelling 

rates too high  

PCMI Validation – Rod diameter following 

base irradiation   

R E Ginna Rod 2 

Preliminary Parametric Study – R E Ginna Rod 2  

Diameter (measured – predicted) 
 

Base Case -71.8 mm 
 

No relocation -19.6 mm 
 

50% relocation recovery -45.0 mm 
 

Increase densification by 0.5% -60.1 mm 
 

Work in Progress 

• Model improvements (relocation recovery, include fuel creep, consider 

discrete pellet geometry) 

• Additional separate effects experiments (creep, fuel swelling) 



PCMI Validation – Rod diameter following 

power ramp 

 • To isolate comparison to 

the ramp only, diameter 

differences at the end of 

the base irradiation were 

subtracted from those at 

the end of the ramp  

 

• Comparisons are very 

reasonable for low 

burnup fuel but grow 

steadily worse at higher 

burnups.  

 

 

• Ramp test with large 

variation in the axial power 

profile 

 

 

 

 

 

 

 

 

• Modeled with both smeared 

fuel and discrete pellets 

• Diameter change during 

ramp reasonably well 

predicted 

• Ridge amplitude 

overpredicted (elastic fuel) 

 

 

 

RISO-3 GE7 



PCMI Validation 

• Prediction of PCMI 

behavior remains 

difficult for most (all?) 

fuel performance codes  

- FUMEX-II (2002-2007) 

- FUMEX-III (2008-2012) 

- Recent BISON efforts  

 

FUMEX-III Comparison 

IAEA, 2013. Improvement of Computer Codes Used for Fuel Behaviour 

Simulation (FUMEX-III): Report of a Coordinated Research Project 2008–2012. 

Technical Report IAEA-TECDOC-1697. International Atomic Energy Agency. 

IFA-636, Rod 5 

Why? 

• PCMI is multiphysics and 

complex 

• Large uncertainty in key models 

– Relocation (and recovery) 

– Fuel and clad creep 

– Frictional contact 

– Gaseous swelling (at high 

temperature) 

• Model calibration likely needed 

• Participating in OECD PCMI 

benchmark exercise to explore 

and improve this area 

 



Conclusions 

• 3D modeling is important when the local physics dictates (e.g., pellet 

defects, fracture, azimuthal variations in power or cooling, ballooning, etc.) 

but need not be viewed as an overwhelming computational challenge (2D-

3D coupling). 

• Multiscale material modeling can play an important role in terms of 

improving predictive capability and particularly in investigating new 

materials where experimental data are limited (e.g., accident tolerant fuel). 

• Code and solution verification are essential prerequisites to validation. 

• Preliminary BISON validation (~40 integral experiments) indicates 

reasonable comparisons for fuel centerline temperature and FGR.  

• PCMI (clad diameter) comparisons are not satisfactory and remain a 

difficult area for fuel performance codes. This is a current R&D focus area 

for BISON. 

 

 

 

Thank You 
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Overview 

• What is the EGRFP? 

• What is the benchmark and why are we doing it? 

• Who are the participants and what codes are they using? 

• What are the cases? 

• What is the time schedule? 

• What are the currently available results? 

• Preliminary conclusions 
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What is the EGRFP? 
• NEA Expert Group on Reactor Fuel Performance 

• Objective: to provide expert advice to WPRS and nuclear 

community on the development needs for existing and 

proposed fuel designs 

International Fuel 

Performance 

Experiments 

(IFPE) database  

International 

Reactor Physics 

Experiments 

(IRPhE) database 

International 

Radiation Shielding 

Experiments 

database (SINBAD*)  

Radiation 

Transport and 

Shielding 

(EGRTS) 

*  Developed in collaboration with RSICC 

WPRS 

Reactor Fuel 

Performance 

(EGRFP) 

Reactor Physics 

and Advanced 

Nuclear Systems 

(EGRPANS)  

Uncertainty 

Analysis in 

Modelling 

(EGUAM) 
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What is the benchmark and 

why are we doing it? 

• Objective: to improve understanding and modelling of 

PCMI amongst NEA member organisations 

• Scope: comparison of PCMI predictions of different fuel 

performance codes for a number of cases 

– hypothetical cases (aiming to facilitate understanding of 

the effects of code-to-code differences in fuel 

performance models) 

– actual irradiations (code predictions will be compared to 

measured data) 

• Currently restricted to LWR fuel 
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Who are the participants and what codes are 

they using? 
Participant Organisation Country Fuel performance 

code(s) 

Alicia Denis CNEA Argentina DIONISIO 

Armando Marino CNEA Argentina BACO 

Adrien Dethioux 

Jinzhao Zhang 

Tractebel (ENGIE) Belgium FRAPCON 

Andrew Prudil CNL Canada ELESTRES 

FAST 

Xiaojun He 

Zhijie Han 

CIAE People’s Republic 

of China 

FRAPTRAN 

FTPAC 

Martin Dostal ÚJV Řež Czech Republic TRANSURANUS 

ABAQUS 

Vincent Marelle CEA France ALCYONE 

Olivier Marchand IRSN France FRAPCON 

Felix Boldt GRS Germany TESPA-ROD 

Davide Rozzia ENEA Italy TRANSURANUS 

Masaki Amaya JAEA Japan FEMAXI 

Anton Krupkin VNIINM Russian Federation START 

Luis Herranz CIEMAT Spain FRAPCON 

Pedro Ortego SEA Spain ANSYS 

Cedric Cozzo PSI Switzerland FALCON 

Glyn Rossiter NNL UK ENIGMA 

Richard Williamson INL USA BISON 

Tomas Kozlowski University of Illinois USA BISON 

Jeffrey Powers ORNL USA BISON 

• 18 organisations 

in 12 NEA 

member countries 

• Plus 2 

organisations in 

IAEA member 

states (agreement 

with FUMAC) 

• 11/2-D, 2-D and 

3-D codes 

© 2016 Organisation for Economic Co-operation and Development © 2016 Organisation for Economic Co-operation and Development 6 

What are the cases? 

• Case 1: hypothetical BOL ramp of short PWR rodlet 

• Case 2: hypothetical BOL ramp of full-length commercial 

PWR rod 

• Case 3: BOL ramping of 8 rodlets with different pellet 

designs in HRP IFA-118 experiment 

• Case 4: EOL ramping of PWR rodlet in HRP IFA-629.4 

experiment 

 Sub-case Rod Diametral 

gap (μm) 

Cladding 

thickness (mm) 

Pellet 

length (mm) 

End-face 

geometry 

3a IFA-118.2 rod 1 100 0.75 7 F 

3b IFA-118.2 rod 2 100 0.75 14 F 

3c IFA-118.2 rod 4 100 0.75 30 F 

3d IFA-118.3 rod 1 100 0.75 20 D 

3e IFA-118.3 rod 3 40 0.75 20 D 

3f IFA-118.3 rod 5 40 0.40 20 D 

3g IFA-118.3 rod 6 40 0.40 20 F 

3h IFA-118.3 rod 8 40 0.40 20 C 
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Cases 1 and 2: further details 
Parameter Value 

Pellet material UO2 

Pellet inner diameter Zero 

Pellet outer diameter 8.192 mm 

Pellet length 13.78 mm 

Pellet end geometry Dished and chamfered at both ends 

Fuel density 95.3%TD 

Cladding material Zircaloy-4 

Cladding inner diameter 8.23 mm 

Cladding outer diameter 9.37 mm 

Fuel stack length 137.8 mm / 3658 mm 

Plenum length 6.27 mm / 162 mm 

Fill pressure 2.6 MPa 

© 2016 Organisation for Economic Co-operation and Development © 2016 Organisation for Economic Co-operation and Development 8 

What is the time schedule? 

• Jun 15: benchmark start  

• Dec 15: Case 1 & 2 predictions submittal deadline  

• Feb 16: Case 1 & 2 results discussed at EGRFP meeting  

• Dec 16: Case 3 & 4 predictions submittal deadline 

• Feb 17: Case 3 & 4 results discussed at EGRFP meeting 

• Dec 17: results and discussion written up in NEA report 

• Feb 18: NEA report endorsed at EGRFP meeting 

• Jun 18: report issued by NEA 
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What are the currently available results? 

• Preliminary predictions for Case 1: presented here 

– results anonymised 

– only pellet mid-height predictions shown 

– pellet-pellet interface predictions also available where 

codes can determine these 

• Preliminary predictions for Case 2: not presented here 

– complicated by effects of non-uniform axial power profile 

– analysis still being carried out 

© 2016 Organisation for Economic Co-operation and Development © 2016 Organisation for Economic Co-operation and Development 10 

Results: fuel elongation 

Expected 

initial 

value 

(0.43 mm) 
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Results: clad elongation 

Expected 

initial 

value 

(0.42 mm) 
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Results: clad outer diameter 

Expected 

initial value 

(9.380 mm) 
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Results: clad hoop stress 

Expected 

initial value 

(-94 MPa) 
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Results: sensitivity studies  
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Preliminary conclusions (1) 

• Some key modelling assumptions have significant effect 

on PCMI-related predictions 

– number of radial fuel cracks per pellet 

– contact condition between fuel and cladding 

(frictionless, frictional, or glued) 

– fuel-clad friction coefficient (in case of frictional contact) 

– extent of fuel relocation 

– presence or not of horizontal fuel cracks 

• The majority of predictions exhibit similar behaviour as a 

function of time 

– however, significant variation in predictions at time zero 

(in particular for fuel and clad elongation) 
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Preliminary conclusions (2) 

• Even for majority of predictions which exhibit similar 

behaviour, peak clad hoop stress for this simple case 

varies from ~ 100 to ~ 300 MPa 

– important because peak clad hoop stress is key 

parameter in understanding PCMI (and therefore in fuel 

licensing) and because its prediction cannot be directly 

validated with measured data (and so which prediction 

is ‘right’ cannot be directly determined) 

• ‘Prediction sets’ suggest that the way in which cases are 

modelled via code input is influencing the results, in 

addition to the differences in the codes themselves 
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PCI … Basically Understood 

Mechanical interaction caused by contact between pellet and 

cladding due to differential thermal expansion 

 Occurring during power increases 

 Failure stress lower than expected from pure mechanical considerations   

 additional chemical component to be considered 

 

 

 

Cladding failures due to stress corrosion cracking (SCC)  

propagating by assistance of corrosive fission products (e.g. I) 

Cracks in cladding 

aligned with 

pronounced pellet 

cracks 
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„Non Classical“ PCI: 
Pellet Imperfections 

►Missing Pellet Surfaces (MPS) at pellet edge: 

 Create additional bending and thermal stresses at the inner cladding 

surface  

 Degrade pellet-cladding thermal energy transfer and promote the 

migration and transport of chemically aggressive fission products such 

as iodine 

 

MPS may induce significant local stress increase and premature 

I-SCC fuel rod failure 

Developments in fuel design and manufacturing to enhance the PCI performance of AREVA NP’s fuel–  
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Improvement of Fuel PCI Resistance 
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Improved pellet quality 
and manufacturing 

Measures to reduce effectively the 
risk of MPS–induced PCI fuel 
failure 

Developments in fuel design and manufacturing to enhance the PCI performance of AREVA NP’s fuel–  
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Strategy to Eradicate Pellet Chipping Primary 
Sources 

Pellet surface quality is governed by both product design and 

process (sorting and handling) 

Improving pellet quality increases fuel rod stress failure margin 
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Manufacturing Process Improvements 

Pellet end surface flaws are mainly the consequences of 

stresses arising from dynamic impacts during pellet production 

process 

Optimization of various steps in the production line to 

prevent the formation of chips 
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Improved Fuel Pellet Sorting and 
Design 

Automatic Pellet Inspection System (APIS) 

 Using high performance image analysis techniques  

 Able to detect: 

 Circumferential chips and cracks on pellet surface 

 End defects extending to the circumferential                       pellet 

surface 

 Unground pellet areas 
 

Chamfered Pellet 

 Chamfer reduces propensity to chipping by mechanical 

impact on the circumferential surface 

More central pellet-pellet contact preventing chipping by 

mechanical impact at the end face 

 

Significant improvement of the outgoing fuel pellet quality  
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Performing fuel 
materials 

AREVA NP’s portfolio of BWR and 
PWR fuel materials with high PCI 
resistance allowing significant 
enhancement of NPPs maneuverability 

Developments in fuel design and manufacturing to enhance the PCI performance of AREVA NP’s fuel–  
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Cladding Solutions 

Development of cladding alloys and optimized heat treatment 

processes to yield improvements in reliability and performance  

 BWR applications 

 LTP-2 non-liner cladding with high radial texture 

 Lower susceptibility for I-SCC crack propagation through the clad thickness 

 Fe-enhanced Zr liner to improve the pellet-clad interface but reduced the absolute 

structural wall thickness 

 Can withstand a power increase of ~20 kW/m 

 PWR applications: fully RXA M5® cladding  

 Low diametral creep strain in base-load operation and high stress relaxation in 

power transient conditions 

 Elevated technological limit allowing extension of plant operating diagram and 

relaxation of PCI induced ERPO limitation  

 

 

 
Emphasis on cladding material properties that enhance PCI 

resistance for upgrading NPPs maneuverability  
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Fuel Pellet Development:  
Objectives 

To improve fuel robustness and efficiency with enhanced 

performance and operating margins 

 Fuel pellet featuring a large as-sintered grain size, with better mechanical 

compliance 

 Improvement in fission gas retention in the fuel matrix and better resistance to 

PCI 

Larger grain size 

delays release of 

fission gas products 

 rod internal 

pressure margins 

Under PCI, pellet 

mechanical changes 

bring direct relief of 

peak cladding stress 

 larger allowable 

power steps 

Appropriate modification of UO2 microstructure to upgrade the 

fuel performance    
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Fuel Pellet Development:  
Scoping Studies 

Additives considered as attractive to reach the objective: 

 Selection based: 

 High-temperature stability, Fuel-clad compatibility and interaction, neutronic 

properties, manufacturing ability, etc.  

Sample 

fracture 

 TiO2, Cr2O3 and Nb2O5 are the 

most effective dopants to 

increase the UO2 matrix grain 

size 

- Nb2O5: detrimental impact on 
diffusion coefficients in UO2 

- TiO2 as SiO2 degrades the fuel 
mechanical resistance 

- Sharp increase in the UO2 
viscoplasticity obtained with 
Cr2O3 for optimum amount & 
GS combination to get rid of 
any hardening effects 

Substantial improvement observed with 

0.16wt% Cr2O3 



Developments in fuel design and manufacturing to enhance the PCI performance of AREVA NP’s fuel–  

OECD NEA PCI Workshop– C. Delafoy – June 23rd  2016– AREVA NP Proprietary – © AREVA NP p.13 

 All rights are reserved, 
see liability notice. 

Cr2O3-doping selected to reach the targeted fuel evolution  

 Dopant amount has insignificant effect on fuel thermal properties 

 Fuel melting – Specific heat – Thermal conductivity 

 Homogenous large grain (i.e. 50-60µm) and viscoplastic microstructure  

 Dimensional stability 

 Higher fission gas retention  

 Better post-primary defect behavior 

 Resistance to MPS formation 

 Fuel creep enhancement:  

- flow regime for lower deformation 

     and at lower stress levels 

 

Cr2O3-doped fuel provides operational and additional 

fuel reliability margins 

Cr2O3-Doped UO2 Fuel 
Salient Features 

Reduction by 40% of the chipping 

mass loss under dynamic 

conditions 
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OECD NEA PCI Workshop– C. Delafoy – June 23rd  2016– AREVA NP Proprietary – © AREVA NP p.14 

 All rights are reserved, 
see liability notice. 

Cr2O3-Doped UO2 Fuel  
Qualification and Licensing 

►Extensive global demonstration  in commercial BWRs and PWRs  

 

Comprehensive database available to assess Cr2O3-doped UO2 fuel 

performance in-service and to support modeling 
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Comprehensive power ramp test programs for PWR and BWR 

applications 

 

 

 

 

 

 

 

Cr2O3-Doped UO2 Fuel 
PCI Resistance Assessment 

Tailored to maximize the potential of failure risk due to PCI and to 

derive a clear PCI failure threshold in present normal operation and 

anticipated operational occurrence conditions 

Developments in fuel design and manufacturing to enhance the PCI performance of AREVA NP’s fuel–  
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Dataset of 26 power ramps for BWR and PWR applications 

 

 

 

Ramp results analyzed to derive a best-estimate failure threshold 

 Power step P vs initial power Pi  proved to be a well-suited correlation 

 Pi: rod power in the last base-load cycle, reflects the degree of deconditioning of 

the fuel rod not captured by historical ramp data representation: Pmax vs BU  

 P is inversely proportional to Pi and is a robust parameter to discriminate 

Failures and Non-Failures 

 

 

 

Cr2O3-Doped UO2 Fuel 
Ramp Database 

Failure threshold to be derived from a Pi vs P correlation 
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Cr2O3-Doped Fuel 
Ramp Test Results 

For BWR, Cr2O3-doped fuel is an attractive substitute to the present 

liner cladding in terms of PCI protection 

►For BWR applications: 

 No failure below ~33 kW/m 

 P benefits of ~7 to 10 kW/m 

vs. standard liner or non-liner 

fuel threshold  

►For PWR applications: 

 P failure higher by 4 kW/m 

vs. standard UO2 M5® fuel 

rods 

Developments in fuel design and manufacturing to enhance the PCI performance of AREVA NP’s fuel–  
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Cr2O3-Doped Fuel 
Post–Ramp Examinations 

►Consistent evolutions and features observed after both PWR and 

BWR ramp tests from low to high BU 

 

 

 

 

 

 

 

 

 
Strain imposed by larger fuel deformation compensated by beneficial 

Cr2O3-doped pellet mechanical properties with benefits on fuel PCI 

resistance 

 Pellet yield under stress 

on a large volume 

reduces cladding hoop 

stress  

 Multiple fine radial cracks 

at pellet periphery 

distribute load to minimize 

stress concentrations on 

the cladding 



Developments in fuel design and manufacturing to enhance the PCI performance of AREVA NP’s fuel–  

OECD NEA PCI Workshop– C. Delafoy – June 23rd  2016– AREVA NP Proprietary – © AREVA NP p.19 

 All rights are reserved, 
see liability notice. 

Cr2O3-Doped Fuel 
Post–Ramp Examinations(Cont.) 

►Favorable change in the transient FGR kinetics with Cr2O3-doped 

UO2 fuel 

 

 

 

 

 

 

►Chemical evolution of Cr2O3 in pellet center, i.e. reduction to Cr, 

leading to oxygen release giving an additional PCI mitigation mean 

 

 

 

 

 

 

 

 

 

 

 

Cr2O3 doping fuel also acts on the chemical component of PCI 
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Summary 

AREVA NP’s new generation products: ATRIUM™11 for BWR and 

GAIA for PWR benefit of these improvements for enhanced 

performance and reliability 

►AREVA NP has developed product solutions to mitigate the PCI 
failure risk allowing significant upgrade of nuclear power plants 
maneuverability 

 Effective hardware solutions have been introduced in manufacturing to 
eradicate MPS 

For more than 10 years, no occurrence of MPS-induced PCI failure  

recorded in US NPPs fueled by AREVA NP   

 Cladding and fuel pellet material changes target alleviation of the 
mechanical and chemical aspects of I-SCC PCI failure risk 

 Performing Zr-2 claddings with or without liner for BWR - M5® alloy for PWR 

 Cr2O3-doped fuel provides enhanced protection against PCI for BWR and PWR 

Cr2O3 doped fuel in BWR enables a removal of the liner  

and to recover thermal-mechanical design margins 
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Overview 

• Background 

• Proposed remedies for improving the PCI performance 

of LWR fuel 

– Westinghouse’s liner cladding development 

– Westinghouse’s ADOPT pellet 

• Conclusions 
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Background 

Well known detrimental effect of PCI on 

Zr-based claddings in-reactor 
 

Susceptible 

cladding 

material 

Cladding 

Stress 

Aggressive 

chemical 

species 

PCI is caused by Stress Corrosion Cracking 
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Proposed remedies for improving the PCI 

performance of LWR fuel 

Susceptible 

cladding 

material 

Cladding 

Stress 

Aggressive 

chemical 

species 

Lower stress at the cladding ID: 

 Cladding with soft liner 

Reduce friction at the clad ID 

(ex. coating graphite, siloxane) 

Pellet morphology 

Pellet microstructure 

development: softer pellets 

(doped fuel) → more radial 

cracks 

Robust cladding materials development 

  Cladding with soft liner  

Pellet development 

Retaining the aggresive 

fission products during 

in reactor operation:  

 Doped fuel 

Hyperstoicheometry: 

  Doped fuel 

Soft pure Zr liner→ very poor corrosion resistance → severe secondary degradation in 

case primary failure occurred 

Liner development: optimization to establish very good PCI resistance in combination 

with very good corrosion resistance 
  Cladding with improved mictrostructure to prevent crack propagation 
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Development of  Westinghouse cladding materials for BWR 

applications: Evolution of Composition and Structure 

LK0  LK1  LK2  LK2+   LK3  HiFi 
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SPP Types: Zr(Cr,Fe)2 and Zr2(Ni,Fe) 

Significant improvement of the corrosion properties and 
reduced hydrogen uptake. PCI performance improved by 
development of  the liner cladding. 

HiFi 
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Liner Cladding – Sensitivity Index 
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Ramp test results of BWR fuel rods with and 

without liner 

Stepwise ramp tests have shown a benefit of up to 15-20 kW/m, 
independent of fuel temperature. 
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PIE of a non-failed liner fuel rod that experienced 

fuel relocation during operation 

 Significant benefit of the liner cladding is also obtained in case of 
fuel relocation or pellet defects such as missing pellet chips 

Bulging due to pellet 

relocation 

During poolside inspection of a fuel assembly that had a burnup of about 48 MWd/kg U 

(liner LK3 cladding and ADOPT pellets), significant bulging was observed on one of the 

inspected fuel rods. 
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Benefit of the liner cladding – excellent PCI/PCMI 

performance 

 

The fuel fragments generated significant deformation of the 
soft liner and thus significantly reducing the peak stress on 

the cladding material. 

Cross section of the pellet with the bulge 

Cross section at the location of the bulge,  ~1649 mm from the tip of the lower end plug 
Axial position: 1649 mm 
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Oxide layer on the liner surface at the liner-pellet 

interface 

Gap in the mechanistic understanding of the effect of the dopants 
on the oxygen potential: an area to be further investigated. 
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Liner fuel rod with ADOPT fuel  (BU  48 MWd/kg U) 

Detailed images in the bulge area at 1646.83 mm from the tip of the lower end plug 

  

Polished condition Fuel etched condition 
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Westinghouse’s ADOPT™ pellet (Advanced Doped 

Pellet Technology) 

 ADOPT fuel pellet concept uses Cr2O3 and Al2O3 as dopants (Cr: 300-650 

µg/gU and Al: 70-150 µg/gU) 

• Improved density of pellet. 

• Lower uranium washout. 

• Improvement of fission gas release behaviour (especially during transients). 

• Improved mechanical interactions with cladding. 

• Chromia (and alumina) have very low solubilities in UO2 and they act at grain 

boundaries (similar to SiO2). 

• A CrUO4 or (Cr,Al)UO4 low melting point phase may form to allow increases in 

grain size. Aluminium additions stabilise the liquid phase. 

 

 
Pore precipitation at mid radius position after power ramp testing 

Std- Op2 ADOPT 
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Importance of high temperature fuel creep/yield 

The PCI benefit resulting from increased creep rate occurs 
only at high temperatures. It provides no benefit at normal 

operating temperatures. 

 The creep of the fuel pellets is a strong function of temperature 

 

 ADOPT pellets show higher creep at high temperatures. 

 

 At lower temperatures, in the region of 1300°C and below, there is no 

creep benefit of the ADOPT fuel. 
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Pellet Cracking Patterns to Relieve Clad Stress 

• Fuel movement in the central high temperature region helps to 

reduce the pellet-clad stress. The low temperature outer pellet 

region will not creep - instead may crack. 

• Benefit of doped pellets at high centerline temperatures is expected. 

 

The effect of the pellet cracking pattern on the cladding 
stress level is an area that needs to be further 
investigated.  
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Conclusions 

• The development of cladding materials with liner provided a great 
improvement for the BWR PCI mitigation.  

 

• The liner protects against PCI initiated failures at all temperatures 
(normal operating temperatures as well as higher temperatures) 

 

• Significant benefit of the liner cladding is also obtained in the case 
of fuel relocation or pellet defects such as missing pellet chips.  

 

• Load following and ERPO (Extended Reduced Power 
Operation) are becoming more common – Liner cladding 
provides significantly improved PCI margins in these 
operating regimes. 
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Conclusions 

• Increase in ramp test survivability was observed 

experimentally for the fuel rods with liner. 

 

• The softer pellets provide a significant PCI benefit but 

only at the high temperatures of test reactor ramp tests 

or postulated transients and accident scenarios in 

commercial nuclear power plants (no effects during 

normal operation).  
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Conclusions / Challenges 

• Increased understanding of the:  

– Effects of dopants on 
• Changes of the oxygen potential 

• Formation of alternate/modified fission 

products secondary phases 

 

– Effects of pellet crack pattern on 
• Clad stress levels 
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Primary Failure Statistics 2000 – 2015 

10X10 Westinghouse Fuel Designs using liner cladding 

From the introduction of the liner fuel, there have been 
no fuel failures caused by PCI in the 10x10 Westinghouse 

BWR fuel designs 
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Carefully Assess the Impact of Changes 

 

Proven  
Experience 

 

OPERATIONAL CONDITIONS 

WATER 
CHEMISTRY 

FUEL 
MATERIAL  

&  
DESIGN 

40  50 60  

       MWd/kgU 

NWC 

HWC 

NMCA/OLNC 

Zn 

Cu 

• Cladding  

• Spacer 

• Channel 

•Fuel pellets 

• Longer cycles 

• Increased heat flux 

• Power up rates 

•Load following 

 

BURNUP 
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HiFi cladding and ADOPT pellets important 

components of TRITON11 fuel design 

  

• The new Westinghouse BWR 11x11 fuel design, 

TRITON11TM, will use ADOPTTM fuel pellets, the proven 

Westinghouse liner and also HiFiTM as the outer cladding 

material for providing optimum PCI, corrosion and hydriding 

resistance. 
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Holding time at final power = 12 h 

Conditioning level = 16 h 

 

Example of ramp test procedure 
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Introduction

Daily load 
follow or 
Extended 
Reduced 

Power 
Operation 

(ERPO)

Required 
simulation of 

fuel rod 
performance 
phenomena 
under these 
conditions

PWR PCI 
risk 

increase

Stress in cladding

brittle

PCI cracking

crit. stress for SCC

crit. conc. for SCC

Fission product release

Power

ramp

Time

0

0

0
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PCI Technological Limit (database)

ENUSA provision of ramp tests experiments 
since 90’s (Segmented Fuel Rod Program)

• Specific conditioned power

• Power ramp as similar as possible to Condition II transients

• End power is maintained

Available Power Ramp Tests database
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PCI Technological Limit (definition)

PCI (TL) is equivalent stress below which there is not a failed rod

Rod Segment Selection Criteria

All failed rods
Non failed rods with 

similar characteristics

Additional rods selected 
to define a clear border 

Fail / Non Fail

TREQ Fuel Thermal-Mechanical Performance Code
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TREQ Thermal-mechanical code

• Single-pin fuel performance

• Physical models based on both 
theoretical considerations and 
experimental or in-pile data. 

• Pellet thermal conductivity 
degradation

• Pellet hourglassing model

Address high burnup
phenomena

• Test and commercial fuel rods

• Constant development process

• Database updated with new 
materials and high burnup data

Extensive 
qualification
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TREQ Evaluation of Power Ramp Tests (PRTs)

Rod specific as-build data 
(fuel rod characteristics)

Operational conditions from the 

17x17 plant (base irradiation)

Comprehensive modelization
of the conditions during PRT

Objective: Maximum seff

during PRT
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PCI Technological Limit, PCI (LT)
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Methodology for ERPO evaluations

Purpose

• Evaluation of the Extended Reduced Power Operation based on 
the PCI Technological Limit

Method

• Nuclear  inputs => Definition of the impact of the ERPO 

• Thermal-Mechanical => Appropriate PCI risk evaluation using 
TREQ code to estimate acceptable ERPO duration

Proof of 
concept

• Demonstration case in collaboration with Tractebel/Electrabel

10/16ENUSA PROPRIETARY - CONFIDENTIAL

Nuclear Evaluation

• Power burndown history limit

• Fast fluence limits

• Axial power distributions and Radial power profiles and

• Condition II transient limits 

Evaluation of the impact of ERPO on nuclear 
design inputs

• 120 days of ERPO at BOC, 25%, 50% or 75% into the cycle

• Figure shows performance of critical parameters (axial flux, Boron, Xe)

Core Design evaluations on ERPO condition

• Negligible impact of the ERPO maneuver on the core axial and radial 
global and local power distributions 

Nuclear design  inputs not impacted 
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Nuclear Evaluation - ERPO at 150 MWd/tU -

CORE RETURNS TO SAME CORE DI AFTER ERPO
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Thermal-Mechanical Evaluation (Stage 1)

Evaluation using TREQ code to 
estimate acceptable ERPO 
duration based on PCI(LT)

Calculation of the available 
design margin:

• Licensing => Effective stress is 
compared with the yield strength for 
all the possible fuel rod power histories

Assuming same power histories 
and using the PCI (LT) the 
available margin is:

• M_DESIGN= σPCI (TL) - max (σ_eff)
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Thermal-Mechanical Evaluation (Stage 2)

Definition of variety of constant 
power levels (P1 to PN)

• Condition II transient simulation

Two margins with and without 
ERPO are generated:

• (a) M_ERPO= σPCI (TL) - σeff (ERPO)

• (b) M_BASE= σPCI (TL) - σeff (BASE)

Calculation of the margin loss:

M_BASE – M_ERPO
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P1 ... PN

EORP
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P3

ERPO
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Thermal-Mechanical Evaluation (Stage 3)

• M_BASE - M_ERPO < or > M_DESIGN – SM

Comparison with the 
available margin in 

design minus a safety 
margin (SM)

• For each single power value with a 
requested ERPO duration

Evaluation is repeated 
along the irradiation

• All process is repeated for a lower ERPO 
duration

If margin loss is not 
acceptable for that ERPO 

duration
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Proof of concept => Demonstration Case

Allowable operation time 

under ERPO was obtained

Continuous period of time 
at reduced power at any 
time in a cycle

50% rated power

ERPO period of 120 days

(I)

(II)

(III)
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Conclusions

After several years of promoting irradiation and PIE programs, a
critical size database on ramp test was available

An equivalent effective stress below which there is not experience 
of PCI failures has been established with TREQ code => PCI (TL)

An analysis methodology based on the PCI (TL) has been defined
to assess PCI risk under ERPO

This methodology has been tested with a demonstration case

ENUSA’s methodology is available for its licensing and future
applications
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Introduction 

 

PCI-phenomenology: Deconditioning effect during Low Power 

Operation 

 

Description and applications of PCI-methodologies for PWR 

 MIR methodology 

 Allowable Power methodology 

 Combination of MIR and Allowable Power methodologies (Coupled 

Approach) 

 Gliding Threshold methodology 

 Evolution of the Core Monitoring System 

 

Conclusion 

 

Content 
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Pellet-Cladding Interaction (PCI) 

 Identified since early stage of LWR development as a potential failure 

mode for fuel rods 

 Basically addressed through (Power, DPower) guidelines deduced from 

experimental ramps 

 

In the mid 90’s, some major changes in PWR operating mode in 

Europe 

 Introduction of Load Follow and Low/Reduced Power Operation 

 

Additional requirements on PCI justification from the Safety 

Authorities 

 Additional series of ramp tests at CEA and Studsvik to determine the 

mechanical failure threshold (Technological Limit) 

 Development of computational approaches 

 

 

 

 

Introduction 
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Introduction 

Nowadays, energetic mix is rapidly 

evolving 

 Renewables have priority on grids 

 

Nuclear energy has to be more flexible  

with Enhanced Maneuverability 

 Extended Reduced Power Operation (ERPO) 

 Modulations of Power 

 

Highly-demanding flexible operation may  

require specific PCI analysis 

 

Reactor

power

time

Reactor

power

time

a dozen of hours

to several days

Modulations of Power

ERPO

AREVA NP has developed a portfolio of PCI-justification 

approaches to address customer’s needs 
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PCI Phenomenology: Deconditioning 
During ERPO 

Rod Power 

time 

Hypothetical 

class 2 transient 

ERPO 

Before transient 

After transient 

ERPO 

Less pellet thermal expansion 

 Gap reopening 

 Clad creep 

Before transient 

After transient 

BASELOAD 

Greater transient clad 

straining with ERPO 
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PCI study 

 PCI margins during base load operation 

 Analysis during ERPO (deconditioning phase) and return to power (reconditioning 

phase) 

 

 

 

 

 

 
 

 

 

 

PCI-study contributes to the Operating Technical Specifications 

 

PCI Methodologies for PWR  
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MIR: Description 

CHAINING 

PCI 

failure ? 

Adjustment of the 

protection threshold 

or decrease of ERPO 

duration 

YES NO No PCI failure 

risk 

NEUTRONICS 
Full core 3D kinetics (code SMART) 

Coupled with system code (MANTA) with I&C 

and safety systems 

THERMAL-MECHANICS 
COPERNIC 
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Application of MIR for PCI in ERPO on a 1000 MWe case 

 

MIR: Application 
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The MIR methodology associated to good PCI-

resistance of M5® cladding allows to justify 

ERPO durations longer than with Zy-4 
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MIR: On-Site Management of PCI Margin 

The plant can operate ERPO as long as the PCI 

credit remains positive 

Deconditioning and  

reconditioning 

rates of the PCI-credit 

are determined in the 

 course of 

the PCI-study 

Evolution of the on-site PCI credit
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Allowable Power: Description 

THERMAL-MECHANICS 
COPERNIC 

PCI 

failure ? 

Adjustment of the 

protection threshold 

or decrease of ERPO 

duration 

YES NO 
No PCI failure 

risk 

Maximum Power 

in class-II  

transient 

Allowable Power :  

Power for which PCI-failure is 

computed 

100 W/cm/min ramp 

COMPARISON 

NEUTRONICS 
SMART : 3D steady-state 

Bounding loop parameters 
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Allowable Power: Maneuverability 

Maneuverability taken into account: ERPO and/or Modulations of 

Power 

Example: impact of 30 Modulations of Power on the PCI-margin 
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Coupled Approach: Description 

Mflex > Meq 

Operating Technical 

Specifications 

YES NO 

PCI margins 

MIR 

Methodology 

Allowable 

Power  

Methodology 

PCI margins Meq 

Allowable 

Power  

Methodology 

PCI margins Mflex 

Operating Technical 

Specifications 

adapted for flexibility 

cycle 

Operating Technical 

Specifications valid 

for flexibility cycle 

COMPARISON 

EQUILIBRIUM CYCLE FLEXIBILITY CYCLES 

Definition of Operating Technical Specifications on equilibrium 

cycle and verification of their applicability on flexibility cycles 
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Gliding Treshold: Description 

Specifically considered for EPRTM                                                                             

reactors 

Surveillance and limitation of                                                                                

the Linear Power Density in the                                                                                 

Reactor Control Surveillance                                                                                  

and Limitation system 

The limitation function                                                                             

elaborates a PCI gliding                                                                                       

threshold depending on 6                                                                       

parameters:  

 Minimum PCI limit 

 Maximum PCI limits (upper and lower                                                                                                     

core half) 

 Overshoot Allowance (OA) 

 Deconditionning rate (DR) 

 Increase rate (IR) 
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Gliding Treshold: Methodology 

100 W/cm/min ramp 

THERMAL-MECHANICS 

COPERNIC 

Allowable 

Power  

Methodology 

Min PCI limit, 

OA, DR 

NEUTRONICS 

SMART : 3D steady-state 

Bounding loop parameters 

Verification of the 

limitation function 

performance 
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On-going Developments To Value The 
Core Monitoring System: Description 

MIR 

Methodology 

PCI protection 

thresholds 

NEUTRONICS 

SMART : 3D static 

calculations 

Maximum DP in 

class-II transients 

ENGINEERING STUDIES Engineering studies: 

 Determination of the PCI protection 

thresholds with MIR methodology on 

a reference cycle 

 3D static neutronic calculations to 

determine Maximum Power 

Variations during class-II transients 

 

 

On-line analysis: 

 Determination at any point of the core 

of the local powers with the CMS 

 By pairing with a thermal-mechanical 

code, determination of Allowable 

Powers 

 Estimation of the Maximal Local 

Powers 

 

 

Core Monitoring 

System 

Allowable 

Powers 

Maximum 

Local 

Powers 

ON-LINE ANALYSIS 

100 W/cm/min ramp 

THERMAL-MECHANICS 
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Coupling of the Engineering studies and On-line Analysis: 

 Evaluation of Limit Powers as the difference between Allowable Powers 

and Maximum Power Variations during class-II transients. For powers 

below Limit Powers, no PCI risk. 

 

 Evaluation of the difference between Limit Powers and Maximal Local 

Powers. Margins in W/cm are translated in terms of maximal ERPO 

durations. These maximal ERPO durations are then compared to the 

conservative values determined with the MIR methodology. 

 

On-going Developments To Value The 
Core Monitoring System: Description 

If the maximal ERPO durations evaluated on-line are 

longer than the ERPO determined with MIR methodology, 

opportunity for extended ERPO or PCI protection 

thresholds relaxation 
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AREVA NP offers a set of PCI-methodologies for PWR reactors to 

support utilities for a more flexible nuclear energy production : 
 

 With the two primary methodologies: 

 MIR methodology 

 Allowable Power methodology 

 

 By developing innovative methodologies to justify extended 

maneuverability:  

 Coupling of MIR and Allowable Power methodologies 

 The Gliding Threshold methodology specifically considered for EPRTM reactors 

 Evolution of the Core Monitoring System 

 

Conclusion 



AREVA NP 

Property of AREVA NP - © AREVA NP 

All rights reserved, see liability notice 

AREVA NP’s PCI Methodologies for PWR Enhanced Plant Maneuverability - 

DANIEL – OECD/NEA WS PCI – June 23th 2016 - p.23 

 Any reproduction, alteration, transmission to any third party 

or publication in whole or in part of this document and/or its 

content is prohibited unless AREVA NP has provided its 

prior and written consent. 

 This document and any information it contains shall not be 

used for any other purpose than the one for which they were 

provided.  Legal action may be taken against any infringer 

and/or any person breaching the aforementioned obligations. 

AREVA NP 

AREVA NP's PCI 
Methodologies for PWR 
Enhanced Plant 
Maneuverability 
Lucile DANIEL, Thermal-Mechanical New 

Codes and Methods P.L. 

Gilles ANDRE-POYAUD, Klaus-Dieter 

SCHUH, Agnès SAUTEREAU, Tobias PAUL, 

Christian ROYERE 

 
Lucca, June 23, 2016 



AREVA NP 

Property of AREVA NP - © AREVA NP 

All rights reserved, see liability notice 

AREVA NP’s PCI Methodologies for PWR Enhanced Plant Maneuverability - 

DANIEL – OECD/NEA WS PCI – June 23th 2016 - p.25 



Groupe EDF 

1 

EDF 
Nuclear Generation Division 

Ph. PAULIN 
Operation Engineering Department 

OECD PCI Workshop – June 2016 – Lucca 

PCI operational constraints 
related to SCC-PCI 

EDF experience 

2 

Pellet Clad Interaction failure risk approach in operation 

Three "pillars" of PCI risk management : 

 The protection system (reactor trip) has to stop the transient before PCI cladding 

failure, in case of Abnormal Operation Occurrences  (category 2 accidents) : 

 Uncontrolled Regulation bank Withdrawal at power (URWP), 

 Control Rod Drop (CRD), 

 Excessive Load Increase (ELI). 

 The surveillance system (alarms) has to monitor the normal operation conditions, 

considered as the initial state of accidents, while preserving sufficient linear 

power margins for standard operation, including grid follow. 

 Operation domain limits (ΔI,P) and/or linear power margins, 

 Insertion limits of regulation banks. 

 The Operation Technical Specifications (PCI "credit") have to monitor the fuel 

conditioning, based on the power profile versus time, to ensure that the thermo-

mechanical state of the fuel rods is compatible with safety analysis studies. 

 Limited power "fluctuations" : 

primary (+2/-3 %NP) and secondary frequency control (±8 %NP), 

 Power "cycles" between 100 %NP and 25 %NP : daily load follow (16/8 profile), 

 Extended Low Power Operation (ELPO) : most severe mode for PCI impact. 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Operation Technical Specifications regarding PCI failure risk 

Main features of PCI OTS : 

 The thermo-mechanical state of the fuel is surveyed using a PCI credit (named "K" factor). 

Basically, the K factor decreases at intermediate power (below LPO level 92 %NP) and increases or 

remains stable above 92 %NP. 

 The grid follow operation daily profile : 16 hrs at 92 %NP / 8 hrs at intermediate level 

Grid follow is taken into account through a fixed penalty due to fuel deconditioning caused by linear 

power cycles. 

The reference value in case of permanent daily grid follow operation during the whole cycle is 100. 

 Primary frequency control (97.6 +2/-3 %NP) and base load operation (≥ 99 %NP) are more 

favorable than grid follow. 

The K factor increases above 100 up to a maximum value (between 110 and 120). 

 ELPO is the most deconditioning operation mode. 

The K factor decreases to a minimum authorized value (K=0  zero PCI margin). 

 After ELPO, operation above 92 %NP allows fuel reconditioning. 

The K factor increases and ultimately reaches a new equilibrium value. 

There is no specific limit on the power increase rate after the ELPO (≤ 5 %NP/min). 

 The OTS depends on the cladding material and its PCI performances. 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 

4 

EDF fleet : Different types of operation 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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CATTENOM 4 cycle 13
Primary and secondary frequency control operation

Core thermal power
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GOLFECH 2 cycle 15
Electric power diagram

Net electric power

Technical minimum65 % of cycle
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90 % of cycle
80 %NP

BOC
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Base load (for rookies…) Primary frequency control (for beginners…) 

Primary and secondary frequency control (for experts…) Full grid follow (for bosses…) 
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900 MW unit 
Intensive grid follow operation 

Typical "deep" daily power cycles with a minimum at 30 %NP from BOC  

to 65 % of cycle, then increasing to reach 80 %NP at 90 % of cycle. 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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900 MW units 
Use of operation domain during grid follow operation 

The operation domain is just sufficient and this "vital space" must be preserved. 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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900 MW units 
Temperature regulation bank position during grid follow operation 

The insertion limit is just sufficient and even sometimes too high. 

This is one of the main constraints for operation on 900 MW units. 
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Definition, limits and root causes of ELPO 

List of events likely to induce ELPO : 

• Grid constraints (generation/consumption power balance, renewable energies "abundance", 
High Voltage power lines maintenance) 

• Intended power reduction for plant outage schedule optimization 

• Environment or public health constraints 
(coolant temperature, amoeba presence) 

• Partial unavailability of secondary system or condenser 
(loss of feed water turbo-pump, condenser "raw" water entry, steam leakages) 

• Steam generator constraints 
(primary/secondary leakages, mud deposit, clogging, hydraulic stability, high tube plugging ratio) 

• Miscellaneous material unexpected events  
(generators, transformers) 

Definition of Extended Low Power Operation (ELPO) : 

Operation at a power level less than LPO limit (92 % Maximum Available Power during the "natural" 

cycle and the stretch-out) and above 2 %NP (Hot Zero Power), during a time interval of more than 

8 cumulated hours on a 24-hour "range". 

The most limiting safety risk is cladding failure induced by Pellet Clad Interaction assisted by Stress 

Corrosion Cracking (SCC-PCI) because of fuel "deconditioning" during the ELPO. 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Mixed daily load follow and ELPO operation 

Daily profile (upper level > 16 hours – lower level < 8 hours – transients at 3 %NP/min) 

Small "local" ELPO. 
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1300 MW unit 
Combined load follow and ELPO operation 

Unexpected ELPO at the end of the cycle and during stretch-out period in order to adapt 

the beginning of the next outage because of problems on the other unit of the site. 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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1300 MW unit 
Combined load follow and ELPO operation 

ELPOs during the cycle because of renewable energies generation 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Operation needs regarding ELPO 

The requirements based on operation feedback are defined to deal with 2 kinds of 

situations: 

 "Standard" ELPOs (up to 30 days) : 

 Continuous durations vary typically between 8 and 26 days. 

 This type of event may happen at any moment of the cycle. 

 The power level varies from the Technical Minimum Power (25-30 %NP) up to 85-90 %NP, 

with usually a preferential range between 60 and 90 %NP. 

 The 30-day "target" is generally met with the OTS. 

 When the reload is slightly different from the "standard" (± 4 FA, early shutdown, etc.), ASN 

imposes a limit of 8 days for the whole cycle. EDF is currently discussing "variable" OTS, 

including a "penalty" on PCI margins. 

 "Long" ELPOs in case of major unexpected events (beyond 30 days) : 

 The ELPO can last from 5 weeks to several months. 

 In the past, specific safety studies have been performed as a "derogation" to OTS. 

 Generic studies are presently licensed to be able to operate at intermediate power ([70 %NP, 

92 %NP]) during a whole cycle with Power Regulation Banks pulled out. 

This requires  a modification of protections set-points ΔTOP and ΔTOT (for 900 MW units) or 

maximal linear power (for 1300 MW and 1500 MW units). 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Comparison of continuous ELPO durations 
 "standard" and "variable" PCI OTS 

The minimal value for operation to be able to cope with "usual business" unexpected ELPO 

of 30 days is met in spite of a significant "penalty" due to core variability. 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Examples of "usual" ELPOs 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Example of Extended Low Power Operation 
Various unexpected events during start-up 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Example of Extended Low Power Operation 
Steam and condenser leakage 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Example of Extended Low Power Operation 
Turbine regulation problem 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Extended Low Power Operation at the end of cycle 
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GRAVELINES 2 campagne 31
Power diagram

Net electric power

ELPO

ELPO

2 ELPO with a cumulated duration of 22 days 

This kind of scenario has to be possible with the "variable" PCI OTS at any moment of the cycle, 

including around the natural end of cycle and the beginning of stretch-out. 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Example of Extended Low Power Operation 
Environment constraints 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Examples of "exceptional" ELPOs 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Example of Extended Low Power Operation 
Alternator problem 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Example of Extended Low Power Operation 
Steam generator leakage 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Example of Extended Low Power Operation 
Steam generator ageing 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Example of drastic ELPO limitation 

This document is the property of EDF. It can not be used, reproduced, transmitted or disclosed without prior written permission of EDF 
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Authorized ELPO duration

Remainiing ELPO days

Several short ELPOs due to unexpected events (water entry in the condenser, secondary chemistry), 

not compatible with a drastic limit of 8 days and very long reconditioning phases. 
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Introduction 

§ Nearly 5% of fuel failures in U.S. plants during 2000–2014 
were closely related to fuel duty associated with startups, mid-
cycle power ascensions, control rod movement, or power 
maneuvering and, thus, believed associated with PCI and/or 
PCMI 

 

§ Mitigating operations and design features: 

– Liner (barrier) cladding types (namely in BWRs) 

– More restrictive power change controls during startups and mid-
cycle maneuvers 

– Transition to higher order fuel assembly arrays 

– Improved guidance and implementation 

– Etc. 

 

§ Objective: Provide industry the technical bases and guidance 
for performing generic risk assessments and evaluations and 
inform utilities/plants to optimize margin to duty-related 
failures 

EPRI Fuel Reliability Database (FRED), 2016 
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Introduction (cont’d) 

§Acknowledgements in Guideline Development * 

– Contributions from member utilities (including Dominion, Duke 

Energy, Electricite de France, Exelon, Iberdrola, Progress Energy, 

PSE&G, Southern Nuclear, TVA, Xcel Energy) and fuel suppliers 

(Areva, GNF and Westinghouse) were also critical to the 

development of this guidance. 

– ANATECH Corporation for their consultancy with the EPRI Pellet-

Cladding Interaction (PCI) Guideline.  

* Fuel Reliability Guidelines: Pellet-Cladding Interaction. EPRI, Palo Alto, CA: 2008. 1015453 
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Power Maneuvering Guidance (PMG) for Duty-related 

Failure Mitigation 

§Most widely used approach to mitigate the 
occurrence of PCI failure has been to impose 
restrictions on the power ascension rates 
used to increase the overall reactor or local 
fuel rod power 
– Industry, fuel supplier and utility/plant procedures 

 

§Purpose of the PMGs is to allow time for 
stress relaxation mechanisms (i.e., 
conditioning) to reduce cladding stress 
buildup during cycle start-up, mid-cycle 
power maneuvers, power distribution 
adjustments, etc. 

C. Nonon, et al., OECD-NEA 2004 PCI Workshop 
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Failure Risk Assessment 

§Operating experience and research relevant to duty-related 

failures (PCMI and/or PCI) is highly variable so risk-based 

assessments and evaluations are important 

– Reduce uncertainties and conservatisms to best avoid failures 

– Cannot fully eliminate the probability of failure 

§Deterministic / Analytical and probabilistic approaches for 

risk determination 

– Leads to adoption of PMGs or even more restrictive operations  

– Identification of most critical factors on reactor unit- and cycle-

specific bases, and optimizing mitigating strategies 
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Failure Risk Assessment (cont’d) 

§Risk Factors 

– Changes 

– Reasoning for 

reduced failure 

margin 

Duty-related 
Failure Risk 
Assessment 

Core Design 
Nodal Peak Power 

Nodal Burnup 

Delta Power 

Sequence Exchange Frequency  

Cy cle Length 

Coastdown Length (f inal power) 

Extended Low Power Operation 

Core Av erage Power 

Loading Pattern (batch size) 

Power 
Maneuvering 

Power Threshold 

Power Ascension Rate 

Control Rod Withdrawal Rates 

Constant Power Hold Periods 

Axial Power Offset Control Fuel Rod Design 
Cladding Material 

Pellet Thermal Creep 

Clad Thermal Creep 

Clad Irradiation Creep 

Clad Thickness 

Pellet-Clad Gap 

Rod Internal Pressure 

Pellet Def ects 

Pellet Density  
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Failure Risk Assessment (cont’d) 

Procedure for evaluating and assessing 
risk: 

§ Quantitatively estimate duty-related failure 
margin and qualitative assessment of 
critical factors that exists during the 
startup of a reactor cycle following a 
refueling outage for a specific fuel design 
and previously operated set of reload fuel 
assemblies 

§ Following example is limited to PWR 
reactor fuel and only applies to reactor 
startups after a refueling outage or a 
restart from a fully deconditioned fuel state 
after a period of low power operation 
following reactor shutdown 
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Failure Risk Assessment (cont’d) 

Procedure for evaluating and assessing risk: 

1. Develop Nodal Information for PCI Susceptible Assemblies: 
– Identify the maximum nodal power (Pmax) from the once-burned assemblies 

with the highest nodal power and the largest change in nodal power 

§ These two assemblies represent the most PCI susceptible assemblies 
during the reactor startup. 

– Once the rod and axial nodal locations have been defined from the key 
assemblies containing Pmax, use the rod-by-rod nodal information from the 
cycle depletion for the previous cycle (N-1) and the expected nodal power at 
full power statepoint at the start of the planned cycle (N) to obtain the 
corresponding conditioned nodal power and corresponding nodal exposure 
just prior to the reactor startup of interest. 

§ The conditioned nodal power is the nodal power just prior to initiation of 
EOC shutdown. For cycles undergoing coastdown, the conditioned nodal 
power is the nodal power at the end of the coastdown, just prior to EOC 
shutdown. 
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Failure Risk Assessment (cont’d) 

Procedure for evaluating and assessing risk: 

2. Review operating experience (PCI Guideline Case Studies) 

to Identify Representative Plant: 

– Using the preconditioning envelope maps from available case 

studies, identify the case study that bounds the cycle-specific 

nodal preconditioning power and burnup associated with Pmax. 

– The PCI Guideline case study identified by this approach is 

defined as the representative plant for the cycle-specific 

assessment. 
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Failure Risk Assessment (cont’d) 

Procedure for evaluating and assessing risk: 

3. Determine Nodal Power at Conditioned State of Pmax for 

PCI Guideline Case Study: 

– Calculate the bounding power (Pbound) for the PCI Guideline case 

study at the nodal preconditioning power and burnup for Pmax 

using the power-burnup relationship for the representative plant 

contained in the applicable vendor proprietary report. 

§ The purpose for determining Pbound is to assess whether a 

stress analysis has been performed for the nodal conditioning 

power, the nodal burnup and the peak nodal power conditions 

expected in the cycle-specific reactor startup. 
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Failure Risk Assessment (cont’d) 

Procedure for evaluating and assessing risk: 

4. Identify Margin to PCI Failure: 

– Compare the Pmax from Step 1 and Pbound from Step 3. 

§ If Pmax is less than Pbound then the stress analysis performed for the 
PCI Guideline case study (representative plant) provides a 
conservative estimate of the PCI margin for the plant of interest. 

§ If Pmax is greater than Pbound then the margin to PCI failure is less than 
that determined for the PCI Guideline case study or the margin is 
indeterminate because the conditions reside outside the experience 
base spanned by the PCI Guideline case studies. 

– In either situation, further action is required to ensure that sufficient 
margin exists within the utility fuel operating practices to preclude PCI 
failure. 
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Options for Increasing Failure Margins 

Risk assessments may identify higher order factors that 

reduced failure margins. Some common factors from the 

operating experience and modeling database suggest the 

following increase margins: 

A. More restrictive fuel operating practices (FOPs) can be 

implemented during the reactor startup that would allow for cladding 

stress relaxation effects to reduce the maximum cladding stress 

achieved.  

§Modifications to the FOPs include using a reduced power 

ascension rate, adding constant power hold periods or some 

combination of both 
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Options for Increasing Failure Margins (cont’d) 

B. A cycle-specific duty-related failure margin evaluation can be performed 
using the methodology described earlier or a similar methodology based 
on alternative fuel performance codes. 
– Factors that may be considered in a cycle-specific duty-related failure margin 

evaluation include the use of power ascension rules that differ from the 
vendor PMGs and the nodal burnup, preconditioning, and peak power 
conditions for the assemblies of interest. 

– During the cycle-specific evaluations, feedback into the cycle design and fuel 
loading pattern development process can also be used to improve PCI 
margin. 

C.The cycle design can be modified to decrease nodal power peaking 
factors and nodal power changes (ΔP) in key high power assemblies. 
– Modifications to the core design can include fuel shuffling changes to reduce 

the placement of high gradient assemblies into the interior of the core and 
reducing peaking factors by designing lower radial peaking factors (flatter 
core power distribution). 
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Summary and Conclusions 

§Guidance and risk assessment criteria of this paper are based on 
various analyses of carefully selected fuel rod cases from recent 
operating experience where duty-related failures were either 
confirmed or strongly implicated 

§Also analyzed were several thousand fuel rod cases that operated 
successfully from plants representing low-, medium-, and high-
fuel-duty operations on a core-average basis. 

§Failure cases were evaluated with fuel performance codes to 
identify fuel rod design and operating characteristics leading to 
failure. 

– From these analyses, the various risk factors and options for increasing 
margins to duty-related failures were introduced 
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Chapter 5 

Flexibility Operating Requirements 



l PCMI: due to power ramps and cladding defects or 

missing pellet surfaces (MPS) 

l PCI-SCC: due to the combined complicated effects of 

— high stresses in the cladding due to power ramps 

— aggressive fission product environment 

— locally highly strained/stressed regions such as circumferential 

ridging of the cladding, at pellet chips, or at cladding defects 

l Appropriate operational limits on power changes and 

power ramp rates should be determined and applied 

à to maintain low probability of fuel cladding failures caused by 

PCMI/PCI 

 

INTRODUCTION 
PCMI/PCI Failures 

22-24/06/2016 OECD/NEA Workshop on PCI in Water-Cooled Reactors, Lucca, Itlay 3 

Source: ANT International, 2006 

l PCMI/PCI risks have been effectively and significantly reduced by improvements in fuel design, 

manufacturing, core design and operation 

— Modifications to both the pellet and the cladding design 

— Improvements to the fuel pellet quality inspection 

— Improved core design and operating procedures. 

 

 

INTRODUCTION 
PCMI/PCI Mitigation 

22-24/06/2016 OECD/NEA Workshop on PCI in Water-Cooled Reactors, Lucca, Itlay 4 

Source: IAEA NF-T-2.1, 2010  



l Basically follows USNRC rule:  

— Covered by the design limits on fuel melting, strain (and/or stress) under Conditions I and II 

l Additional consideration of PCMI/PCI is requested for licensing of safety analysis in case of major 

plant modifications(e.g., power uprate and steam generator replacement) or major fuel design 

changes: 

— Additional margins on the limits on Condition II transient power to meet the design limits  

Or  

— Analytical verification of the PCI margin by technological limit (similar to the French approach, albeit no load 

following) 

à Based on the reference equilibrium cycle 

à No cycle specific verification in requested 

Objective: to maintain reasonably low PCMI/PCI risk 

 

 

INTRODUCTION 
PCMI/PCI Design Verification in Belgium 

22-24/06/2016 OECD/NEA Workshop on PCI in Water-Cooled Reactors, Lucca, Itlay 5 

l In Belgium, all 7 NPPs were constructed and operated by 

ENGIE-Electrabel in 1970’s-1980’s as baseload capacity 

l The new electricity market context requires that some 

Belgian NPPs be operated with EPMs on demand of grid 

dispatch  

— Power reduction down to 50% NP 

— Power decrease up to 72 hours, with a stabilization of at least 

72 hours between two EPMs 

— Power ramp rate limited to < 1%/min 

— Power modulation up to 30 times per fuel cycle 

— Allowed only when Boron concentration > 200 ppm and no 

leaking fuel rods 

 

 

 

FLEXIBILITY OPERATING REQUIREMENTS  
Extended Power Modulation (EPM) 

22-24/06/2016 OECD/NEA Workshop on PCI in Water-Cooled Reactors, Lucca, Itlay 6 



l Load following operation and power cycling does not have a significant impact on the fuel 

performance  

 à supported by extensive experience feedback of the fuel products for flexible operations in European countries 

(France, Germany) 

l No significant impacts on most of the thermal mechanical fuel design parameters 

— Limited impacts on the Condition II transient cladding stress and strain  

l Impacts on generic fuel rod design verifications evaluated by the Fuel Vendors 

— meet all fuel rod design limits 

— Or additionally,  quantify the impacts on the PCI margins 

à more than compensated by the available PCI margins for the reference equilibrium cycle.  

   à This leads to improvements to the core design and safety evaluation process and tools 

 

 

FLEXIBILITY OPERATING REQUIREMENTS 
Fuel Rod Design Verification 

22-24/06/2016 OECD/NEA Workshop on PCI in Water-Cooled Reactors, Lucca, Itlay 7 

l Tractebel (ENGIE) is the core designer, and has developed a full set of tools to improve the core 

design efficiency for the requested operating flexibility 

IMPROVED CORE DESIGN PROCESS AND TOOLS 
Process 

22-24/06/2016 OECD/NEA Workshop on PCI in Water-Cooled Reactors, Lucca, Itlay 8 



l Fuel Vendor is responsible for fuel design and 

reliability verification of each loading pattern 

l Loading pattern fuel reliability assessment 

procedure (LPFRAP) is developed at Tractebel 

— Based on automatic tools for early loading pattern fuel 

design and reliability assessment, using Tractebel’s core 

design codes 

— Focus on key fuel rod design and reliability aspects only 

l Objectives 

— Prevent late loading pattern modification after fuel 

vendor’s cycle specific fuel design verification 

— Enhance the fuel reliability and safety under flexible 

operation conditions. 

 

IMPROVED CORE DESIGN PROCESS AND TOOLS  
Adaptation for Flexible Core design  

22-24/06/2016 OECD/NEA Workshop on PCI in Water-Cooled Reactors, Lucca, Itlay 9 

l Loading Pattern PCI Risk Assessment (LPPRA) tool was developed 

— Based on the 3D neutronic code PANTHER calculation of all the selected fuel rod powers and burnups for each 

assembly in the core during its life 

— Using simple PCI margin correlations based on the Fuel Vendor’s PCI margin verification results from the last 

cycles, as a function of the rod Condition I power and burnup. 

• PCI margin = Pall – Ptran 

• Pall = f1 (Pin, BU) = correlation for maximal allowable rod power before clad failure during power ramp 

• Ptran = Pin + ΔP = Maximum transient rod power during power ramp due to Condition II transients  

• ΔP = f2 (Pin, BU) = correlation for power variation during power ramp due to Condition II transients 

• Pin = Transient initial rod power = Condition I rod power 

• BU = Rod burnup 

      à quick estimation of the PCI risk of a loading pattern comparing with the previous ones 

 

LOADING PATTERN PCI RISK ASSESSMENT TOOL 
Principle  
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l PANTHER predicted allowable power and transient power (Pall and Ptran) using the correlations 

— Some adaptations of the correlations for transient power are made in order to obtain the same level of margins 

as in the results from the Fuel Vendor (FV). 

 

 

LOADING PATTERN PCI RISK ASSESSMENT TOOL 
Correlations and adaptation 
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l New results are added in the data base to validate the correlations 

 

 

 

 

 

 

 

 

 

— Recalibration is needed in case of significant margin changes due to ICFM changes or requested flexibility. 

 

 

LOADING PATTERN PCI RISK ASSESSMENT TOOL 
Validation or Recalibration 
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l Examples of the application results of the updated correlations for a new cycle Z+1  

 

 

 

 

 

 

 

 

 

à The updated correlations are able to predict the same level of minimum margin results as the Fuel Vendor. 

 

 

LOADING PATTERN PCI RISK ASSESSMENT TOOL 
Applications 
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l Examples of the application results of the updated correlations for a new cycle Z+1  

 

 

 

 

 

 

 

 

 

à The updated correlations are able to predict the same level of minimum margin results as the Fuel Vendor. 

 

 

LOADING PATTERN PCI RISK ASSESSMENT TOOL 
Applications 
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l PCI/PCMI risks have been reduced by modifications to both the pellet and the cladding design, and 

improvements in the fuel pellet quality inspection as well core design and operation 

— Only marginal number of PCI failures (< 0.1%!) were identified during the last decades 

l In Belgium, the PCI/PCMI aspect is treated additionally for the reference fuel design during major 

plant modifications, or the fuel compatibility and safety evaluation during the introduction of new 

fuel design 

— To maintain low probability of fuel cladding failures caused by PCMI/PCI 

— No cycle specific verification is requested 

l The Tractebel core design and safety evaluation process and tools were adapted to the operating 

flexibility (EPMs, ERPO)  

— To optimize the loading pattern design 

— In addition,  loading pattern fuel reliability assessment procedure (LP-FRAP) has been developed for assessing 

the fuel rod design and reliability aspects, including a specific LPPRA tool. 

CONCLUSIONS AND PERSPECTIVES  
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l A simplified PCI/PCMI verification is justified 

—the PCI margins in the reference fuel design verification based on an equilibrium cycle are significant  

—the impacts of the extended power modulations on the PCI margins remain limited 

l The PCI/PCMI risk is assessed during early loading pattern design phase by verification of 

— Either the linear heat generation rate (LHGR) limit in Condition II conditions  

— Or the PCI margins with simple PCI correlations based on the Fuel Vendor’s PCI margin verification results 

from the last cycles, as a function of the rod Condition I power and burnup. 

à Proves to be to efficient 

—To improve the efficiency of the core design process, and  

—to enhance the reliability and safety of the fuels under flexible operation conditions. 

CONCLUSIONS AND PERSPECTIVES  
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l Considering the extremely low risks, do we really need development of so complex and time 

consuming codes and methodology for PCI design verification? 

 

OPEN QUESTIONS 
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Source: IAEA NF-T-2.1, 2010  

l Are there any simple and reliable engineering approaches to facilitate flexible core design and 

operation, while ensuring adequate design margins? 

  à Some ideas based on discussions with Chuck Patterson (ZIRAT15 Seminar, 2011): Fuel Vendor 

to provide design limit and operating limit based on the Condition I LHGR 

OPEN QUESTIONS 
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OECD/NEA Workshop on Pellet-Cladding Interaction (PCI) in Water-Cooled Reactors,   

22-24 June, 2016, Lucca, Italy 

DEVELOPMENT AND APPLICATIONS OF A LOADING 
PATTERN PCI RISK ASSESSMENT TOOL FOR 
FLEXIBLE CORE DESIGN 

Jinzhao Zhang, Adrien Dethioux, Zeynab Umidova, Thomas Drieu and  Christoph Schneidesch 
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Introduction 

 

PCI-phenomenology: Deconditioning effect during Low Power 

Operation 

 

Description and applications of PCI-methodologies for PWR 

 MIR methodology 

 Allowable Power methodology 

 Combination of MIR and Allowable Power methodologies (Coupled 

Approach) 

 Gliding Threshold methodology 

 Evolution of the Core Monitoring System 

 

Conclusion 

 

Content 
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Pellet-Cladding Interaction (PCI) 

 Identified since early stage of LWR development as a potential failure 

mode for fuel rods 

 Basically addressed through (Power, DPower) guidelines deduced from 

experimental ramps 

 

In the mid 90’s, some major changes in PWR operating mode in 

Europe 

 Introduction of Load Follow and Low/Reduced Power Operation 

 

Additional requirements on PCI justification from the Safety 

Authorities 

 Additional series of ramp tests at CEA and Studsvik to determine the 

mechanical failure threshold (Technological Limit) 

 Development of computational approaches 
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Introduction 

Nowadays, energetic mix is rapidly 

evolving 

 Renewables have priority on grids 

 

Nuclear energy has to be more flexible  

with Enhanced Maneuverability 

 Extended Reduced Power Operation (ERPO) 

 Modulations of Power 

 

Highly-demanding flexible operation may  

require specific PCI analysis 

 

Reactor

power

time

Reactor

power

time

a dozen of hours

to several days

Modulations of Power

ERPO

AREVA NP has developed a portfolio of PCI-justification 

approaches to address customer’s needs 
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PCI Phenomenology: Deconditioning 
During ERPO 

Rod Power 

time 

Hypothetical 

class 2 transient 

ERPO 

Before transient 

After transient 

ERPO 

Less pellet thermal expansion 

 Gap reopening 

 Clad creep 

Before transient 

After transient 

BASELOAD 

Greater transient clad 

straining with ERPO 
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PCI study 

 PCI margins during base load operation 

 Analysis during ERPO (deconditioning phase) and return to power (reconditioning 

phase) 

 

 

 

 

 

 
 

 

 

 

PCI-study contributes to the Operating Technical Specifications 

 

PCI Methodologies for PWR  
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MIR: Description 

CHAINING 

PCI 

failure ? 

Adjustment of the 

protection threshold 

or decrease of ERPO 

duration 

YES NO No PCI failure 

risk 

NEUTRONICS 
Full core 3D kinetics (code SMART) 

Coupled with system code (MANTA) with I&C 

and safety systems 

THERMAL-MECHANICS 
COPERNIC 
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Application of MIR for PCI in ERPO on a 1000 MWe case 

 

MIR: Application 
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The MIR methodology associated to good PCI-

resistance of M5® cladding allows to justify 

ERPO durations longer than with Zy-4 
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MIR: On-Site Management of PCI Margin 

The plant can operate ERPO as long as the PCI 

credit remains positive 

Deconditioning and  

reconditioning 

rates of the PCI-credit 

are determined in the 

 course of 

the PCI-study 

Evolution of the on-site PCI credit
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Allowable Power: Description 

THERMAL-MECHANICS 
COPERNIC 

PCI 

failure ? 

Adjustment of the 

protection threshold 

or decrease of ERPO 

duration 

YES NO 
No PCI failure 

risk 

Maximum Power 

in class-II  

transient 

Allowable Power :  

Power for which PCI-failure is 

computed 

100 W/cm/min ramp 

COMPARISON 

NEUTRONICS 
SMART : 3D steady-state 

Bounding loop parameters 
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Allowable Power: Maneuverability 

Maneuverability taken into account: ERPO and/or Modulations of 

Power 

Example: impact of 30 Modulations of Power on the PCI-margin 
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Coupled Approach: Description 

Mflex > Meq 

Operating Technical 

Specifications 

YES NO 

PCI margins 

MIR 

Methodology 

Allowable 

Power  

Methodology 

PCI margins Meq 

Allowable 

Power  

Methodology 

PCI margins Mflex 

Operating Technical 

Specifications 

adapted for flexibility 

cycle 

Operating Technical 

Specifications valid 

for flexibility cycle 

COMPARISON 

EQUILIBRIUM CYCLE FLEXIBILITY CYCLES 

Definition of Operating Technical Specifications on equilibrium 

cycle and verification of their applicability on flexibility cycles 
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Gliding Treshold: Description 

Specifically considered for EPRTM                                                                             

reactors 

Surveillance and limitation of                                                                                

the Linear Power Density in the                                                                                 

Reactor Control Surveillance                                                                                  

and Limitation system 

The limitation function                                                                             

elaborates a PCI gliding                                                                                       

threshold depending on 6                                                                       

parameters:  

 Minimum PCI limit 

 Maximum PCI limits (upper and lower                                                                                                     

core half) 

 Overshoot Allowance (OA) 

 Deconditionning rate (DR) 

 Increase rate (IR) 
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Gliding Treshold: Methodology 

100 W/cm/min ramp 

THERMAL-MECHANICS 

COPERNIC 

Allowable 

Power  

Methodology 

Min PCI limit, 

OA, DR 

NEUTRONICS 

SMART : 3D steady-state 

Bounding loop parameters 

Verification of the 

limitation function 

performance 
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On-going Developments To Value The 
Core Monitoring System: Description 

MIR 

Methodology 

PCI protection 

thresholds 

NEUTRONICS 

SMART : 3D static 

calculations 

Maximum DP in 

class-II transients 

ENGINEERING STUDIES Engineering studies: 

 Determination of the PCI protection 

thresholds with MIR methodology on 

a reference cycle 

 3D static neutronic calculations to 

determine Maximum Power 

Variations during class-II transients 

 

 

On-line analysis: 

 Determination at any point of the core 

of the local powers with the CMS 

 By pairing with a thermal-mechanical 

code, determination of Allowable 

Powers 

 Estimation of the Maximal Local 

Powers 

 

 

Core Monitoring 

System 

Allowable 

Powers 

Maximum 

Local 

Powers 

ON-LINE ANALYSIS 

100 W/cm/min ramp 

THERMAL-MECHANICS 
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Coupling of the Engineering studies and On-line Analysis: 

 Evaluation of Limit Powers as the difference between Allowable Powers 

and Maximum Power Variations during class-II transients. For powers 

below Limit Powers, no PCI risk. 

 

 Evaluation of the difference between Limit Powers and Maximal Local 

Powers. Margins in W/cm are translated in terms of maximal ERPO 

durations. These maximal ERPO durations are then compared to the 

conservative values determined with the MIR methodology. 

 

On-going Developments To Value The 
Core Monitoring System: Description 

If the maximal ERPO durations evaluated on-line are 

longer than the ERPO determined with MIR methodology, 

opportunity for extended ERPO or PCI protection 

thresholds relaxation 
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AREVA NP offers a set of PCI-methodologies for PWR reactors to 

support utilities for a more flexible nuclear energy production : 
 

 With the two primary methodologies: 

 MIR methodology 

 Allowable Power methodology 

 

 By developing innovative methodologies to justify extended 

maneuverability:  

 Coupling of MIR and Allowable Power methodologies 

 The Gliding Threshold methodology specifically considered for EPRTM reactors 

 Evolution of the Core Monitoring System 

 

Conclusion 
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