IAEA TECDOC SERIES

VA

C
&

Y(“/

High Burnup Fuel:
Implications and
Operational Experience

Proceedings of a Technical Meeting Held in
Buenos Aires, 26—29 November 2013

AEA

International Atomic Energy Agency






HIGHT BURNUP FUEL.:
IMPLICATIONS AND
OPERATIONAL EXPERIENCE



The following States are Members of the International Atomic Energy Agency:

AFGHANISTAN

ALBANIA

ALGERIA

ANGOLA

ANTIGUA AND BARBUDA

ARGENTINA

ARMENIA

AUSTRALIA

AUSTRIA

AZERBAIJAN

BAHAMAS

BAHRAIN

BANGLADESH

BARBADOS

BELARUS

BELGIUM

BELIZE

BENIN

BOLIVIA, PLURINATIONAL
STATE OF

BOSNIA AND HERZEGOVINA

BOTSWANA

BRAZIL

BRUNEI DARUSSALAM

BULGARIA

BURKINA FASO

BURUNDI

CAMBODIA

CAMEROON

CANADA

CENTRAL AFRICAN
REPUBLIC

CHAD

CHILE

CHINA

COLOMBIA

CONGO

COSTARICA

COTE D’IVOIRE

CROATIA

CUBA

CYPRUS

CZECH REPUBLIC

DEMOCRATIC REPUBLIC
OF THE CONGO

DENMARK

DJIBOUTI

DOMINICA

DOMINICAN REPUBLIC

ECUADOR

EGYPT

EL SALVADOR

ERITREA

ESTONIA

ETHIOPIA

FLJI

FINLAND

FRANCE

GABON

GEORGIA
GERMANY
GHANA
GREECE
GUATEMALA
GUYANA
HAITI
HOLY SEE
HONDURAS
HUNGARY
ICELAND
INDIA
INDONESIA
IRAN, ISLAMIC REPUBLIC OF
IRAQ
IRELAND
ISRAEL
ITALY
JAMAICA
JAPAN
JORDAN
KAZAKHSTAN
KENYA
KOREA, REPUBLIC OF
KUWAIT
KYRGYZSTAN
LAO PEOPLE’S DEMOCRATIC
REPUBLIC
LATVIA
LEBANON
LESOTHO
LIBERIA
LIBYA
LIECHTENSTEIN
LITHUANIA
LUXEMBOURG
MADAGASCAR
MALAWI
MALAYSIA
MALI
MALTA
MARSHALL ISLANDS
MAURITANIA
MAURITIUS
MEXICO
MONACO
MONGOLIA
MONTENEGRO
MOROCCO
MOZAMBIQUE
MYANMAR
NAMIBIA
NEPAL
NETHERLANDS
NEW ZEALAND
NICARAGUA
NIGER
NIGERIA
NORWAY

OMAN

PAKISTAN

PALAU

PANAMA

PAPUA NEW GUINEA

PARAGUAY

PERU

PHILIPPINES

POLAND

PORTUGAL

QATAR

REPUBLIC OF MOLDOVA

ROMANIA

RUSSIAN FEDERATION

RWANDA

SAN MARINO

SAUDI ARABIA

SENEGAL

SERBIA

SEYCHELLES

SIERRA LEONE

SINGAPORE

SLOVAKIA

SLOVENIA

SOUTH AFRICA

SPAIN

SRI LANKA

SUDAN

SWAZILAND

SWEDEN

SWITZERLAND

SYRIAN ARAB REPUBLIC

TAJIKISTAN

THAILAND

THE FORMER YUGOSLAV
REPUBLIC OF MACEDONIA

TOGO

TRINIDAD AND TOBAGO

TUNISIA

TURKEY

TURKMENISTAN

UGANDA

UKRAINE

UNITED ARAB EMIRATES

UNITED KINGDOM OF
GREAT BRITAIN AND
NORTHERN IRELAND

UNITED REPUBLIC
OF TANZANIA

UNITED STATES OF AMERICA

URUGUAY

UZBEKISTAN

VANUATU

VENEZUELA, BOLIVARIAN
REPUBLIC OF

VIET NAM

YEMEN

ZAMBIA

ZIMBABWE

The Agency’s Statute was approved on 23 October 1956 by the Conference on the Statute of the
IAEA held at United Nations Headquarters, New York; it entered into force on 29 July 1957. The
Headquarters of the Agency are situated in Vienna. Its principal objective is “to accelerate and enlarge the
contribution of atomic energy to peace, health and prosperity throughout the world™.



IAEA-TECDOC-1798

HIGH BURNUP FUEL.:
IMPLICATIONS AND
OPERATIONAL EXPERIENCE

PROCEEDINGS OF ATECHNICAL MEETING HELD IN
BUENOS AIRES, 26-29 NOVEMBER 2013

INTERNATIONAL ATOMIC ENERGY AGENCY
VIENNA, 2016



COPYRIGHT NOTICE

All 1AEA scientific and technical publications are protected by
the terms of the Universal Copyright Convention as adopted in 1952
(Berne) and as revised in 1972 (Paris). The copyright has since been
extended by the World Intellectual Property Organization (Geneva)
to include electronic and virtual intellectual property. Permission
to use whole or parts of texts contained in IAEA publications in
printed or electronic form must be obtained and is usually subject to
royalty agreements. Proposals for non-commercial reproductions and
translations are welcomed and considered on a case-by-case basis.
Enquiries should be addressed to the IAEA Publishing Section at:

Marketing and Sales Unit, Publishing Section
International Atomic Energy Agency

Vienna International Centre

PO Box 100

1400 Vienna, Austria

fax: +43 1 2600 29302

tel.: +43 1 2600 22417

email: sales.publications@iaea.org
http://www.iaea.org/books

For further information on this publication, please contact:

Nuclear Fuel Cycle and Materials Section
International Atomic Energy Agency
Vienna International Centre
PO Box 100
1400 Vienna, Austria
Email: Official.Mail@iaea.org

© IAEA, 2016
Printed by the IAEA in Austria
August 2016

HIGH BURNUP FUEL: IMPLICATIONS AND OPERATIONAL EXPERIENCE
IAEA-TECDOC-CD-1798
ISBN 978-92-0-155316-4
ISSN 1684-273



FOREWORD

A trend towards increasing the discharge burnup of nuclear fuel has been a feature of the operation of
virtualy all types of nuclear power plant for many years. The increase of the fuel burnup has been
implemented in response to the economic challenge to reduce costs associated with nuclear power.
Increased dwell alows smaller fuel inventories and fabrication costs on the one hand, and reduced spent
fuel volumes to handle and to store or reprocess on the other hand, typically at the expense of higher
enrichments. It is also possible to design longer fuel cycles in the reactor, which can mean higher
availability and capacity factors as well as fewer handling operations. However, there are also increased
costs associated with high burnup, apart from increased enrichment: larger specific decay heats and
increased dose rates during transport due to larger neutron source intensities in highly burnt fuel have
been identified at the back end, as well as new regulatory challenges associated with the precise
guantification of safety margins, for example criticality safety, to guarantee high performance during
reactor operation and fuel robustness and integrity overal.

It is thus necessary to evaluate safety margins obtained in practice for high burnup fuel from the
operational experience in different Member States, to compare these experiences and to assess whether
the expected benefits have been obtained inredlity.

The Technical Meeting on High Burnup Fuel Experience and Economics, held in Buenos Aires,
Argentina, 26-29 November 2013, was a follow up of two previous meetings, held in Argentinain 1999
and in Bulgaria in 2006, with the purpose to revisit and update the current operational experience and
economic conditions associated with high burnup fuel. The meeting was strongly supported at the
Technical Working Group on Fuel Performance and Technology held in April 2013, with the aim of
bringing together experts with significant experience in experimental programmes on high burnup fuel,
to compare their respective experiences and to evaluate physical limitations at pellet, cladding and
structural component levels, with a wide focus including fabrication, core behaviour, transport and
intermediate storage for most types of commercial nuclear power plant. The meeting was hosted by the
National Atomic Energy Commission of Argentina (Comision Nacional de Energia Atdmica, CNEA),
and was held at the Biblioteca Nacional in Buenos Aires.

The meeting was attended by 44 specialists from 12 countries, the IAEA and the European Commission
(JRC Institute for Transuranium Elements) representing R&D ingtitutions, nuclear utilities and state
nuclear regulatory and licensing authorities. Seventeen papers were presented in five technical sessions,
covering experimental data and modelling in normal and accident conditions, operating experience and
lessons learned, fuel design and fuel cycle, R& D and fabrication, and licensing and regul atory aspects.

The IAEA wishes to thank the hosts and participants for their contribution to the meeting and especially
the local coordinator, L. Alvarez (Argentina) for the organization of the Technica Meeting and the
technical visit to the Atucha 2 nuclear power plant and F. Jatuff (Switzerland) for active participation in
the preparation of the meeting summary. The officer responsible for this publication was V. Inozemtsev
of the Division of Nuclear Fuel Cycle and Waste Technology.
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SUMMARY

INTRODUCTION

The Technical Meeting on High Burnup Fuel Economics and Operational Experience held in
Buenos-Aires, Argentina, from 26 to 29 November 2013 was a follow up of two previous
meetings. The first one was held in Argentina in 1999 to consider, for the first time at the
IAEA level, the technical and economic limits to fuel burnup extension in the different
Member States. It covered both high burnup experience and the issues and limits imposing
economic constraints [1]. The second one was held in Bulgaria in 2006 and focussed on the
operating experience since 1999, high burnup fuel behaviour and the economic conditions
surrounding high burnup fuel at the time [2]. The present meeting strongly supported at the
Technical Working Group on Fuel Performance and Technology (TWGFPT) was held in
April 2013 as a follow-up of the previous two meetings and in order to update the basic
perspectives of the contributing member states to this field, including possible new regulatory
views following the Fukushima accident in Japan in 2011. Seventeen papers from
twelve countries and one international organisation were presented during five technical
sessions, covering Experimental Data and Modelling in Normal and Accident Conditions,
chaired by Thierry Wiss, Operating Experience and Lessons Learned, chaired by Gabriel
Ruggirello, Fuel Design and Fuel Cycle, chaired by Catherine Cottrell, R&D and
Fabrication, chaired by Raj Bhushan Bhatt, and Licensing and Regulatory Aspects, chaired
by Juraj Rovny. Two more papers were presented, respectively by Patrick Blanpain and
Catherine Cottrell, but their full texts were not submitted to the IAEA and correspondingly
were not included into this publication. Fabian Jatuff of Kernkraftwerk Gosgen-Daniken AG,
Switzerland actively participated in the discussion of meeting’s results and preparation of this
Summary.

Meeting was opened by N.L. Boero, Director of the CNEA in Argentina, who welcomed the
participants and introduced the status of activities in her country, mentioning in particular the
finalisation of the Atucha Il NPP project and the construction begin of the national small
modular reactor CAREM at the Atucha site. D. Marchi from CNEA presented basic features
of the Argentinian nuclear programme at the different sites. F.Reale from the national nuclear
fuel producer company CONUAR, sponsor of the meeting, presented his company and the
advance of activities in the areas nuclear fuel production, special materials and services, and
special alloys. V. Inozemtsev thanked the local organisers on behalf of the IAEA and
described the work programme carried out by the Agency in the field of the nuclear fuel cycle
and material technologies, among others in the framework of the series of Coordinated
Research Projects (CRPs) FUMEX (Fuel Modelling at Extended Burnup-FUMEX-I, 1993-
1996 [3] FUMEX-II, 2002-2007 [4] and FUMEX-III, 2008-2012 [5]).

A visit was arranged for the participants of the Technical Meeting to see the final stage of
construction of the Atucha II NPP near Lima, about 100 km from the Buenos Aires capital
city. The reactor is a PHWR of a pressure-vessel type, designed for 745 MWe output and
fuelled with natural or slightly enriched uranium like Atucha I. The first core is already
loaded with its 450 fresh fuel assemblies and primary circuit tests have been successfully
conducted with light water and external heating coming from the operation of the two
primary pumps. Entry into service is expected during 2014.

The results of the Technical Meeting need to be separated according to reactor type.
Regarding light water reactors (LWRs), fuel burnup license was effectively extended up to
70 MWd/kgU in some countries since several years, without technical obstacles even with the
present enrichment limit of 5 wt% as already envisaged [1-2]. This is in particular the case of
some pressurised water reactors (PWRs) in Europe, and VVERs are slowly being upgraded



towards this limit; boiling water reactors (BWRs) are following the trend but remain at
slightly lower values. There is though no further incentive to increase these burnup limits,
challenges now being associated with the high burnup structure (HBS) and the pellet and
cladding behaviour during accident conditions in view of more stringent regulatory
requirements expected in the future e.g. reactivity insertion and loss-of-coolant accidents
(RIA and LOCA), requiring better experimental data and more refined modelling capabilities
compared to those available today. A significant aspect in this context is the transportability
of high burnup fuel assemblies following a long-term dry storage, due to possible degradation
mechanisms such as creep, hydride reorientation, loss of ductility, etc. that may take place
under relatively high temperature conditions during very long periods under dry storage.
Safety aspects of spent fuel storage are presented in the IAEA Specific Safety Guide SSG-15
[6].

Pressurised heavy water reactors (PHWRs), on the other hand, are fully exploiting their
flexibility to increase very significantly, in relative terms, their discharge burnups and to
expand their fuel cycle capabilities; they are doing so and they will continue to do it in the
near future. In Argentina this has been implemented through the successful use of slightly
enriched uranium (SEU), also expected for Atucha II. Particularly in Asia the trend is worth
mentioning, where the use of uranium mixtures in Chinese and mixed oxide (MOX) in Indian
CANDU-type reactors is progressing significantly. Fabrication advances include uranium
mixtures coming from reprocessed uranium (RepU) with depleted uranium leading to natural
uranium equivalent (NUE), and also light concentrations of plutonium mixtures for MOX-
type fuel. Technological advances, such as more efficient sintering processes and revisited
materials such as boron-bearing UO,, free standing cladding and optimal plenum design, are
being pursued for PHWRs.

The next four sections present in detail the general focus of the Technical Meeting
(Background), the individual presentations (Summaries and Comments), the identified
limitations (Problems, Challenges and Perspectives), and finally a brief description of open
fields (Recommendations for Future Work) before the individual contributions.

BACKGROUND

There are many opportunities for increasing the burnup of fuels by changing the fuel design
and also by using alternative fuel cycles. Many countries are attempting to increase the
utilization of their resources by increasing the burnup values of the fuel in order to increase
the economics of nuclear power. The drivers and the optimization mechanisms being used to
achieve these higher burnup values depend on various priorities and differ from country to
country. For example, many countries are employing enrichment of uranium in order to
achieve higher burnup fuels and thus improve the economics of the reactor. Whereas, other
countries are exploring alternative fuel cycles such as RU in order to ensure a secure supply
of fuel inventory, achieve higher burnup values and reduce their front end fuel cycle costs.

Regulatory aspects remain to play an important role in fuel type selection and fuel cycles
modification. Safety aspects of reactor core design and fuel refuelling patterns are presented
in Refs [7, 8]. Utilities, on the one hand, tend to optimize their fuel cycle costs loading more
modern fuel types and increasing average burnup of discharged fuel. On the other hand these
steps are limited by particular regulatory regimes and fuel safety requirements. New fuel
types as well as increased burnup are subject to more stringent licensing requirements in most
of the countries. Regulatory bodies are paying renewed attention to deepen into particular
limits such as maximum enthalpy deposition in LWR-MOX fuel during RIAs, the behaviour
of the high burnup structure (HBS) during very fast ramps in RIAs, and fuel fragmentation,
relocation and dispersal following ballooning and burst during LOCAs. Transport and storage



conditions are being scrutinised in detail, to guarantee that high burnup fuel could be safely
transported and handled following a long-term dry storage, because of possible degradation
mechanisms such as creep, hydride reorientation, loss of ductility, etc. that may take place
under relatively high temperature conditions during decades of storage.

These new efforts to complete and deepen safety assessments of high burnup fuels in these
fields require more and better experimental data, particularly well designed and conducted
tests in research reactor loops, and refined modelling capabilities for accident situations. The
papers presented during the sessions reflect in detail these trends.

SUMMARY OF THE TECHNICAL SESSIONS

The first session, under the title Experimental Data and Modelling in Normal and Accident
Conditions, grouped seven papers. This Session 1 was chaired by T. Wiss, from the EC JRC
Institute for Transuranum Elements (European Commission).

In the first presentation entitled Pushing the Limits of the Simulation of Nuclear Materials
and Fuels by using the BaCo code and M° (Multiscale Modelling of Materials), A. Marino of
CNEA Centro Atomico Bariloche, Argentina briefly presented the BaCo code also trying to
properly include accident conditions. The BaCo code was developed to simulate the nuclear
fuel rods behaviour under irradiation and it has good compatibility with PHWR, PWR,
VVER, among others type of fuels (commercial, experimental or prototypes). The code
includes additional extensions for 3D calculations, statistical analysis, fuel design, a full core
analysis and accident conditions at work. Research on new fuels (GEN IV) and cladding
materials properties based on ab initio (from the beginning) and multiscale’s modelling of
materials (M?) are currently under development to be included in the BaCo code modelling.
Examples of the code by using the cases of the IAEA Coordinated Research Projects D-COM
(1981-1985) [9], FUMEX I (1993-1996) [3], FUMEX II (2001-2005) [4] and FUMEX III
(2008-2011) [5] but also new fuel conditions, such as fuel burnup extension, have been
presented.

In the second presentation by T. Wiss (Properties of high burnup structure in LWR fuels) it
was shown that the HBS is rather well characterized and that HBS does not compromise the
safe operation of high burnup fuel under normal operating conditions. More specifically it
was shown that fission gases are not released when HBS is formed, that the intrinsic thermal
conductivity even recovers when HBS is formed and that softening due to HBS formation is
observed being beneficial for pellet-clad mechanical interaction (PCMI). However, no model
fully explaining the HBS formation exists today. The HBS behaviour under severe accident
conditions (fast ramps) still needs to be determined To this effect more recent and ongoing
campaigns are focused, among others, on the evolution of HBS at ultra-high burnup, on the
comparison of high burnup structures in LWR fuel (UO,, MOX) and other fuel systems, and
on the incorporation of HBS properties in the TRANSURANUS fuel performance code.

In the third presentation shared between C. Syrewicz and A. Bonelli from Nucleoelectrica
Argentina (NASA), on the Assessment of PCI failure prediction -capabilities of
TRANSURANUS code for natural uranium fuel based on operational fuel pin failures of
Atucha I NPP it was shown how the TRANSURANUS code capabilities regarding PCI
failure prediction for Atucha type fuels have been assessed by the use of operational
experience. On 14/06/85, ten fuel rods were detected failed in CNA-I after a severe power
cycle. The failure mechanism was pellet-cladding interaction (PCI). The source code was
modified (subroutine SPAKOR): some material properties of the clad and ABKRIT (burnup
critical value) parameter were changed. This version led to much more satisfactory results.
The elasticity modulus of Zry-4 and yield and rupture stresses for burst tests, provided by the
fuel vendor CONUAR, were included. Overall results were compared and finally an Atucha-



suited re-compiled code executable was selected for oncoming PCI calculations of Atucha-
type fuels. Furthermore, uncertainties in power history data were identified and therefore it
was concluded that boundary conditions provided in the performed calculations highly
influenced failure/non failure code predictions. In light of this, it was concluded that results
had to be analyzed on a global basis for each of the calculated sensitivity cases.

The performed assessment contributed in gaining confidence on TRANSURANUS code
predictions when simulating natural uranium fuels of low burnup, for which phenomena have
not been deeply investigated lately, as this type of fuels is rather unusual among the fuel
designs currently found in the nuclear industry.

In the fourth presentation, A. Denis from CNEA — Centro Atomico Constituyentes, Argentina
discussed the high burnup models incorporated to the DIONISIO code. Several subroutines,
oriented to high burnup, were recently incorporated into the code which can be applied to
various types of fuels from PWR, PHWR, BWR, VVER and CAREM, and has meanwhile
integrated 40 interconnected models to represent extended burnups. It has the capability of
calculating the radial distribution of power density, neutron flux and burnup as well as the
radial distribution of the more relevant U and Pu isotopes but also the radial distribution of
Cs, Nd and Xe. Additionally, the evolution of pore and grain size and pores number density
in the rim zone and the accumulation of fission gas in the closed pores can be determined. A
very elegant approach using empirical expressions is used for fitting the cross sections
calculations. Thermal conductivity of UO; in terms of the content of Gd (burnable poison)
and the accumulated burnup is also calculated with the newest version of the code.

The fifth presentation by A. Soba from CNEA - Centro Atomico Constituyentes, Agentina on
the Simulation with DIONISIO 2.0 of a whole nuclear fuel rod under extended irradiation
was supplementary to the previous one. In its new architecture the code can represent a
complete rod, which is divided into a number of axial segments. All the subroutines were
subject to numerous separate tests, including parametric analyses and comparison with
experimental data. These models were introduced in DIONISIO. The predictive ability of the
code as a whole was tested by comparison of its results with experimental data. The extension
of the modelling to the whole rod, by sectors, gave good results without the loose of the local
prediction, basically the details of PCMI. The inclusion of high burnup models allowed to
extend the range of prediction of DIONISIO 2.0 to the actual range of results obtained
worldwide in PWRs, BWRs and PHWRs, that mean about 60-80 MWd/kgp.

The sixth presentation by Z. Hozer of Hungarian Academy of Sciences Centre for Energy
Research was on the Simulation of high burnup fuel fragmentation in high temperature
transients. Fragmentation and relocation of the high burnup fuel pellets was observed in
Halden LOCA tests and in Studsvik hot cell experiments. A simple model has been
developed for the analysis of the mechanical behaviour of the fuel pellet to explain the
fragmentation mechanism. High pore pressure and porosity can cause such stresses in high
burnup fuel pellet that can lead to fragmentation of UO, during a LOCA when the fracture
strength is reached. The model presented is suitable for predicting the fragmentation of the
HBS of the fuel pellets with average burnups between 56 and 102 MWd/kgU and the
ensuring extra fission gas release during LOCA.

In the last presentation of the Session 1, Maria Sypchenko of JSC A.A. Bochvar High-
technology Research Institute of Inorganic Materials, Russian Federation (Experimental and
computational studies of VVER high burnup fuel behaviour under LOCA conditions (MIR-
LOCA/60)) showed both experimental and modelling studies on the VVER high burnup fuel
behaviour under LOCA conditions. The LOCA/60 experiment with VVER high-burnup fuel
was performed in the MIR research reactor (SSC-RIAR) in 2010. Experimental fuel assembly



with 16 fresh and 3 refabricated VVER-1000 type test fuel rods with burnup of 58.1 -
58.6 MWd/kgU was tested. The purpose of the MIR-LOCA/60 experiment was the study of
thermo-mechanical behaviour of VVER high burnup fuel at typical conditions for LOCA
design accidents including also research on cladding deformations and rupture conditions,
claddings oxidation, fuel pellets fragmentation and relocation in the ballooning area of
cladding. In this experiment the duration of cladding temperature above 700°C was about
1 minute. Post-test neutron, thermohydraulic and thermomechanical calculations were carried
out (benchmark between 5 codes). In this test there was a rupture of claddings of four fresh
fuel rods with large hoop strain deformations. There was cracking of pellets into large
fragments and relocation of fragments in the ballooning area but the refabricated fuel rods
kept their tightness. Thus, in this test there was no condition for destruction of fuel pellets
with burnup 58 MWd/kgU.

Session 2, operating experience and lessons, consisted of four papers and was chaired by
Gabriel Ruggirello from CNEA, Argentina. The first two of them comprehensively described
the operating experiences showing main results in high burn up programs in LWRs and the
other two showed the achievement and the problems found in the implementation of the
increased burnup programs in PHWRs.

The first presentation of Session 2 was Issues for Increasing Burnup, authored by P. Blanpain
from AREVA, France and given by V. Inozesmtsev, which was based essentially in the
author’s presentation during the last TWGFTP meeting in April 2013. The presenter gave a
comprehensive overview of discharge burnup of reactors worldwide during 2010-2013,
discriminated by their type. Special details were described for particular cases of reactors in
Germany, France and the USA. The advantages and disadvantages of burnup extension and
the operational and regulatory aspects were thoroughly analyzed. The author’s basic
conclusion is that current maximum batch-averaged discharged burnups of ~65 GWd/tym are
already representative of fuel assembly or fuel rod licensing limits and there are no more
economic incentives for burnups beyond these values. Unfortunately only Power Point
version of this presentation was available and therefore not included into the Proceedings.

The second presentation, Fuel Failure Issues Related to Increasing Burnup, was given by
O. Yousaf from the Chashma NPP, Pakistan; he described the incentives for high burn up
programs and the potential failure mechanisms at high burn up expected. The case of using
extended burnup in a postulated accident like the one in Fukushima was analyzed and this
gave valuable insights about this scenario.

Fabian Jatuff from Switzerland gave the third presentation of Session 2 entitled High burn up
fuel technical and economic lessons learned at Swiss nuclear power plants. First, the front-
end incentive in Switzerland to achieve higher burnups, with fixed annual cycles and national
back-end policies restricting reprocessing, was described. Then the Swiss high-burnup
research programme followed by the Gosgen NPP was reported, which achieved very high
burnup upgrades that led to world-record commercial values, with licensing limits on rod-
average and peak (pellet-averaged) burnups of 75 and 82 GWd/tU for UO, fuel, respectively.
The presentation considered economic attractiveness of having introduced high burnups, as
well as future challenges, among others those corresponding to the transportability of high
burnup fuel following a long dry storage.

The fourth and last presentation of Session 2 was given by the session chair, G. Ruggirello
from CNEA, under the title Post-Irradiation Visual Inspection and Metrology of a New
Design Atucha I Fuel Element. The goal of the development is the use of SEU with 0.85 wt%
enrichment and the increase of the uranium mass in order to achieve a higher burnup, as well
bringing a frequency reduction of on-line refuelling in the Atucha I PHWR. These goals



involved a modification in several parameters, among others in the pellet stack and in the
structure design of the fuel element. The visual inspection and metrology controls performed
assured the progressive implementation of the uranium mass increase programme.

Session 3, fuel designs and fuel cycles, was chaired by Catherine Cottrell from CANDU
Energy, Canada and consisted of three presentations from Argentina, Brazil and Canada,
respectively. These sessions are summarized below.

The first presentation of the session, Status of Fuel Engineering Activities on Extended
Burnup Fuel for the Argentine Fleet of PHWRs, was given by Alejandro Bussolini from
CNEA. In Argentina, there are three nuclear reactors: Embalse CANDU 6 PHWR and the
Atucha I and Atucha II Siemens/KWU PHWRs. The Embalse and Atucha-1 reactors are
operational whereas the Atucha-2 reactor is near completion, with fuel assemblies loaded and
the commissioning phase in the advanced stage. Typical burnup values for PWRs are around
50 000 MWd/tU and operators are working to increase burnup values to high or ultrahigh
levels of 60 000 to 70 000 MW d/tU; a relative increase of 20 — 40%. For PHWRSs the intent is
to increase the burnup values from 7500 MWd/tU to values of 15 000 — 25000 MWd/tU; an
enormous relative increase in the range 115 — 250%. The extended burnup values were
achieved by using SEU in the Atucha I reactor by employing a step-by-step approach. Over
six years, the SEU was gradually introduced into the reactor until achieving a full core
loading in 2001. The higher burnup values result in several benefits including a decrease in
fuel cost impact on the total electricity cost, uranium resource savings, and a reduction in
spent fuel volumes. In order to utilize SEU in the Atucha I reactor, the fuel design was
optimized in the following manner: plenum length was increased, bearing pads redesigned to
have longer contact surfaces, cladding ductility increased and the elastic sliding shoe material
was replaced with Inconel-718. Optimization resulted in achieving a maximum local burnup
of close to 15 000 MWd/tU with a fuel dwell time of almost twice that of natural uranium
(300 to 50 FPDs). These results translate into a reduction of spent fuel volume of
approximately 42% and a reduction on the cost of the fuel included in the cost of electricity
of about 30 — 40%. This fuel has been assessed for use in the Atucha II reactor and has been
shown to be feasible. Feasibility study was also performed for the Embalse CANDU 6
PHWR which showed that by using 0.9 wt% U-235 SEU a burnup value of 14 000 MWd/tU
could be achieved resulting in an estimated fuel savings of approximately 20%.

The second contribution in Session 3 was given by the session chair C. Cottrell, with the title
CANDU Reactor Fuel Cycle Flexibility. Unfortunately only Power Point version of this
presentation was available and therefore not included into the Proceedings. The presentation
discussed the use of recycled uranium (RU) and thorium fuels in the CANDU reactors. This
is a different approach to increasing the burnup of the fuel — by reusing the fuel you are in
essence increasing the burnup of the starting material. The driver for using these alternative
fuels is the projected increase in nuclear power requirements in the next few decades,
primarily in China, resulting in a strain on the uranium supply. Since China has an existing
fleet of both PWRs and CANDU reactors, the use of RU in the CANDU fleet exploited the
synergy between the two technologies. There are ample existing and projected quantities of
RU for use in CANDU reactor applications. It is advantageous to use the RU in CANDU
reactors because it can be done in a direct manner without the need for re-enrichment needed
for PWR use which is more difficult and costly. The use of RU in CANDU reactors is
technically and economically attractive. The RU fuel in the form of natural uranium
Equivalent, a mixture of RU and depleted uranium has been tested in one of the Qinshan
CANDU reactors in Haiyan, China. Based upon the successful testing, a full core application
of this fuel in the two Qinshan CANDU stations is underway. Canada with its Chinese
partners are using the success of the NUE fuel as the basis of a new reactor design, the



Advanced Fuel CANDU Reactor (AFCR), which will utilize RU or Th-based fuels at higher
burnup values. As with the PHWRs in Argentina, the typical burnup value for the CANDU
reactor is 7 500 MWd/tU using natural uranium fuel. The target burnup for the AFCR is
10 000 MWd/tU for RU-based fuel and 20 000 MWd/tU for Th-based fuel. The RU-based
fuel not only has the economic benefit resulting from higher burnup capacities but also from
the lower cost required to acquire the resource. Unfortunately only Power Point version of
presentation was presented therefore was not included into these Proceedings.

The third and last contribution in Session 3, entitled Core Management Improvements at
Angra Unit 1 Using an Advanced 16x16 Westinghouse type PWR Fuel Assembly, was
presented by Lelia Custodio Panetto from Industrias Nucleares do Brasil (INB). Brazil has
three operating Westinghouse PWRs referred to as Angra-1, Angra-2 and Angra-3. INB in
partnership with KEPCO Nuclear Fuel Company and Westinghouse Electric Company
designed an advanced 16x16 PWR fuel assembly in order to increase burn up values and
thermal margin capability while significantly reducing fuel cycle costs. The 16x16 fuel
assembly was modified by optimizing the fuel rod diameter, introducing low parasitic
neutron components, improved departure from nucleate boiling margin and other mechanical
features to improve design margins and reliability. Analyses were performed to select the
optimum FROD, to optimize cost, fuel cycle management and nuclear reactivity. Based on
these three criteria only, the optimized FROD was 0.350 inches. This optimization resulted in
negative impacts to DNB margin, fuel rod performance experience, fuel rod bow
models/experience and a desire for longer fuel cycles (~430 EFPDs). Due to customer’s
requirement for longer cycles and the upper limit that exists in enrichment to be used as well
as previous experience, the optimized FROD selected was 0.360 inches. In addition, an axial
blanket optimization study was undertaken to determine which axial blanket enrichment and
length would provide better fuel cycle cost-benefit. It was determined that fuel cycle costs for
using ZIRLO mid grids was 1.6% lower when compared to using Inconel mid grids.

Session 4 was devoted to R&D and fabrication and was chaired by Raj Bhushan Bhatt from
BARC, India. Three presentations were given during this session. Two presentations were on
R&D related to fuel pellets and clad material and one was on fabrication of MOX fuel. The
papers were related to developments which would help in improving the burnup.

The first paper in Session 4, entitled Fabrication of (UO»-0.4 % PuQO;) MOX fuel for PHWRs,
was presented by the session chair R. B. Bhatt. The work dealt with fabrication procedure of
MOX fuel for PHWR (CANDU) and the results of irradiation. It mentioned the design
changes required as compared to natural uranium UQO,; fuel. The additional steps required for
fabrication of MOX fuel were also discussed. The limitations of the use of glovebox for
fabrication of MOX fuel was discussed in detail. Finally, it was concluded that 50 MOX
bundles of PHWR loaded in one of the Indian PHWR were successfully irradiated to high
burnups of around 10 000 MWd/tU, which could be achieved in all the 50 bundles without
any failure.

The second presentation of the session was entitled Low Temperature Sintering of UO; at
Reducing Atmosphere and its Application and presented by Y. W. Rhee from KAERI, Korea,
Republic of. The contribution dealt with work carried out to achieve high density at low
sintering temperature using sintering additive aiming at a HBS-type already for the fresh fuel,
using a two-step sintering. The former method involved addition of MnO, which in turn
accelerates the diffusion so the sintering can be carried out at low temperature. The same
method was also found suitable for boron-compound-dispersed UO, fuel. BN has been
chosen as boron compound over other boron compounds for its thermal stability. MnO-added
UO; pellets can be densified up to 95% of the theoretical density (TD) after sintering at
1250°C for 1 hour in H, atmosphere. UO, pellets with 0.1 wt% BN and 0.2 wt % MnO has a



sintered density of about 94% TD after sintering for 1 h, and sintered density increased up to
around 96% TD after sintering for 4 hours. Microstructure of HBS is characterized by very
small grain of 300 nm in diameter. HBS can be obtained by using nano-sized powders as raw
materials. These nano-sized powders pose difficulties in fabrication. By using 2 stages
sintering, 300-400 nm grain size structure was achieved, with 0.1 micron size powder.

The last presentation of Session 4, entitled Work Plan to Achieve the Technology for the
Introduction of Oxygen Micro-Addition and Beta—Niobium Second Phase Particles with
Optimum Size and Distribution in the Zirconium Matrix of Zr-1%Nb Alloy”, was presented
by Paula Regina Alonso from CNEA, Argentina. The presentation described the work plan to
achieve the technology for oxygen micro addition and beta- niobium second phase particles
with optimum size and distribution in matrix of Zr-1%Nb alloy, for the production of the
national equivalent of the M5 alloy. The author presented the specific goals and the road map
to achieve them. The first goal was to fabricate ingots of Zr-1% Nb- 0.12% O by melting
with consumable arc electrode in a two fusion process. The second goal was to use a thermo
mechanical process to obtain strips of particles of second phase with optimal size and
distribution. The last goal was to characterise the microstructure and evaluate the mechanical
properties of the material produced.

Licensing and regulatory aspects was the subject of Session 5, chaired by Juraj Rovny from
Slovenske Elektrarne, Slovakia. In this session, the following two papers were presented:
Challenges for the Regulatory Body during Transition to Use the Fuel with High Burnup,
from S. Popova of the Bulgarian Nuclear Regulatory Agency and Licensing and Operational
Experience with High Burnup Fuel in Slovak NPPs, given by the session chair J. Rovny.

Though there were only two presentations given, all of the participants confirmed that there
are specific legislative requirements dedicated to fuel licensing in their countries. There
seems to be quite large difference in practices applied in each individual country regarding
fuel type and burnup licensing. Existing legal basis allows for application of permitting
higher burnup in almost any of the countries; however, the scope and nature of
documentation to be submitted differs from country to country. This resulted in wide range of
maximum reached burnups of different NPPs worldwide. While some utilities operate its fuel
cycles with limiting burnups below 55 MWd/kgU (max. fuel rod average) there are countries,
as for example Switzerland, that go up to 75 MWd/kgU.

PROBLEMS, CHALLENGES AND PERSPECTIVES

From the current perspective there is no indication that a common and widely accepted view
on high burnup issues could be reached as a kind of consensus among majority of countries
or regulatory bodies. While there are countries that reached successfully relatively high
burnup values there is still a large proportion of operators that operate its fuel cycles with
burnups in moderate regions. This difference is expected to remain also in the future. The
experts are of the opinion that at least LWRs need to be grouped separately from PHWRs
(CANDU or pressure vessel type) regarding problems, challenges and perspectives for
burnup extensions and future trends, and this chapter is organised thus in this way.

But before treating these two groups of reactors separately, it is worth indicating some
challenges that apply to all of them, namely transition cores and plant performance issues.
The experts are of the opinion that individual high burnup issues need also to be considered
in the frame of the transition cores needed to achieve the burnup target and in the frame of
overall plant performance. When optimizing for higher burnup it is not possible to improve in
every aspect because there are several constraints. Trade-offs between technical
requirements, upper limits to enrichment, licensing limitations, uncertainties (depending on



the burnup value desired; behaviour of pellets) and customer requirements, etc. determine the
extent of high burnup values that can be achieved. Impacts on existing reactor systems limit
the extent to which higher burnup values can be achieved in operating reactors. In existing
reactors, there are several constraints that must be met (i.e., existing licensing basis) and the
fuel must be designed to meet these requirements. For future reactor designs, however, the
capability of the reactors to utilize higher burnup fuels should be accommodated already by
the design. There are also general challenges, reactor type independent, at organizational and
regulatory level. Most of the utilities rely on fuel vendors for the development of licensing
documentation. Nevertheless fuel vendors do not always satisfy the scope and depth of
calculations and experiments required by foreign regulatory bodies. This is caused both by
the fact that the scope and nature of documentation required differs between particular
countries and by the fact that fuel vendors protect their know-how. Some of the utilities
decrease the dependence on fuel vendors by performing or supporting independent research
activities. This is a very cost-intensive alternative but frequently well balanced by benefits
resulting from optimized fuel cycle costs. On the contrary there are cases when utility relying
on fuel vendor and external Technical Support Organizations (TSOs) over a long period may
loose the majority of its competences in fuel cycle optimization and licensing. Another type
of problems that could arise during fuel type licensing is the unpredictability of licensing
period duration Regulatory bodies usually come up with additional requirements during the
licensing process. Equally utilities and NPPs have to comprehend the extent of impact that
modification of fuel type can have on NPPs systems and related documentation. Proper
analysis and correct preparation are necessary in order to estimate licensing process duration

properly.
LIGHT WATER REACTORS

For LWRs burnups are approaching the regulatory limits assuming the 5% enrichment upper
bound; economic advantages do not appear to be great in going beyond in enrichment or
burnup (say, maximum assembly-average burnup of ~70 GWd/tU). Although several reactors
are operating safely already at this relatively high burnup values, the meeting expert’s panel
sees a number of challenges at pellet, cladding and fuel assembly structure level, for design
or beyond design accident conditions, as described below.

Pellet Behaviour: The formation of the HBS is possibly the most significant example of the
restructuring processes affecting high burnup nuclear fuel in-pile. In commercial fuel the
HBS forms at the relatively cold outer rim of the fuel pellet, where the local burnup is 2-3
times higher than the average pellet burnup, under the combined effect of irradiation and
thermomechanical conditions determined by the power regime and the fuel rod configuration.
The main features of the transformation are the subdivision of the original fuel grains into
new sub-micron grains, the relocation of the fission gas into newly formed intergranular
pores, and the absence of large concentrations of extended defects in the fuel matrix inside
the subdivided grains. The qualification of the newly formed structure is a key requirement to
ensure that high burnup fuel operates within the safety margins. The safe burnup extension
can also be very different for different reactor types and higher burnup does not necessarily
result in the formation of the HBS. The studies on the behaviour of the HBS should be
aligned with the needs of the industry and it should be guaranteed not to overlook at artefacts
or not well described operation/irradiation/PIE-tests conditions (e.g. fragmentation tests); for
example, the status of research and development suggests today that the HBS at the pellet rim
shows an appropriate thermal conductivity and even better mechanical properties to prevent
detrimental interaction with the cladding. On the other hand, accident conditions still need to
be investigated on very high burnup fuel to guarantee a good knowledge of the behaviour of
such fuels. There is concern about rapid power ramps or LOCA conditions that could lead to



pellet swelling and fragmentation of the HBS (and of the rest of the pellet), which combined
with cladding ballooning and burst, could lead to fuel relocation and dispersal. Further
investigations are here envisaged.

Cladding Behaviour: A potential degradation of fuel performance due to extended burnup is
the uniform corrosion of zirconium alloy claddings, depending on water chemistry
parameters, which could lead to enhanced oxidation, hydrogen pickup, zirconium hydride
precipitation, and thus to loss of ductility of the cladding. Dimensional changes in terms of
diameter and length variation are also of concern, for extended fuel dwell. Increased fuel rod
internal pressure, pellet-cladding interaction and pellet-cladding mechanical interaction
effects need to be monitored carefully. Apart from the above-mentioned general issues there
has been a particular safety-related issue discussed during the meeting. Recent Halden reactor
project tests denoted as IFA-650 attracted attention of several regulatory bodies and required
response of utilities. The tests pointed to a possible fuel fragmentation and fuel relocation
phenomena that could have a strong impact on burnup values licensed by regulators if the test
conditions are transferable to power reactor conditions.

Long-Term Dry Storage: Ageing of structural materials and casks / baskets is also being put
under scrutiny. There are still many uncertainties that have not been finally bounded when
transitioning to higher burnup values. Despite the availability of some solid experimental
evidence, existing data may not be sufficient for definitive conclusions. In particular, once the
higher burnup value is achieved a new challenge of dealing with the spent fuel in terms of
transportability after long-term dry storage becomes a potential issue. The concern of
possible degradation mechanisms such as creep and hydride reorientation must be addressed.
This topic reflects here as well the discussions held during the 11™ Meeting of the Technical
Working Group on Nuclear Fuel Cycle Options and Spent Fuel Management on 5-7 June
2013 at IAEA headquarters in Vienna, in relation with the fundamental differences between
the behaviour of fuel in wet and dry storage and further differences between dry storage
systems. In the case of dry storage there does not appear to be enough data at the moment to
support defining any limit on the duration of spent fuel storage.
[https://www.iaea.org/OurWork/ST/NE/NEFW/Technical-Areas/NFC/twgnfco-meeting-2013.html]

Experimental Data and Modelling: In order to refine the conclusions on the properties and
their evolution during irradiation and post-irradiation, dedicated experiments and selected
PIEs should be performed. This is especially the case for irradiation in accident conditions,
typically RIA and LOCA. The data to be integrated in models/fuel performance codes (FPCs)
should be carefully examined before concluding on specific behaviour.

PRESSURISED HEAVY WATER REACTORS

For CANDU- or pressure vessel-type heavy water reactors, the range of burnups is in
absolute terms much smaller than LWRs high burnups and thus some challenges of LWRs
such as HBS and heavy duty cladding utilisation is less of a concern. Also several possible
degradation mechanisms during dry storage are less important or non-existent; decay heats
and associated temperatures are much smaller, neutron source intensities virtually null and
hydrogen pickup and cladding embrittlement less problematic. In this sense, the further
extension of burnup for PHWRs is much more straightforward than in LWRs. Nevertheless,
fuel designers, operators and regulatory bodies could benefit enormously from the LWR
experience, when PHWR regimes begin to touch some of the well-known LWR phenomena
or limits. It refers, for example, to the design of free-standing cladding for PHWRs, increase
of fission gas release, pellet-cladding gap closure and mechanical interaction during normal
operation, etc.
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For achieving higher burnups, uranium mixtures and uranium-plutonium oxides could be
used. Utilization of reprocessed uranium can allow PHWRs to achieve higher burnup values
without the requirement for costly re-enrichment and additional poison loadings, and also
have significantly lower front end fuel cycle costs. The 10 000 — 12 000 MWd/tU average
burnup can be achieved in PHWRs by increasing the fissile content either by using SEU or
MOX. This may require slight or no changes in the current design of the fuel rod. For
achieving higher burn ups (~20 000 MWd/tU) free standing clad instead of collapsible clad,
which is currently being used in PHWRs, may be needed. Mixtures of plutonium oxide in the
form of MOX can also be carried out. This required few design changes such as use of free
standing clad, provision of plenum space, end plug adaptation, etc. Current and other
additives can be tried for achieving better results. Two stage sintering can be tried on boron-
bearing UO,. The two-stage sintering in achieving HBS looks very promising. Detail study of
this technique would be useful in a production scale plant. Addition of other alloying
elements in Zr — 1%Nb is being currently studied.

RECOMMENDATIONS FOR FUTURE WORK

It is clear that modification in fuel types and fuel cycle strategies will remain in constant
change also in future. This is driven mainly by the motivation to reach lower operational
costs through improved fuel economy and to maintain or improve safety margins. Operating
fuels closer to their limits and implementing latest state of the art fuel types impose increased
demand on licensing from the applicant as well as from the regulatory point of view.

At pellet level, investigations on the possible impact of the HBS under accident conditions
during operation, and at normal and accident conditions during extended storage and
transportation also in view of final disposal in a geologic repository, should continue to be
addressed. It is thus recommended to continue with high burnup fuel experiments that would
facilitate understanding of all related phenomena including fuel fragmentation and relocation
in order to address these issues properly within the licensing process. Predictive capabilities
of FPC for higher burnups have also been implemented since many years as well as the
accuracy of the various models integrated in FPCs. However, a full description of the
mechanisms leading to the formation of the HBS are not yet available and basic processes
need to be further investigated by designed experiment combined with modelling. The HBS
in fuel pellet i1s very important in retaining the fission gases. The inclusion of dopants, two-
stage sintering and other low-temperature sintering processes could contribute to prevent a
heterogeneous pellet structure or to minimize fission gas release during accidents. It is thus
encouraged to develop FPCs further to accompany these industrial trends.

At cladding level, it is recommended to make the best synergy between the studies on the fuel
and on the cladding, especially by analyzing the interface and the behaviour of the fuel in
constraint conditions. One should also not neglect the evolution of the fuel during cooling
before performing any PIE. To get more experimental evidence by PIE experiences to
guarantee the transportability of very high burnup spent fuel following a long-term dry
storage: creep, hydride reorientation, embrittlement, etc. Safety demonstrations to license the
operation of high burnup fuel and a very solid experimental program are required.
Underwater inspection and advance metrology techniques continue to be unavoidable tools
for monitoring fuel assembly behaviour.

In order to refine the modelling at a multi-scale level, basic mechanisms (single effect
studies) still need to be investigated and understood. The multi-scale approach formulating
the basic mechanisms (ab initio) governing the phenomena observed at meso-scale, such as
defects or dislocation behaviour, and finally responsible for the evolution of the fuel rod
needs to be further developed. However, the time scale and the parallel between the
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development of the basic experiments (e.g. ion implantation) and the modelling tools and
data are not fully in-line with the needs of the industry to licence fuel with higher burnups
today.

Finally, there is a strong recommendation from the expert’s panel to continue and improve
the collaboration and information exchange. Some of this is relatively straightforward, such
as the SEU experience on increased burnup in Atucha I being translated to Atucha II in
Argentina, and also to equivalent programs in other PHWRs. More challenging is the
information exchange between different organizations and between member states, whereby
the Agency plays already a significant role, so it is recommended to continue the series of
Technical Meetings. It is recognized thereby that given the variety of core designs (PWR,
BWR, VVER, and PHWR) the qualification of high burnup fuel management must be
conducted for each of these separately. However, cross comparisons are necessary to enlarge
the qualification database supporting the core and mechanistic fuel design codes. Cross
calculations between LWR fuel designers and PHWR fuel designers should be beneficial as
the operating conditions of these two fuels are widely different, although similar basic
mechanisms are involved. It is also recommended in this sense to get direct contributions
from relevant countries such as the USA, Germany and Japan, which unfortunately were
absent during this meeting.

Another benefit could be reached by promoting harmonization and regulatory cooperation in
the area of fuel types and fuel cycles licensing in order to minimize different approaches to
licensing among particular countries particularly if operating similar technologies and fuel
types. Even higher degree of standardization could be reached by development of
standardized scope of licensing documentation for licensing higher burnups. A good example
of this is the recently launched collaboration between the regulatory bodies of Brazil, the
Netherlands, Sweden and Switzerland, based on a number of symmetries and similar
conditions of their national nuclear industries. Such initiatives are welcomed and it is
recommended to continue and strengthen them.
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Abstract. The BaCo code was developed to simulate the nuclear fuel rods behaviour under irradiation. BaCo
has good compatibility with PHWR, PWR, VVER, among others type of fuels (commercial, experimental or
prototypes). The code includes additional extensions for 3D calculations, statistical analysis, fuel design, a full
core analysis and accident conditions —at work—. Research on new fuels and cladding materials properties based
on ab initio and multiscale modelling of materials (M?®) are currently under development to be included in the
BaCo code modelling. Examples of the code by using the cases of the CRP FUMEX of IAEA, new fuel
conditions, such as fuel burnup extension, dry storage and an approach of new materials, and an overview of our
present results of M? will be presented.

1. INTRODUCTION

The BaCo code (‘Barra Combustible’, Spanish expression for ‘fuel rod’) was developed at
the end of the 70’s in CNEA (Atomic Energy National Commission of Argentina) with the
purpose of studying the fuel rod behaviour under irradiation conditions [1, 2] and during
storage conditions [3, 4, 5]. BaCo gave the modelling support for the design of advanced
PHWR (CNEA-MOX [6] fuels CARA fuel [7]) and innovative PWR fuels (as the fuel for the
CAREM reactor [8]). The confidence in the results regarding the description of the fuel
behaviour under irradiation enables the inclusion of the BaCo code in several international
fuel code comparison programs as D-COM [9], CRP FUMEX I [10], 1T [11] and IIIL
Although the development of BaCo was focused on PHWR fuels, as CANDU [12] and
Atucha ones [13], the code holds a full compatibility with commercial —as PWR, BWR, and
VVER [14]-, advanced, experimental, prototypes and/or unusual fuels (as for example
uranium nitride and carbide at least for illustrative and comparative purpose).

The BaCo code includes additional tools as the software package for finite elements 3D
calculations [15] and the statistical analysis for advanced fuel designs by taking into account
the as fabricated fuel rod parameters and their statistical uncertainties [16]. BaCo allows the
calculation of a complete set of irradiations as for example the calculation of a full reactor
core [13]. It is of crucial importance nowadays to develop a better experimental and
theoretical knowledge of the processes related with the evolution of defects and the
accumulation of fission products for modelling the fuel behaviour under different operating
conditions and the evolution of a spent fuel over long period of time. The current
experimental database could be enough to support empirical correlations and modelling for
current fuels [17]. Nevertheless, new approaches are required if the actual fuel computer
codes will be used to simulate new materials and extreme situations as ultra-high burnup. The
unavailable data needed for new fuels development will be obtained through a multiscale
modelling (M?), a methodology that will provide the theoretical approach to model the
properties of materials through ab initio, molecular dynamics, kinetic Monte Carlo and finite
elements calculations over the relevant length and time scales of each method [18].
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2. THE BACO CODE

2.1. Main assumptions of the code

BaCo assumes azimuthal bi-dimensional symmetry in cylindrical coordinates for the fuel
rod [1]. Although angular coordinates are not considered explicitly, angular dependent
phenomenon, as well as radial cracking, are simulated through the angular averaging
method [19]. Also axial pellet cracking and relocation are included in BaCo. The hypotheses
of axial symmetry and modified plane strains (constant axial strain) are used in the numerical
modelling. The fuel rod is separated in axial sections in order to simulate its axial power
profile dependence. Rod performance is numerically simulated using finite time steps (finite
differential scheme). The modular structure of the code allows the description of phenomena
observed in the UO, pellet and the Zry cladding behaviour. The current version of BaCo can
be applied to any geometrical dimensions of cylindrical fuel rods mainly with UO, pellets
(either compact or hollow, with or without dishing) and Zry cladding. However, the code
allows us to calculate fuel rods with other materials for the pellets and the cladding as
metallic uranium, uranium carbide, uranium nitride (for pellets) and silicium carbide (for
cladding), at least for illustrative and comparative purpose, due to the simplicity of the
modelling included in BaCo of those materials.

2.2. Advanced Features of BaCo

BaCo 3D tools [15], parametric analysis [16], statistical analysis [16], full core calculations
[13] and graphical data post processing improve the code performance and the analysis of the
calculations [2].

2.2.1. 3D extensions

Although the BaCo code uses a quasi bidimensional approach, the use of several three
dimensional (3D) finite element features allow a complementary analysis of 3D properties, as
for example the stress-strain state at a specific period of time during the irradiation [15].

The BaCo code results were enhanced by using ‘ad hoc’ tools developed at the MECOM and
SiM? Divisions (Bariloche Atomic Centre, CNEA) [20]. The temperature profile, the crack
pattern and the boundary conditions (as the inner pressure, pellet stack weight, etc.), among
others, are calculated with BaCo as the input data to the 3D stress-strain state and the average
deformations of the UO, pellet.

The analysis of the radial fuel pellet deformation is presented as an example of the 3D BaCo
extensions. The Figure 1 includes the finite element mesh (with radial cracks), used for the
calculation, and the 3D stress-strain state represented with the radial deformations, hoop
stress and von Misses equivalent stress. We find a stress release close to the ridge position
due to the presence of the cracks and a similar situation due to the central hole. The Figure 2
shows a comparison between a VVER flat pellet and a pellet with a central hole. The second
plot of the Figure 2 shows a comparison between two pellets with and without a central hole;
here fuel cracks are included in the calculation. We observe that the central hole reduces the
radial deformations and the ridging at the fuel pellet. A preliminary conclusion of this
analysis is that pellets with central hole are more conservative that a solid one.
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FIG. 1. 3D mesh of a VVER pellet (with the central hole and 7 radial cracks), hoop tress (tangential
stresses), von Misses equivalent stresses and radial deformations as it was calculated with the 3D
BaCo tools.

FIG. 2. Radial deformation of a VVER pellet. On the left: a comparison of the use of a pellet with a
dishing and a flat pellet with a central hole. On the right: a flat pellet compared with a similar pellet
with a central hole by using a mesh with seven radial cracks.

We properly define BaCo as a quasi bidimensional code. However, the inclusions of the axial
power profile, the 3D extension and the original treatment of the pellet cracks, could allow us
to present BaCo as a quasi 3D code. In particular because there are self-defined 3D codes
typically use simetry of revolution, a reduced rod length, no axial power profile and/or axially
and radially distributed cracks. BaCo keeps its definition of a quasi bidimensional code.

2.2.2. Parametric analyses

The ‘parametric analysis’ is the study of the individual influence of each fuel rod parameter
in the fuel rod behaviour (temperatures, stresses, deformations, pressures, etc.). With this
analysis we find the correct weight of each fuel rod parameter in order to understand the fuel
behaviour with a far and wide scope. This technique is the second step in order to tune the as
fabricated tolerances with an engineering overview especially when we are designing fuel
elements [2].
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This BaCo tool can be extended to the parameters of the models of behaviour included in the
code. Then we can analyze the relative influence of each individual model and its parameters
in the full behaviour of the fuel rod.

2.2.3. Statistical improvements

For a better understanding of the uncertainties and their consequences, the mechanistic
approach must therefore be enhanced by the statistical analysis [16]. BaCo includes a
probability analysis within their code structure covering uncertainties in fuel rod parameters,
in the code parameters and/or into the fuel modelling taking into account their statistical
distribution. As consequence, the influence of some typical fabrication parameters on the fuel
cycles performance can be analyzed. It can also be applied in safety analyses and economics
evaluation to define the operation conditions and to assess further developments. These tools
are particularly valuable for the design of nuclear fuel elements since BaCo allows the
calculation of a complete set of irradiations.

Figure 3 presents the result of the probabilistic analysis for the pellet center temperature.
There is a temperature band with less than 200°C of uncertainty after reshuffling. This band
does not represent a big change in pellet grain morphology and the pattern of cracks. In fact
we find two bands, an upper wide band without pellet cladding contact and a narrow band at
the bottom of the calculated curves where pellet cladding contact is present. The difference in
the width of the bands is due to the uncertainty in the gap size (and the corresponding
uncertainty in the gap conductance). Points disappear from the upper band when burnup
increases and PCI is done, then the curve jump to the narrow bottom band and the uncertainty
in gap conductance is at a minimum.
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FIG. 3. Pellet center temperature results from the BaCo code probabilistic analysis of a SEU fuel rod
of Atucha I (Slightly Enrichment Uranium).

Figure 4 shows the hoop stress (tangential stress at the inner surface of the cladding) of
probably the most demanding fuel of the CAREM reactor [8]. The plot is including:

e The BaCo code calculation by using the standard values of the fuel,

e The calculation by using a combination of the fuel parameters which produces the
maximum temperature in the fuel (obtained by the estimation of the maximum gap
between pellet and cladding compatible with the as fabricated tolerances);
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e The calculation by using a combination of the fuel parameters which produces the
maximum hoop stress in the cladding (obtained by the estimation of the minimum gap
between pellet and cladding compatible with the as fabricated tolerances);

e The statistical calculation (in the background of the plot) showing the statistical
dispersion by taking into account a big set of calculation using random, and realistic, fuel
parameters as BaCo input data compatible with the as fabricated tolerances.

FIG. 4. Hoop stress analysis of the most demanding fuel rod segment of the CAREM fuel. It is
included the standard calculation (blue curve), the ‘maximum temperature’ situation (green curve)
and the ‘maximum hoop stress’ situation (red curve).

The obtained results showed a conservative design due to that the maximum stress is under
the defined value for a failure in this fuel rod.

2.2.4. Full core calculation

BaCo allows the calculation of a complete set of irradiations of the same fuel design and the
calculation of a complete core. We illustrate the performance analysis with the study of the
first SEU core of the Atuchal NPP [13]. Using the detailed power history of all fuel
elements, BaCo was used to calculate fuel behaviour indicators, like stresses, temperatures,
dimensions, pressures and gases releases. Figure 5 presents the maximum hoop stress reached
at the inner surface of the cladding for each fuel rod during each individual irradiation. The
average hoop stress values increase slightly with burnup and change from ~60 to ~40 MPa

depending on burnup. All the fuel rods are well below the O value to produce a failure due

to PCI-SCC (04 = 170 MPa) [21]. Stress reversal was found just in one fuel rod. The rest of
the rods are under compression during the irradiation. Figure 6 includes de maximum
temperatures. All the fuel presents a maximum temperature below ~1900°C with an average
value of 1700°C which decreases with burnup. We could expect columnar grains at the pellet
center of the fuel and for a few pellets a small hole. The values are acceptable for Atucha
fuel, because it has a relative thick pellet as compared with other self standing rods like
present PWR and BWR.
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FIG. 5. Maximum hoop stress at the inner surface  FIG. 6. Maximum pellet center temperature
of the cladding calculated for each fuel of the  calculated with BaCo for each fuel of the first
first SEU core of the Atucha 1 NPP. SEU core of the Atucha 1 NPP.

2.2.5. Accidental conditions with BaCo —at work—

At the 80's it was developed a set of BaCo expansions in order to simulate the thermal
phenomena taking place in a nuclear fuel rod. In particular the transients characterized for
high thermal gradients or fast temporal changes in the power generation or at the boundary
conditions. Phase changes may occur in the materials as a consequence of this evolution.
Those phenomena take place during accident conditions [22].

In case such accidents involving fuel material melting, the thermal process is transformed
into a heat transport phenomenon with a change of phase of the first order with absorbing of
energy. This problem, known as Stefan problem, in the case of a nuclear fuel has the
particularity of the existence of internal heat sources and high latent heat of the material.

A set of tools were developed in order to solve the thermal transients (program TRANS), to
solve the thermal transients with phase change and melting of the fuel and to model the UO,
melting under irradiation taking into account the nuclear fissions, the behaviour of the fission
fragments and the statistical theory of percolation (program MSA). Figure 7 shows the radial
temperature of a UO, pellet at different time steps during a high and fast power increment as
it was calculated with MSA plus BaCo [22]. The increase is compatible with a severe
accident and it is included the liquid phase in the figure.

Currently we are reissuing these programs in order to properly adapt it to the current version
of BaCo.
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FIG. 7. Pellet radial temperatures at different time steps including the liquid phase [22].

2.3. Advanced Applications of the BaCo code

In order to illustrate the use of the BaCo code with advanced applications we will present a
few appointments about our participation in the series of CRP FUMEX of the IAEA, the
simulation of the dry storage of spent fuels, the intention to simulate new materials for pellets
and cladding and the intention to couple BaCo with M? tools in order to obtain a sustainable
database of physical parameters of the materials of the fuel elements.

2.3.1. CRP FUMEX

The confidence in the BaCo code results regarding the description of the fuel behaviour under
irradiation enables the inclusion of the BaCo code in several international fuel code
comparison programs as D-COM [9], CRP FUMEX I [10], IT [11] and III.

The first edition (1993-1996) of the CRP FUMEX (Coordinate Research Project on Fuel
Modelling at Extended Burnup) of the IAEA (International Atomic Energy Agency) was
originally focussed on thermal and mechanical calculations; finally the thermal affairs were
mainly assessed. Several blind tests by using experimental data were provided for the OECD
HRP (Halden Reactor Project) [10]. Figure 8 shows the FGR (Fission Gas Release) at EOL
End of Life), main result of the case 1. Figure 9 include the gas pressure calculated with
BaCo and the experimental data at specific shutdowns. We obtain an excellent agreement
between calculation and experimental data for both cases.
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FUMEX Case 2
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FIG. 8. BaCo calculation for Fraction of FGR,  FIG. 9. Pressure in the rod vs. burnup for case 2.
case 1 of CRP FUMEX I. The experimental  The experimental data are the squared dots
result at EOL (End of Life) was FGR = 1.8 %. at the shutdowns.

CRP FUMEX 1II (2001-2006) was mainly devoted to FGR modelling. One of the most
demanding simulations was the case 15. The Rise National Laboratory in Denmark has
carried out programs of slow ramp and hold tests, the good agreement between the BaCo
calculation with the experimental data is presented in Figure 10. Figure 11 shows an idealized
and realistic representation of ultra high burnup experiment provided for AREVA. We obtain
good results in the range of the realist fuels without major changes in the fuel models of the
BaCo code.

FIG. 10. Pellet centreline data and calculation FIG. 11. BaCo code calculation of FGR
during the bump test. Case 15 of CRP FUMEX Il.  (idealized case provided by AREVA).

Case 27-a of CRP FUMEX II was a computational experiment to study the effects of linear
rating on FGR by comparing the differences between codes via parametric studies. We are
pushing the limits of the codes with this simulation due to the ultra high burnup at EOL of
this CANDU fuel. Those fuels have not plenum and they can not accommodate the FGR. Due
to that reason and the high power (and fuel temperature) we obtained high levels of inner gas
pressure not compatible with the integrity of the fuel rod (see Figure 12). They were
presented similar situations of overpressure for the others participants of the CRP who
presents their results.

A complement of the CRP FUMEX II was carried out with PHWR experimental data
produced for BARC, India [23, 24]. Figure 13 shows the calculations of all the participants of
these exercises where a great dispersion was found. It was clear the need of an improvement
in the modelling of PHWR fuels at high power.
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FIG. 12. Internal gas pressure (BaCo, CNEA, FIG. 13. Code calculations of the pellet center
Argentina). Coolant pressure as reference. temperature of an outer fuel rod of the PHWR
A PHWR case of CRP FUMEX IL. bundle K1-56504 of BARC, India.

Figure 14 includes the BaCo calculation of the pellet center temperature of an outer fuel rod
of the AECL-JC-Bundle at three axial segments It was included the Vitanza threshold in
order to take a first approach to FGR [23]. The calculation of the expected behaviour at dry
storage conditions will presented below.

Figure 15 show the statistical dispersion of the hoop stress of a MOX fuel experiment
provided for CNEA at the IFPE and selected as a mandatory case of the CRP FUMEX III [6].
We obtain a top value over the threshold for a PCI-SCC failure [21]. These calculations were
performed previous to the experiment due to the fact that BaCo was used in order to define
the parameters of this experiment and as a frame to analyse the PIE [6].

FIG. 14. Fuel pellet center temperature. Outer FIG. 15. Hoop stress (including a sensibility
fuel rod of the Bundle AECL-JC. analysis) of the CNEA-MOX-RAMP case (CRP
A PHWR case of CRP FUMEX III FUMEX I1I).

2.3.2. Fuel behaviour under dry storage conditions

It is usually accepted that the fuel element must not fail during the operation of the power
plant. However, the fuel integrity must also be kept during the intermediate storage at pools
and/or silos. The simulation of the fuel behaviour under dry storage conditions can be
calculated by using BaCo as an extension of the normal application of the analysis of nuclear
fuel elements under irradiation. The safe conditions of storage, in particular the temperature
of the dry storage system [25], can be analyzed and the results are briefly presented here [3-
5].

We simulate that condition with BaCo by using an extension of the normal power history
under irradiation. We continue the calculation after end of life (EOL) with new boundary
conditions (in particular the pressure and the temperature of the dry system of storage) and
without an inner source of heat in the pellet (zero power and burnup). The calculation is
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strongly simplified and the behaviour will just present small variations but with a widest time
scale. Figure 16 includes de FGR (Fission gas release) against burnup with those conditions
for an advanced CANDU fuel included as an exercise of code comparison in the CRP
FUMEX III of the IAEA. The peak at EOL represents the FGR for ~10 years of storage in
dry conditions (in this case with a temperature of 300°C). There is an increment of the FGR
due to the thermal condition of storage. Figure 17 is the same of the previous one but against
the time. FGR increases continuously in time due to a process thermally activated as it was
found in Ref. [25] by using the semi empirical FGR model included in BaCo [1, 2].

FIG. 16. FGR during irradiation and dry storage  FIG. 17. The plot of the Fig. 1 but vs. time.
conditions vs. average burnup. The FGR at EOL  FGR is due to a process thermally
(End Of Life) is ~6%, the final peak is the release  activated. Temperature of storage 300°C.
(~10%) during dry storage at 300°C (without

irradiation conditions —no burnup-).

Figures 18 and 19 shows a stress analysis of two different PHWR fuels during the operation
and during the dry storage. We found that there is a small increment of stresses and gas
pressure into the fuel rod due to a small fission gas release thermally activated in the presence
of the corrosive elements or compounds as I, Cs, Csl, etc, due to the accumulated burnup [21].
A stress corrosion cracking (SCC) failure could be achieved in the fuel due to the accumulated
damage of the cladding during irradiation and the small but constant increment of FGR [3, 4, 5,
25]. The result of the statistical analysis of BaCo indicates that the integrity of the fuel is
determined by the manufacture tolerances and mainly the solicitations during the NPP
irradiation. The main conclusion of the present study is that the fuel temperature of the device
should be carefully controlled in order to ensure safe storage conditions.

FIG. 18. Inner pressure of the fuel rod due to the free gases of an experimental CANDU fuel (one of
the CRP FUMEX III cases). The red curve is the pressure outside of the cladding (the pressure of the
coolant during irradiation and the ambient pressure -1 atm- during storage). The coloured curves are
the parametric analysis by changing the temperature of the dry storage device (from 100°C to
400°C). The plot includes the statistical analysis of the inner pressure of the fuel rod due to a storage
temperature of 300°C (cyan line in the plot).
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FIG. 19. Hoop stress of the Atuchal fuel during irradiation (mainly the cladding is under a
compression state of stresses) and during the dry storage at four different temperatures for the
storage (where the cladding is under a tensile state). The plot includes the statistical analysis of the
hoop stress with a temperature of the storage device of 300°C (cyan line in the plot).

2.3.3. New materials for new fuels with BaCo

The symmetry of revolution adopted for the fuel rod and the modular structure of the code
allows us to include new materials for the fuel pellet, the cladding and/or the filling gases by
taking into account the requirements of the new reactors defined in the Generation IV
initiative [26]. Two examples of the use of BaCo are presented as an approach of the
behaviour of SiC claddings, Figure 20 includes a comparison of the evolution of the UO,
pellet radius by using a Zry-4 and SiC claddings in PWR conditions. The difference of
behaviour is due to that Zry is a metallic alloy and SiC is a ceramic. Figure 21 shows the
temperature radial profile by using different materials for the pellets (metallic U, Uranium
Carbide, Uranium Nitride and UO,). It is clearly shown the strong reduction of the fuel
temperature when a material with a good thermal conductivity is used. The previous results
highlight that the BaCo code is ready to be applied to Generation IV reactors where that
geometrical condition of the fuel is included for these materials or another ones under
development.
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FIG. 20. Pellet radius evolution of two fuel rods FIG. 21. Fuel pellet center temperature of a 26
with Zry-4 and SiC cladding irradiated in PWR mm diameter CANDU pellet with a power density
conditions and at constant power. of 250 W per cubic meter.

3. TOWARDS THE M? OF NUCLEAR FUEL MATERIALS FOR GENERATION IV
REACTORS

There has been a considerable interest in actinide nitrides and carbides during the last years
due to the Generation IV reactor initiative. The current experimental database could be
enough to support empirical correlations and modelling for current fuels. However, the
development of new theoretical approaches are required if the fuel computer codes available
nowadays will be used to simulate new materials and extreme situations in future research
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programs. The Multiscale Modelling of Materials (MMM or M?) allows the study of complex
phenomena as the behaviour of new fuels and cladding materials and could provide a
theoretical methodology to obtain the required information. The M?* methodology is based on
the electronic structure calculations through ab initio codes followed by the development of
effective or model potentials to be used in molecular dynamics and kinetic Monte Carlo
codes. However, molecular dynamics simulations require an intensive use of powerful
computers and therefore the interatomic potentials to be used must be computationally
efficient as well as physically appropriate for the description of the properties of the fuels and
cladding materials to be used in the Generation IV reactors. Although there are several
possibilities for developing an interatomic potential, by fitting the parameters to experimental
or theoretical data, the approach followed in this research is different. Mainly, it is an attempt
to compute the physical and thermal properties through a parameter-free pairwise potential
computed from the first principles calculations of the cohesive energy coupled to the Chen-
Mobius lattice inversion method [27, 28]. Pure Th, in the fcc (faced centred cubic) structure,
was used in this work as a test element to check the accuracy of this methodology to describe
their thermal and elastic properties. In doing so, this study focuses on the ability of a
parameter-free pairwise potential to maximize the information by examining the accuracy of
predicted properties against both ab initio and experimental results. It will be shown that it is
possible to describe with a high accuracy the behaviour with temperature of the fcc Th
properties without using molecular dynamic or ab initio phonon calculations.

The cohesive energy was obtained from the full potential LAPW method as it is implemented
in the WIEN2k code [29, 30]. The energy curve of fcc Th thus obtained was fitted with the
equation of state (EOS) of Birch-Murnaghan to obtain the lattice parameter, equilibrium
volume Vo, the bulk modulus Bo and its derivative Bo'. The temperature effects on fcc Th
properties can be computed by using the pair potential combined with the quasiharmonic
approximation [31]. Based on the computed elastic constant and by applying the quasi-
harmonic approximation, it is possible to study the thermodynamic properties of Th such as
thermal expansion coefficient, Griineisen parameters, and Debye temperature. The calculated
lattice parameter, bulk modulus, elastic constants at T=0 K and related magnitudes are
summarized in Table 1. They are compared with experimental data and previous theoretical
results computed from ab initio phonon calculations.

TABLE 1. PHYSICAL AND THERMAL PROPERTIES OF fcc TH

a Bo Bo’® CH C]g C44 eD
[A’/at] | [GPa] [GPa] [GPa] [GPa] K]
Experiments
Armstrong [32] 32.95 58 78 48.2 51.3
Greinier [33] 32.88 | 60.37 80.79 50.16 50.31
Vohra [34] 32.88 | 54/55/| 3.0/3.8/4.
Evans[35] 32.66 59 1
Bellusi[36]
Lawson[37] 58 42 163 £
3
ab initio results
FP-LMTO[38, 39] 29.6 63 55.3 353 45.9
ABINIT [40, 41] 31.7 56 86 39.5 58.4
WIEN2k [42] 3243 | 57.11 3.05 75.6 40.87 52.76
model potential [43] 67.5 78.3 62.2 39.9
phonon T = 300K [44] 32.43 | 50.01 4.08 81.4 40.73 49.47
WIENZ2k (this work) 32.31 57.1 82.0 40.7 56.5
free-parameter

28



a Bo Bo’ CH C]g C44 eD
[A’/at] | [GPa] [GPa] [GPa] [GPa] K]
potential (this work, 32.77 54.6 3.6 75.6 44 441 161.7
[45])

a: lattice parameter, Bo. bulk modulus, Bo": bulk modulus derivative, Cy;, Ci; and Cyy. lattice
constants, and 0p: Debye temperature.

It is important to remark here that the behaviour of the elastic constant versus temperature is
one of the most relevant and difficult set of properties to be described accurately by any
interatomic potential or ab initio method. Their calculations require the resolution of small
energy shifts that arise when the lattice is slightly distorted by applying different strains.
Previous theoretical results show an average error around 8% in Th compared to experiment.
The elastic constant obtained in this work are in well agreement with the expected results
obtained from a pair potential with an error of 0.3% and 8% for the elastic constants C;; and
C,, respectively. The errors are similar or less than previous theoretical results based on ab
initio phonon calculations, as shown in Table 1.

The methodology under current development [45] has proven to be very useful also in the
determination of the volume dependence of the free energy at a given temperature and the
description of the temperature and pressure effects on the Th properties. It is shown that the
parameter-free pair potential presented in this work describes the structural properties of
fcc Th, as volume vs. pressure and lattice parameter vs T with accuracy comparable to ab
initio phonon calculations. Figures 22 and 23 show these results. Figure 24 compares the
theoretical results of this work for the behaviour of the C;; and Cj, elastic constants and
Poisson’s ratio versus temperature with previous ab initio methods and experimental data.
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FIG. 22. Volume vs. pressure equation of state for
fec Th. The experimental result of [46] (open circles)
are compared with ab initio phonon calculations
[40] (short-dashed line) and [44] (red full circles),
the FP-LMTO calculation [38] (dot-dashed line), the
ab initio plus mean field potential approach [47]
(dashed line) and the results of this work (solid line).

FIG. 23. Reduced lattice constants a(T)/a(0)
versus  temperature  for  fcc Th. The
experimental results of Armstrong et al [32]
(red full circles) and Lawson et al [37] (open
circles) are compared with the ab initio
phonon calculations [44] (dashed line), ab
initio plus Debye model [48] (dot-dashed
line) and this work (solid line).
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FIG. 24. a) Elastic constants Cy; (full symbols) and Cy, (open symbols) (in GPA) versus temperature
(in K); b) Poisson’s ratio v versus temperature. The experimental values are from Armstrong et al
[32] (diamond) and Greiner et al [33] (circles). The theoretical calculations are from the ab initio
phonon calculation of Refs. [40] (up triangle) and [44] (down triangle), the ab initio results of Refs.
[38] (square), [42] (vight triangle) and [43] (left triangle), and the free energy approach of this work
(solid and dashes lines for Cy; and Cy,, respectively. Solid lines for Poisson’s ratio).

The methodology under current development [45] has proven to be very useful also in the
determination of the volume dependence of the free energy at a given temperature and the
description of the temperature and pressure effects on the Th properties. It is shown that the
parameter-free pair potential presented in this work describes the structural properties of
fcc Th, as volume vs. pressure and lattice parameter vs T with accuracy comparable to ab
initio phonon calculations. Figures 22 and 23 show these results. Figure 24 compares the
theoretical results of this work for the behaviour of the C;; and Cj; elastic constants and
Poisson’s ratio versus temperature with previous ab initio methods and experimental data.

It is noteworthy the agreement between the result of this work with the experimental and
previous theoretical ones based on phonon calculations. The results presented here highlight
the point that although the thermodynamics properties like lattice parameter vs. T and
pressure EOS are accurately described, it is needed to compute the elastic properties with
more precision and less dispersion between the theoretical methods, as it is shown in Figure
24. The next step in our research will be to build an n-body free-parameter potential suitable
to be used in molecular dynamic calculations in order to predict the microstructure evolution
and atomic site redistribution in fcc Th and multicomponent Th-based nuclear fuel.

4. CONCLUSIONS

The modular structure of BaCo allows the inclusion of new models and material properties.
Taking into account this advantage, this work presents an overview of the BaCo code
capabilities by using the cases of the CRPs FUMEX of IAEA, the analysis of the fuel
behaviour under dry storage conditions and the use of new materials, as SiC, for the fuel
cladding and advanced nuclear fuel materials for the pellets, as UN and UC. The condition to
start these analyses is to keep the symmetry of revolution of the fuel. But, new approaches are
required if the actual fuel computer codes will be used to simulate new materials and extreme
situations in future research programs. Those needs could be covered by using M? in order to
extend the field of application of the modelling and the code. Actinides nitride and carbide
represent examples of the limitation found in the research of new fuel and materials due to
the limited available experimental information. The results presented in this work suggests
that modelling has reached the point where effective and practical answers can be obtained,
becoming a source of experimental information to current relevant problems in Generation IV
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framework. This work highlight that BaCo is ready to be applied to Generation IV reactors, if
the fuel has symmetry of revolution. 4b initio and M? can enhance the field of application of
the code by including a strong physical basement covering the unavailable data needed for
those improvements.

We emphasized the use of the codes for the simulation of the behaviour of nuclear materials
and fuels in order to promote the concept of modelling support for nuclear fuel design and
experiments instead of experimental support for fuel modelling.
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Abstract. The formation of the RIM- or High Burnup Structure (HBS) is possibly the most significant example
of the restructuring processes affecting commercial nuclear fuel in-pile. The HBS forms at the relatively cold
outer rim of the fuel pellet, where the local burnup is 2-3 times higher than the average pellet burnup, under the
combined effects of irradiation and thermo-mechanical conditions determined by the power regime and the fuel
rod configuration. The main features of the transformation are the subdivision of the original fuel grains into
new sub-micron grains, the relocation of the fission gas into newly formed intergranular pores, and the absence
of large concentrations of extended defects in the fuel matrix inside the subdivided grains. The characterization
of the newly formed structure and its impact on thermo-physical or mechanical properties is a key requirement
to ensure that high burnup fuel operates within the safety margins. This paper presents a synthesis of the main
findings from extensive studies performed at JRC-ITU during the last 25 years to determine properties and
behaviour of the HBS. In particular, microstructural features, thermal transport, fission gas behaviour, and
thermo-mechanical properties of the HBS will be discussed. The main conclusion of the experimental
campaigns is that the HBS does not compromise the safety of nuclear fuel during normal operations.

1. INTRODUCTION

Extension of the authorised burnup of LWR fuel is an important issue for nuclear reactor
operation. The benefits of increased fuel burnup are a decrease in the volume of spent fuel
discharged and fuel cycles cost. It also leads to less refuelling operations and thus higher
availability. With the increase of the burnup, it has become important to establish the
practical limitations that may arise from the physical evolution of the fuel. A possible
limitation being the restructuring of the UO; fuel that occurs at the pellet periphery in high
burnup LWR fuel. This restructuring was observed for the first time in very high burnup fuel
in the late 1950s as described by Belle [1]. It is generally called the high burnup structure
(HBS) or rim structure. This structure starts to form when the local burnup exceeds about
60MWd/kgHM. The formation of the HBS is characterised by four consecutive phases: sub-
division of the original grains by polygonisation, loss of xenon from the new grain structure,
formation of micrometer sized pores in the re-crystallized new structure as a result of
diffusion of fission gas out of the new grain structure, growth of the new pores with increase
in the local burnup as they collect the gas that continuously flow from the surrounding re-
crystallised grains.

The HBS has been extensively investigated for almost 25 years and many properties and
characteristics of this structure have been measured, including microstructure changes, fission
gas release and xenon depletion, porosity, thermal conductivity, oxidation state, and lattice
parameter [2-10]. But there are still some discussions about this high burnup structure
formation processes [11] and its behaviour in accidental condition.
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2. MICROSTRUCTURE

2.1. Microscopy

At average burnups above about 45 GWd.t"', a porous outer ring is formed in nuclear UO,
fuels with a typical thickness of 100 to 200 pm (which corresponds to 4-8% of the fuel
volume) [12]. In this region, the local bumup is largely increased by a factor 2-3 due to Pu-
formation by resonance absorption of neutrons [13].

The new structure, today called High Burnup Structure (HBS) is more precisely characterized
by grain subdivision and redistribution of fission gases and extended defects. The original
grains, with a typical size of around 10 pm, subdivide by a factor of ~10* into sub-micron
grains with a size of about 0.1 — 0.3 um. The fission gas is removed from the fuel matrix, and
is retained in a high concentration of micron-sized intergranular closed pores; reported values
for the porosity fraction in the HBS can exceed 20% [14]. The microstructure of the
subdivided grains appears free of extended defects as will be shown below.

From the ceramographies shown in Figure 1, from fuel irradiated within a broad range of
burnups and temperatures it can be clearly seen that an extensive porosity forms at a burnup
and temperature threshold which has also been unambiguously confirmed by the scanning
electron microscopy (SEM) images shown in Figure 2. These thresholds lay around 70
GWd.t" for the burnup and ~ 1100 °C for the irradiation temperature respectively. The
discrete irradiation conditions do not allow more refined values at the time.

FIG. 1. Ceramographies of a series of samples irradiated in a matrix of burnup and temperature
range in the frame of the HBRP program rim. The dashed line indicates the threshold temperature
and burnup for the HBS formation (lower right corner) as evidenced from the increase in porosity.
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FIG. 2. SEM observations on the fracture surfaces of specimens irradiated at different burnups and
temperatures. All pictures have the same magnification. The dashed line shows the threshold for the
HBS formation (lower right corner).

Figure 2 shows the typical SEM images in the test matrix of burnup and temperature. Before
restructuring, most of the specimen has a structure characterized by original grains whose
average size is ~ 10 um. After restructuring, small divided grains with size ranging between
100 nm and 2 pm are observed.

More in detail, two structures, rounded grains at open surfaces and (bulk) polyhedral grains,
have been identified in the high burnup region of the fuel [15]. In one of his paper [12]
Matzke has introduced the term ‘cauliflower’ structure to describe the appearance of the fuel,
other authors have named the phenomenon the ‘rim effect’. The formation of smaller grains
at open surfaces (e.g. pores) shows a fractal appearance with the smaller grains having a size
of less than 10 nm as can be seen in Figure 3 on the 3 SEM micrographs. The determined
fractal dimension was 2.2 very close to the one of the cauliflower as the HBS was earlier
referred to [12]. The surface reorganization has been observed by scanning electron
microscopy [12, 16] and is accompanied by a bulk restructuring that is also observable by
scanning electron microscopy (see Figure 2) but is mostly investigated by transmission
electron microscopy (TEM) [17, 18]. The fuel transforms by a sub-division process in
polyhedral grains surrounding pores. The newly formed tiny grains are often found to be
slightly disoriented (a few degrees) [18]. A recent observation of a memory effect of the
original grains structure supports this assumption [9].
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FIG. 3. Secondary electron images showing the restructured pattern inside a pore of the HBS. The
fractal aspect can be noted at the different magnification.

More evidence of the restructuring can be visualized from TEM investigations [5, 7, 18-20].
The resolution of the instrument allows observing nanometer sized features being five metal
precipitates, nanobubbles, dislocations (lines, loops), etc. It is not intended to detail the
various microstructural aspects here but there is a clear difference between regular grains and
re-structured grains providing they differ only from the burnup point of view.

In the TEM micrographs of Figure 4 the burnup and temperature threshold for the HBS
formation are clearly seen if one accepts the formation of the ~200 nm size grains as a
significant result of re-structuring of the original ~ 10 um size grains. More specifically, the
images of the samples irradiated below 55 GWd.t" show that no re-structuring occurred and
that the grains contain numerous intragranular bubbles, dislocation loops or metallic
precipitates associated with fg bubbles. On the contrary for the samples with burnups above
70 GWd.t" and irradiated at temperatures below 1060 °C the formation of small grains with
sizes of about 250 nm is clearly seen. These grains do not contain visible defects and only
some remaining small fg bubbles are observed. Even if most of the gas is swiped out from the
re-structured grains the continuous process of fission will produce fission gases which will
start to cumulate in the small grains prior their release in the larger pores of the HBS. This
can be observed on the image of the sample irradiated at 1000 C and 75 GWd.t"! where small
intragranular bubbles are visible. In addition string of bubbles precipitated at the grain
boundaries are also observed in this later sample, whose connection can produce pathways
for gas diffusion towards the intergranular pores. It should be noted that depending on the
orientation of the grains towards the electron beam (diffraction conditions are limited in
terms of tilting in the modified TEM) the bubbles are not always visible or the contrast is
different. This is for example the case in the image of the sample irradiated at 82 GWd.t" at
510 C where the bubbles can be seen as black dots (in the preceding described sample they
were visible both as white and black dots in adjacent grains hence having different orientation
towards the electron beam).
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FIG. 4. Series of TEM bright field micrographs showing the microstructure evolution as a function of
the irradiation conditions (burnup, temperature). These images have been acquired in the frame of
the HBRP program [2]. The small restructured grains are clearly visible in the lower right corner
below the dashed line indicating the threshold for the HBS formation.

For the sample irradiated at very high burnup (92 GWd.t") and at very high temperature
(1310 °C) no re-structuring is observed. Rather a high concentration of dislocations is
observed highlighting the plastic behaviour of the fuel at this temperature. Most of the defects
produced at this temperature will also probably anneal reducing the facto the number of
extended defects that can be involved in the formation of sub-boundaries by sequences of
dislocation pinning-piling up-slight tilting of sub-grains.

Figure 5 allows one to define the burnup and irradiation temperature threshold of the HBS
formation: the burnup threshold is between 45 and 70 GWd.t", and the temperature threshold
could be around 1100°C [21]. In the restructured specimen, polyhedral grains with size
ranging between 0.5 and 2 um were observed away from the coarsened bubbles, while
rounded grains in the size range 150-350 nm are only observed on the inner surface of
coarsened bubbles, as shown in Figure 3. The size of polyhedral grains decreases as burnup
increases. This can be explained by assuming that a homogeneous grain sub-division process
takes place in the grains, forming smaller polyhedral grains. The formation of rounded grains
might be due to the effect of free surfaces. This, in turn, would suggest that the HBS structure
formation is independent from the existence of pores.
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FIG. 5. Burnup and average irradiation temperature of the 16 stacks of HBRP. The extremes
represent the temperature difference between the surface and the centre of the discs, obtained by a
finite element calculation [2]. The outer dark blue dashed area delineates the burnup temperature
range where re-structuring is partly achieved and the light blue the area where full restructuring is
observed.

2.2. Electron Probe Micro-analysis (EPMA) and Secondary Ion Mass spectrometry
(SIMS)

In addition to the characteristic grain restructuring and porosity development in the HBS one
of the main question concerns the fate of the fg. Mogensen et al. [22] determined the radial
xenon concentration profiles by X-ray fluorescence (XRF) and EPMA of commercial low-
enriched BWR fuel with burn-ups of 44.8-54.9 GWd.t" and high enriched PWR fuel with
burnups from 62.5 to 83.1 GWd.t"'. They found that the percentage of gas released from the
UO, grains in the outer region of the fuel was generally small compared with the percentage
released from the pellet cross-section. This is consistent with the current understanding that
most of the fission gas released from the fuel when the high burnup structure forms is
retained in the new pore structure. This has been also confirmed by Spino [3, 23-25] who
showed that at least up to 250 GWd.t" local burnup and 25% local porosity no relevant
interconnecting paths between pores were present in the HBS as well as by Knudsen cell
fission product release measurements by [9]. Electron probe microanalysis was used in ITU
to estimate the radial extent of the transformation of the microstructure by measuring the
distance from the pellet edge over which Xe depletion in the fuel matrix occurs. In Fig. 6 the
local Xe concentration measured in the outer regions of UO, fuel sections is plotted as a
function of the local burnup. The steep fall of the Xe concentration at burnup around 60
GWd.t" marks the onset of the recrystallisation process. At burnups over 120 GWd.t" the
constant low Xe concentration indicates that the fuel microstructure transformation is
complete.

39



1.5

Onset of . Transformation of the
recrystallisation microstructure complete

1.0
S
=
g
=
o
Q
o
<

0.5

o @00 o © L4 °
°
.. [
0
0 150 200

Burnup, MWd/kgHM

FIG. 6. EPMA results for the local concentration of xenon in the outer region of UO, fuel related to

the local burnup. The peak concentration at 60 to 75 MWd/kgHM marks the burnup threshold for the
formation of the high burnup structure.

Using SIMS [26] it has been confirmed that the fission gas lost from the matrix is contained
in the pores of the high burnup structure (Figure 7) and that little gas, if any, is released to the
rod free volume either when recrystallization occurs, or with increase in burnup above the
threshold value once the high burnup structure is established (Figure 8).
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FIG. 7. SIMS depth profile for "’ Xe in the high burnup structure produced with a (160); primary ion

beam at a high current density of 154 mA/cm’. The spikes are caused by the expulsion of gas from the
pores in the microstructure. Time is equivalent to erosion depth.
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FIG. 8. The local concentration of retained xenon in the outer region of UQO, fuel as measured by
SIMS and EPMA. The steep increase in the SIMS profile at the fuel surface indicates that almost all
the gas missing from the UO; matrix is contained in the pores of the high burnup structure. Note that
in the interval between r/r, =0.80 and 0.95, the gas is present as an atomic dispersion.

An important question with implications for the behaviour of the high burnup structure
during a reactor accident is the pressure of the gas in the pores. The Xe intensity spikes in the
SIMS depth profile in Figure 7 can be converted to concentration using the matrix intensity
level which 1s known from EPMA to correspond to about 0.25 wt%. Knowing the size
distribution of the pores in the high burnup structure, the gas pressure can then be estimated
from the Xe concentration using a hard sphere equation of state [26]. With this method the
average pressure of the gas in the pores was found to be 45 MPa. Thus, the pores of the high
burnup structure are overpressurised, but generally not excessively so. Consequently, it
would appear that few of the pores present in the high burnup structure are sufficiently
overpressurised to initiate fragmentation of the fuel during a reactor accident as could be
experimentally observed during a laboratory high temperature annealing of a very high
burnup sample [9].

3. GAS RELEASE

Fission gas (fg) release from the fuel pellet, hence excessive internal pressurization of the
fuel rod could lead to a reduction of the thermal contact between fuel and cladding, thus
increasing the fuel temperature. This may ultimately lead to fuel rod failure in the case of
accidental transients. It was feared that the formation of the HBS could lead to a slight
increase in the oxygen potential starting at a local burnup of 80 MWd/kgU [23]. It could
therefore be expected that the release of the fission gases could be enhanced. However, as
previously reported [23, 27, 28] the LWR fuel remains stoichiometric or slightly
hypostoichiometric. It was also thought that the HBS porosity would induce an enhanced
mobility of the fission gases during normal conditions and that there was a new source for
fission gas release occurring directly from the restructuring at high burnup.

The release of fg is in fact strongly affected by the irradiation temperature. During normal
operating conditions LWR fuel experiences temperatures between ~13001500 K at the pellet
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center and ~600-800 K at the rim. Measurements of fg release both in-pile and after fuel rod
discharge do indicate an increase of the fraction of gas released with increasing burnup. For
instance, post-irradiation examination data from rod puncturing tests reported by Manzel and
Walker [29] indicate fg release between 5-10% at an average burn-up of 50 GWd.t", and up
to almost 25% for fuel with a very high average burnup of 100 GWd.t"'. The exact radial
location in UO, fuel pellets and the mechanisms responsible for fg release at high burnup are
not yet fully understood. However, it is now generally agreed that this release does not
originate from the HBS, but rather from higher temperature regions towards the axial center
of the fuel pellet, where temperature effects allow interconnection among intergranular fg
bubbles and the opening of pathways for fg release along the grain boundaries. Both special
irradiation [2, 10] and commercial fuel data [14, 24] indicate that almost all locally generated
fg is retained in the intergranular HBS porosity.

In addition to the analyses of fg by EPMA and SIMS some thermal desorption analyses were
performed using a Knudsen cell device [31].

Figure 9 shows the normalized fractional release of Krypton during a Knudsen cell effusion
test on very high burnup specimens (90-96 GWd.t"). In this graph it appears clearly that the
release of krypton is associated to the irradiation temperature and hence since the burnup is
very high to the microstructure of the fuel. Although the onset for release is similar for the
five samples, irradiated at the (almost) same burnup but at different temperatures, the
normalized fractional release profile is very sharp for the restructured samples on the contrary
of those irradiated at temperatures where restructuring does not occur (above 1100 °C).

The quantity of gas released from the HBS was shown to correspond to the theoretical
inventory and therefore that the restructuring process does not cause the release of the fg out
of the fuel pellet which is clearly a positive feature of the HBS.
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FIG. 9. ¥Kr normalized fractional release from UO, samples (HBRP) irradiated in the BU range 90-
96 GWd.t" at various temperatures.
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4. THERMO-PHYSICAL PROPERTIES

In fuel performance codes, the effect of the HBS on the heat transfer is generally included in
a correlation describing the thermal conductivity degradation

1
_AO+A1-bu+B-T

and the porosity build up in the HBS as well as in an improved gap conductance in order to
account for the bonding layer between the ceramic pellets and the metallic cladding. To this
end, for example, the cladding and pellet roughness is empirically reduced above a certain
burnup to account for the filling up by mainly zirconium oxide, which has a higher thermal
conductivity than that of the mixture of He and Xe in the residual gap.

Thermal conductivity degradation of the fuel is sometimes considered to saturate:

N
= D\/l:_u arctan(D«/E\fZ) + Ay

with A9 = 1/(A+BxT) and D is a constant. It can be shown that in the low burnup limit this
expression tends to the classical form of Ay. Occasionally partial thermal conductivity
restoration is even considered when the HBS is created. In this way account is made for the
‘cleaning’ of the matrix from point defects and fission products, which relies on an empirical
formulation of the lattice parameter variation. The latter approach seems to be in line with
recent experimental data.

The thermal diffusivity and the heat capacity of irradiated high burnup UO, fuels were
measured, and laboratory thermal annealing cycles with increasing maximum temperatures
were applied to examine recovery effects [32]. The most conspicuous decrease in diffusivity
was observed in high burnup samples subjected to in-pile temperatures of 600 K — 800 K.
These samples showed a decrease in conductivity of up to a factor of four compared to fresh
fuel. Analysis of the experimental measurements shows that the effective decrease of the
thermal conductivity during reactor irradiation is due to: a) atomically dispersed FP, b)
irradiation and self-irradiation defects, c) fission gas and volatile FP dynamically frozen in
the fuel during irradiation, d) fission gas precipitation and porosity evolution.

The important effects due to fission gas were interpreted by considering the possible states,
from gas-in-solid through bubble precipitation until intergranular swelling conditions.
Thermal annealing leads to defect annihilation, and to healing of the lattice with a consequent
recovery of thermal diffusivity.

The formation of the HBS has a positive effect by limiting the decrease in thermal
conductivity with burnup. The effect of this restructuring, which entails a significant decrease
in the fission-gas concentration dynamically dissolved in the matrix, can be clearly seen in
the graphs: the thermal conductivity at EOL, plotted in Figure 10 as a function of irradiation
temperature for different values of burnup, shows that the formation of the HBS has a
positive effect on the lattice thermal conductivity (i.e., if the trivial diminution due to fission-
gas swelling is not taken into account).
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as a function of burnup for different irradiation

Figure 11 shows the evolution with burnup of the conductivity measured at 900 K, for
different irradiation temperatures, normalised to 5% porosity. It can be seen that the samples
displaying the HBS have higher lattice conductivity than those irradiated at about 1200 K, a
temperature at which the HBS is not formed. One can see that only in samples irradiated at
Tir >1500 K does the lattice conductivity become higher than that measured in the HBS.
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In spite of the formation of the high burnup structure, the thermal diffusivity of the fuel at
100 MWd.t" was 55% higher than the value expected to result from the degradation caused
by the build up of fission products and point defects in the fuel lattice at this burnup. Clearly,
the higher thermal diffusivity and conductivity caused by the HBS formation is a
consequence of the removal of fission product atoms from the fuel lattice and healing of
radiation defects that accompanies restructuring of the fuel grains (part of the HBS formation
mechanisms). Moreover, the role of the pores of the high burnup structure as sinks for the
fission gas expelled from the fuel lattice during restructuring is more important than the
counter acting effect as barriers to heat transport. With the increase of burnup, large stresses
are produced in the matrix during laboratory annealing with sudden development of cracks.
The higher is the fuel burnup, the lower the temperature at which these processes are
activated. At 100 GWd.t' the fuel fragments at temperatures just above the in-pile
temperature. Therefore, a prediction of the thermal transport performance of the outer pellet
region of high burnup fuel (which exhibit the HBS) under transient conditions is still
uncertain, and further measurements must be conducted where the thermal diffusivity is
measured under restrained conditions.

5. THERMO-MECHANICAL PROPERTIES

The effect of the long irradiation time in the mechanical analysis by means of fuel
performance codes is mostly accounted for in the cladding properties. In fuel, on the other
hand a reduction of the micro-hardness (Fig.12) and Young’s modulus (Fig. 13) has been
observed in high burnup fuel pellets, but this is not yet included in the fuel performance
codes. This also holds for the bond between pellet and cladding. On the one hand, it improves
the pellet-cladding interaction resistance since it is much softer than UO,. On the other hand,
the pellet-clad bonding would make the cladding subjected to a bi-axial stress state due to
pellet stack elongation. This bi-axial stress state is a mechanically more tough condition for
cladding.
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FIG. 12. Experimental values for micro-hardness of irradiated UO; fuel with a burnup of 98 GWd.t'

FIG. 13. Experimental Young’s modulus of irradiated LWR fuels as a function of burnup.
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6. MODELLING OF FISSION GAS BEHAVIOUR

The first simple model for the HBS formation in oxide fuels that was implemented in the
TRANSURANUS code [33] was proposed by Lassmann and relied on the local burnup value
alone. More precisely, above a certain local burnup threshold, the HBS formation was
assumed to start, resulting in the reduction of the fission product concentration in the matrix,
concomitant with the formation of large HBS pores. Above a second burnup threshold, the
HBS was assumed to be saturated, leading to a release of any additional gas arriving at the
HBS pores. This second assumption has been questioned, since more recent analysis showed
that the HBS pores remain closed up until local volume swelling values of 25 % and
negligible release was observed from the HBS during normal operating conditions.

The open questions about the HBS formation mechanisms and properties triggered new
experimental campaigns, largely based on disc irradiations in order to assess the separate
effect of the local temperature and burnup. The results revealed that the HBS formation only
takes place below a certain temperature limit, which is attributed to defect healing. Therefore
Khvostov et al. [34] proposed a so called effective burnup, which accounts for the fact that
when the temperature exceeds a certain limit defect annealing will prevent further
accumulation of the effective local burnup that is used for predicting the onset of the HBS
formation. A recent critical re-analysis of published and new data along with a multi-scale
and multi-physics simulation provided lead to the suggestion of a new temperature dependent
effective burnup:

Abueﬁr = 0 T> ]_;h

where T is the local fuel temperature expressed in °C, Abu is the considered burnup
increment and Ties 1 the temperature threshold in °C for healing of defects.

res

res

The swelling caused by the HBS pores is mostly modelled separately with a very simple
linear or quadratic function of burnup (Figure 14).
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Based on the new model for the HBS formation as a function of temperature and burnup, a
new model for the release from this structure under design basis accident (DBA) is being
developed, which depends on the local temperature levels, the effective burnup and should
account for any constraint effect. It relies on local experimental data obtained from HBS
samples in a Knudsen Cell that is coupled with a mass spectrometer [31], as well as on the
basis of integral results observed in fuel rod segments. The internal gas pressure, especially
after a RIA, is remarkably enhanced by the burst release of fission gas following the grain
separation, and is generally correlated with the peak fuel enthalpy. The fission gas originates
mainly from the intergranular gas bubbles, even though some contribution comes from gas
pores within the grains and the high burnup structure. Although few models consider the
thermal diffusion process of fission gas atoms from inside the grains, it is generally
considered that it can be substantially neglected. This is mostly explained by the short
duration of the high temperature period of the pellet (e.g. a few or several tens of seconds) to
allow for the thermal diffusion to contribute significantly to the FGR increase, even if the fuel
pin runs into a DNB phase. In the case of a LOCA, the time-interval is much longer and the
mechanical constraint on the fuel - hence the HBS pores and grain boundary bubbles - is
lower, causing a larger contribution to the internal gas pressure increase. The constraint effect
must therefore be accounted for in the model describing the behaviour of the HBS pores
during DBAs.

7. CONCLUSIONS

The acquisition of experimental data specifically targeted at assessing key properties and
behaviour of HBS has produced a widespread consensus on the main features and properties
of the HBS structure. The technology concerns related to fg behaviour, swelling and fuel
cladding mechanical interaction, and thermal conductivity of high burnup fuel under normal
operating conditions have been positively addressed and today’s LWR fuel operates to
burnup levels which encompass the formation of HBS with no specific reported issues. The
experimental data on HBS are incorporated in some fuel performance codes with good
success [30, 33, 34].

HBS is the self-reorganization of the fuel to respond to the radiation damage and harsh
thermo-mechanical conditions established in-pile. All the models proposed converge and
show evidence that the formation of the HBS is ultimately driven by and results in the
minimization of the local internal energy of the system.

Several campaigns have been undertaken to test possible routes (including fuel grain
additives and special fabrication procedures) to delay or avoid the onset of the HBS
formation, mainly for concern of enhanced fg release from restructured fuel during oft-
normal conditions (e.g. sudden temperature excursions).

There are still open questions concerning the mechanisms driving the HBS formation and its
evolution during continued irradiation (data for UO, fuel with a local burn-up in the range
160-250 GWd.t 'were collected [6, 9, 29]. Further investigations, combining microstructural
and microanalytical experimental studies using state of the art characterization tools (e.g.
TEM and SIMS) and a multi-scale modelling approach will possibly provide answers to these
questions.
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Abstract.

Atucha I is a pressurized heavy water reactor, cooled and moderated with heavy water by two separate systems.
In the year 1985, several natural uranium fuel elements failed owing to pellet-cladding interaction (PCI), after a
cycle of power.

The aim of this work is to assess TRANSURANUS Code capabilities regarding PCI failure prediction for
Atucha-type fuels by using the available information from the above mentioned incident. Input preparation
required the revision of old site data, recount on historical fuel rod design changes, and the execution of new
neutronic simulations. A base case was calculated with as-delivered code executable and using recommended
input parameters. Afterwards, a very detailed sensitivity study was conducted. The purpose of it was to assess
the influence on results of model parameters and especially of fuel material properties. The SPAKOR PCI
model on TRANSURANUS code was also studied and some model parameters were updated for Atucha type
fuels, in particular Young modulus of Zr-4 and yield and rupture stresses for burst tests, provided by the fuel
vendor (CONUAR). Overall results were compared and finally an Atucha-suited re-compiled code executable
was selected for oncoming PCI calculations of Atucha-type fuels. Furthermore, uncertainties in power history
data were identified and therefore it was concluded that boundary conditions provided in the performed
calculations highly influenced failure/non failure code predictions. In light of this, it was concluded that results
had to be analyzed on a global basis for each of the calculated sensitivity cases.

The performed assessment contributed to gaining confidence on TRANSURANUS Code predictions when
simulating natural uranium fuels of low burnup, for which phenomena have not been deeply investigated lately,
as this type of fuels is rather unusual among the fuel designs currently found in the nuclear industry.

1. INTRODUCTION

TRANSURANUS Code is a computational program used to perform the thermal-mechanical
analysis of the fuel rods from nuclear facilities. In spite of the large amount of successful
validations, rarely do they base on data of PHWR fuels of low extraction burn up.

As this software has been lately utilized to predict Atucha 2 fuels behaviour in different
conditions, the need of assessing it for Atucha-type fuels arose. This work was performed to
gain confidence on the predictions of PCI/SCC failure made by SPAKOR subroutine of
TRANSURANUS Code. By simulating a real event occurred in Atucha 1, code results were
assessed and the modification of some parameters from the source code was justified for this
type of fuels.

2. OVERVIEW OF THE STUDIED TRANSIENT

Atucha 1 nuclear power plant is a two loop, nearly 345MWe Pressurized Heavy Water
Reactor nuclear power plant, constructed by Siemens KWU, which is in operation since 1974
in Lima, Argentina. In the 1980s Atucha 1 was not operated as a base loaded plant, so it was
usual to cycle power according to the electrical power output demand. As an example of this,
the evolution of global power from June 11th to June 14th 1985 is shown in the figure below
(Figure 1).
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On June 14th of 1985 10 fuel elements failed owing to PCI/SCC as a consequence of a severe
power transient. In order to perform the cycling maneuver shown in Figure 1, control rods
were partially introduced in the upper half of the reactor. This movement of the control rods
caused a misshaping of the axial power profile which produced local overpower on several
fuel assemblies, reaching local linear heat rates over 600 W/cm, even though the global
power was at worst scarcely over 100% Full Power.

An example of the distortions that took place during the transient is presented in Figure 2,
which corresponds to the fuel element in channel J24 on June 14th of 1985 at 8:25 (14.9
hours after the beginning of the considered event). In this case, the maximum axial factor was
over 1.8.
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FIG. 1. Capacity factor as a function of time from June 11" to June 14™ 1985.
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FIG. 2. Thermal neutron flux and linear heat rate of channel J24 14.9 hours after the beginning of the
transient.

3. DESCRIPTION OF TRANSURANUS PCI/SCC MODEL

TRANSURANUS is a computer program for the thermal and mechanical analysis of fuel
rods in nuclear reactors [1]. It is widely used in the industry for fuel rod design, and for the
simulation of normal, off-normal and accident conditions such as LOCA and RIA.

Within TRANSURANUS code, SPAKOR is the subroutine that predicts PCI/SCC failure [1].
It is based mainly on the model developed by Mattas, Yangee and Neimark [2]. The model
considers that these kind of failures start as an intergranular fracture, which is caused
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independent on the applied stress. At some point of its growth the crack becomes a ‘cleavage
and flutting’ fracture and it can be described by linear elastic fracture mechanics.

One strong supposition of the model is that crack growth initiates if all the following
conditions are fulfilled: burnup must exceed a critical value (called ABKRIT and equal to
5000 MWd/tU), cladding temperature must exceed 270°C, hoop stress in the cladding must
be positive and strain rate of the cladding must exceed a temperature dependant critical strain.
During the intergranular phase, crack growth rate is assumed to decrease exponentially with
crack length, until a critical length is reached, that depends on cladding hoop stress and on the
threshold stress intensity factor for SCC (KISCC). At this point, the ‘cleavage and fluting’
phase starts and proceeds up to failure, that takes place if the crack length exceeds either the

cladding wall thickness, or the length at which the net section stress exceeds a rupture
SPAKOR
strength (O-” ). For the evaluation of KISCC the following simple correlation is adopted:

K sce|MPa-m"?]=24.5-0.03255 5" (1)

Where o™ ® is thezxx cladding yield strength (in MPa). It is worth noting that Zircaloy

s

properties (yield strength and rupture strength) used in SPAKOR are fitted parameters of the

model, for which the approximate values: o5 =560 MPa and o,,"** =690 MPa are

used.
4. TRANSURANUS MODEL AND CALCULATION METHOD
4.1. Input data for TRANSURANUS code

The fuel rod consists of a stack of natural UO, sintered pellets, of compensation pellets in
AlL,Os, a supporting tube and a compression spring. Everything is placed into a Zircaloy-4
(stress relieved) cladding tube. The main fuel data are summarized in Table 1.

TABLE 1. CNA 1 FUEL DATA

Fuel Assembly Value/description

Number of Fuel Assemblies in the reactor 251

Number of Fuel Rods per FA 36

Fuel Pellet Value/description Unit
Material U0,

Density 10.55 £0.15 g/em’
U/O ratio 0.0711 at/at---
Pellet diameter 10.62 mm
Pellet length 12 +1 mm
Number of pellets 441 -—-
Enrichment 0.00711 g/gHM
Volume of dishing per pellet 21 +5 mm’
Cladding

Material Zircaloy-4 -
Density 6.6 10° kg/m’
Otuside Diameter 11.9 mm
Inside Diameter 10.8 mm
Fuel Rod

Total Length 5557.2£1.4 mm
Active Length 5300 mm
Pellet/Cladding gap thickness 0.09 mm
Gas plenum length 212 mm
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Fill gas Helium -—-
Fill gas pressure 2.25 MPa (abs)

The active length of the fuel rod is divided into 10 axial segments, called ‘slices’ (Figure 3).
In TRANSURANUS code, the analysis is performed slice per slice starting from slice No. 1
up to slice No. 10. An additional slice is modeled to consider the gas plenum volume. To
account for the additional structures in the upper plenum, a user supplied factor is considered
(AOPL factor). The fuel pellet dishing is accounted for as well (PRODIS factor). For the
radial discretization, the fuel and the cladding are divided into 6 rings (called ‘coarse zones’),
5 for the fuel and 1 for the cladding, in which the elasticity modulus E and Poisson’s number
are constants. These rings are further subdivided into 94 so called ‘fine zones’ in which
numerical integration is performed.

The boundary conditions implemented in TRANSURANUS vIim1j11 code are as follows: (1)
linear heat rate (LHR) at ten axial positions as a function of time; (2) coolant temperature at
inlet of the channel (one value); (3) heat transfer coefficient (one value); (4) fast neutron flux
at the same positions of the LHR as a function of time; and (5) pressure (one value). The
source of the used data is presented in the following sections. The methodology is similar to
that presented in [3-5].

FIG. 3. Schematic representation of the axial discretization in TU code.

4.2. Atucha 1 Fuel Management Overview

The CNA-1 reactor has on-power refuelling that is performed by a refuelling machine. In
general, there is just one refuelling path which depends upon burnup (Tabale 2, Figure 4).
Fresh fuel enters zone 2, stays until a transition burnup is reached (see Table 2), moves to 1
(central zone), stays until a transition burnup, moves to 3 and stays there until it reaches the
exit burnup and leaves the core (see Figure 4). Being this path the one followed by most fuel
elements, there are some exceptions that were not considered here.

TABLE 2. MOVEMENTS FOR BURNUP MANAGEMENT

Zone Shuffling Burn up [MWd/tU]
2>1 2770
1->3 5100

3->Pools 6000
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FIG. 4. CNA-1 burnup zones for fuel management.

4.3. Base irradiation

When codes are validated against experimental data, measurements on Linear Heat Rate,
system pressure, temperature, etc are available for the input preparation. Given the fact that
this simulation is based on an actual occurrence, only some of these data are available. Thus
it 1s necessary to make best-estimate considerations to build up the previous irradiation
history of each of the modeled fuel pins, in order to achieve the burnup that we estimate
correct at the beginning of the studied transient.

To start with, power is not measured locally on each fuel assembly in Atucha 1. Thus, the
reactor state is calculated regularly by using a neutronic code called PUMA and a model of
the complete core. This calculation is performed approximately every 2 full power days
which have been carefully recorded since the start of the plant operation, and were made
available for the present analysis.

To correctly model the state of the fuel pin at the beginning of the transient, it was very
important to achieve the correct average burnup. This information was taken from fuel
management forms that the operators record every time a fuel bundle is introduced, shuffled
or taken out of the core. The position in the core and the time at which the FA is placed there,
given as full power days, are recorded in those forms. The Fuel Bundle inlet and outlet
average burnup could then be tracked from the PUMA outputs already mentioned.

With all these data, average Linear Heat Rate for each location in the core was calculated
according to the following equations:

MPR
q' 4 (z) -, Abu,p (2,)
Abuypp (2;) = mC[Hj c, Adfp ey = q Ac/fl-I;;R( z;) = Wi)};ﬁ. ¢, (2)
Abut g (2;) =AbU 4 (2,) - 3)

Where:
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q' ¢y (z;): average linear heat rate per axial slice of the rod submitted to the maximum

power in channel j

Abu,p, (2,) : burnup difference per axial slice between the outlet and the inlet of the fuel
bundle to the channel j

Adfp 1y - full power days between the outlet and the inlet of the bundle to the channel j.

m, : mass per unit length

¢, : capacity factor (%o Full Power)

Abupy,,,(z;): burnup difference for an axial slice between the outlet and the inlet of the
fuel bundle to the channel j, reported in PUMA calculation output.

t : factor which takes into account the radial peak factor, the 5% of power dissipated in
the moderator, the tolerances and the structural tube factor.

Capacity factors ¢, were extracted from graphics of percentage of full power as a function of

/
time (Figure 1), while constant values of 11.5 MPa for coolant pressure, 278 °C for coolant
inlet temperature were used. This type of thermal boundary condition for the cladding was
selected because only coolant inlet data was available for steady state plant conditions. The
value for the Heat Transfer Coefficient was considered to be constant for each of the
hydraulic zones of the core in which the considered FA was placed, which was a good
approximation according to full plant steady state RELAP 5 thermohydraulic calculations,
from which input values were taken.

4.4. Power transient

Given that the above mentioned neutronic calculations did not provide an adequate level of
detail of the boundary conditions during the power transient, a new PUMA calculation was
performed starting from the equilibrium burnup at the beginning of it, and covering the 21
hours it lasted. Thus, linear heat rate, neutron flux and burnup profiles were obtained at least
once every hour throughout the simulation time span.

TRANSURANUS requires inputting the fast neutron flux as a function of time, while PUMA
provides total neutron flux. To determine the fast neutron flux, a direct relation to total
neutron flux and power at the beginning of the transient was used, following a calculation
method provided in [6]:

As an example, Figure 5 shows the Linear Heat Rate for the simulated fuel rod in channel
J24. A zoom of the power transient zone is to be seen. Table 3 includes further information
for all analyzed pins. The location of the analyzed rods in the core is shown in Figure 6 [7].
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FIG. 5. Linear heat rate as a function of time for the simulated fuel rod in channel J24.

TABLE 3. BOUNDARY CONDITIONS FOR STUDIED RODS

Channel |State after event|Average BU [MWd/tU] |q' Conditioning [W/cm] | ALHR [W/cm] | Maximum LHR [W/cm] | Max. Ramp Rate [W/cm-h]
E18 NF 3214 374.2 287.1 661.3 168.26
E20 NF 2179 375.1 296.3 6714 183.90
F17 NF 4986 372.3 274.0 646.3 141.55
F21 NF 5123 369.1 292.1 661.2 173.84
G18 NF 5127 370.9 269.6 640.5 162.41
G20 NF 3609 388.0 296.5 684.5 183.06
G22 NF 5057 372.4 295.7 668.1 178.13
G24 NF 3373 376.4 306.6 683.0 182.98
H17 NF 4617 354.9 238.9 593.8 128.17
H21 NF 5487 367.0 281.5 648.5 167.92
H25 NF 230 368.2 301.7 669.9 178.46
J18 NF 4162 336.3 226.6 562.9 132.41
J26 NF 2745 371.7 305.3 677.0 182.24
K19 NF 5502 321.2 225.2 546.4 129.32
K21 NF 3157 3744 279.8 654.2 170.22
K23 NF 4735 377.7 296.7 674.4 178.75
K25 NF 3405 381.6 309.4 691.0 197.91
L20 NF 4588 348.4 250.3 598.7 144.10
L26 NF 2199 367.6 299.9 667.5 185.08
M21 NF 5106 359.3 267.2 626.5 158.14
M25 NF 3509 365.3 294.0 659.3 178.95
N16 NF 3637 368.8 2421 610.9 112.41
N18 NF 5408 353.4 243.2 596.6 138.14
N22 NF 3184 377.3 289.4 666.7 176.81
N24 NF 3213 367.6 291.7 659.3 180.72
015 NF 2891 382.4 259.1 641.5 161.68
019 NF 4988 357.5 259.3 616.8 154.03
P16 NF 241 358.2 253.0 611.2 153.13
P18 NF 3374 362.5 263.2 625.7 162.16
F19 F 3193 389.0 297.8 686.8 164.30
H19 F 4351 367.4 266.0 633.4 154.76
H23 F 4552 380.1 303.7 683.8 186.67
J20 F 4624 360.0 263.5 623.5 158.42
J22 F 3485 384.7 298.4 683.1 157.41
J24 F 2785 393.9 3171 711.0 200.19
L22 F 3844 377.6 288.8 666.4 170.11
L24 F 4649 3724 296.4 668.8 178.92
M23 F 4998 367.7 287.0 654.7 172.29
017 F 4474 368.2 256.4 624.6 148.12
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5. RESULTS
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FIG. 6. Location of analyzed channels.

5.1. Standard TRANSURANUS case

A first set of calculations was made using the version vim1j11 of TRANSURANUS code as-
delivered. Results have been presented in Table 4 and Table 5 (case TU STD). In the first
one, the total amount of right predictions of the code for rods that have failed or remained
sound at the end of the event is presented. Table 5 shows a detailed failure/non failure result

list, together with sensitivity tests results presented in the following section.

TABLE 4. SUMMARY OF RESULTS

Sigmay, Correct C.O rrect Total number|Total number
Case ABKRIT | SigmaR | IHGAP IRELOC ncracks | fine zones |predictions off pred|ct|qns g of correct | of calculated
. non-failed - .
and E failed rods tods predictions | failed rods
TUSTD 5000 TU 0 8 6 94 0/10 24129 24 5
1 A 3000 TU 0 8 6 94 1110 17129 18 13
B 0 TU 0 8 6 94 1110 16/29 17 14
9 A 0 TU 0 2 6 94 2110 20/29 22 1
B 0 TU 0 5 6 94 1110 28/29 29 2
3 A 5000 CNA1 0 8 6 94 310 22129 25 10
B 0 CNA1 0 8 6 94 7110 15129 22 21
4 A 0 CNA1 3 8 6 94 7110 15129 22 21
B 0 CNA1 4 8 6 94 7110 15129 22 21
5 A 0 CNA1 0 2 6 94 7110 14/29 21 22
B 0 CNA1 0 5 6 94 7110 15129 22 21
6 A 0 CNA1 0 8 4 94 10/10 6/29 16 33
B 0 CNA1 0 8 8 94 010 25/29 25 4
7 0 CNA1 0 8 6 120 7110 15/29 22 21
8 0 CNA1 4 5 8 94 0110 29/29 29 0
9 0 CNA1 0 5 4 94 8/10 7/29 15 30
10 0 CNA1-B 0 8 6 94 1110 20/29 21 10
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TABLE 5. DETAILED RESULTS OF CALCULATED CASES. GRAY-COLOURED CHANNELS
(FROM F19 TO O17) INDICATE FAILED RODS DURING THE REAL EVENT. F=FAILED;
NF=NON FAILED

Channel Nr.| RealRod [TUSTD.| 1A [ 1B | 2A | 2B [ 3A | 3B | 4A | 4B | 5A | 5B [ 6A | 6B | 7 [ 8 | 9 | 10
E18 NF NF F | F[F N[N F[F|FJ[F][NJ]FJ[N]FJ[N]F F
E20 NF NF_ | NF [ NF | NF | NF | NF| NF | NF|NF|N|NF| F | NF|NF|[NF| F | NF
F17 NF F FEEEIFE I FFEIFE EE FEIFE NEEE P E FF IFNEIEER F
F21 NF F F| F [ F|N]|F[F|F|F[F[|N]FT[F|FI|NT]FT]NF
G18 NF F EIEIIEINEIEIEIEIIEIEIMIIEINIE [NEIEE F
G20 NF NF F | F [NF|N [N[F | F|F|F|FJ|F[N]FJ|N]F | NF
G22 NF F F | F [NF|N | F [ F | F|F[F|N]FJ[F|FJ|N]F]NF
G24 NF NF F | F[F[NJ[N][]F[FJ|FJ[F|NJ]FJ[N]FJN]F]NF
H17 NF NF_| NF [ NF | NF | NF [ NF| NF | NF | NF | NF | NF | NF | NF | NF [ NF | NF | NF
H21 NF NFE [ NF[NF| F [NF[F | F | FJ[F|F|[NJ]F][N]FJ[N]F F
H25 NF NFE_ | NF [ NF | NF | NF | NF | NF | NF | NF| NF| NF|NF|NF|NF|NF|NF| NF
J18 NF NF_| NF [ NF | NF | NF [ NF | NF | NF [ NF | NF | NF | NF | NF | NF [ NF | NF | NF
J26 NF NF F | F [NF|N|[N|F | F|F[F[NJ]FJ[N]F[N]|F F
K19 NF NF_| NF [ NF | NF | NF | NF | NF | NF | NF | NF | NF | NF | NF | NF [ NF | NF | NF
K21 NF NFE_ | NF [ NF | NF| NF | NF|NF|NF|[NF|NF|NF| F | NF|[NF[NF| F | NF
K23 NF F F| F | F|N]|F[F|F|F[F|FJ|FI[N]FI|N]F F
K25 NF NF F | F | F N[N F | F|F[F[N]|F[N]F|N|F F
L20 NF NFE_| NF [ NF | NF| NF | NF| NF|NF|NF|NF|NF|NF|NF|NF|NF|NF| NF
L26 NF NF_| NF [ NF | NF | NF [ NF | NF| NF | NF|NF| N[ F | NF| NF|NF| F F
m21 NF NF F | F N[N F[F [ FJ|FJ[F[|NJ]FJ[N]|FJN]F]NF
M25 NF NF_ | NF [ NF | NF | NF | NF| NF | NF|NF|N|NF| F | NF|NF|[NF| F | NF
N16 NF NF FIIFIFILFIIMFIFIFEIIFIIFIFEIIEI I I NEILE F
N18 NF NF_ | NF [ NF | NF | NF | NF| NF | NF|NF|NF|NF| F | NF|NF|NF|NF| NF
N22 NF NF_| NF [ NF | NF| NF | NF|NF|NF|[NF| F | NF| F | NF| NF[NF| F | NF
N24 NF NF | NF [ NF|NF|NF|NF| F | F [ F | F|N|F|NJ|F[NF| F|NF
015 NF NF_ | NF [ NF | NF | NF | NF| NF | NF|NF|NF|NF| F | NF|NF[NF| F | NF
019 NF NFE_ | NF [ NF | NF | NF [ NF | NF | NF|[NF|NF|NF| F | NF|NF|[NF|NF| NF
P16 NF NF_ | NF [ NF | NF | NF | NF| NF | NF | NF | NF | NF | NF | NF | NF [ NF | NF | NF
P18 NF NFE_| NF [ NF | NF | NF | NF | NF [ NF | NF | NF | NF | F | NF [ NF [ NF | NF | NF
F19 F NF | NF[NF|NF|NF[NF| F [ F[F | F|FJ[F|N]FJ[N]F | NF
H19 F NE_ | NF [ NF | NF| NF | NF| NF|[NF|NF|NF|NF| F |NF|[NF|[NF| F | NF
H23 F NF | NF[NF|[NF|NF[NF| F [ F[F | F|FJ[F|NJ]FJ[N]F|NF
J20 F NFE_ | NF [ NF | NF | NF [ NF | NF | NF [ NF | NF | NF | F | NF | NF [ NF | NF | NF
J22 F NF | NF[NF|[NF|NF[NF| F [ F[F | F|FJ[F|NJ]FJ[N]F | NF
J24 F NF F| F [ F|F[N][F|F|F[F[F|FJ[N]FI|N]F F
L22 F NF | NF[NF|NF|NF|[F | F [ F[F|[F|NJ|]F|NJ]FJ[N]| F [ NF
L24 F NF | NF[NF| F [NF[ F | F | F[F | F|NJ]F|NJ|F[N]| F | NF
m23 F NF | NF|[ NF|NF| N[ F | F | F[F | F|NJ]F|N | F[NF| F | NF
017 F NFE_ | NF [ NF | NF | NF [ NF| NF|NF|[NF|NF|NF| F | NF|NF|NF|NF| NF

As it can be seen, none of the failed fuel rods was predicted failed while 24 out of 29 of the
sound rods were predicted correctly. Owing to this, the need to improve SPAKOR results was
identified. The study of the model’s parameters as well as the adaptation of material
properties to CNA-1 specific ones was performed, following an approach similar to that
presented in [8].

5.2. Sensitivity analysis performed

5.2.1. ABKRIT

Previous calculations and analysis for Atucha-type fuels, had demonstrated that ABKRIT
parameter presented in Section 4.1, has a strong influence in results. Fuels have a very low
exit burnup in PHWR-natural uranium reactors, compared to exit burnup of PWRs and
BWRs. Owing to the fact that ABKRIT=5000 MWd/tU is relatively near to the exit burnup
for CNA-1 fuels, and PCI failure cannot occur if burnup is lower than ABKRIT, the
percentage of fuel rods that would be assessed by SPAKOR subroutine in a whole-core
analysis would be very low. To force the code to enter in this subroutine independently of
Burnup-level, ABKRIT was modified to be zero.

Tables 4 and 5 (Case 1-B), show that the number of total predicted failures for this case
increases considerably. Results obtained with an intermediate value of ABKRIT=3000 are

also presented (Case 1-A). It is observed that the influence of partially lowering the critical
burnup value from 3000 MWd/tU to 0 MWd/tU is almost negligible.

5.2.2. Pellet fragments relocation model
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TRANSURANUS has 6 different Relocation Models, of which 3 were identified to be
suitable for CNA-1 Fuel Type. Recommended models are IRELOC 8 (Modified FRAPCON-
3 Model) and 5 (Modified KWU-LWR Model- ITU Calibration), of which the first one was
chosen for the Base Case (TU STD Case). For this sensitivity, also IRELOC 2 (Original
KWU-LWR model) has been assessed. Results in Table 4 show that changes in IRELOC
have a stronger influence in cases with TRANSURANUS-SPAKOR original Yield and
Rupture strength values (see Section 7.2.3), than in cases with CNA-1 values. In the former,
the failure threshold is elevated by changing from IRELOC 8 to 2 to 5 (Cases 1-B, 2-A and 2-
B), while in the latter, changes in IRELOC have almost no influence on results (Cases 3-B, 5-
A and 5-B). This suggests that relocation models play a more important role when SPAKOR
rupture and yield strengths are set to higher values.

5.2.3. Material properties
Young’s modulus of elasticity of Zircaloy for CNA-1 material is temperature dependent and
follows the following relation:

E(T) =99404 — 65.4*T (4)

Where:
E = Young Modulus (N/mm?)

T = Temperature (°C)

According to Figure 7 there is a discrepancy to the Young Modulus equation implemented in
TU code of about 700MPa at room temperature.
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FIG. 7. Young’s Modulus of Elasticity of Zircaloy for Atucha fuels and as implemented in
TRANSURANUES.

According to fuel vendor, Strengths of Zircaloy-4 of Atucha Fuels [9] are the ones reported in
Table 6. In between those values, linearity is assumed.

TABLE 6. YIELD AND RUPTURE STRENGTHS OF ATUCHA FUEL ZIRCALOY-4

Yield Strength
> 350 N/mm” at room Temperature (20°C)
200 to 300 N/mm” at 400°C
Rupture Strength
>480 N/mm” at room Temperature (20°C)
>270 N/mm’ at 400°C
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In SPAKOR subroutine, model fitted parameters known as Yield and Rupture Stress have a

constant value of o/"*** =560 MPa and o, "*”* =690 MPa respectively. After observing

the difference in SPAKOR parameters and Yield and Rupture Strengths reported for Atucha
fuels, the idea arose that these model parameters could be updated to the available data.
Therefore an Atucha-fitted version of the code was compiled, adapting Young Modulus and
Yield and Rupture Stress in SPAKOR subroutine to the previously mentioned values.

Results obtained can be seen in Tables 4 and 5. Cases 3 to 9 (identified as SIGMA-CNALI)
have been run using this modified executable, obtaining in general a higher number of
predicted failed rods, as it was expected.

5.2.4. Gap conductance model

Pellet-cladding gap heat transfer coefficient is the limiting resistance in heat transfer from the
pellet periphery to the cladding outer surface. Therefore it influences the temperature profile
and all the dependant models upon it. Gap conductance model incorporated in
TRANSURANUS code is the well documented URGAP model (1979), revised and
recalibrated in 1986. Among the four available options for gap conductance models
(IHGAP), IHGAP=0 is the recommended option (Gas Bonding thermal conductivity of
mixture according to Lindsay and Bromeley, in which accommodation coefficients are taken
into account). For the sensitivities [IHGAP=3 (Case 4-A) (as standard option but without
considering accommodation coefficients) and IHGAP=4 (Case 4-B) (specific model option
gas bonding, thermal conductivity of mixture according to Tondon and Saxena -
accommodation coefficients taken into account) were tested. Table 4 shows that changing the
IHGAP model does not affect results for the burnup and linear heat rates studied here.

5.2.5. Number of cracks in the fuel

In TRANSURANUS the number of cracks in which fuel pellet is divided is an input
parameter. To input six cracks is recommended. Nevertheless, the influence of this arbitrary
number was studied by making two sensitivities: four (Case 6-A) and eight (Case 6-B) cracks
were considered. As it can be derived from Table 4, the lower the number of cracks the
higher the amount of failed rods calculated, and vice versa. Results obtained for eight cracks
(Case 6-B and 8) were discarded because the failure threshold resulted so high that almost no
fuels were predicted failed.

5.2.6. Number of mesh points

The number of mesh points was studied by increasing the number of fine zones mentioned in
Section 6.1 (94 mesh points) to the maximum possible number, that is to say, 20 per each
radial zone (120 in total). This modification has shown no change on the obtained results (see
Table 4 - Case 7 vs 3-B).

5.2.7. Effect of combined sensitivities

The effect of combining the simultaneous change of the previously studied parameters is
shown for cases 8 and 9 in Table 5. Setting IRELOC=S5 rises the failure threshold, as well as
increasing the number of cracks to 8. The combined effect of both changes resulted as
expected in a major increase of the failure threshold, that is to say, a lower amount of failed
fuel rods (Case 8 vs 3-B). On the other hand, setting the number of cracks to four showed to
have a stronger influence in increasing the number of failed rods, than the effect of setting
IRELOC=5 (Case 9 vs. 6-B and Case 9 vs. 5-A).
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As none of these parameters combinations resulted in a considerable increase of correctly
predicted results, they were discarded as the selected base case.

5.2.8. Updated mechanical properties

Later in time during the assessment, results from burst tests were provided by the fuel vendor.

It was then discussed that due to the formulation of SPAKOR model equations, a burst stress

would better represent the yield and rupture strengths used in the model, than the available

ones from the FSAR, obtained from traction tests (Table 6). A new case number 10 was run,
JBurst—CNAZ — 250 MPa

setting the yield strength of SPAKOR to ~7* and the rupture stress to
o_BW‘StchAZ — 333 MPa . )
rs . If Cases 3B and 10 are compared, the total number of failed rods is

lower in case 10, as expected, due to the use of higher yield and rupture strength limits.
5.3. Selected Cases

Cases 3 B and 10 have been selected to be the most suitable set of input parameters and
source code modifications for Atucha-type fuels for best estimate analysis, because of the
reasonably good results obtained, especially regarding the fact that IRELOC, nCracks and
IHGAP match either the standard values or the ones recommended by the code manual. Also
some SPAKOR model parameters related to Zircaloy-4 Material Properties have been fitted
to available Atucha fuel values. The adaptation of Material Properties (Young Modulus in
this case) to analyzed fuel-specific values is also in line with the recommended practice.

For Case 3B, the amount of correctly predicted failures is as high as 70%. For the non-failed
rods on the other hand, an important overprediction of failures was observed (48%), however
it was considered to be conservative. On the other hand, Case 10 showed almost the same
total correct predictions than Case 3B, but the total number of failed rods was 10, exactly as
those in the real event.

In Table 5, some of the lines have been shadowed in colours. These lines identify fuel rods
that consistently presented the same failure/non failure result, regardless of the case being
calculated. This suggests that the results in these cases strongly depend on boundary
conditions and not in models selections or modifications made to the code. As it has been
previously mentioned, there were many uncertain parameters needed for the set up of the
base irradiation. In particular, neutronic calculations were redone only for the high power
event being studied, and not for the whole irradiation history. Information coming from
different input models thus considered could have lead to some misleading boundary
conditions being calculated. TRANSURANUS code results had to be assessed then, taking
into consideration this modelling limitation external to the code.

These uncertainties in the boundary conditions suggest that a Case calculating more
accurately the total amount of failed rods is more suitable than one getting to predict right the
failure of the real rods by also increasing the total amount of calculated failures. Adding the
fact that SPAKOR model description suggests that “Zircaloy properties (yield strength oy
and rupture strength o,5) need to be known precisely in order to apply the model correctly”
(Ref. [1]), it was concluded that Case 10 gave the most suitable results. The executable with
the aforementioned modifications was selected to be used in future PCI assessment of
Atucha-type fuels.
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6. CONCLUSIONS

A thorough analysis of Atucha-type fuel behaviour related to PCI/SCC failure has been
presented here. A real power transient that occurred during June 1985 has been modeled with
TRANSURANUS code for 10 fuel rods that failed during the event, and for 29 adjacent rods
that remained sound after the transient. The aim of the calculation was to evaluate
failure/non-failure prediction capabilities of the code for low burnup natural uranium PHWR
fuel rods.

A first set of calculations named as TRANSURANUS Standard Case was done with as-
delivered TRANSURANUS Code. Given the low accuracy in failure/non-failure prediction,
SPAKOR model was analyzed. A model-specific parameter (ABKRIT) was suited so that the
code could account for PCI/SCC failure even for low burnup fuels. Also SPAKOR model
parameters for Zircaloy-4 yield and rupture strengths were updated to values reported for
CNA-1 Zircaloy cladding. With the so-fitted version of the subroutine, a series of sensitivity
analysis was performed, in order to study the influence of pellet-cladding gap conductance
model, fuel pellets fragments relocation models and number of cracks in the pellet. Also the
number of mesh points used for the numerical integration in the code was changed to study
the influence on results. A second executable with more rigorous material data was created
leading to more satisfactory results.

After performing the sensitivities, it was confirmed that wusing the modified
TRANSURANUS version of the code (setting ABKRIT to zero and SPAKOR yield and
rupture values to CNA-1 specific ones, obtained in burst tests), and selecting standard or
recommended models for the studied parameters led to reasonably good results. Selected
Case 10, showed an exact prediction of the total amount of failed rods while the number of
total correct predictions was very similar than that obtained for other cases.

It is also important to point out that only the failure or non-failure of fuel rods was assessed
after the transient. In the reality, no measure of how close the sound fuel rods were to failure
was available, so many of the 29 selected non-failed fuel rods could have been very close to
failure even though this condition was actually not reached. A very slight change in boundary
conditions considered for the calculations presented here, could have been strong enough to
shift the prediction of the code in many of the sensitivity cases here analyzed.

In relation to this, and due to the lack of availability of on-line measurements for many of the
boundary conditions (pressure and temperature of coolant, etc), many sources of uncertainties
were identified:

* Burnup at the beginning of the transient.

* Local linear heat rate and neutron fast flux (for the previous irradiation history )

* Fuel characteristics that influence in results: grain size of UO,; mechanical properties of
Zircaloy-4; thermal properties of Zircaloy and UO,

By taking into consideration that there were many uncertainties in the boundary conditions
used for the calculations, it was concluded that a case calculating more accurately the total
amount of failed rods is more suitable than one getting to predict right the failure of the real
rods by also conservatively increasing the total amount of calculated failures.

As the above mentioned uncertainties are at the present impossible to avoid, an extension of
the work presented here has been identified. In the first place a statistical study of the
complete-core is projected, in order to assess the influence of boundary conditions and
fabrication tolerance of some relevant parameters. At last, the influence of simplifying
assumptions in input data such as thermohydraulic boundary conditions will be further
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analyzed, given the fact that no experimental measurements are available apart from the
failed/non failed condition of the studied rods.
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HIGH BURNUP MODELS INCORPORATED TO THE DIONISIO CODE
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Gerencia Ciclo del Combustible Nuclear, Comision Nacional de Energia Atomica (CNEA), Centro
Atomico Constituyentes (CAC), Buenos Aires, Argentina

Abstract. Due to the extension of the permanence time of the nuclear fuels within the reactor, physical and
chemical modifications take place in the fuel material, especially in the external ring of the fuel pellet. The
codes for simulating the rod behaviour during reactor operation need adequate models to describe these
phenomena and be capable of making accurate predictions in the whole burnup range. A complex group of
subroutines has been included in DIONISIO to represent the radial distribution in the pellet of the power
density, burnup, porosity and concentration of diverse nuclides, particularly those capable of undergoing
fissions, in terms of overall parameters like initial enrichment and average burnup. In this work we summarize
the models recently developed, related to the high burnup scenario. On the one hand, empirical expressions
representing the absorption and capture cross sections of several uranium and plutonium isotopes, as functions
of the initial enrichment in **°U, average burnup and radial coordinate are presented. In addition, new models
that give the distribution of porosity, fission gas retention and release in the pellet edge are described. Moreover,
an empirical formula that relates the thermal conductivity of the fuel material with the burnup and the content of
gadolinium, usually added as burnable poison, is presented. Subroutines corresponding to each of these models
have been incorporated to the DIONISIO code. With these improvements the code was used to simulate data
provided by the FUMEX I/II/IIl NEA data bank. The results presented here make evident the good agreement
between experiments and simulations.

1. INTRODUCTION

When the residence time of the nuclear fuel rods is increased beyond a given level, several
properties of the pellet material (usually uranium oxide) suffer changes which need to be
adequately represented by the simulation tools. A threshold of about 40-45 MWd/kgHM for
the average burnup can be established on an empirical basis for the manifestation of the first
signs of the high burnup structure. Beyond this threshold some distinctive features of the
structure progressively develop: small grains and large pores as compared with those of the
original material, absence of Xe from the solid lattice (although it continues to be dissolved in
the rest of the pellet). The porous microstructure at the pellet edge deteriorates the thermal
conductivity [1, 4] and the mechanical integrity of the pellet. The inclusion in DIONISIO of
the subroutines dedicated to the simulation of the microstructural aspects of the rim region
was reported elsewhere [2, 3].

It 1s accepted nowadays that the source of these transformations are the resonant peaks of the
absorption cross section of ***U and the consequent chains of nuclear reactions that give birth
to several Pu isotopes. Among them, **’Pu and **'Pu, of fissile character, increase the fissions
density, particularly in the pellet rim. As a result, the power generation rate and the burnup
increase radially towards the outer boundary and for sufficiently high burnup levels can reach
local values two or three times higher at this ring than in the rest of the pellet [4].

A detailed analysis of the aspects described above demands the formulation of the balance
equations of all the isotopes that are created and destroyed during the irradiation process, in
the whole neutron energy range involved. This is the formidable task of the codes specialized
in reactor physics. Codes like WIMS-E [5, 6], HELIOS [7, 8], CONDOR [9] and HUEMUL
[10] solve the Boltzmann transport equations [11] in a number of energy intervals (typically
69 energy groups), and include adequate considerations in the region of the resonant
absorption peaks of 28y, They predict with high precision the radial distribution of neutron
flux, burnup and concentration of every isotope, fissile, fissionable or fertile, gaseous or
solid, within the rod, relevant to the overall process, all of them as functions of time. But a
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fuel performance code, designed to describe the large number of thermomechanical and
thermochemical processes within the fuel rod, cannot include such a detailed description. To
avoid these difficulties but without losing the required completeness, a simplified treatment
was proposed in the past consisting in limiting the analysis to the more abundant isotopes and
reducing the energy spectrum to a single group. The first antecedent in this type of analysis is
found in the RADAR model [12] which was validated against the WIMS code. The present
work is inspired by the models RAPID [13] and TUBRNP, the latter included in the
TRANSURANUS code [14].

In this work the predictions of the reactor cell codes HUEMUL and CONDOR were used as
the basis on which empirical expressions were fitted to represent, with the higher possible
approximation degree, the absorption, capture and fission cross sections of the more abundant
isotopes of U and Pu: 235 U, 236U, 238U, 239Pu, 240Pu, 21py and ***Pu. These parameters were
evaluated as functions of the initial enrichment in *°U (in the range from natural uranium to
12%), the average burnup (from fresh fuel to 120 MWd/kgHM) and the radial coordinate,
assuming a single energy group. A function to express the total flux as a function of the linear
power, the enrichment and the flux of thermal neutrons within the pellet was also fitted. The
curves so obtained were carefully tested via comparison with both reactor codes and then
were incorporated to DIONISIO. A large number of experimental results were successfully
simulated with the code thus improved. These results were reported in [3, 15].

Additionally, an expression to describe the burnup induced degradation of the thermal
conductivity of UO; along the fuel operation time was recently elaborated. The formula also
evaluates the conductivity of fuels with some content of Gadolinium in the range from 0 to
8wt%, which is the usual proportion in the UO, fuels with burnable poisons. The new model
was firstly compared with conductivity experimental data and was then implemented into the
DIONISIO code. Some results of this code aspect were reported in [16]. Moreover, empirical
expressions representing the amounts of caesium, neodymium and xenon, mainly following
K. Lassmann et al. [17, 18], were compared with experimental data and incorporated in
DIONISIO as new subroutines.

These improvements together with the structural modifications described in a different work
presented in this meeting gave origin to the new code version DIONISIO 2.0. The recently
incorporated models, the calculation methods used and the separate verifications performed
are summarized here. Moreover, a considerable number of experiments compiled in the
IAEA data bases were simulated with the present code structure. The comparisons are also
presented.

2. MODELS

2.1. One energy group calculations

The balance equations listed below relate the variation rate of the concentration N
(atoms/cm’) of each of the relevant isotopes considered in DIONISIO with the instantaneous
value of the concentration. They are identified by subscripts formed by the name of the
element and the mass number of the isotope. The cross section © (expressed in barns) is
labeled with a subscript a, ¢ or f to indicate absorption, capture or fission, respectively, and
with a superscript to identify the nuclide. The same superscript is used to label the decay

constant * (measured in 1/s). ¢ (neutrons/(cm’s)) indicates the one-group neutron flux. N
and ? are considered as functions of the irradiation time (t) and the radial position (r) in the
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pellet; © is assumed to depend on the radius, the average burnup (b) and the initial
enrichment (q) in *°U measured in wt%.

N
(1) U2 =Ny as(er)o (. g leor)

ON
() % =—Nya3e(t. 7)o 5 0(r b, g e, 7) + Nyyass(t.r)o e (.6, g )olt. 7)

ON,
e N A S )

ON
(4) =22 = Np, 3o, o0 bu W)+ 323 )4 Nyass(ts o235, oles )

ON
(5) % =—Npya40(t. F)(G?zm(”a bt r)+ 7v240)+ Npuazolt.r)oz>®(r, b, q )t )

ON
(6) LR N1 o2 Wl ) 224 N e o2 e )

ON
(7 % = —Npu242(faV)(G?z42(rab»0)¢(tar)+ 7v242)+ N puaar(t. 7)o 24 (b, g Jolt. )

Reactor codes generally divide the neutrons energy spectrum in two broad categories
described as thermal (neutrons with energies below 0.65 eV) and fast (neutrons with higher
energies). Both ranges are used in the balance equations (1)-(7) to predict the behaviour of
each species.

To evaluate the cross section functions to be introduced in (1)-(7) the codes CONDOR and
HUEMUL were run assuming the conditions of a generic UO, pellet; the initial enrichment is
varied from 0.7% to 12 %; the final average burnup is given values ranging from fresh fuel to
120 MWd/kgU. With these results, empirical expressions were fitted for the absorption,
capture and fission cross sections of each relevant isotope, neutron flux and local burnup, all
of them as functions of », b and ¢g. The expressions generated in this manner are valid in a
continuous three-dimensional domain defined by the limiting values of the parameters r, b
and ¢g. The formulae fitted in the present work can be grouped in the following function
shapes:

) fi(r,b,q9)=ay +ayr +ab+ a3r2 +ayrb +a5b2 +a6r3 +a7r2b+ agrb2 +a9b3

ag
) fo(r,b,q) = ay(ay + ayh + azb* + agh’)| as + agex a7(1 L )
rrmx

P

vol
32x107 > % (r,0)N;

1

f3(r>b:Q) =

(10)
. (ao +aib+arg + a3b2 +asbg+ a5q2 + a6b3 + a7b2q + agqu + a9q3)
In the election of the coefficients the criterion was to optimize the fitting in the intermediate

ranges of burnup and/or initial enrichment, i.e. from 20 to 80 MWd/kgHM and from 3 to 8
w%>°U, respectively, since these are the values of interest in the present fuel development
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studies. In (10), which is used to determine the total neutron flux, o', (r,0,)) represents the

fission cross section of isotope i in the reference condition corresponding to fresh fuel (h=0)

and enrichment 1wt% (¢=1), and P,, is the volumetric power density expressed in W cm 3,

2 2 24 242
To exemplify, the empirical expressions obtained for &>, ¢2°, &2 and o,

a a

(representing the absorption cross section of U ,*°U ,**°Pu and 242Pu , respectively) and
those for ¢, are displayed in Table 1. Similar correlations, not listed in this table, were

obtained for the rest of the cross sections used in the equations system (1)(7); some of them
were reported in [15].

TABLE 1. CORRELATION FORMULAE AND THE CORRESPONDING COEFFICIENTS FOR
THE ABSORPTION CROSS SECTIONS OF *°U, U, *Pu AND **Pu, AND THE TOTAL
NEUTRON FLUX, CALCULATED FOR A SINGLE ENERGY GROUP

6235—610 +a1r+a2b+a3r2 +ayrb +asb +a6r3 +aqr b+a8rb +agb with

a9 =8.5663x10"1-1.452x10%01¢ +7.9068x10014>

a;=-9.3400x107% +4.5791x 1004 - 8.1504x 107042 + 5.7252x 10074 -1.2767x 1077 ¢*

ay=1.3955x10"01 + 4.4988x101q

a3=5.9610x107"7-2.6213x107°%¢ +5.5749x1071%2 - 3.3465x 107 1¢?

ay=-5.8722x10"1-2.8297%

as=-5.7726x107% +4.700x10714q-1.4529x 10742 +1.7064x 1073 ¢> - 6.7250x 107 7¢*
a5 =1.1990x10"2 +4.66609-1.2529x 101>

a;=-1.0488x107%° +1.4527x10°7q +2.6736x 1092 - 2.0278x 107 4>

ag=1.2862x1071%+7.3720x107"1q-2.6430x 107! g +1.6497x 10~ 12q3

a9 =-3.0515x10723-6.0782x107%0q-2.5616x1070q% + 6.0349x107°7¢> - 2.9614x 107 %8¢*

(5236:ﬁ(7" b,q), eq. (8), with
, =1.6057-6.8713q++9.6081x107°" q* -4.6908 x10°*q’ -1.0528 x10"°q*
a,=9.7599x10°% -6.8512x 10" ¢ +2.1897x10°°q* - 2.8643x 10" ¢* +1.3365x10**q*
a,=4.6102x10™" +7.6858x10""'q-1.2920x10""'q* +9.6226x107"'q* -2.6040 x 10> q*
a, =-2.2220x10"" +8.3287x10"" ¢ —1.8398 x10™"*¢” +1. 8434><10’°5q3 -6.7646x107%"q*
= -1.7051x107°*-2.7093x10""* q+4.9345x 10" ¢* -4.1398q° +1.3432x10™"'q*
a;= 1.21073x107°-1.3072x107"°q +8.4640 x 10 **q*
a, =1.9650x10"> +2.9111x10"%q-5.6125x10""'q* +5.0616q° -1.7933x107"'q*
,=1.1519%x107"-1.1481x10*¢-4.3180x 10" q* +8.5555x 10" ¢* -4.8473x10™**q*
= -5.0679x107°-9.1153x10™*q+3.2156 x107"*q" -4.4494 x10°q” +2.1812x10*°q*
—-1 0871x107°" + 2.1636x107°'q-6.5612x10""q* -3.2417x10™"q* +2.6291x10 **q*

6240 = fi(r,b,q) ., eq. (8), with
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ag=2.4356x10"02-7.4465x 1014 +2.0205x10"1¢% - 2.31107% + 9.0858x107924*
a;=-5.4351x10"93-3.5277x107%%q +1.2257x107%4q? - 9.4641x 10°0¢> + 2.7345x 1007 ¢*
ay=-9.0926x10701 +5.6823x 10024 - 1.5718x 1079242 +1.7378x 1070143 - 6.7179x 10701 ¢*
a3=6.2413x 1079 +4.1771x107°%¢ - 1.6026x 10772 +1.2766x1071%¢> - 3.7148x 1071 2¢*
ag=-8.3656x10"01-1.9650x1079%q +5.4960x 1079242 - 6.0663x10"°1 4> +2.34105*

as= -2.4281x107"3 +1.4976x10714q

a5=6.59769x10%02 +1.9983x10"034-5.7275x 1079242 +6.3522x 1070143 - 2.4543¢
a;=3.9184x10"03-3.0028x 10734 +7.9302x 107442 -9.0454x107%% 4> +3.5730x 1000 4*
ag= -2.1097x107% -1.0837x107%%q +2.8649x 107" 1q% +3.4214x 107" 1q* - 2.0635x10712¢*
ag=-4.2931x107"% + 4.8312x107°%q-1.1840x107°%q? +1.2638x 107 %%q> - 4.8460x 107°6¢q*

6242 = fi(r,b,q), eq. (8), with

ag=3.0118x10"1-6.5618x1070!q

a;=7.3847x 1072 -7.2747x107°2q + 2.7282x107°%4% -3.1957x 10" 34> +1.1832x 10"%44*
ay=6.4450+2.1587x10701q - 2.4665x10724>

a3=-4.0275x100%-2.8568x 10774 + 2.5461x 107342
ag=-2.7537x10"01+7.4897x10701 q

as= 4.1927x107°% +4.0962x107°7q - 6.7322x 108>

a5 =3.0368x1001-5.8145x1070q

a;=9.7741x103-2.0036x 107924 +1.1978x 1073 4>

ag= -5.1067x107%% +1.5204x107%%q-7.4631x 107642
ag=1.5474x107°1-1.1565x107%3q - 5.4451x 10704

drorar=S>(r,b,q), €q.(9), with
ay = 0.700

ay =-3.0432x107°
a, =00113

a3 =3.5805x107"7

ag= 52119x107"!
as =—00013

ag =—11270x107%°
a7 =—16796x10718
ag =13674x107!!
ag =2.7321x107°

2.1.1. Comparison with reactor codes

Figures 1 to 5 were selected to show the comparison between the empirical formulae fitted in
this work and the results obtained with the reactor codes HUEMUL and CONDOR for the
local burnup, concentration and cross sections of absorption, capture and fission of the U and
Pu isotopes.

70



(a)

%07 50 MWd/KgU
40 .’./.’/I—//

02 03 04 05 06
rir

07 08 09 10

100 MWd/KgU

(b)

05 06 07 08 09 10
r/r

max

205 UZ®
4% U2
6% UZ®

02 0.

3 04 05

1.0

FIG. 1. Capture cross section ( 034] ) of *' Pu vs. the relative radius for different values of the initial

enrichment and average burnup levels of (a) 30 MWd/kgU; (b) 50 MWd/kgU and (c) 100 MWd/kgU.
Comparison between the values predicted by HUEMUL and the functions included in DIONISIO. The

legend in (c) applies for the three plots.
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FIG. 2. Fission cross section ( 0?39 ) of ’Pu vs. the relative radius for different values of the initial

enrichment and average burnup levels of (a) 30 MWd/kgU; (b) 50 MWd/kgU and (c) 100 MWd/kgU.
Comparison between the values predicted by CONDOR and the functions included in DIONISIO. The

legend in (c) applies for the three plots.
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FIG. 3. Comparison between the distribution of burnup obtained with the correlation laws developed
in DIONISIO and the results given by CONDOR, for different levels of average burnup.
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FIG. 4. Concentration of (a) *’U,(b) *°U and (c) total Pu in the middle of the pellet (v/rya~0.5) vs.
the average burnup. Comparison between the predictions of HUEMUL and DIONISIO for different
initial envichments. The legend in (a) applies for the three plots.
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Comparison between the predictions of HUEMUL and DIONISIO for initial enrichments of (a) 2%,
(b) 4%, (c) 6% and (d) 8%. The legend in (a) applies for the four plots.
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2.2. Content of Cs, Nd and Xe

The experimental determinations [17] show that the fission yield of Cs, Nd and Xe can be
reasonably approximated by constants, so that the generation rates of these elements per unit
volume (involving the different isotopes and their decay chains) are proportional to the

ti =Y,/ where i indicates the element, C is

fission rate. The rate laws are thus expressed as

the concentration in atoms/cm®, f is the local fission rate in fissions/(cm’s) and the respective
fission yields are Y., =~0.150, Y,, =0.199 and Y,, =0.268. These expressions are used in the
TRANSURANUS code and were also adopted in DIONISIO.

The proportionality between the local concentration of Nd and the local burnup is
experimentally verified. Something similar also holds for Cs, but with a larger dispersion.
Due to this property, Nd and Cs concentrations are used as a measure of the local burnup
level. With respect to Xe, the EPMA determinations show the decrease of the gas dissolved
in the matrix for burnups higher that a certain level. Xe concentration is experimentally used
to locate the burnup threshold Bu,, . For Bu > Bu,,, the high burnup microstructure forms, and

a considerable fraction of Xe is collected by the large pores. The depletion of gas from the
matrix is well represented by the following empirical expression [17] which was adopted for
the concentration of Xe dissolved in the matrix

(11)Cy, =1.46x1072 L&j n [ Buo_&De—a(Bu—Buo)J

where o =0.058 is a fitting parameter. These expressions are compared with experimental
data. In particular, the determinations performed on the A3-6-4 rod of the HBEP3 experiment
[19] are shown in Fig. 6 and compared with the curves obtained with this approximation.
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FIG. 6. Local concentration of (a) Cs, (b) Nd and (c) Xe measured in the rod A3-6-4 of the HBEP3
experiment and simulations with the fitting formulae included in DIONISIO.

2.3. Thermal conductivity of UO; and (U, Gd) O,

Computer codes used for simulating the thermo-mechanical behaviour of nuclear fuels must
include an adequate description of the thermal conductivity, since it plays a key role on the
accuracy of the prediction of temperature distribution in the system, and in consequence of all
the physical properties of the whole system. The thermal conductivity of UO, is a function
not only of temperature, but of variables such as burnup level, porosity, stoichiometry, Pu and
Gd content, etc.

In this work, different thermal conductivity models published in the open literature have been
evaluated, for UO,, (U, Pu) O; and (U, Gd) O, fuels, as well as a large amount of related
experimental data. Starting from an expression published by J. Fink [20], modifications were
introduced to reflect the degradation of thermal conductivity due to burnup and to the
presence of Gd in the lattice and to give the best possible fitting to the experimental data
available in the literature. The expression adopted is

(A2) k(ry = - p* 3){ ! +( —chde)ngexp(— EJJ in

A+ BT +CT? +agawga(bGa—T) + hp (T, Bu) T cm°C

where p is the material porosity, 7 the absolute temperature and wg,; the weight fraction of
Gd. For the function /4 the expression [20]

(I3) hp (Buy=Ap + B ex{—g”]

D

was adopted. The fitting parameters of this formula as well as a5y, bgy and cgg in the
previous one were selected according to the experimental data compiled in [20] and [21].
Fig. 7 shows the effect of burnup on the thermal conductivity of UO,. Generally speaking, in
the range 0-1660°C, the determinations of different authors are similar evidencing the
decrease of conductivity with temperature. For higher temperatures a tendency to grow is
observed and the dispersion is clearly larger. The effect of burnup is more visible in the lower
temperature range. For temperatures about 1600°C and Bu>60MWd/kgU the conductivity is
about 0.02W/cm°C.
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FIG. 7. Effect of burnup on the thermal conductivity of UO,,

Fig. 8 shows of the effect on the thermal conductivity of unirradiated UO, of the addition of
Gd, normally in the form of gadolinia, Gd,Os. The conductivity degradation increases with
the Gd content, although its influence is relatively lower for high temperatures and burnup
levels.
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FIG. 8. Effect of the Gd content on the thermal conductivity of UO;,

2.4. Microstructural changes in the rim zone

For extended irradiation periods, the new microstructure that develops in the pellet periphery
(rim zone), characterized by small grains and large pores as compared with those of the
original material and absence of Xe from the solid lattice, causes local changes in the
mechanical and thermal properties, thus affecting the overall fuel behaviour. The evolution of
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porosity in the high burnup structure (HBS) is assumed to be determinant of the retention
capacity of the fission gases released by the matrix. This is the reason why, during the latest
years a considerable effort has been devoted to characterizing the parameters that influence
porosity.

Starting from several works published in the open literature, a model was developed to
describe the behaviour and development of porosity at local burnup values ranging from 60 to
300 MWd/KgHM. The model is mathematically expressed by a system of non-linear
differential equations. Phenomena like the growth of pores radius by vacancies trapping, the
interactions of different orders between open and closed pores (coalescence), the evolution of
the pores number density, the internal pressure and over pressure within the closed pores,
interactions between pores and the free surface (gas venting), the fission gas retained in the
matrix and released to the closed pores and to the free volume of the rod are analyzed.

The HBS can be conventionally considered to start at ~60 MWd/kgU. Two parameters,
porosity and pores number density, become useful to describe the HBS. Both show a change
of behaviour at a burnup threshold of about 100 MWd/kgU. In the interval between 60 and
100 MWd/kgU, porosity increases with burnup at a rate of about 1.7 % / 10 MWd/kgU until
it reaches about 10% at the burnup critical value (Figure 9). For burnups higher than 100
MWd/kgU, the porosity increase rate is about 0.6 % / 10 MWd/kgU [22]. The pores number
density, instead, increases with burnup until reaching a maximum of about 10® pores/mm” at
the burnup threshold value and then decreases [22]. This fact reveals that after =100
MWd/kgU the pores coalescence process becomes significant. In the burnup range beyond
the critical value, the pores density decreases while larger pores are generated as the burnup
increases.
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FIG. 9. Experimental data of (a) porosity and (b) number density vs. local burnup for different level
of average burnup.

For these reasons, two different schemes have been adopted to represent the system state in
terms of the local burnup level: model 1, valid for burnups between 60 and 100 MWd/kgU
and model 2, for burnups above 100 MWd/kgU. For local burnups even higher, the pores next
to the pellet surface acquire an increasing probability of making contact with the free surface
and thus becoming open pores. The microstructure adopts a typical aspect referred to [23] as
ultra-high burnup structure (UHBS). The gas contained in the formerly closed pores is
released to the free volume of the fuel rod. The experimental data reveal that the fraction of
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open pores remains low and limited to a very narrow layer in the pellet periphery. J. Spino et

al.

[24] determined that a local burnup as high as 250 MWd/kgU is necessary for reaching a

total porosity of 24%. Below this burnup level, the open porosity represents less than 7% of
the total porosity. These very high local burnup levels are needed in order that the pores make
contact with the pellet surface thus releasing its gas content. The fraction of open pores
decreases towards the pellet interior so that the vented zone is limited to the outer 20 um
layer.

This model was published elsewhere [2, 3]. Only the more relevant aspects will be described
here.
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Pores are assumed of spherical shape with radius R, . The pores population within the

material is characterized by the porosity (o) and pores number density (7, ), which are
4
related by ¢ = 3 an, ny, .

The accumulation of fission gas within the closed pores gives rise to a certain overpressure

on the pore surface given by A¢ = P, 2 P, where P, is the pressure due to the gas
R

P
within the pore, P, is the hydrostatic pressure and y is the surface energy of the pore,

estimated in y=1J/ m.
The gas enclosed in the pores, mainly Xe, is assumed to obey the Van der Waals equation.

4 53 29 3 - .
Then, P, (5 TR, - ® x,N ) =N ,kT where oy, ~8.5x107""m"/atom, is the specific volume

for Xe, N, is the number of gas atoms in a pore and T is the absolute temperature. The
number of fission gas atoms enclosed in the pores per unit volume of the material is
C,=N,n,and then P,(c-oy,C,)=C,kT .

The fission gas generated during fuel irradiation, Cgey, is distributed among pores, ¢,

matrix, Cpquqc, and rod free volume, ¢, , 1.€.0 Cgepn =Cp +CpgprixtCre , all of them

measured as weight per cent of fuel. The expressions for Cgeyand c,ygWere given in

section 0.
In the burnup range corresponding to model one c,,; is very low and can be approximated

by ¢,o =1.6x10° wt%.

(0.015+0.008%)Bu
1-0.0135x Bu+6x107 Bu
porosity in terms of local burnup. It includes the possible effects of pellet-cladding
mechanical interaction (A =1 when pellet-cladding contact exists and A =0 when it does
not). o represents the porosity reached by the fuel material when Bu=Bu,=60 MWd/kgU,

The empirical expression ¢ =[

51-(0.036-5() was developed for

i.e. when the high burnup range starts. The value of o is usually in the range 3% to 6%,
depending on the fabrication route and base irradiation conditions.

Model two includes the mechanisms of pore growth due to trapping of vacancies and
interstitials, and to interactions of diverse orders between pores (closed or open) and of

pores with the pellet surface. According to the pore radius growth rate is given by

dR 1 ALQ ALQ
—p=—[DVXS(I-exp(-kC—T))-Din-o(l—exp( 5 )] where Q indicates the volume

dt R, kT

associated to the point defects assumed equal to the volume per uranium atom in the UO,




lattice (Q=4.09x102"m?), the term AZQ in both exponents represents the work invested
in moving an atom under a pressure AL thus creating a point defect of volume Q;
X

=QC,; . .. . . . - ..
Vi V! indicates the fraction of sites occupied by vacancies/interstitials. A system of

coupled differential equations is solved to obtain the fractional concentrations of vacancies
and interstitials, which lead to the pore radius R, .

The complete model is compared with experimental data obtained from the open literature
[28-31]. The results are shown in Figure 10.
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FIG. 10. Porosity vs. burnup. Comparison between experimental data from the open literature and
the model included in DIONISIO.

3. INCORPORATION OF THE MODELS IN DIONISIO

The models just described were introduced in DIONISIO and the predictive ability of the
code as a whole was tested by comparison of its results with experimental data corresponding
to the high burnup range. The results of this testing and the modifications in the code
architecture are the subject of the next presentation.

4. CONCLUSIONS

Several subroutines have been incorporated to the DIONISIO code in recent times. They are
oriented to extending the scope of the code to the high burnup range. The radial profiles of
the more significant uranium and plutonium isotopes are evaluated, assuming that the
resonant absorption of epithermal neutrons by **U is responsible for the formation of the rim
structure. The degradation of thermal conductivity with burnup as well as its dependence with
the content of Gd, usually included as burnable poison, was also considered. Empirical
models describing the production of Nd, Cs and Xe were incorporated to the code.

A more complex model aimed at describing the formation and progress of the high burnup
microstructure was also incorporated. The evolution of parameters like porosity and pores
number density of closed and open pores, overpressure provoked by the fission gas enclosed
in the pores, concentration of point defects in the vicinity of these pores, inventory of gas
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retained in the solid matrix of the transformed pellet region, trapped in the pores and released
to the rod free volume are considered in terms of the burnup, in the range comprised between
60 and 300 MWd/kgU, as well as in terms of the radial position within the fuel pellet in its
outer ring.

All the subroutines were subjected to numerous separate tests that included parametric
analyses spanning a wide range of temperature, burnup, fission rate, surface/volume ratio,
among others. The model testing also covered comparison of its results with experimental
information mostly obtained from the FUMEX II/III data bank showing a good agreement
both in average burnup as total plutonium produced.

With the improvements recently introduced, involving subroutines for the physical and
chemical properties of the fuel material in the high burnup range, the code DIONISIO in its
version 2.0 evidenced a good performance in the numerous simulations of experimental
situations typical of PWR, BWR and PHWR fuels. On this basis, DIONISIO 2.0 can be
regarded as an adequate simulation tool even for average burnup levels as high as 60
MWd/kgU.
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Abstract.

The version 2.0 of the DIONISIO code has been recently developed with the purpose of improving the accuracy
of the simulation of the whole fuel rod. To this end, the rod is divided into a number of axial segments. The
local values of linear power and coolant temperature are given as input data to DIONISIO 1.0 which is executed
in each segment obtaining as outputs the local values of temperature, stress, strain, among other physical
variables. Then, the general rod parameters (internal rod pressure, amount of fission gas released, pellet stack
elongation, etc.) are evaluated at the end of every time step, conveniently combining the results of all the axial
segments. The new code architecture allows taking into account the axial variation of the linear power and,
consequently, evaluating the dependence of all the significant rod parameters with the longitudinal coordinate.
Moreover, new calculation tools designed to extend the application range of the code to high burn up have also
been incorporated to DIONISIO 2.0 in recent times and are the subject of other presentation. With these
improvements, the code results are compared with some experiments published in the IAEA data base, covering
more than 380 fuel rods irradiated up to average burnup levels of 40-60 MWd/kgU. The results of these
comparisons, which are presented here, reveal the good quality of the simulations.

1. INTRODUCTION

The fuel performance code DIONISIO version 1.0 was designed to describe most of the main
phenomena occurring in a PWR/PHWR fuel rod throughout its life under normal operation
conditions. The code is two-dimensional, discretizes one half of an axial section of a pellet
and the corresponding cladding segment, assumes cylindrical symmetry for the rod and also
symmetry with respect to the middle pellet plane and uses the finite element method to
integrate the non-linear differential equations of heat diffusion and stress-strain. Starting from
an idealized power history, it predicts the temperature distribution in the domain, elastic and
plastic stress and strain, creep, swelling and densification, release of fission gases, caesium
and 1odine to the internal volume of the rod, gas mixing, pressure increase, irradiation growth
of the Zircaloy cladding, development of an oxide layer on its surface and hydrogen uptake,
restructuring and grain growth in the pellet. The effects of a corrosive atmosphere (SCC)
either on the internal or external cladding wall as well as the possibility of pellet-cladding
interaction (PCI) are also considered [1-6].

After performing the above mentioned calculations in a single fuel pellet, the results are
generalized in DIONISIO 1.0 to the rod length. This scheme implies the assumption that the
linear power and the coolant temperature are uniform in the whole rod. Although a large
number of properties are adequately simulated taking the average values of the input
parameters, it is to be admitted that in certain instances this may lead to underestimation of
some output variables. Initiation of fission gas release is an example of this limitation since
the release surely starts at the middle of the rod, when the average linear power indicates that
no release has to occur yet. On the opposite edge, but for the same reasons, a simulation
performed with the maximum of linear power would overestimate the amount of gas released.
It is worth mentioning that a correct prediction of gas release, both in regard to the time of
initiation or to the amount released is crucial for a correct simulation of the composition of
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the internal atmosphere in the rod, which affects the evolution of the internal pressure and
temperature profile and therefore all the physical parameters of the system.

A new version of the code, DIONISIO 2.0, has been recently developed with the purpose of
giving a more accurate simulation of the behaviour of the whole rod. To this end, the rod is
divided into a number of user defined axial segments. In each one DIONISIO 1.0 is executed
taking as input data the local parameters of the rod (linear power, coolant temperature). The
complete problem is solved in each segment obtaining the relevant local output parameters
(temperature, stress and strain distributions, among others). Then, the general rod parameters
(internal rod pressure, amount of fission gas released, pellet stack elongation, etc.) are
evaluated at the end of every time step, conveniently combining the results of all the axial
segments. The new code architecture allows taking into account the axial variation of the
linear power and coolant temperature and, consequently, evaluating the dependence of all the
significant rod parameters with the longitudinal coordinates.

Although the following aspects are not analyzed in the present work, we mention for
completeness that calculation tools designed to extend the application range of the code to
high burnup have also been incorporated to DIONISIO 2.0 in recent times and are the subject
of another presentation. On the one hand, a group of subroutines, which are tuned for UO,
fuels in LWR conditions, predict the evolution of the radial distribution of the isotopes **°U,
236y B8y, 29py, 2py, 2*'Pu and ***Pu [2]. On the other hand, a set of subroutines has been
included to simulate the microstructural modifications that the pellet suffers at its external
edge under high and very high burnup conditions [3]. Furthermore, subroutines designed to
predict the distribution of caesium, iodine; neodymium and xenon in the pellet solid lattice
were also integrated to DIONISIO 2.0 [4], on the basis of experimental information reported
in Refs [5, 6].

2. DESCRIPTION OF THE NEW FEATURES OF THE CODE

2.1. New domain of resolution

With the aim of reaching a better simulation of the phenomena involved in a fuel bar, a
partition of the complete rod is introduced in this new version of DIONISIO. These sections
represent partitions of the real rod submitted to different values of the linear power according
to the non-uniform longitudinal distribution of neutron flux in the reactor.

Figure 1 shows, in the left side scheme, the active portion of a whole fuel rod. A
magnification is given in the center of the figure where several axial sections are shown, each
one containing a given number of pellets. In each axial section the differential equations
(heat, stress, strain) are solved in a representative pellet and the corresponding cladding
segment, using the finite elements method. The pellet is assumed symmetrical with respect to
the middle transversal plane. Hence, only one half of the pellet needs to be analyzed.
Moreover, cylindrical symmetry is assumed. The system is well represented by the domain in
the r-z plane shown in the right side scheme, where rectangular finite elements are used for
the discretization.
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FIG. 1. a) Scheme of the active part of a whole fuel rod. b) Magnification of a portion of the rod
where several segments, each one containing a number of pellets, is shown. c) In each sector a half
domain (pellet and cladding) is solved using the finite elements method with axial symmetry.

In every time step, a complete description of the system variables is obtained for each axial
section starting from the local values of the linear power and coolant temperature. After that
the amount of gas released by each rod segment is evaluated on the whole rod, adding the
contribution of each sector. The composition of the gas mixture in the gap and its thermal
conductivity are recalculated in every time step. The internal rod pressure is calculated with
the ideal gas law using the total number of gas atoms released, the total free volume within
the rod and the average of the gap temperatures in all the segments.

2.2. High burnup considerations

When the residence time of nuclear fuel rods of uranium oxide is increased beyond a given
threshold value, several properties of the pellet material suffer changes and hence the
subsequent behaviour of the rod is significantly altered. Due to the absorption of epithermal
neutrons by ***U (its absorption cross section exhibits resonant peaks in the energy range
comprised between 5 and 2000 eV) and to the chains of nuclear reactions that take place
thereafter, several Pu isotopes are born especially at the pellet periphery. In particular, the
fissile character of **Pu and **'Pu is the cause of the increased number of fission events that
occur in that ring. For this reason, the radial dependence of the power generation rate and the
burnup accumulation need to be considered. These parameters, which at low and intermediate
burnup levels can be considered with a reasonably good approximation as uniformly
distributed, reach values two or three times higher at the pellet edge than at the rest of the
pellet when the average burnup exceeds a certain magnitude. The numerical codes designed
to simulate fuel behaviour under irradiation must include the radial distribution of power
density, burnup and concentration of diverse nuclides to produce predictions valid in the high
burnup range.

The complete treatment of all the isotopes involved in the nuclear reactions within the pellet
encompassing the whole energy spectrum is the task of the codes specialized in reactor
physics. A simplified treatment consisting in reducing the energy spectrum to a single group
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was proposed in the past [7]. The calculation scheme chosen for DIONISIO consists in
adopting this simplification and restricting the balance equations to the more abundant
isotopes: 2 U, 236U, 2 8U, 239Pu, 240Pu, 21py and ***Pu. Starting from reliable values of the
isotopes concentrations obtained with the neutronic codes CONDOR [8] and HUEMUL [9]
in a range of irradiation conditions, empirical expressions were fitted to represent, with the
higher possible accuracy, the absorption, capture and fission cross sections of these isotopes
as functions of the initial enrichment in *°U, the average burnup and the radial coordinate,
within the approximation of one neutron energy group.

The general trend to extending the time of residence of the fuel in the reactor is generally
accomplished by increasing the initial loading of fissile elements in the fuel via enrichment.
This originates the need of introducing some neutron absorber material in the core to
compensate the reactivity in excess in the fresh fuel. One of the usual strategies consists in
including Gd,0; as burnable absorber in the UO, matrix. Its presence has significant effects
on the fuel performance: radial modification of the power profile, degradation of the thermal
conductivity of the fuel and reduction of the fuel melting point. DIONISIO 2.0 is capable of
simulating UO, fuels doped with Gd,Os as a burnable poison. The system of equations
described above is enlarged to include the Gd 155 and 157 isotopes that play a role in the
burnup process, particularly at the beginning of fuel irradiation.

The inhomogeneous distribution of fissile Pu isotopes that builds up for extended irradiation
periods and the consequent increase of local burnup in the pellet periphery (rim zone)
originate the gradual development of a new microstructure characterized by small grains and
large pores as compared with those of the original material. In this region Xe is absent from
the solid lattice (although it continues to be dissolved in the rest of the pellet). The porous
microstructure in the pellet edge causes local changes in the mechanical and thermal
properties, thus affecting the overall fuel behaviour.

A model was developed to describe the behaviour and progress of porosity at local burnup
values ranging from 60 to 300 MWd/kgU [8]. The analysis includes the interactions of
different orders between open and closed pores (as in Refs [10, 11]), the growth of the pore
radius by capturing vacancies, the evolution of the number density of pores, the overpressure
within the closed pores and the inventory of fission gas dissolved in the matrix, retained in
the closed pores and released to the free volume of the rod.

3. CODE VALIDATIONS

Several experimental data reported in IAEA data basis that cover the extended burnup range
were simulated with the recent version 2.0 of DIONISIO. Some of the many results are
presented below and compared with the measurements or with the results of other codes.

With the aim of showing the improvement obtained with the axial partition of the rod, the
conditions of the PRIMO (PWR Reference Irradiation of MOX Fuels) experiment were
simulated [12]. This program that started in 1986 was cosponsored by several institutions and
fuel vendors, with the aim of testing the performance of eight codes from different countries
[13]. It consisted in the irradiation of a single instrumented rod, named BDS8, in the BR3
reactor during cycles 4D1 and 4D2 prior to being transferred to the ISABELLE 1 loop for
ramping in the OSIRIS reactor. The data for the base irradiation are given as histograms of
the linear power vs. time for twelve axial zones in the rod.
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FIG. 2a) shows the experimental linear power history of five sectors selected as examples,
averaged as sequences of constant power steps. The final power ramp is seen as a vertical line
since it develops in a shot time interval. In Figure 2b) the curves represent the simulation
with DIONISIO 2.0 of the centre temperature of those individual sectors. The results of the
predictions of the participant codes fall in a range of values which is superimposed for
comparison. In Figure 2¢) and d) the curves express respectively the simulation of the fission
gas released by the whole rod and the internal pressure. The contributions of the twelve
sectors are taken into account in the calculations. In these figures also the vertical segment
represents the range of results obtained with the codes that participated in the experiment.
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FIG. 2a) Experimental data of the linear power in five selected sectors of the BDS rod. b) Centre
temperature for those sectors. c) fgr and d) pressure in the whole rod. In b), ¢) and d) the curves
represent the simulations with DIONISIO 2.0 and the points the maximum and minimum predictions
of other codes.

A wide set of experiments compiled in the IAEA data bank [14, 15] were simulated to test the
performance of the code in its present form. They are listed and briefly described in Table 1.

TABLE 1. EXPERMENTS USED TO VALIDATE THE VERSION 2.0 OF DIONISIO
N°of

Experiment name rods Rreactor type /Ffuel type References
‘IAEA_Blind* 3 PHWR, CANDU / UO, [16]
Contact 3 PWR /UQO, [17]
FUMEX 1 10 PWR /UO, [18]
CNEA_ MOX 2 PHWR, CANDU / MOX [19]
PRIMO 1 PWR /MOX [20]
AECL-bundle 4 PHWR, CANDU / UQ, [20]
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N°of

Experiment name rods Rreactor type /Ffuel type References
EFE-Ro 2 PHWR / UO, [21]
Regate 1 PWR /UO, [22]
IFAS07 2 BWR / UO, [23]
IFA535 4 BWR /UO, [24]
IFA597 1 BWR /UO, [25]
IFAS34 2 PWR /UO, [26]
IFA 429 7 PWR /UO, [27]
IFA 432 5 BWR /UO, [28]
IFA 533.2 1 BWR /UO, [29]
IFA 562.1 12 BWR / UO, [30]
Osiris 2 PWR /UO, [31]
Kola3 9 WVVER /UQ, [32]
Riso2 16 PWR /UO, [33]
Riso 3 15 PWR /UO, [34]
Tribulation 19 PWR / UO, [35]
Hbep 79 PWR, BWR /UO, [36]
Gain 4 PWR, UO,-Gd,03 [37]
InterRamp 20 BWR, UO, [38]
SuperRamp 44 PWR/BWR, UO, [39]
Demo Ramp I/II 13 BWR, UO, [40]
Over Ramp 39 PWR, UO, [41]
Trans Ramp 18 PWR/BWR, UO, [42]
Sofit 7 VVER, UO, [43]
Br3 5 PWR, UO, [44]
Irdmr 7 PHWR, UO, [45]
Uspwrl6x16 9 PWR, UO, [46]
Spc-Re 20 PWR, UO, [47]

To test the quality of the predictions of concentration of different elements a large number of
experiments were simulated and compared with the data. Fig. 2 shows the comparison
between calculated and measured content of total Uranium and Plutonium corresponding to
experiments listed in Table 1. In the plots dotted parallel lines are drawn at both sides of the
line of perfect agreement to underline the good accord between calculations and
measurements. In particular for Pu, 98% of the nearly 500 plotted points fall within the fringe
+0.5 wt% at both sides of the bisector of the first quadrant. Equivalently, the mean value of
the absolute difference between calculated and measured values represents 15.4% of the
mean value of the measured data, expressing also the good quality of the approximation
reached with the simulations.
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FIG. 2. Calculated vs. measured values of local concentration of a) U and b) Pu.

As in Figure 3, calculated and measured values of average burnup, centre temperature, FGR
and internal pressure for experiments selected from Table 1 are compared in Fig.4.
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FIG. 3. Calculated vs. measured data of a) average burnup, b) centre temperature, c) FGR and d)
internal pressure for experiments selected from Table 1.

Due to thermal expansion and mechanical restrictions, the pellet experiences a non-uniform
deformation: the initially cylindrical pellet surface distorts, bending outwards, the top and
bottom faces being displaced further than the central belt [5]. If the pellet strain is sufficiently
large, it may come into contact with the cladding (PCMI), particularly in regions next to the
pellet-pellet contact surfaces, giving place to a bamboo type differential deformation in the
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cladding evidenced by the presence of equidistant circumferential ridges. The two-
dimensional structure of DIONISIO along with the model of mechanical contact included in
it allows an acceptable description of the bamboo effect and the radial cladding deformation.
As an example a comparison is made in Figure 4a) between measurements and simulations
corresponding to the ABS rod from the IRDMR experiment. The plot shows the evolution of
the pellet strain at the middle pellet plane (minimum strain) and at the pellet-pellet interface
(maximum strain). In Fig. 4b), the simulated pellet and internal cladding radii corresponding
to the plane of maximum strain are plotted vs. burnup; the scale is given at the right side. The
hoop stress is also plotted in the left axis.
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FIG. 4a) Comparison between measurements and the predictions of DIONISIO for the eevolution of
strain in the ABS rod of the IRDMR experiment. b) Evolution of pellet, internal cladding radius and
hoop stress for the same rod.

4. CONCLUSIONS

The present architecture of the code allows a more realistic simulation of the fuel rod
behaviour since each axial section can be modeled starting from the local values of linear
power and coolant temperature. Due to the non-uniformity of the conditions to which the
different portions of fuel rod are subjected during operation, several phenomena can start at
(or take place only in) the central part of the bar and begin much later (or never happen) at
the rod ends. The release of fission gases and the pellet cladding mechanical contact are just
two examples of phenomena of these characteristics. The previous version of DIONISIO
assumed a uniform power in the whole rod length. The choice of this value as the average
linear power can lead to underestimation of the amount of gas released or to overestimation
of the time for initiation of release, and vice versa if the simulation is carried out assuming
the whole rod at the maximum power. Evidently, a correct calculation of gas release, as for
its volume or initiation time, plays a significant role with reference to the prediction of all the
physical parameters of the rod (internal pressure, temperature distribution, etc.) A similar
difficulty is probably present in those codes that perform the rod simulation in a one-
dimensional approximation.

With the improvements recently introduced, involving subroutines for the physical and
chemical properties of the fuel material in the high burnup range, the code DIONISIO in its
version 2.0 evidenced a good performance in the numerous simulations of experimental
situations typical of PWR, BWR and PHWR fuels. On this basis, DIONISIO 2.0 can be
regarded as an adequate simulation tool for average burnup levels as high as 60 MWd/kgU.
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SIMULATION OF HIGH BURNUP FUEL FRAGMENTATION IN HIGH
TEMPERATURE TRANSIENTS
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Budapest, Hungary
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Abstract. Fragmentation and relocation of the high burnup fuel pellets was observed in Halden LOCA tests and
in Studsvik hot cell experiments. A simple model has been developed for the analysis of the mechanical
behaviour of the fuel pellet to explain the fragmentation mechanism. High pore pressure and porosity can cause
such stresses in high burnup fuel pellet that can lead to fragmentation of UO,.

1. INTRODUCTION

Significant fragmentation and relocation of high burnup (92 MWd/kgU) fuel pellets was
observed in IFA-650.4 LOCA test in the Halden reactor. Cladding burst occurred at 790 °C
and part of the fuel fragments were released from the ballooned section of the cladding into
the coolant (Figure 1). Under similar test conditions the fresh fuel pellets remained intact in
other tests in the same reactor. Later experiments with high burnup pellets also showed the
fragmentation and relocation process. On the basis of these observations could be concluded
that there are some burnup dependent phenomena or mechanisms that are the driving forces
for fuel fragmentation.

FIG. 1. Fragmented high burnup fuel pellet in Halden LOCA test [1].

Recently another tests series was performed with irradiated fuel segments (72 MWd/kgU) in
Studsvik hot cells. The simulated high temperature LOCA scenarios also indicated that fuel
fragmentation can take place in high burnup fuel during accidents conditions [2]. In these
tests also significant fuel dispersal was observed during the experiment.

In order to identify the causes for the observed pellet fragmentation and to develop numerical
models for prediction of the potential consequences of this phenomenon on reactor accidents,
an analytical study has been carried out in the MTA Centre for Energy Research, Hungary. In
the present paper the steps of model development and some calculated results are
summarised.

2. ANALYSES OF THE POTENTIAL CAUSES OF PELLET FRAGMENTATION

The high burnup fuel pellets are characterised by high content of fission product and
formation of high burnup structure at the external surface of the pellets. The gaseous fission
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product (e.g. Xe and Kr) cannot remain in the fuel matrix, they migrate to the grain surfaces
and form gas bubbles (pores).

For high temperature transients the heat-up of the pellets leads to the increase of pressure
inside these bubbles. The high pressure in pores creates high mechanical stresses in the pellet
and it can initiate the formation of crack and facilitate crack propagation along the gains. In
our study it was investigated if such an effect could lead to the fragmentation observed in the
Halden and Studsvik experiments.

2.1. Fracture strength

The integrity of the fuel pellet is determined by the fracture strength of UO, (normal stress at
the beginning of fracture). If the stress is higher than the fracture strength local crack
formation and fragmentation of the pellet can be expected. Fracture strength data versus
temperature is seen in Figure 2 [3]. The rise of the temperature causes a slight fracture
strength increase. The fracture strength measurements, however, show a large scattering. The
fitted line (Knudsen equation) in Figure 3 was used in our study to predict fracture strength.
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FIG. 2. Comparison of equation in the elastic regime with out-of-pile UO; fracture strength data
normalised to 10 um grain size and 95% theoretical density [3].

Figure 3 shows the calculated fracture strength versus porosity for different grain sizes. With
increasing porosity fracture strength decreases exponentially. The initial fracture strength
drops from =150 MPa to =100 MPa with 20% porosity. The dependence on grain size seems
to be not very strong.
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FIG. 3. Fracture strength versus different porosity fractions.

2.2. Pore pressure

Koo et al. [4] have calculated pore pressure in the rim as a function of pellet average burnup
and pore radius as seen in Figure 4. With increasing burnup the pressure increases due to
collection of more gases in the pores. According to their model calculations the gas pressure

in the pores of high burnup fuel can be as high as several hundreds MPa, and the pressure is
higher in small pores than in large pores.

pore pressure (MPa)

FIG. 4. Calculated pore pressure in the rim [4].

2.3. Stresses in the pellet

A simple model has been developed for the analysis of the mechanical behaviour of the fuel
pellet. The pellet was divided into elementary cells and the forces were determined for cell
boundaries. The calculated stresses were compared to fracture strength.

It was assumed that the pore size is uniform and the pore pressure is the same throughout the
whole pellet. The location of pores is equidistant on peripheral line parallel to the pellet

surface and their shape is spherical. Stress was calculated between two pores along the
peripheral line as seen in Figure 5.
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FIG. 5. Schematic figures of the pellet and the elementary cell.

In case of normal operation mechanical equilibrium exists between the internal pressure in
the pores and the stresses in the cladding, the pellet therefore remains intact (Figure 6, left).
During LOCA accident the ballooning process creates a gap between the pellet and the
cladding and the mechanical equilibrium can be lost (Figure 6, right). The high internal
pressure in pores can initiate fracture development along the grain boundaries and this
process can lead to pellet fragmentation.

FIG. 6. Stresses in the pellet in case of normal operation (left) and LOCA (right).

Stresses were calculated along the external ring (Figure 5) between two pores. The bubble
size was considered 1 um. The distance between the bubbles was determined using the
porosity and the geometrical parameters corresponding to uniform distribution of pores as
shown in Figure 5. Calculations were carried out with different pressure values (between 100
and 300 MPa) as seen in Figure 7. These pressure values seem to be realistic data according
to Figure 4. The created stresses are rather high: several hundreds MPa. The fracture strength
(Figure 3) is in the same order or even less for high porosity cases. For this reason can be
concluded that the stresses formed in the high burnup pellets during LOCA accidents can
create stresses higher than the fracture strength and it can result in formation of crack in the
uranium oxide pellet.
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FIG. 7. Stress versus porosity for different pore pressures.

It was concluded on the basis of the above analysis with idealised pellet geometry, that high
pore pressure and porosity can cause stress in high burnup fuel pellet that can lead to
fragmentation of UO,. This can explain the fuel fragmentation observed in the Halen and
Studsvik experiments. It was also pointed out that more detailed calculations would be
needed to determine a threshold value and the conditions of fuel fragmentation and simulate
the behaviour of real pellet structure.

3. SIMULATION OF PELLET FRAGMENTATION DURING LOCA

The IFA-650.5 experiment was calculated in the framework of an OECD benchmark using
different fuel behaviour codes [5]. The codes describe the thermal and mechanical behaviour,
but do not simulate fuel fragmentation. For this reason, using the results of a code calculation
and some specific data on pore size distribution a special calculation was carried out to
describe the changes in the microstructure of the high burnup pellet during the in-pile LOCA
test. In this chapter the calculations details are presented.

3.1. Objectives of the numerical simulation

During a LOCA accident the high burnup structure at the rim of the pellets with a high

burnup may fragment into microscopic pieces and the fine debris may relocate into the

ballooned section of the cladding, decreasing the coolability of the fuel pin. Moreover, the

fragmentation releases some of the gas trapped in the pores of the HBS, increasing the

pressure inside the pin. The main objectives of this study were the followings:

e determine when the fragmentation occurs under LOCA conditions,

e calculate the amount of fission gases getting into the free volume from the pores and

e refine the existing models: take the pore size distribution into account on mechanical
basis

3.2. Steady state and transient conditions

The IFA-650.5 test was used for modelling. The segment burnup was 83.4 MWd/kgU. The
target cladding temperature was 1100°C and the burst occurred at 750°C.

Normal operation and LOCA simulations of the segment made with the fuel behaviour code
TRANSURANUS [6]. The TRANSURANUS results were generally in good agreement with
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the measured data, especially for the quantities used in the model. During the LOCA the
maximum surface temperature of the pellets was calculated to be between 1000 and 1200 °C.
The final HBS was 1.8 mm thick and the burnup at the pellet rim was above 140 MWd/kgU.

3.3. Pore size distribution

The pore size distribution was an important parameter in this study. In order to get reliable
data a ceramographic picture of cross sections of the test rod was analyzed. Using image
analyses software, the pore sizes and their distribution at certain positions was determined.

Since it was intended to use the model at different axial elevations and radial positions, it was
necessary to determine the local pore size distribution at different burnups where measured or
calculated data are not available. The available data are shown in Figure 8. These data cover
the average pellet burnup range from 56 to 102 MWd/kgU which match to local burnup range
from 81 to 174 MWd/kgU. Within this range interpolation was used to determine the pore
size distribution and out of the range extrapolation was applied with adequate foresight.
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FIG. 8. Frequency versus pore radius at different burnups (measured data).

Log-normal fitting was done and some of the interpolated curves are seen in Figure 9. 2/3 of
the pores are smaller than 2.2 micron. Pores above 5 micron diameter were not counted,
because the mechanism of their formation may be different.
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3.4. Pore pressure calculation

For the pore pressure calculation the assumptions were the followings: along the pellet radius
the typical pore size is the same, the pore size distribution is changing and the amount of the
pores are changing. The porosity of the pellet at different positions was taken from the
TRANSURANUS calculation.

The amount of the fission gases in the different pores were needed for the calculation of the
pore pressure. The TRANSURANUS calculations provided the amount of produced fission
gases for a volume unit of UO, and these fission gases were distributed among the pores.

In Figure 10 the pressure of the different size pores can be seen after the base irradiation at
room temperature. The pressure is the highest in the smallest pores, it is ~1,8-10® Pa. The
model was compared with the method of Koo pore pressure calculation [4]. The Koo model
does not count with pore size distribution, only the average pore size is used, although it has a
big influence on the pressure. The two methods show good agreement.
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FIG. 10. Pore pressures as function of pore radius.

3.5. Simulation of test conditions in IFA-650.5 test

The temperature of the pellet surface and the rod pressure history under LOCA experiment
can be seen in Figure 11. On the pressure curve a small increase can be found from 126
second until the burst. It could have been caused by the fragmentation so the fission gases get
into the free volume which can cause pressure increase.
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FIG. 11. Pressure and temperature histories in IFA-650.5 experiment.

According to our model only the small pores cause stress high enough to fragment the HBS.
If the stress is higher in the UO, matrix between 2 pores than the valid fracture strength at
given conditions the pellet will fracture most probably. The fracture strength is described by
the Knudsen equation. It depends on the porosity so the fracture strength is different in every
radial position.

The stress histories are shown with the continuous curves (Figure 12) and the dashed curves
are the solutions of the Knudsen equation. The red curve shows the temperature history. It
can be seen that first, in the outermost ring, about 110 seconds the stress curve crosses the
fracture strength curve which belongs to it. It means the ring of the pellet fragmented at this
time. The main fragmentation occurred in the interval of 140 to 160 seconds and 640 to 750
°C. It is worth noting that the time concurs with the increase of pressure in Figure 10 and the
temperatures overlap with the literature data. Figure 12 shows that the last rig which was
fragmented is number 41 out of 50. This rig corresponds to 0.899 relative radius. The
developed HBS structure was thicker but the gas content of the pores, because of the lower
burnup, are not enough to cause fragmentation. In other axial position, because of different
local parameters (burnup, power, temperature) the fragmented region was, of course, not the
same.
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FIG. 12. Calculated stress in different regions of the pellet as function of time and temperature
history of IFA-650.5 test.
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These pores contain approximately 15-16% of the gas in the porosity which can escape to the
pin free volume during fragmentation. According to the calculations the amount of gas from
the small pores caused 4% pressure increase (produced as an integral of gas releases in each
axial position) and the measured increase was app. 7%.

The model predicted that a nearly 0.5 mm thick outer HBS layer would fragment. This is in
agreement with the post irradiation examinations.

4. CONCLUSIONS

The fuel fragmentation of high burnup pellets during LOCA accidents was analyzed in the
present study.

It was pointed out that accumulated fission gases in the pores can produce very high pressure
that is enough to initiate crack formation in the pellet.

The following parameters were determined for a selected experimental scenario:

the burnup dependent pore size distribution in the HBS,

the accumulated fission gas pressure in the different sized pores,

the stresses in the material between the pores,

threshold value of fracture strength where the pellet fragments,

the fragmentation fraction of pellet volume and the mass/volume of fission gases
released due to fragmentation.

The present model is suitable for predicting the fragmentation of the HBS of the fuel pellets
with average burnups between 56 and 102 MWday/kgU and the ensuing extra fission gas
release during LOCA. With temperature history similar to IFA-650.5 LOCA test, the
estimated fragmentation limit is <90 MWd/kgU local burnup.
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Abstract.

The MIR-LOCA/60 experiment with VVER high burnup fuel was performed in the MIR research reactor (SSC-
RIAR) in 2010. Experimental fuel assembly with 16-th fresh and three refabricated VVER-1000 type test fuel
rods with burnup of 58.1 - 58.6 MWd/kgU was tested. The purpose of MIR-LOCA/60 experiment was the study
of thermomechanical behaviour of VVER high burnup fuel at typical conditions for LOCA design accidents.
The maximum indications of fuel thermal couple (TC) didn't exceed the level of ~860 °C, TC registration for
fresh fuel rods cladding was about 820°C. The duration of cladding temperature holding at the level of more
than 700 °C was about one minute.As a result of PIE of the tested FA deformations and corrosion of claddings
and structure of fresh (unirradiated) and spent fuel pellets were defined.In experiment there was a rupture of
four fresh fuel rods. Refabricated fuel rods were remained intact. Fracture and relocation of fuel pellets of
refabricated fuel rods weren't observed.Post-test neutron, thermohydraulic and thermomechanical calculations
were carried out. As a result the estimations of temperature regime for refabricated fuel rods were received. The
assessment of the maximum temperature of refabricated fuel rod claddings is in the range of ~ 700 - 800 °C.

1. BRIEF DESCRIPTION OF EXPERIMENT

The MIR-LOCA/60 experiment with VVER high burnup fuel was performed in the MIR
research reactor (SSC-RIAR) in 2010. This work was performed in cooperation of the
organizations: JSC«SSC-RIAR», Research Centre Kurchatov Institute, JSC «OKB
Gidropress», JSC«OKBM Afrikantovy», JSC«VNIINM», JSC«TVEL» [1].

Experimental fuel assembly (EFA) containing 16 fresh test fuel rods and 3 refabricated fuel
rods of VVER-1000 type with burnup of 58.1 - 58.6 MWd/kgU was tested.

The purpose of MIR-LOCA/60 experiment was the study of behaviour of VVER high burnup
fuel at typical conditions for LOCA:

J Research of deformations and rupture conditions of claddings, and oxidations of
claddings;

J Research of fuel pellets destruction conditions and fuel relocation in the ballooning area
of cladding.

The active area and the reflector of the MIR reactor in cross section (Figure 1) has form of a
hexagon inscribed in circle with diameter of 975 mm. Core height - 1000mm. Green colour in
Figure 1 marks the position of the experimental assembly in the core.
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FIG. 1. EFA position in the reactor form.

Parameters of refabricated fuel rods before and after irradiation in Balakovo NPP during four
cycles are presented in Table 1.

TABLE 1. PARAMETERS OF REFABRICATED FUEL RODS BEFORE AND AFTER
IRRADIATION

Parameters of the original fuel rod Parameters of the refabricated fuel rod

before irradiation in VVER-1000 RFR-2
Cladding material E110 Average fuel burn-up, MW*d/kgU 58.1
Diameter of fuel rod, mm 9.1 | Fuel stack length, mm 977
Inner diameter of fuel rod, mm 7.72 | Average cladding diameter, mm 9.03
Fuel material Uo, | Filling gas He
Pellet diameter, mm 7.57 | Filling gas pressure, MPa 2.2
Diameter of central hole, mm 2.35 | External oxide thikness, mkm <6
Pellet height, mm 9-12 | Hidrogen concentration in cladding, ppm <80

Arrangement of fuel rods on the section of EFA and instrumentation of assembly are
presented in Figure 2-3.

During test the experimental measuring system was efficient (see Figure 4-6), so the
information for the computer modelling of thermal-mechanical behaviour of fuel rods was
received.
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The maximum indications of fuel thermocouple (TC) didn't exceed the value of ~860°C, for
the TC of fresh fuel rods cladding was about ~820 °C, duration of holding of cladding at a
temperature more than 700 °C was about 1 minute. (Figure 4-5).
The pressure sensors installed in one fresh fuel rod (# 18) and one refabricated fuel rod (#
16), showed that depressurization of these fuel rods in experiment didn't happen (Figure 6).
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core mn fuel center
center — Fuel rod with
<,:| pressure detector
Thermocouple
in coolant
Thermocouple
ot cladding
#HH# ## 1,4,6,
#19 #14 2,10,15,17 ##3,5,11,13 7,8,9,12 #18 #16 between##
Refabricat. | Refabricat. Refabricat. 13,14,19
FR FR Fresh FR Fresh FR Fresh FR | Fresh FR FR
Pressure
Not Cladding | Cladding TC Not sensor and Pressure
Fuel TC instrument. TC (fuel TC) instrument. | cladding sensor Coolant TC
TC
T2(T3),T4
T14 Tl’?;,i’;“ L (T5),T7(T8), T13
T9 (T10)
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FIG. 2. Arrangement of fuel rods in EFA section.

FIG. 3. Coordinates of thermocouples installed in EFA fuel rods.
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The axial temperature distribution of the fuel rod cladding in MIR/LOCA-60 experiment
upon reaching the maximum (before the reactor scram) is presented on Fig. 7.
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FIG. 7. The axial temperature distribution of the fuel rod cladding.

2. CONTENT OF PIE

Post-irradiation examinations of EFA after MIR-LOCA/60 experiment, executed by SSC-
RIAR, included the following operations:

Survey and photography of EFA appearance after tests;

Bunch dismantling on separate fuel rods;

Gamma scanning of fuel rods;

Measurement of claddings outer diameter by a method of a contact profilometry;
Definition of quantity and gas composition of in free volume of intact fuel rods.

The complex of post-test calculations of experiment by specialists of SSC-RIAR, Research
Centre Kurchatov Institute, OKB Gidropress, OKBM Afrikantov, VNIINM with the use of
various neutronic, thermohydraulic and thermomechanical codes [2-6] was executed (Table
2).

Reproduction of a temperature mode of refabricated fuel rods in experiment was the purpose
of post-test calculations.
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TABLE 2. CODES USED FOR POST TEST CALCULATIONS OF MIR-LOCA/60 EXPERIMENT

Neutrqmc Thermohydraulic calculations Thermomeqhanlcal
calculations calculations
SSC-RIAR MCU-RR CANAL(TECH-97) -
. CANAL(TECH-97)
OKB Gidropress - CORSAR/HP -
Research Centre FRAPCON-3.2,
Kurchatov Institute SAPFIR-2006 RELAPS/MOD3.3 FRAPTRAN-I1.1
OKBM Afrikantov - RELAP5/MOD3.3 -
VNIINM - - RAPTA-5.2

All participants of TH-calculations developed sets of boundary conditions in the form of
spatial time dependent tables for heat transfer coefficients from claddings of EFA fuel rods
and coolant temperatures during experiment. Using these input data the thermomechanical
calculations are carried out with the RAPTA-5.2 code.

3. RESULTS OF PIE

In experiment there was a rupture of four fresh fuel rod’s claddings (Figure 8, Table 3).
Claddings of other fuel rods have the various levels of deformation, remaining intact.

TABLE 3. MAXIMAL HOOP STRAIN OF CLADDINGS AT RAPTURE AREA

FR number 2 3 4 13
Cross-section coordinate, mm 810 781 779 820
Hoop strain of cladding, % 25,4 28,4 43,1 37,2

Unpressurized
fuel rod .
Thermocouple
i fuael center —
®
)

Themmacouple -
ity coolant

|- Fuelrod with
presaure detector

__ Thermocouple
oty cladding

FIG. 8. Position of depressurized fuel rods. Refabricated fuel rods are located in cells: PT 02 —# 19,
RT03—#16, RT 04 —#14.

In ballooning area of claddings of depressurized fuel rods there was a relocation of fuel
fragments (Figure 9). Fuel pellets are fragmented on some large parts.

Measurements showed axisymmetric character of claddings deformation. Profile records of
fuel rods (averaged by results of eight measurements) are provided on Figure 10.

The structure of claddings of studied unirradiated fuel rods is shown in Figure 11. Rupture of
a cladding has plastic character with full local thinning. Thickness of the oxide film formed
on an external surface of claddings was about 2-3 microns.

107



Claddings of refabricated fuel rods in the field of the maximum temperature are deformed by
the internal gas pressure, but kept tightness. Deformation of a cladding led to formation of
cracks in an oxide layer on their external surface in the top part of fuel rod (section of 773
mm, Figure 12). On sites of the formed cracks small oxidation of a surface of free metal is
observed. Change of an oxide thickness on an external surface out of cracks doesn't exceed an
error of measurements £ 2 microns. In the section with the coordinate of 100 mm hydrides
are visible; in the section of 773 mm hydrides are absent.

It isn't revealed any differences micro- and macrostructures of fuel pellets of refabricated fuel
rods in sections with the maximum temperature of tests and in the bottom sections, including
fuel porosity in the rim-layer and in the fuel centre region, the grain size, fragmentation of
pellets (Figure 13).

The gas composition in refabricated fuel rods which have kept tightness is measured by a
method of gas mass spectrometry (Table 4).

Fuel rod 2 Fuel rod3 Fuel rod 4 Fuel rod13 Fuel rod 15

FIG. 9. Destruction of a fuel column and appearance of claddings in the field of ballooning.
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FIG. 13. Fuel structure of refabricated FR # 19 (PT-02) in cross-section 773 mm (polish).

TABLE 4. MEASUREMENT RESULTS OF GAS COMPOSITION IN REFABRICATED FUEL
RODS
Gas Gas mixture content, volume fraction, %
Free volume b Gas
FR volume normal M pressure
number in FR, .. in FR, He N, 0O, Ar CO, Kr Xe
3 conditions,
cm 3 MPa
cm
RFR-04 11,6 243,0 2,10 94,12 1,39 0,21 0,009 - 0,293 4,05
RFR-02 12,1 254,4 2,11 96,75 0,85 0,17 0,007 - 0,168 2,049

4.  RESULTS OF POST-TEST CALCULATIONS

The dependence of EFA power history, accepted as basic data for carrying out post-test
calculations, was set on the basis of indications of the ionization camera (see Figure 14).

Axial distribution of power in fresh and refabricated fuel rods was specified on the basis of
results of post-test gamma scanning. As an example the distribution of Zr-95 reflecting a
profile of energy release in fuel during test is shown in Figure 15. Points in drawings marked
out the values accepted for the subsequent calculations of relative energy release in fuel rods
of EFA and on height of each fuel rod.
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In Figure 16 the energy release distribution of EFA fuel rods on the basis of gamma scanning
measurements, neutron calculations of SSC-RIAR and neutron calculations of Research
Centre Kurchatov Institute are presented.
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neutron calculations of SSC-RIAR and neutron calculations of Research Centre Kurchatov Institute.

As a result of thermohydraulic calculations using various codes the sets of boundary
conditions in the form of tabular dependences of heat transfer coefficients from EFA fuel
rods claddings to coolant and coolant temperature during experiment were received. With use
of these input data the thermomechanical calculations by RAPTA-5.2 code were carried out.

The maximum calculated values of cladding temperatures of the instrumented fuel rods are
given in Table 5, received in TM-calculations by the RAPTA-5.2 code with the use of results
of TH-calculations by various codes (axial coordinates and the time moments of computed
and experimental maxima generally don't coincide). As a result of TH-calculations the
considerable dispersion of the maximum temperatures of refabricated fuel rods is received:

— for FR # 14 (PT 04) — from 696 to 801 °C,
— for FR # 16 (PT 03) — from 694 to 813 °C,
— for FR # 19 (PT 02) — from 722 to 800 °C.

TABLE 5. MAXIMUM EXPERIMENTAL AND CALCULATED VALUES OF CLADDING
TEMPERATURES OF INSTRUMENTED AND REFABRICATED FUEL RODS (° C)

Temperature, °C / Coordinate from bottom, m

Initial data of

FR # Initial‘ data of Initial' data of Initial data of OKBM
OKB Gidropress, OKB Gidropress, Kurchatov Afrikantov,

CANAL CORSAR Institute, RELAP RELAP
2 841.8/0.85 838.3/0.85 832.6/0.75 777.4/0.9
3 836.7/0.85 824.3/0.85 844.3/0.65 780.3/0.9
5 843.9/0.85 838.2/0.85 829.6/0.75 780.2/0.9
10 790.1/0.85 804.2/0.85 804.5/0.75 777.9/0.9
11 764.2 /0.85 780.2/0.85 814.8/0.75 780.3/0.9
13 796.8 / 0.85 808.5/0.85 794.8/0.75 755.3/0.9
15 810.0/0.85 823.0/0.85 804.4/0.75 757.8/0.9
17 801.8/0.85 815.1/0.85 783.8/0.75 757.7/0.9
18 792.5/0.85 807.9/0.85 803.6/0.75 754.3/0.9
14 (RFR 04) 792.4/0.85 801.2/0.85 782.9/0.75 696.5/0.9
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Temperature, °C / Coordinate from bottom, m

Initial data of

FR # In1t1al. data of Inltlal' data of Initial data of OKBM
OKB Gidropress, OKB Gidropress, Kurchatov Afrikantov

CANAL CORSAR Institute, RELAP RELAP
16 (RFR 03) 794.9 /0.85 813.6/0.85 760.7 / 0.75 694.0 /0.9
19 (RFR 02) 783.6/0.85 800.8 /0.85 723.9/0.75 722.8/0.9

As an example in Figure 17 schedules of FR # 19 cladding temperatures in a hot spot are
provided.

It is necessary to notice that the received distinctions of settlement temperatures at TC
indications about 800 °C cause qualitatively various calculated estimates of deformation
behaviour of a cladding — from almost absent deformation to the large deformation up to the
cladding rupture.

The maximum values of the measured hoop strain of claddings of depressurized and
refabricated fuel rods are given in Table 6 in comparison with the corresponding calculated
values received in TM-calculations by the RAPTA-5.2 code with use of TH-calculation
results by various codes. Essential divergences of computed and experimental deformations
are caused by divergences of calculated and experimental temperature regime of claddings.

Oxidation of claddings in experiment was insignificant. Calculated estimates of oxide films
on an external surface of claddings obtained by the RAPTA-5.2 code were up to 2 microns,
calculated estimates of the oxide film of refabricated fuel rods were up to 0.8 microns. Thus,
the total oxide thickness taking into account the initial oxide thickness is about 8 microns that
corresponds to PIE results.

800

: : )
||~ id HP - CORSAR
i1d HP - CANAL /
600 ——  id EI- RELAF
'S - id CKBM - l?{EZI_“"-‘shl:‘_’J /
O i f\h\
2 /
%400 o e
5t /“/ q
" f
200 =
D 1 1 1 1 1 1
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Time, s
FIG. 17. Change of cladding temperature of FR # (PT 02) in a hot spot by results of RAPTA-5.2 code
calculations with use of various boundary conditions.
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TABLE 6. CALCULATION RESULTS OF EFA FUEL RODS CLADDINGS IN EXPERIMENT

FR # Logarithmic hoop strain, unitless / rupture forecast on deformation criterion (R)
Initial data (i.d.) Initial data from Initfif(}n‘llata Initial data
Experiment (f}r%m OKB Gi dOKB Kurchatov fxfm.l? KtBM
RELAP
2 0.226 (25.4 %) 0.3003 /R 0.3393 /R 0.1554/R 0.0415
3 0.25 (28.4 %) 0.3348 /R 0.3319/R 0.3059/R 0.0565
4 0.358 (43.1 %) 0.0113 0.2075 /R 0.2137/R 0.0391
13 0.316 (37.2 %) 0.1214/R 0.1573 /R 0.0700 /R 0.0419
14 <0.005 (0.5 %) 0.0059 0.0630 0.0309 0.0051
16 <0.005 (0.5 %) 0.0783 /R 0.1037/R 0.0197 0.0253
19 <0.02 (2 %) 0.0536 0.0677 /R 0.0075 0.0097

5. CONCLUSIONS

The MIR-LOCA/60 experiment with VVER high burnup fuel was perfomed in the MIR
research reactor (SSC-RIAR) in 2010. Experimental fuel assembly with 16 fresh
(unirradiated) test fuel rods and 3 refabricated fuel rods of VVER-1000 with burnup of 58.1
58.6 MWd/kgU was tested.

The purpose of MIR-LOCA/60 experiment was the study of behaviour of VVER highburnup
fuel at typical conditions for LOCA.

The maximum indications of fuel TC did not exceed ~ 860 °C, TC of fresh fuel rods cladding
~ 820 °C, the duration of cladding temperature more than 700 °C was about 1 minute.

Post-test neutron, thermohydraulic and thermomechanical calculations were carried out. As a
result the estimations of temperature mode of refabricated fuel rods were received. The
assessment of the maximum temperature of refabricated fuel rod claddings is in the range of
~ 700 800 °C.

As a result of PIE of the tested FA cladding deformations and corrosion, the structure of fresh
and spent fuel pellets were defined.

In this test there was a rupture of claddings of four fresh fuel rods with large hoop strain
deformations. There was cracking of pellets into large fragments and shift of fragments in the
ballooning area.

Refabricated fuel rods kept tightness. In the hot area maximum hoop strain of a cladding was
not more than 2%, there was a separation cladding from fuel, change of fuel pellets state in
hot area didn't happen.

Thus, in this test there was no condition for destruction of fuel pellets with burnup ~ 58
MWd/kgU.
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In 2014, the following LOCA experiment with a single VVER fuel rod with burnup 72
MWd/kgU is planned in MIR reactor. The main goal of the experiment is investigation the
fragmentation and relocation of fuel in a LOCA conditions, planned maximum cladding
temperature in the experiment is 1000 °C, the modernization of the irradiation device will
allow direct measurement of cladding temperature.

[1]

[2]

[3]

[4]
[5]
[6]
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Abstract.

Nuclear energy is currently facing challenges regarding its competitiveness. In order to stay at current position,
one of the methods is to reduce the fuel cycle costs. Increasing burnup is one of the technique that can be used to
meet this goal, with enhanced safety features. However there is a number of fuel failure causes related to
increased burnup, as follows. 1) Effect of increased burnup on fuel cladding corrosion and water chemistry
parameters that accelerates the corrosion rate. 2) Effect of hydrogen pickup and stresses, as it effects mechanical
properties of cladding. 3) Mechanical and chemical interactions between pellet and cladding. 4) Internal
pressure of fuel rod. 5) LOCA impact of increased burnup. It is believed that failure tendency may increase with
increased burnup due to the embrittlement of the cladding. However, at the same time one has to keep in mind
that the reactivity of the fuel decreases with burnup. Higher failure rate at higher burnup is caused by
mechanical and chemical degradation of cladding material. In this paper current and potential mechanisms
related to fuel failure are discussed.

1. INTRODUCTION

One of the major present challenges to nuclear energy lies in its competitiveness. To stay
competitive the industry needs to reduce maintenance and fuel cycle costs, while enhancing
safety features. In spite of the relatively small contribution of fuel to the overall cost of
generating electricity in an NPP, it is also an expensive item, and thus it is desirable to reduce
the cost of the fuel used [1].

There are several approaches to reducing the rate of spent-fuel production, among which a
high burnup strategy is a realistic and cost effective one. The current attention in the nuclear
industry is focused on power uprates, which might encourage a modest burnup increase.
However, the government is obviously more concerned about spent fuel. The waste disposal
repository design has to incorporate the appropriate spent fuel characteristics as initial
conditions [2].

The performance of the critical fuel components is the result of a complex interaction of a
large number of variables that challenge the evaluation of the mechanisms in progress and the
prediction of their behaviour at extended and more severe conditions. The technologies
involved include just about every aspect of materials science imaginable: properties of
materials, metallurgy, structural mechanics, coolant chemistry, physical chemistry, and their
basic mechanisms just to mention a few examples. In addition, exposure to radiation changes
all of the physical properties and processes: the properties of the structural materials and of
the coolant change, transformations in structure and composition occur in all the materials
(true alchemy!), and these processes occur in a non-homogeneous and nonequilibrium
manner throughout the core.

Test reactors offer a good tool for evaluating a limited number of variables and mechanisms
and have provided some valuable data, however, the operation and use of these reactors is
expensive. The final performance evaluation is in the power reactor itself since it provides all
the variables of importance; however, the lack of instrumentation, the inability to control
testing time, as well as the difficulty of separating variables makes interpretation of ongoing
processes difficult. The final evaluation of new materials and fuels for high burnups
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progresses necessarily through the stages mentioned: ex-reactor testing, test reactor
evaluation of samples, power reactor evaluation of samples or full fuel assemblies [1].

The degree of success achieved in fuel performance to date has been remarkable considering
the lengthy evaluation process required and the tough conditions the fuel assembly is exposed
to in service.

2. INCENTIVES FOR HIGH BURNUPS

The list below represents the incentives that existed in the early days of the nuclear industry
for operating fuel to high burnups. Most of the incentives are still valid however, the value of
and the emphasis on each one is slowly changing with time. The incentives are:

. Economics — lower fuel cycle costs.
. Capability for longer cycles — increased capacity factors, decreased radiation doses.
. Improved resource utilization — decreased amount of uranium, Separative Work Units

(SWU) and fuel assemblies.

o Increased margin to storage capacity. However, the inability to send fuel for
reprocessing or to a permanent storage site has caused a spent fuel assembly log-jam in
the spent fuel pools and effectively eliminated this high burnup incentive.

J Eventual decreased offsite shipping and storage costs. However, the significantly
increased time required for high burnup fuel to decrease its decay heat in a spent fuel
pool before it can be loaded into an intermediate dry storage cask and the unknown
schedule for shipping the fuel from the dry cask to a permanent storage site prevents a
reliable estimate for the capacity and cost required for the intermediate wet and dry
storage facilities.

In the opinion of this author, based on this and other factors discussed, extension of burnup to
levels that require >5% enrichment are highly unlikely.

The reduction in margins to nuclear, thermal and safety analysis limits poses challenges to
fuel management methods in order to maintain the desirable as well as the licensing margins.
Modified fuel designs and fuel management methods have succeeded to meet the design and
licensing limits with 4.95% as well as 5.95% enriched fuel. The major modifications have
been the increased amount of burnable absorbers to hold down the increased reactivity and
nuclear calculations for their accommodation. Detailed studies of designs >5%enrichment
may reach nuclear or thermal limits [1].

2.1. Potential failure mechanisms at high burnups

It appears that increased burnup may result in the following failure modes during normal
operation and anticipated operational occurrences:

Corrosion;

Hydrides;

PCI/PCM],

Dimensional changes;

‘brittle’ fuel rods failure during LOCA resulting in ‘non-coolable fuel geometry’;
Fuel dispersal during RIA.

The effect of increasing burnup on failure modes are discussed below.

2.1.1. Corrosion
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The oxidation of zirconium alloys is one of the most studied processes in all of the nuclear
industry.
Zr +2 H,O0 —»ZrO2 + 2 H,

Increased burnup will increase the degree of zirconium alloy material corrosion since higher
burnup also means in general longer residence time in the reactor. However, the
developments of new PWR alloys have significantly reduced corrosion rates compared to that
of Zry-4 and thus increased the margins towards corrosion failures. The improved corrosion
performance of new materials will however most likely be used to increase the corrosion duty
(higher power, longer residence time and use of different water chemistries) of the fuel thus
decreasing the margin to corrosion failures. It is the belief of the authors that corrosion will
always limit the burnup.

To reach higher burnups, the enrichment of the fuel must increase and therefore, the fuel rod
power over its lifetime will increase. This situation tends to increase the fuel clad temperature
that for PWRs will increase the corrosion rate (since the corrosion rate is much less
dependent on temperature in BWRs, similar effect will not be seen in BWRs).

Also, higher enrichment fuels in PWRs will require an increase in the LiOH coolant
concentration. This since reactivity control in PWRs is to a large extent controlled by the
boron concentration in the coolant, and increased fuel reactivity will require an increase in
the boron coolant concentration that in turn will require an increase in the LiOH coolant
concentration to maintain the optimum pH. The tendency for increased fuel rod power with
increased burnup may result in increased tendency for subcooled boiling in the hottest
channels and may together with the increased LiOH coolant content tend to deteriorate
protectiveness of the zirconium oxide layer with accelerated corrosion as a result.

Both in PWRs and BWRs it appears that hydrides at the metal/oxide interface may accelerate
corrosion rate, thus with increased burnup, corrosion produced hydrogen absorbed in the
zirconium alloy material will increase. This hydrogen may eventually precipitate out as
hydrides and as such may accelerate the corrosion rate. Again, the development of new
corrosion resistance PWR alloys will also reduce hydrogen pickup (that is the product of
corrosion rate and hydrogen pickup fraction) reducing the tendency for hydride driven
corrosion acceleration late in life.

The enhancement in the corrosion rate in the presence of fast neutrons depends upon neutron
intensity, temperature, dissolved oxygen in the water and oxide layer thickness. There are
also some other important water chemistry changes results in a more aggressive corrosion
environment that may limit fuel burnup.

2.1.2. Hydrides effect

Hydrogen diffuses into the zirconium alloy cladding forming zirconium hydrides. The
hydrogen production process also mechanically weakens the rods cladding because the
hydrides have lower hardness, ductility and density than zirconium or its alloys, and thus
blisters and cracks form upon hydrogen accumulation. This process is also known as
hydrogen embrittlement.

Hydrogen in excess of about 100 — 150 wtppm will precipitate out as zirconium hydrides that
may embrittle the material to various extent dependent upon not only the hydride
concentration but also how the hydrides are distributed and oriented in the material.
Generally following can be said:
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e Increased fraction of hydrides will reduce ductility and fracture toughness.

e Non-uniform distribution of hydrides reduces ductility and fracture toughness more than

uniformly distributed hydrides.

e The fuel cladding will become more embrittled, by formation of hydrides that are

oriented perpendicular to the major tensile stress direction.

The embrittlement effect of hydrides facilitates fuel failure as:

e Fuel outer channels and grids during seismic loading.
e Fuel rods during transport container drop.
e Fuel assembly hits the pool wall during outage handling operation.
e During a RIA event, Figure 1.
e Fuel rods during LOCA quenching or post-LOCA events, Figure 2.

Other effects of hydrogen are the following:

J Presence of hydrogen and hydrides will expand the material and therefore result in the

dimensional changes.
. Hydrides at zirconium/metal interface increase the corrosion rate.
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FIG. 1. Effect of increased burnup on RIA fuel.
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2.1.3. Dimensional changes

Both hydrogen in solution and hydrides will expand the material and therefore contribute to
dimensional changes (elongation, bowing) of components of fuel.

2.14. PCI/PCMI

Increase burnup will result in:

More fission products produced,

Increased Fission Gas Release, FGR;

Increased Transient Fission Gas Release, TFGR;
Increased swelling.

The increased fuel rod internal pressure with burnup facilitate excessive clad embrittlement
during the LOCA clad oxidation phase. The increased rod internal pressure may also increase
the tendency for fuel clad ballooning and fuel relocation during the LOCA event.

Figure 3 shows the potential impact of increasing burnup on PCI/PCMI failure tendency. It is
believed that the failure tendency may increase with increased burnup due to the
embrittlement of the cladding. However, at the same time one has to keep in mind that the
reactivity of the fuel decreases with burnup and thereby there is a decrease in failure tendency
with increased burnup. For example, if a control rod in a BWR is pulled adjacent to a fresh
fuel assembly the power increase will be much higher compared to a similar situation but
adjacent to an old assembly with low reactivity.
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FIG. 3. Effect of increased burnup on the PCI/PCMI failure tendency.

3.  SUMMARY

In this paper different potential for fuel failure are studied related to increased burnup.
Following are the major causes:

o Corrosion of zirconium alloy cladding and the water chemistry parameters that
accelerate corrosion rate.

o Dimensional changes of zirconium alloy components.
o Hydrogen (H) pickup and redistribution as it affects mechanical properties of the
cladding.

. Pellet-cladding interactions (PCI) and pellet-cladding mechanical interactions (PCMI).

The only items above that have posed limits to extending burnups have been corrosion and
dimensional changes in both BWRs and PWRs and PCI in BWRs. Improved materials and
operating procedures have been able to exceed all of these limits and have not reached new
limits within current operating strategies.

[1]
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Abstract.

The nuclear power plants in Switzerland have followed since long the strategy to upgrade burnups, aiming
fundamentally at front-end incentives to reduce the assembly production and intermediate storage costs. Some of
them implemented a rather aggressive high burnup strategy, like the Gosgen nuclear power plan;its core design
and fuel management needed to be adapted and the safety of high burnup fuel had to be consequently
demonstrated through long-term experimental programs. In particular, new zirconium-based alloys were tested
and fuel behaviour during normal and transient conditions required extensive analytical and experimental
validation. The paper shows a summary of the basic results of these programs for Gosgen, leading to the current
licensed burnup limits that represent record commercial values for this reactor type (70, 75 and 82 GWd/tyy for
maximum fuel-assembly average, maximum fuel rod average and maximum local burnups, respectively).
Additionally to the technical and nuclear safety challenges that this effort required, the economic aspects of the
introduction of high enrichment, high burnup core loadings on the front- and back-end frontsare briefly
summarised.

1. INTRODUCTION

The three pressurized water reactors (PWR Beznau 1, Beznau 2 and Gosgen) and the two
boiling water reactors (BWR Miihleberg and Leibstadt) in Switzerland have undergone
significant enrichment and burnup upgrades since many years, to the point of having achieved
world-record values in the past. At recent times, definitively discharged irradiated fuel
assemblies for the five reactors show burnup values belonging to the highburnup interval 52.3
58.5 MWd/kgum (values for the year 2011), with the BWRs on the lower side (Miihleberg
52.3 and Leibstadt 52.4 MWd/kgpn) and the PWRs on the upper side (Gosgen 57.0, Beznau 2
57.5 and Beznau 1 58.5 MWd/kguwm). Especially the Swiss PWRs are moving to fully achieve
equilibrium cores for optimal burnups, with Beznau running a 6-region and Gosgen a 5-region
core strategy with enrichments of ca. 4.8% and 5.0%, respectively. The meaning of optimal
burnup and the incentives and reasons lying behind this strategy are given in Section 2.

The GoOsgen nuclear power plant (KKG), in particular, has a license to go to very high
burnups of up to limiting 70 MWd/kgpyvfuel-assembly average, 75 MWd/kgpyy fuel rod
average and 82 MWd/kguwm local (“pellet-average’) for UO, fuel, and correspondingly 65, 70
and 77 MWd/kgum for MOX fuel, for annual cycles and 5-year fuel assembly life. At the
present time, without MOX and with a 5-region core / 5% enrichment loading almost in
equilibrium, it is expected to achieve in the practice a batch-average discharge burnup of ca.
65 MWd/kgym. The work performed to support the extension of burnup limits specifically for
KKG, basically addressing technical and nuclear safety aspects of front-end and fuel
management, is given in Section 3.

Somewhat less considered were the back-end aspects associated to high enrichment, high
burnup fuels. In particular, the criticality safety of storage pools, transport and
transport/storage casks, as well as dose rate limits at surfaces of these casks due to the very
high neutron source in high burnup fuel, represent very difficult challenges to solve
nowadays, in the context of ageing plants subject to ever-increasing safety standards. The
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reprocessing of highburnup fuel is also feasible but more complicated. Additionally, the
transportability of the fuel assemblies following a long-term dry-storage is considered
problematic for fuels above 45 MWd/kgym, because of possible long-term barrier
degradation, e.g. associated to cladding creep. A summary of the current technical and nuclear
safety aspects considered relevant today with respect to the back-end of high burnup fuel is
given in Section 4.

The original strategy addressed fundamentally front-end incentives to reduce the assembly
production costs, by reducing the number of fuel assemblies loaded in the core and by
optimizing the plutonium production: less fuel assemblies to handle means in principle fewer
items to be transported and stored. Having introduced thus a highburnup strategy already
since several years, it is possible to assess concretely the associated front-end savings rather
accurately. Intermediate storage and transport costs of highburnup fuels were more uncertain
at the time. Today, the technology accompanied some of these trends and higher burnups
belong to the current status quo. Costs, however, have changed significantly and some other
financial impacts remain still open. We illustrate relevant financial aspects and we give the
final conclusions in Section 5.

2. INCENTIVES FOR HIGHER BURNUPS

2.1. By extending cycle lengths or by reducing the batch size

In the last few years several studies on the optimal burnup of UO; fuel in PWRs have been
performed and published in the open literature, using a variety of methods and assumptions,
with the purpose of investigating the existence of an optimal fuel and waste management
strategy [1-4]. Naturally some external cost assumptions play an important role in these
studies, but so do the initial >**U enrichment, the length of the time between refuelling (cycle
length) and the number of cycles a certain batch remains in the core (batch fraction); these
parameters influence the fuel utilization from the most physical viewpoint and have therefore
an impact on costs.

From the mentioned studies, however, it is difficult to conclude universally about the best fuel
and waste management strategy because the results depend strongly on local assumptions;
e.g., in some cases the cycle length is fixed [4], in others the batch fraction is kept constant [2,
3]. Both approaches are justified in practice, because the constantly increasing burnup allows
utilities to lengthen the cycle length from 1 year to 1'/, or even 2 years. This increases the
availability of the plant and helps to increase the capacity factor. Some other utilities argue
that their refuelling outages are so short by virtue of in-parallel maintenance, sometimes only
two weeks, that longer than annual refuelling is not necessary. These utilities present therefore
a higher number of fuel ages in the core, typically up to five or six, and they benefit from
higher fuel utilization. As a result, the available studies did not span widely the range of
variation of all these variables simultaneously, in part because this requires an enormous
systematic core physics computational effort.

The outcome is a wide scenario bracketed by limiting cases represented by assuming, on the
one hand, fixed cycle length, burnup increase through decreasing batch fraction, zero burnable
poison penalty and full low leakage loading patterns (promoting very high burnups), mainly
followed in part of Europe, and on the other hand, fixed batch fractions, burnup increase
through extended cycle length, gadolinia poison residual absorption and non-optimized
loading patterns (not promoting very high burnups), mainly followed in the United
States.' Very interestingly, the need for plant maintenance during operation or, instead, highly
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concentrated during outage, plays an enormous role governing the cycle and outage lengths
and thus the incentive to go to higher burnups by reducing batch size or by extending cycles.

In any case it is necessary to target in advance the achievable discharge burnups when
changing enrichment, batch size or cycle length. The typical basic relationship for LWRs
between these parameters is illustrated in Fig. 1 for German Konvoi reactors, where the
reciprocal reload fraction (RRF) is the inverse of batch fraction in the core, i.e. a reciprocal
reload fraction of 3 means that the fuel remains in the core up to 3 cycle lengths (given
normally in effective full power days, EFPD), each batch representing 1/3 of the core loading.
The basic relationship for other light water reactor types looks similar in principle.

FIG. 1. Typical average discharge burnups obtained in function of batch size, cycle length and
enrichment, for UO,-fuelled Konvoi-reactors [5].

In Figure 1, three scenarios are given to illustrate these alternatives. The first one, for 4.0%
enrichment and a 4-region core (RRF =4.02), predicts an average discharge burnup for an
equilibrium core of ca. 50 GWd/tyy; the other two scenarios correspond to an increase to
4.4% enrichment, which may lead either to a discharge burnup increase by keeping the cycle
length almost unmodified (RRF = 4.83, batch size of 40 fuel assemblies), or to a cycle length

extension, essentially keeping the discharge burnup unmodified (RRF =2.68, batch size of
72 fuel assemblies).
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2.2. Optimal burnup and high burnup strategies in Swiss PWRs

There are a number of simplifications used to achieve the scheme in Figure 1, but at the basis
of the burnup increase in Swiss reactors there is an incentive to optimize the plutonium
buildup and its burnup and to keep the cycle lengths at an annual level. The optimization of
the fissile material burning is represented normally by the fuel utilization, computed in FIFA,
which gives the number of fissions produced per initial fissile atom. The optimization of the
fuel utilization takes place because, for very low burnups, the production of a prominently
fissile plutonium vector implies FIFA values larger than one. It is also intuitive that, for very
high burnups, the plutonium and minor actinide vectors produced by neutron capture become
less multiplicative, whereas neutron-absorbing fission products continue to build up with
burnup, such that further enrichment increases will not necessarily increase the fuel
utilization. This leads to an optimum burnup, which could be defined as the one maximizing
the fuel utilization measured in FIFA. This is graphically shown in Figure 2, where
Westinghouse / EPRI results are compared with our lattice depletion calculations using
CASMO-4 [6] combined with simplified core depletion calculations which account for power
distribution effects [7], allowing us to study the variation of the cycle length and the batch
fraction flexibly and including limiting cases.
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FIG. 2. Fuel utilization FIFA vs. discharge burnup studied with CASMO-4, parametrically for given
cycle lengths (including extrapolation to zero cycle length or online refuelling), compared to other
published results." The maximum FIFA values from the CASMO-4 results are approximately linked
with a line corresponding to envichment values lying in the range 5-7%.

Fuel Utilization FIFA

From the CASMO-4 calculations, saturation of the fuel utilization (FIFA maxima) is found
for a given enrichment, depending on the cycle length, with a superior FIFA value at about
1.40 for the extrapolated case of online refuelling for ca. 5% enrichment. It can also be
observed that in several publications the fuel utilization expected show similar trends; the lack
of agreement is due to the simplicity of the lattice and core evaluations based on our
CASMO-4 calculations on the one hand, as well as the several different assumptions and
methodologies used by other organizations on the other hand. In particular, the attained FIFA
in the PSI study [4] with annual refuelling was considerably higher than in the
Westinghouse/EPRI, the MIT and the OECD evaluations with longer than annual refuelling.
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It can be shown that in the range 5-7% enrichment an optimal burnup is achieved maximizing
FIFA for cycle lengths going from on-line refuelling to almost two years. This is consistent
with the minimization of uranium ore requirements’ and with a 5- to 6-region core (fuel
assemblies 5 to 6 cycles in the core) implemented at Gosgen and Beznau, which thereby
oriented their fuel management to optimize the fuel utilization and minimize the need of
uranium ore, thus contributing to the conservation of resources and improvement of the
consequent environmental impact.

3. FRONT-END ASPECTS OF HIGH-BURNUP FUEL

Having ~5% enriched fuel almost 5-6 years in the core required extensive research through
technical, scientific and nuclear safety high-burnup programmes. The most straight-forward
characteristic of commercial' high burnup fuel rods is that they content a higher concentration
of fissile material, typically **°U in the case of uranium rods, and that they remain longer in
the core to produce more energy; this requires checking the longer-life behaviour of pellets,
cladding and fuel assembly structure. The pellet behaviour is to be monitored, on the one
hand, because the mechanical and thermal properties of the pellets in the presence of higher
concentration of fission products are to be assessed. This means in particular the retention of
fission gas in the pellet matrix (or the need to increase the fuel rod plenum to keep more
fission gas at a given maximum pressure), the grain structure and fragmentation of the pellets,
and their physical dimensions (densification and swelling). The cladding is subject to longer
irradiation and is susceptible to enhanced corrosion, oxidation and hydrogen uptake, with the
potential to degrade its mechanical properties. Also the fuel rod plastic deformation in the
form of diameter change and elongation or growth is relevant. For fuel assembly structure
material, the channel bowing in BWRs and the elongation and bowing of guide tubes in
PWRs is of importance.

For KKG, an ambitious, decade-long high burnup programme was developed together with
the fuel vendor AREVA GmbH, including analytical activities but fundamentally addressing
experimental research based on commercial and especially prepared test rods subjected to
post-irradiation examinations at the KKG pool, at the Paul Scherrer Institute in Wiirenlingen
and at the EC JRC Transuranium Institute in Karlsruhe, to develop a database for code
validation. The basic results are described in the following Sections.

3.1. Pellet behaviour at very high burnups

Essentially the main concern is about the pellet swelling and structure behaviour of the fuel
matrix due to enhanced fission-product concentration, particularly due to the fission gas
produced and partly retained in the matrix itself, and partly released to the space between
pellets and fuel cladding (plena and gap) [8]. The fission gas release is important to account
for enough plenum space for high burnup fuel rods, in order to limit the maximum internal
pressure, particularly by postulated transients or accidents. The pellet swelling is related to
pellet-cladding interaction during the fuel life.

lExperimental high burnup programmes are fundamentally based on the irradiation of specially designed high burnup test
rods allocated in ‘normal’ (low or mid-burnup) assemblies; these test rods are moved, following end-of-life of the original
assembly, to other normal assemblies to continue the irradiation, and in some cases far beyond their target burnup (they are
over-burnt, approaching practically an equilibrium by burning fissile plutonium isotopes built up from neutron capture in
281 and daughters). This over-burning is especially useful to test cladding properties but is not directly representative of
pellet behaviour, because plutonium burning in the rim structure can dominate the entire pellet burnup. This goes sometimes
unnoticed and this is why we introduce the ‘commercial”’ high burnup properties, i.e. those obtained in a commercial nuclear
power plant, which may differ substantially from research high burnups.
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The rim or high burnup structure at the pellet periphery differs significantly from the structure
of the pellet centre, subject to much higher temperatures. This aspect is also of relevance, and
extensive information from KKG fuel has been already published [9-11].

The relevant pellet behaviour for a wide burnup range going up to about 80 GWd/tyy is
depicted in Figure 3, for different pellet production methodologies, including enriched
reprocessed uranium and doped fuel. On the pellet swelling side, the measurements on burnt
fuel show a continuous pellet swelling above 60 GWd/tiy, achieving pellet expansions
compatible with as low as 90% of the theoretical pellet density, consistently with the
prediction models.
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FIG. 3. Pellet behaviour at high burnup ranges: Pellet density as per cent fraction of the theoretical
density (top), and fission gas release as per cent fraction of total fission gas produced (bottom).

Fission gas release in commercial fuel rods is bound by a level of ca. 25%. Especially over-
burnt fuel rods (with one rod showing a maximum of 10-cycle annual irradiations and ca.
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120 GWd/tyym local burnup to test cladding properties) have also been investigated for pellet
behaviour. These non-commercial, ultra-high burnup test rods showed fission gas release
fractions somewhat below 45%.There is expectation on a significant reduction of the fission
gas release in doped fuel, particularly >50 GWd/tgmydue to the higher intra-granular fission
gas retention and lower amounts of gas bubbles interconnected on grain boundaries. Research
is being performed at the present time; preliminary results on one- and two-cycle-burnt doped
fuel rods do not show so far promising improvements for KKG normal operation, transient
behaviour being still under study.

3.2. Cladding behaviour at very high burnups

The basic concern is associated to increased oxidation and hydrogen uptake as well as the
metallic behaviour and cladding deformation at very high burnups, both highly related to the
integrity of the cladding during reactor operation but with important consequences for the

back-end. The most important oxidation results obtained are given in Figure 4.
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FIG. 4. Maximum oxide thickness (top) and hydrogen content (bottom) vs. burnup for selected
zirconium-based alloys tested at KKG.

The analysis of oxidation and hydrogen uptake for different cladding alloys at high burnup
conditions allowed the derivation of the corresponding hydrogen pick-up fractions used for
code validation. Figure 5 depicts one of the databases used to validate pick-up fraction
predictions in the fuel rod design code for KKG.

131



1000

\ \ \
‘ DX D4, DX ELS0.8b
11 A DXHPA-4, HPA4
B PCA-2b
— 800 | | X ZriNb <
£ .
=y S
= ®
5’5’ 600 IS
o
@ *
&
400 % o " o
, A
:g L 2
8 'R 4 A
= 200 o o
7S 1) A
A o A
K *
oL e Sex
0 20 40 80
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KKG. The experimental information was used to develop hydrogen pick-up fraction relationships.

The geometry of the cladding is known to change with the neutron fluence, depending on the
fabrication process and metallurgy employed, fundamentally by the plastic reduction of the
cladding diameter and its corresponding axial growth. Figures 6-7 depict the geometry
variation of the fuel rod for a variety of KKG pellet and cladding combinations at high
burnups. The driven forces are associated to external and internal rod pressures, mechanical
interaction with initially sintered but shortly thereafter swollen pellets, and grain structure
variation of the cladding alloy matrix under neutron irradiation. The diameter variation
measured confirms a relatively stable behaviour well above 60 GWd/tyy, rod elongations

remaining below~1%.
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3.3. Guide tube behaviour at very high burnups

Similarly, different structural guiding tube zirconium-based alloys were experimentally
investigated following irradiation of their assemblies up to high burnups. The fuel assembly
growth, which depends on the elongation of these guiding tubes subject to the spring holding
forces on the top nozzle, showed a predictable behaviour also above 60 GWd/tyy (values
below or at 0.2% in Figure 8).
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3.4. Other extensive research programmes for Swiss high burnup fuel

A vast Swiss physics database has been generated and is updated regularly. Many other fields
relevant in the context of high burnup physics have also been deepened up to high burnup
values, and interesting information is available in the open literature. These include, among
others, safety studies associated to criticality and burnup credit [12], LOCA and transient
behaviour [13-15], reactivity loss and neutron source increase with burnup [16], detailed
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characterisation of density and isotopic compositions of high burnup fuel [17-20], etc. Due to
space limitation, the interested reader is necessarily invited to turn to this material separately.

3.5. KKG fuel assembly modifications implemented for very high burnups

The high burnup programme developed demonstrated that the basic KKG fuel parameters
behaved monotonically and in a smooth way, from the burnups considered high in the open
literature (45 GWd/tyy in theUnited States) to values beyond ca. 80 GWd/tyy, thus
supporting the licensing criteria mentioned above. The design of the fuel assemblies was
upgraded in any case following the programme outcomes to improve further the rod and
assembly robustness. The main modifications included:

. Use of cladding alloy DX-D4 instead of DY ELS0.8b to improve corrosion resistance;
. Reduction of the cladding liner thickness about 7%;

Reduction of the holding spring force at the assembly top nozzles;

Optimization of the plena volume above and below the pellet column in the rod;
Increase of the pellet density to compensate the length reduction of the pellet column;
Introduction of the Monobloc-Guide Tube design.

4. BACK-END ASPECTS OF HIGH BURNUP FUEL

Following the Fukushima accident and despite the robustness of the Swiss nuclear power
plants demonstrated by the EU-Stress Tests in 2012, the Swiss Government took the decision
to phase out nuclear power generation, though not immediately. The electricity demand would
be supplied through expansion of hydropower, the development of new renewables, and in
general more efficient usage. If this is insufficient the building of gas powered stations and an
increase in electricity imports are postulated. The evaluation of the potential sites for the deep
geological disposal facility and the process for gaining public acceptance in the form of
regional conferences are taking place. All the potential sites are located in the north of the
country, where the industry is concentrated as these are the best sites from a geological
perspective.

The quality of the experimental database available for front-end aspects of high burnup fuel,
as described in Section 3, is outstanding. The solid back-end concept of the Swiss nuclear fuel
cycle requires, however, renewed efforts to address some open technical questions and safety
aspects associated to the fact that it is very difficult to characterise spent fuel following a very
long intermediate storage: experimental values would require for example opening a cask
with representative high burnup fuel assemblies after say 40 years. For long-term wet and dry
storage, and for the operations following them, namely transport and handling, packing and
disposal, more experimental data are necessary to show that possible degradation mechanisms
are not taking place(or at least to a very lesser extent).

Worldwide, existing final disposal concepts are being re-assessed thus leading to increasing
dependence on interim storage. The need to re-license interim storage systems initially
approved for 40 years will be a challenge. This challenge can be greater if it is needed to re-
license transport systems. In particular, there are fundamental differences between the
behaviour of fuel in wet and dry storage, and further differences between dry storage systems
[21]. In the case of dry storage there does not appear to be enough data to support defining
appropriate limits, with available but rather modest experimental values bound essentially to
low burnups [22]. Furthermore any limit would also need to take into account the design basis
for each of the technologies. It was suggested that the International Atomic Energy Agency
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Technical Working Group on Nuclear Fuel Cycle Options and Spent Fuel Management
should be working to define a common set of criteria, for instance based on mechanical
properties, criticality safety, retrievability, etc. The obvious importance of considering back-
end effects of front-end developments is again an important topic. The advantages of higher
discharge burnups / MOX can be negated by the necessity to dispose of the fuel in a deep
geological repository too early.

Some dry storage programmes are being developed at bilateral and multilateral levels, with
results partly available [23, 24] and partly being mainly of a commercial and thus restricted
nature. Some of the most important aspects to clarify possible degradation mechanisms during
dry storage include:

e Creep at temperature above 250°C and for cladding hoop stresses above 100 MPa, to
satisfy a creep limit of <1%: Phenomena are under consideration and it has been observed
that hydrogen in solid solution can considerably increase the creep rate, for example for
recrystallized, annealed Zircaloy. Hydrides, on the contrary, significantly reduce these
rates by blocking the dislocation motion.It is thus very difficult to predict creep behaviour
without a clear separation between these two distributions, added to a clear understanding
of the matrix texture at hand, when both hydrides and hydrogen in solid solution are
present.

e The drying process of transport or transport/storage casks is being revisited again, since
this process is performed differently in different countries. In the USA this is done under
a gas flow in order to restrict the temperature variations. The vacuum process in Europe
implies higher temperature steps, in sequence. This is particularly difficult in relation
with the possible hydride dissolution and radial reorientation; accepted criteria include
cladding temperatures <400°C and hoop stresses <120 MPa to prevent this phenomenon.
In order to study this effect, the Paul Scherrer Institute is conducting with the support of
the Swiss nuclear industry a number of tests on LWR irradiated cladding, by quantifying
the number of radial hydrides before and after temperature cycles representative of
vacuum processes [25]. Typical results are given in Figure 9, suggesting that very
significant hydride reorientation may take place for hoop stresses much lower than
120 MPa (even in the compression range). More work is still necessary before coming to
definitive conclusions about temperature and hoop stresses for the radial reorientation
phenomena; here we simply try to emphasize that much more will be necessary for the
back-end of high burnup fuel, particularly to guarantee the integrity of high burnup fuel
during transport and handling operations, following ageing in dry conditions under
relatively high temperatures and pressures during several decades.
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FIG. 9. Hydride reorientation following thermal cycles, in function of the hoop stress for two BWR
spent fuel cladding samples.” Left: one cycle, reorientation threshold round 50 MPa, lower radial
hydrides fraction at compressive hoop stress. Right: three cycles, reorientation for a lower threshold
once hoop stress is positive.

Due to these uncertainties, the USNRC has recently stopped granting licenses for transport
and storage casks and even for new nuclear power plants, till an issue on the waste confidence
rule is solved. In this context, the US department of Energy launched recently a research
project over five years, led by EPRI, to characterize spent fuel following dry storage, in a
representative 1:1 scale, using an instrumented cask. Unfortunately some time will be
necessary before representative results are available.

5. ECONOMIC ASPECTS AND CONCLUSIONS

Section 2 illustrated how concentrating initial fissile material in less fuel assemblies, together
with some optimization of the fuel utilization through plutonium buildup, lead to a reduction
of the batch size. The first conclusion is that the utility can spare fabrication costs,
proportional to the number of assemblies per batch. The costs associated to the enrichment
increase necessary for this purpose are somewhat more complex, because it depends on the
enrichment tails and the amount of uranium feed on a physical side, and on the spot- or term-
market values on the other side. In the case of KKG@G, it was possible in the last 30 years to
reduce the fuel costs about 25%, at an average reduction rate of about 0.022 cents of Swiss
franc per kWh and per year. With an annual production of round 8x10° kWh, this rate meant a
reduction of about 1.7 million francs per year on the front-end.

Not accounted in this estimation are the costs associated to the back-end. Some investments
were made to guarantee the transportability and storability of 5%-enriched fuel. The
intermediate storage at KKG is at the moment under wet conditions. High neutron source
intensities of high burnup fuel will impact on the costs of transport/storage casks, if KKG
needed to opt for this solution. The final disposal in repository casks could also be more
complicated, by requiring for instance less fuel assemblies in the cask to cope with increased
decay heats. This is also still uncertain, because it depends on when exactly the assemblies are
going to be transported and packed in the final casks. Consequently, these financial
allocations remain still open, with a trend to become positive or negative depending on how
soon the final repository will enter into operation in Switzerland.

The basic conclusion from our perspective is that high burnup fuel design, fabrication and

operation in the plant is a mature activity supported initially by solid research programmes
and, now, by considerable experience in several utilities. The associated costs are known and
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rather stable. More work is necessary, however, on the back-end, at technical, safety and
financial levels, without which important questions will remain open.
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POST IRRADIATION VISUAL INSPECTION AND METROLOGY OF A NEW
DESIGN ATUCHA I FUEL ELEMENTS

G. RUGGIRELLO, H CALABRONI, J. FABIAN, P TRIPODI

Gerencia Ciclo Combustible Nuclear.
Comision Nacional Energia Atomica,
Buenos Aires, Argentina

Abstract.

Atucha I NPP started its operation on Junel974 using natural uranium fuel and since 1995 the core has been
converted to SEU (U 0.85% enrichment). Moreover, in the recent years CNEA Fuel Engineering has developed a
program to increase the U mass that involves a new structural design of the fuel element (FE), in order to achieve
a higher burn up and reduce the frequency of on-line refuelling.

According to these developments a number of activities were planned for the follow-up and periodic control of
the FEs in service. In this presentation the poolside facilities to perform visual inspection and fuel rod metrology
are described, in special the applied techniques for the measurement of the axial growth at burn ups higher than
those for the original FE designs. Contribution of these results to this program is also presented.

1. INTRODUCTION

Atucha 1 is Argentina’s first NPP and began its commercial operation in 1974. It is a PHWR
designed by Siemens, with a gross electrical power of 360 MWe. The reactor core has 253
vertical coolant channels (CC) in which the FE are irradiated and separates the primary
coolant from the moderator. Refuelling is made periodically during operation. Power
regulation is made through three absorber rods made of stainless steel for coarse control, three
rods made of Hf for fine control, and additional rods of both types for shut down. All rods are
inserted at different angles, thus allowing online fuel shuffling by the refuelling machine. Up
to date the plant has operated with a 77 % load factor.

Being originally a natural uranium prototype reactor, Atucha 1 has undergone constant
improvements in order to get a better efficiency in the utilization of the FEs, as well as
concerning safety in operation.

The first action taken was to increase the enrichment to 0.85 w% U235, this program was
began during 1993 and concluded when the core was fully converted to SEU in 2000 [1]. At
the same time, a second program to increase U mass was implemented through a modification
in the design of pellet geometry and a reduction in the inner free volume of the rod [2]. The
result of this program was an increase of 2.5 w% in U mass.

The last action in the U mass increase program is the replacement of the structural rod by an
active one which adds up to 5.3 w% of U mass to the original design. This modification
involved the redesign of the elastic pad which adjusts the FE to the CC; this pad was
originally fixed to the structural tube and now it is fixed to the spacer grid. Then, this new FE
design consists of a circumferential array of 37 rods with an active length of 530 cm,
assembled by fifteen rigid spacers. The rod adjusts to each spacer through three rigid pads
welded to the rod at specific axial positions.

The Table 1 [3] shows the main features of the new design FE in comparison with the original
one and also the improvements in the average discharge burnup and the refuelling frequency.
In addition the FEs are now working at a lower maximum linear power, getting a flatter axial
power profile.
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TABLE 1. CHARACTERISTICS AND OPERATIONAL PARAMETERS OF Fes OF NEW
DESIGN
Changes introduced in Fuel Elements
Original design New design
Assembly geometry Circular Array
Fuel rods 36 37
Structural rod 1 none
Enrichment natural 0,85%(SEU)
Uranium mass (Kg/FE) 152,5 160,5
Tie plate 1
Rigid spacer Grids 15
Active length (mm) 5300
Cladding material Zircaloy-4
Outside diameter (mm) 11.90 mm
Cladding wall thickness (mm) 0.55 mm
UO, pellet density (g/cm’) 10.60
Elastic sliding pad for adjusting to the CC In structural rod In spacer
Average discharge burnup (MWd/KgU) 5,8 11,3
Refuelling frequency (FE/FPD) 1,4 0,7

Summarizing, the main modification were the replacement of the structural rod for active one
(N° 37) and the modification of the design of the elastic sliding pad to fit the FE with the CC.
Figurel shows both designs of elastic pad. The elastic pad at spacer N° 15 has more strength

to bear the incoming coolant flow.

Original design; elastic
pad fix to structural rod

New design with 37 active rod and elastic
pad fix to the spacer grid.

FIG. 1. Original and new designs of elastic pad.

The steps on the implementation were firstly the corresponding off core test at experimental
thermal hydraulic loop test and after an irradiation program was implemented in progressive’s
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stages. The first stage was the irradiation of 12 FEs (demonstration series) that had been
started in 2004 and finished in 2011 and for the follow up of the behaviour a program for
visual inspection and metrology control of the fuel rods was implemented at the spent fuel
pool (SFP).

2. VISUAL INSPECTION AND METROLOGY OF THE FUEL ROD

For this purpose an upgraded version of an inverted periscope was implemented at the SFP
(Figure 2) which added now the associated equipment for performing the metrology of the
fuel rod and allows the acquisition of digital image.

FIG. 2. Inverted periscope and associated equipent for visual inspection and fuel rod metrology at
spent fuel pool.

2.1.
a)
b)

By visual inspection can be analyzed

The general state of the elastic pad and spacer grid of new design, to detect possible
interaction, wears or fretting marks in the contact area with the CC.

Relaxation of the elastic pad, the evaluation of the relaxation of the elastic pad fixed to
the spacer is done by comparison of its gap -in reference to spacer- from an image taken
during pre-irradiation inspection. Fig. 3 shows the lateral side view of the elastic pad.
The reduction of gap respect to the spacer can be measured by image analysis taken
during pre and post irradiation inspection. The geometric interference respect to the
maximum permissible internal diameter of the CC is estimated with an error less than of
0.lmm. This inspection is important because the original material (SS A268) was
replaced with Inconel 718 for compensate the relaxation generated by higher neutron
dose [4].

To evaluate the twist and the bowing of the FE; the evaluation is done by axial and
rotational displacement of the FE in front of the periscope and observed at the graduated
scale in the monitor.
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FIG. 3. Lateral side view of the elastic pad.

2.2. By metrology

Can be analyzed the axial growth of the fuel rod. The measurement of total and partial
elongation along the rod gives information about irradiation growth according with the linear
power axial profile, determine the possible hard Pellet-Cladding Interaction and assess the
effects of U mass increase.

Partial elongation is obtained measuring the change in length (pre and post irradiation) in four
sections of one outer rod. Each section is setting by the limits between the sharp edges of the
rigid pads of the rod corresponding to spacers 1 to 4, 4 to 7, 7 to 10 and 10 to 15 and total
length is considered between the spacers 1 to 15. Length measurements are performed
observing the displacement of the mast of the crane bridge, when the FE is lifted in front of
the periscope. A Laser Distance Meter (precision 0.1 mm) attached to the mast measures the
displacement while the pad edge level is observed on the TV screen from the periscope view.
Figure 4 shows the edge levels corresponding to the upper and lower spacers between which
A length is measured.

Other measurement of interesting is the differential growth observed among the rod of

different ring of the FE as consequence of higher fast neutron dose in the inners rods. This
differential growth is measurement from the images analysis of the bottom end of the FE.
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FIG. 4. Reference levels are taken at the rigid pads from an image of the periscope to measure the rod
length (resolution ~ 0.5 mm).

3. INSPECTION RESULTS

By visual inspection no structural abnormalities, fretting wear or deformation were observe
relative to the new fuel design.

3.1. Wear at elastic sliding pad

No significant wearing mark was observed in all spacers. Figure 5 shows interaction marks of
elastic pad of spacer number 13 with CC.

FIG. 5. Frontal view of spacer number 13 of four FE. No significant wearing marks were noticed.
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3.2. Elastic pad relaxation

Figure 6 shows the remaining gaps at End of Life (EOL) for FA C6010 at spacers 1, 4, 7, 10
and 15. The measured geometric interference for these spacers is 0.7mm. These comparisons
are not enough to fit deformations to axial profile pattern. Table 2 [5] shows details the initial
values measured at factory (BOL) and the EOL condition in which the elastic relaxation and
the remaining force is estimated as geometric interference. Elastic sliding shoes 1 to 14 has a
good agreement in relaxation force under irradiation compared to the design estimated. Force
in pad 15 is little less to the predicted value but still acceptable.

FIG. 6. Remaining gaps at EOL for FA C6010 at spacers 1, 4, 7, 10 and 15.

TABLE 2. MEASURED AND ESTIMATED CHARACTERISTICS OF SPACER GRIDS AT BOL
AND EOL

BOL EOL
. Geometric | Spring | Geometric | Relaxation Spring
Spacer grid interference | force (N) | interference (%) force (N)
(mm) | bydesign | (mm) resulting | prediction
lal4 1,5 30/35 07402 40.53 12-16 13220
15 1,5 70/75 o 28-45 45

3.3. Axial fuel rod growth

Figure 7 shows axial growth measured in each segment and a simulated conservative axial
growth. There is no pattern of segmented axial growth that can be remarked, so it is not
possible to assure the existence of a hard contact neither the pattern of axial neutron fluence.
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FIG. 7. Axial growth measured in each segment and a simulated conservative axial growth.

Figure 8 shows axial growth measured in centre and outer rods, and a simulated conservative
case. The axial elongations measured are always less than the simulated conservative case.

Diferential Elongation

(mm)
3

C8005 C5006 Cs007 Ce008 Cs009 cs010 5011 ce012  Simulaton FE

@ Outer ring rod B Central rod
FIG. 8. Axial growth measured in centre and outer rods, and a simulated conservative case.

Figure 9 shows the tree different pattern in which the different elongation of each fuel rod
ring can be clearly observed. Figure 10 summarizes differential elongation observed on FE of
this inspection.
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FIG. 9. Different patterns in which the different elongation of each fuel rod ring can be clearly
observed (3, 5, 11 mm respectively).

Axial differential growth: Outer rod - Central rod

1z
10
8
.
0 - T T T T T T T
Ce005 OE006 Ce007F Ce008 Ce009 Ce010 C6011 oe012

FE
FIG. 10. Differential elongation observed in inspected fuel element.

4. CONTRIBUTION OF THESE RESULTS TO THE HIGH BU PROGRAM

Visual inspection and fuel metrology are key parameters of fuel performance surveillance.
Structural failure, fretting wear or deformed elastic pad were not detected by inspection.

The measurements realized during post-irradiation inspection are significantly lower than the
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predicted values by simulation of a conservative case. This assures that the design basis and
criteria utilized on new design by the Fuel Engineering Department are conservative enough
to prevent systematic failure of fuel elements.

Since these good post-irradiation results, the program advanced to the stage of full core load
with this new fuel design. Nowadays the core is 80% loaded with 37 fuel rod assembly.

5. FINAL REMARKS

Underwater inspection and metrology techniques are being applied for the monitoring of fuel
element’s behaviour, as useful tools to assure the safety in operation of Atucha 1 NPP.

The visual inspection and metrology controls assured the progressive implementation of the U
mass increase program. As a result of this, nowadays a fuel discharge burnup of about twice
the original value has been achieved and the refuelling frequency has been reduced to one half
of the previous one, which means a huge improvement in fuel economy.
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Abstract.

At the present there are two nuclear power plants in operation in Argentina, one is Embalse (CNE), a CANDU-6
design, and the other is Atucha-1 (CNA-1), a Siemens/KWU PHWR design. Fuel assemblies for CNE and CNA-
1 are entirely manufactured in Argentina and over the years their designs have been improved as a result of the
operational experience, fabrication evolution and technical and economic needs. One of the main modifications
was the utilization of Slightly Enriched Uranium (SEU) in CNA-1 to replace the natural uranium considered
initially in the design of this power plant. The introduction of the SEU fuel was performed between the years
1995 and 2000. Since then only SEU fuels have been in use in CNA-1. The fuel engineering activities for the
SEU fuel were performed by the Fuel Engineering Department of the National Commission on Atomic Energy
(CNEA) and have included among other tasks the preparation of drawings, the adjustment of product
specifications, extensive fuel rod thermomechanical design verifications and the fuel performance evaluation of
the first series of the SEU fuel.

Due to the utilization of SEU and the fuel design improvements in CNA-1 the fuel burnup was increased twice
the original value. In this paper is given a brief definition of what is meant by extended burnup in the case of
PHWR power plant and a description of the SEU Program to upgrade CNA-1 natural uranium core to SEU. Also
the objectives, advantages and limitations of this program and the design and in pile performance are
commented.

Nowadays the construction of Atucha-2 (CNA-2), the 3rd Argentine Nuclear Power Plant, is almost completed,
the fuel assemblies have been loaded in the reactor and the commissioning phase of the project is in an advanced
stage. Atucha-2 is also a Pressurized Heavy Water Reactor designed by SIEMENS-KWU. The fuel is natural
uranium.

Considering the excellent results of the utilization of SEU fuel in CNA-1, feasibility and safety studies of SEU
fuel utilization and core transition in CNE were performed. Based on the results of CNA-1 and the similarities
between the designs of CNA-1 and CNA-2 fuels some fuel engineering preliminary studies about SEU fuel
utilization in CNA-2 are being performed by CNEA. In this paper are summarized some key points of those
studies.

1. INTRODUCTION

Argentina has two nuclear power plants in operation, one is Embalse (CNE), a CANDU-6
design, and the other is Atucha-1 (CNA-1), a Siemens/KWU PHWR design. Currently, the
construction of Atucha-2 (CNA-2), the 3rd nuclear power plant of Argentina, is almost
completed, the fuel assemblies have been loaded in the reactor and the commissioning phase
of the project is in an advanced stage. This third reactor was also designed by Siemens/KWU.
The construction started in the 80’s, halted in the 90’s and was re-launched in 2006.

Fuel assemblies for CNE and CNA-1 are entirely manufactured in Argentina and over the
years their designs have been improved as result of operational experience, fabrication
evolution and technical and economic needs. The first core for CNA-2 was fabricated by the
same national manufacturer. This is the first time that Argentina is in charge of the
engineering and manufacturing of the first core for a nuclear power plant.

1.1. Atucha-1
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Atucha-1 is a 357 MWe (1179 MW?1t) nuclear power plant with pressure-vessel design and
moderated and cooled with D->O.

The reactor core is approximately cylindrical in shape and consists of 253 slightly enriched
uranium fuel assemblies located in the same number of coolant channels. Table 1 summarizes
some key characteristics of CNA-1.

TABLE 1. CNA-2 AND CNA-1 NUCLEAR POWER PLANTS DATA [4, 6,8 AND 9]

General Operating Conditions CNA-2 CAN-1 * CNE Unit
Thermal reactor power 2160 1179 2109 MWth
Net electric power 692 335 600 MWe
Average specific fuel rod power 232.8 232.0 246.0 W/cm
Fuel burn-up at equilibrium 7500 11400 7350 MWd/Mg
Number of fuel assemblies in the core 451 253 4560 -
Number of fuel channels 451 253 380 -
Refuelling on power on power  on power -
Primary system pressure 115,0 112,8 112 bar
Coolant and moderator D,O D,O D,O -

(*) After plant commissioning and power uprating

Each fuel assembly consists of 36 fuel rods and one structural tube (in the outer ring) arranged
in three concentric rings and a central fuel rod. The assembly also includes a tie plate, fifteen
Zr-4 rigid spacer grids, one Inconel sheet spacer grid and a coupling system to connect the
fuel assembly with the reactor internals. Each fuel rod consists of a 5300 mm long stack of
UO; pellets, isolating pellets, a gas plenum and a compression spring enclosed by a thin
walled zircaloy-4 free standing canning tube with welded end plugs at both ends to make it
gas tight. Fuel assembly details are shown in Figure 1 and Table 2 shows some key
characteristics.

FIG. 1. CNA-1 fuel assembly design [10].
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TABLE 2. CNA-2 FUEL ASSEMBLY DESIGN SUMMARY [4, 8]

| CNA-2 | CNA-1 * | CNE
Fuel assembly

Number of fuel rods 36 (+1 structural

37 37
per fuel assembly rod)
Length 6027.8 mm 6028.5 mm 495.3 mm
Outside diameter
(without elastic 107.8 mm 107.8 mm 102.77 mm
shoe)

Rigid (Raw

Type of spacer grids Elastic (Raw material: bar) + 1 _

material: sheet) elastic at the lower

end

13 (12 from Zry-4 16 (15 from Zry-4
Number of spacer and 1 at the lower | and 1 at the lower
grids end from Inconel end from Inconel h

718) 718)

Fuel rod
Cladding material Zircaloy-4 Zircaloy-4 Zircaloy-4
Clladding outside 12.90 mm 11.9 mm 13.08 mm
diameter
Fuel column length | 5300 mm 5300 mm 478.6 mm
Fuel rod length 5566.4 mm 5566.4 mm 492.5 mm
Fuel pellets

Material Uranium dioxide Uranium dioxide Uranium dioxide

Cylindrical pellets | Cylindrical pellets | Cylindrical pellets with
Form with dishing on with dishing on dishing on both end faces

both end faces both end faces

0

Enrichment Natural ISJ];:35U) (0.85 w% Natural

(*) After plant commissioning and power uprating

The coolant channels are arranged vertically in a trigonal lattice within the moderator tank.
The fuel assemblies are replaced on-line during reactor operation by a refuelling machine.
The coolant channels are surrounded by the moderator (D,O), which is contained in the
moderator tank.

1.2. Atucha-2

CNA-2 was designed and built based on the design and experience of CNA-1 but scaled in
size and power. CNA-2 will deliver approximately twice the power of CNA-1. This power
increase is mainly due to the use of more FA in the core thus a greater amount of uranium.
Some characteristics comparing both NPP are listed in Table 1.

The fuel assemblies for CNA-2 have the same geometrical arrange of CNA-1 but consist of
37 fuel rods without any specific structural tube. The fuel rods are kept in their positions
using 12 zircaloy-4 sheet spacer grids and one Inconel spacer grid (lowest most). The main
CNA-2 fuel details are shown in Figure 2 and listed in Table 2.
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FIG. 2. CNA-2 fuel assembly design and fuel rod details [11].

The internal designs of CNA-2 and CNA-1 fuel rods are very similar including the cladding
free standing concept. CNA-2 FAs are currently fuelled with natural uranium.

1.3. Embalse

Embalse is the second Argentine nuclear power plant which is operating since 1983. The
reactor is a CANDU-6, designed and built by AECL of Canada. Table 1 summarizes some
key characteristics of the reactor and fuel bundle details are listed in Table 2.

2. EXTENDED BURNUP IN PHWR

The burnup of LWR’s fuel has doubled during the last three decades and the average burnup
is in the range of 50,000 MWd/tU while in PHWR remains in the range of 7,000 MWd/tU. It
can be expected that these burnups will be increased further [1, 2].

The current trend in LWRs and to some extent in PHWRs is to increase fuel burnup to high or
ultrahigh levels. The target burnup for LWR and PHWR fuel is 60,000 - 80,000 MWd/tU and
15,000 - 20,000 MWd/tU respectively.

Considering absolute values, the typical burnup for PHWRs is significantly lower in
comparison with the burnup for PWRs. On the other hand, the burnup increase between the
original and the proposed new burnup limits expressed in percentage is higher in PHWRs
(114% - 185%) than in PWRs (20% - 60%).

3. SEU PROGRAM IN ATUCHA 1
To reduce the impact of the cost of the fuel on the cost of the energy generated at Atucha-1 a
program was initiated in August 1993 to introduce gradually slightly enriched uranium (SEU;

0.85 w% U™?) fuel. The introduction of SEU fuels started in 1995 and by 2000 the whole
core was converted to this new type of fuel. The program was divided in three phases with an
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upper limit of number of SEU FA in the core [3] in each phase. Since then only SEU fuel is in
use.

3.1. Main objectives and advantages of SEU utilization

The main benefits from the use of SEU in comparison with natural uranium (NU) are the
following [4]:

Extension of fuel discharge burnup.
Fuel cycle costs decrease.

Uranium resources savings.

Spent fuel volume decreases.

Other beneficial consequences of using SEU fuel in CNA-1 are [4]:

e Extension of fuel residence time.

e Reduction of FA consumption.

e Reduction of frequency of refuelling and fuel shuffling (on power). Less utilization of
the fuelling machine.

e Reduction of fresh fuel stock and fuel transports.

e Impact on spent fuel storage pool capacity.

3.2. Design criteria and limitations

The fuel rod was designed so that design criteria are satisfied during normal operation in order
to prevent excessive fuel temperatures, excessive internal rod gas pressure and excessive
cladding stresses and strains. The detailed fuel rod design establishes and considers such
parameters as pellet size and density, clad/pellet gap, gas plenum size, cladding dimension,
helium pre-pressure, radial relocation of pellet fragment, density changes, fission gas release,
cladding creep and other physical effects.

These design criteria are related with some SEU life limiting aspects. The main design
guidelines for SEU FA were [4]:

e Maintain the fuel ability to operate reliably to the proposed extended burnups levels.

e The reduction of the operational flexibility at the power plant must be as low as
possible.

e Maintain the safety margins as close as possible to the margins for natural fuel
operation.

The main fuel operating parameters affected by the utilization of SEU fuel instead of NU are:

Discharge Burnup.

Residence time.

Local burnup at the time of fuel reshuffling (power ramps).
Maximum burnup at high power.

Other parameters such as power levels, water chemistry and sheath and coolant temperatures
are not significantly affected.

The most relevant aspects in Atucha-1 FA performance analyzed were those affected by the
higher burnup and the increase in the residence time. The most significant were:

o Fission gas release and how it affects the internal gas pressure.
e Fuel cladding creeps down and sheath strain.
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e Relative length changes between the fuel stack and the cladding.

e Relative length changes between different fuel rods at different positions in the same
FA.

e Fuel cladding axial growing.

o Fuel assembly structural integrity, including the effectiveness of the interactions
between fuel rods and spacer grids and between elastic sliding shoes and coolant
channel (to hold fuel rods and fuel assemblies in their positions through the whole
irradiation).

e Power ramp behaviour.

e  Waterside corrosion and deuterium uptake.

In the particular case of power ramps, they are produced during the irradiation as a result of
fuel reshufflings, fresh fuel loading, reactor start-ups and reactor power changes and their
associated control rod movements. Power ramps may lead to the occurrence of fuel failures
associated to PCI-SCC. The PCI prevention criteria were reviewed by CNEA and a new set of
recommendations was defined to consider the SEU operation at higher burnup. The new
criteria are based on the combination of linear power before and after the ramp and burnup at
the time of the ramp. Considerations about maximum allowable power increase rates were
also included. The operator of the power station translated these criteria into operational
instructions which refer to data obtained from the fuel management calculations. As a result
of the new criteria the time to reach full power in a plant start-up increased from 28 to 35
hours.

3.3. Fuel design verifications

Several analysis were performed to fulfill regulations requirements and to update the safety
analysis report. Fuel rod calculations were performed to evaluate the fuel performance in the
new operating conditions. Conservative design parameters were used as input data and
conservative power histories were also selected according to the parameter to be verified. The
main objective of these calculations was to demonstrate that the fuel performance safety
margins are not affected by the utilization of SEU.

Several power histories representative of different new irradiation routes were analyzed.
The main performance parameters included in the fuel rod calculations were:

Maximum fuel temperature.

Internal fuel rod pressure.

Long term sheath strain.

Short term strains.

Waterside corrosion and deuterium pick-up.

Fuel rod axial growing.

Relative elongations of the pellets stack and the cladding.

Relative elongations between fuel rods at different positions of the FA.

3.4. Fuel design modifications
Several changes have been introduced in the design of the fuel rod and the FA to optimize
them to the new SEU operating conditions:

e The plenum length was increased to provide more volume for gas release.
e Bearing pads with longer contact surfaces were adopted to assure reliable interaction
between spacers and fuel rods during the whole life of the fuel.
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e The ductility of the cladding material was increased to reduce the fuel rod
susceptibility to PCI failure on power ramps.

e Inconel-718 was selected to replace the original elastic sliding shoes material (SS
A286) to compensate the higher stress relaxation produced by the increase of the
neutron fluence.

3.5. Program phases

The introduction of SEU fuel started in 1995 and finished in 2000. The program was divided
in different phases with an increasing upper limit of SEU FA in the core. Licensing
documentation and authorizations from the Nuclear Regulatory Authority (ARN) were
required for each Phase and a Safety Report was prepared for each stage of the program.

Phase 1 consisted in the introduction of SEU FA not exceeding 12 at any time in the core.

Phase 2 was initially defined as the transition period from 12 to 60, but was later extended to
99 SEU FA in the core.

Phase 3, from 100 to full SEU core.
Phase 1

Fresh SEU FAs were introduced in six predetermined channels as shown in Figure 3.
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FIG. 3. CNA-1 core section. Location of the six predetermined channels for SEU FA introduced
during phase 1.

The main objectives were:

e Verify the performance of the SEU fuel in the core with discharge burnups close to the
values expected for the equilibrium full SEU core. In particular, to verify the
behaviour in power ramps produced during refuelling operations, reactor power
increases, and startups from low power.

e Reach discharge burnups of 10,000 MWd/tU.
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e Verify predictions of neutronic calculations like reactivity gain, channel power
increase and detector flux increase when introducing SEU fresh FA.
e Test operating procedures developed for SEU fuel.

Phases 2 and 3

e The average discharge burnup of the SEU fuel was increased to 11,000 MWd/tU. The
main objectives were:

e Verify the performance of the SEU fuel in the different zones of the reactor at burnups
at which they were going to be moved from one channel to another in the SEU core.

e Verify the performance of the SEU fuel at discharge burnups similar to the foreseen
for the full SEU core.

e Verify the global behaviour of the core with an increasing fraction of SEU fuel.

e Prepare the location of SEU FA in the core for the transition to a full SEU core.

3.6. Design and in-pile performance

As predicted, the operation of the plant showed no unexpected impacts due to the use of SEU
fuels. An evaluation of SEU fuel performance data shows that power ramps, discharge
burnups and dwelling times satisfy previous estimations without any negative impact on the
fuel performance. In particular, the new criteria to prevent PCI failures in power ramps for
higher burnup SEU fuel in refuelling operations, plant startups or power cycling has been
effective [3]. The results of post-irradiation pool-side visual examinations and fuel rod length
measurements were satisfactory and in agreement with previous estimations and models [5].
In Figure 4 are showed the results of fuel rod length measurements at different burnups.
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FIG. 4. CNA-1 SEU fuel rod axial growing (%) measurements at different local burnups.
Relevant data to point out is [5]:

e The increase of the average discharge burnup, from 5,900 with natural uranium to
11,300 MWd/tU.

e The maximum local burnup, close to 15,000 MWd/tU.

e The reduction of the refuelling frequency, from 1.31 to 0.7 FA/fpd.

e The dwelling time, from 300 to 500 fpd, almost doubling the corresponding value for
natural uranium.
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e The reduction of spent fuel volume, about 42 %.

In Table 3 are compared some key parameters. The fuel costs dropped gradually during the
program approximately 30 % to 40 % [3, 6]. As a result the SEU program has been an
important contribution to the reduction of Atucha-I operating costs and to the competitiveness
of nuclear power generation against other sources of generation in a deregulated electrical
market in Argentina [3].

TABLE 3. CNA-1 FA PERFORMANCE [4, 6]

Enrichment Natural U SEU (0.85 w% U™)
Average discharge burnup [MWd/kgU] 59 11.3
Refuelling frequency [FA/efpd] 1.31 0.7
Quantity of FA/year [F| * 85 %] 396 208
Consumption of uranium [tU/year] 61 44

During the three phases of the transition program and also during the operation with full SEU
cores no failures associated with the introduction of the SEU with 0.85 % U-235 or with the
new operating conditions were reported. Table 4 shows the evolution of the quantity of
failures and the average fuel discharge burnup during the last three years of operation.

TABLE 4. CNA-1 QUANTITY OF FAILURES AND AVERAGE FUEL DISCHARGE
BURNUP EVOLUTION [9]

Year 2010 2011 2012
Number of Fuels Discharged 248 213 219
Number of Fuel Assemblies with leaking Fuel

4 0 0
Rods
Average Fuel Discharge Burnup [MWd/tU] 10563 10649 10696

4. OTHER PROJECTS TO INCREASE FUEL BURNUP
4.1. CNE SEU fuel program [8]

Based on the advantages listed in the section 3.1 and the excellent results obtained with the
implementation of the SEU program since 1995 in CNA-1, the Argentinean nuclear power
plant operator (NA-SA) together with AECL and CNEA have been analyzing under the
framework of a cooperative program the feasibility of using Slightly Enriched Uranium (with
0.9 w% **°U) fuel in CNE. Using SEU fuel would produce a significant increase in the fuel
discharge burnup, from the currently achieved burnup with natural uranium (NU) to about 14
MWd/kgU. This would result in similar benefits as those listed in the previous section with
the CNA-1 SEU fuel program.

Among the activities related with the assessment of the CNE fuel performance up to SEU
typical burnups, CNEA has performed preliminary calculations to evaluate the behaviour of
the fuel in nominal design conditions using envelope power histories. The main parameters
analyzed were fuel center temperature, internal gas pressure and cladding strains. Fuel
calculations were performed using the same calculation tools like for the original design.
These preliminary results are encouraging and allow predicting a very limited impact of the
higher burnup on the fuel performance for the current design conditions.

In case of SEU implementation in CNE with the same enrichment as in CNA-1 (0.85 w%
U*°) the savings (only in fuel) were estimated [6] around 19 %. The relative fuel cost
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reduction is lower in comparison with CNA-1 because CNE fuel is cheaper than CNA-1 and
CNA-2 fuels and has less impact on the total energy cost.

4.2. CNA-2 SEU fuel studies

Based on the NPP and FA similarities between CNA-1 and CNA-2, the excellent results
obtained with the SEU program in CNA-1 and the extensive experience acquired in this
process, a preliminary feasibility of a similar SEU program at CNA-2 has been under
evaluation by the CNEA Fuel Engineering Department.

In this preliminary feasibility study [7] fuel design criteria were reviewed, CNA-2 and CNA-1
fuel designs were compared and some fuel rod thermomechanical behaviour calculations were
performed with conservative input data. The most relevant parameters analyzed for this study
were:

Fuel burnup;

Center line fuel temperature;

Fuel rod internal pressure;

Fuel and cladding relative deformations.

The results obtained in this preliminary study together with the excellent results obtained with
the SEU program in CNA-1, allow anticipating that no systematic failures in Atucha-2 fuel
rods due to the implementation of SEU are expected. No major design modifications arise to
be necessary but some minor modifications in the fuel rod have to be evaluated to optimize
them for SEU requirements.

Further studies like the evaluation of the higher relaxation produced by the increase in neutron
fluence in the elastic spacer grids and particularly in their cantilever springs also were
proposed.

The realization of this project in CNA-2 would have an important impact in the plant costs of
the generated energy, similar to the one in CNA-1 due to the similarity between both types of
fuels [6].

5. FINAL REMARKS

Competitiveness of the electricity generated in PHWR NPP requires a constant effort to
minimize the cost of the fuel and to improve the utilization of natural resources. These are the
main driving forces for the study and implementation of fuel upgrade programs for the
Argentinean fleet of PHWRs.

The main goals of these programs are to increase the fuel discharge burnup and to increase
uranium content in order to extend the dwelling time. In this paper were detailed the SEU
programs for extending the fuel discharge burnup and their advantages.

The particular case of CNA-1 where a successfully SEU fuel program with a gradual
transition from a natural uranium core to a SEU core (0.85 % **°U) has been completed and
has been successfully applied for more than 10 years with cores loaded completely with SEU
fuels is encouraging in order to continue with similar programs in the two other Argentinean
NNP and for PHWRs in general.
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Abstract.

Industrias Nucleares do Brasil (INB) and Westinghouse Electric Company (WEC) are jointly designing an
advanced 16x16 Westinghouse type Pressurized Water Reactor (PWR) fuel assembly. This advanced 16x16
(called 16x16 Next Generation Fuel or 16NGF), which will be implemented in Angra Unit 1 (in Brazil) is an
integral part of the utilities fuel management strategy. The major reason for initiating this joint development
program is to update the current 16STD. The current 16STD-fuel assembly contains an non-optimized fuel rod
diameter for the fuel rod pitch, parasitic neutron absorption in assembly components (i.e. Inconel Mid grids), no
Intermediate Flow Mixer (IFM) grids, and other dated mechanical features.

The advanced 16NGF fuel assembly is being designed for peak rod average burnups of up to 75 GWd/MTU and
will use an optimized fuel rod diameter, low parasitic neutron components (i.e. ZIRLO™ Mid grids), ZIRLO™.
The 16NGF, the Fuel Rod Diameter Optimization study analyzed a reduction in fuel rod diameter, keeping the
same rod pitch for geometrical compatibility reasons. The optimized fuel rod diameter must satisfy the reactor
safety requirements. The trend of the nuclear industry is to extend the cycle length and increase enrichment by
using advanced fuel designs. It must be emphasized that this design change gives rise to economical advantages,
for example, reduced costs for uranium utilization and enrichment with a net gain in reactivity.

The design objective of 16NGF regarding the FROD is to select the diameter that gives the highest reactivity. As
a consequence the rod diameter selected would meet the lowest fuel assembly cost. In conclusion, due to the
customer’s requirement for longer cycles and the upper limit that exists in the enrichment to be used in Angra 1,
as well as Westinghouse previous experience, it was proposed as optimized FROD the 0.360 inches.

1. INTRODUCTION

Industrias Nucleares do Brasil (INB), KEPCO Nuclear Fuel Company, Ltd. (KNFC), and
Westinghouse Electric Company (Westinghouse) are jointly designing an advanced 16x16
Westinghouse type Pressurized Water Reactor (PWR) fuel assembly. This advanced 16x16
Westinghouse type PWR fuel assemblies, which will be implemented in Angra Unit 1 (in
Brazil), is an integral part of the utilities fuel management strategy. The project incorporates
Westinghouse improvements in the fuel design for better fuel performance under economic
and safety standpoint. The use of more advanced materials and the changes allowing more
thermal margin will allow higher burnups and longer cycles of operation. In this paper we will
describe the front-end nuclear fuel management activities utilized by the joint development
team and describe how these activities played an integral part in defining the direction of the
fuel assembly design.

2. OBIJECTIVES

The major reason for initiating this joint development program is to update the current 16x16-
fuel assembly, which is also called 16x16 Standard or 16STD. The current 16STD-fuel
assembly contains a non-optimized fuel rod diameter for the fuel rod pitch, parasitic neutron
absorption in assembly components (i.e. Inconel Mid grids), no Intermediate Flow Mixer
(IFM) grids, and other dated mechanical features. The advanced 16x16 fuel assembly (called
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16x16 Next Generation Fuel or 16NGF [1]) is being designed for peak rod average burnups of
up to 75 GWd/MTU and will find the diameter of fuel rod that allows to achieve a better
technical performance (neutronic) resulting in economic gains in the fuel cycle, low parasitic
neutron components (i.e. ZIRLO™ Mid grids), ZIRLO™ Intermediate Flow Mixer (IFM)
grids to improve Departure from Nucleate Boiling (DNB) margin, and many other mechanical
features that improve design margins.

3. OPTIMIZED FUEL ROD DIAMETER

The 16STD design for Angra-1, Kori 2 and Krsko is not an optimized design with respect to
neutronic and burnup considerations. This results in a conservative Hydrogen/Uranium (H/U)
ratio that gives rise to a harder neutron spectrum that reduces its reactivity. For 16NGF, the
Fuel Rod Diameter Optimization study analyzed a reduction in fuel rod diameter, keeping the
same rod pitch for geometrical compatibility reasons. By increasing the H/U ratio it is
possible to obtain a net gain in reactivity due to higher moderation, i.e., a stronger neutron
thermalization. The optimized fuel rod diameter must satisfy the reactor safety requirements.
The trend of the nuclear industry is to extend the cycle length and increase enrichment by
using advanced fuel designs. It must be emphasized that this design change gives rise to
economical advantages, for example, reduced costs for uranium utilization and enrichment
with a net gain in reactivity.

The reference Fuel Rod Outside Diameter (FROD) for the 16STD-fuel assembly by
Westinghouse is 0.374 inches. To determine the optimized FROD for the 16NGF, it was
proposed to make a systematic perturbation on the values of the FROD. The lower most
reload cost for the same cycle length was the goal for the FROD, which complies with the
economic optimization requirements. The following fuel rod diameters were selected for
evaluation: 0.335, 0.345, 0.350, 0.356, 0.360, 0.364 inches and the current product FROD,
0.374 inches as the reference case.

The study was performed using the following assumptions to determine the geometric and
design parameters used in the models:

Fixed Equilibrium Loading Pattern based on current plant fuel management;
Fixed energy output (Effective Full Power Days or EFPD);

Fixed number of feed assemblies;

Pellet diameter determined by a constant pellet/gap volume;

Fixed axial blanket length and enrichment;

Fixed core operating conditions;

Fixed burnable absorber content.

Two parallel studies were conducted: one for Kori-2 with 48 Feed Assemblies (FA) and 430
EFPD (16 month fuel management scheme), and another for Angra-1 with 40 Feed
Assemblies and 340 EFPD (annual cycle fuel management scheme).

Self-generating core models with equilibrium cycles for 340 and 430 EFPD and reload
batches of 40 and 48 FA, respectively, were calculated in order to obtain the reload cost of
each case. For each of the cases the following items that determine the relative reload fuel
cost were recorded:

° Fuel Rod OD (FROD);
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o Mid zone enrichment U** w/o (adjusted to constant EOC 10ppm);

. Total core U-loading (KgU).

Using a fixed cost economic model the total reload fuel cost will be driven by Total U-loading
(decreases with decreasing pellet OD), and U**® enrichment costs (increases with decreasing
pellet resulting from the increased mid-zone enrichment to maintain fixed energy output).
Other associated costs with the fuel assembly manufacture were fixed.

In order to check that the integrity of the Loading Pattern (LP) is maintained for the
perturbation the following core parameters were checked for each case:

. Reactor Coolant System (RCS) boron, Hot Zero Power (HZP) All Rods Out (ARO)
Beginning Of Cycle (BOC) (ppm);

. RCS boron, Hot Full Power (HFP) ARO BOC Equilibrium Xenon (ppm);

° Maximum fuel rod F-delta-H;

. Moderator Temperature Coefficient (MTC), HZP BOC ARO (pcm/degF).

Based on these it was determined that re-optimization of the LP for each case would only
minimally impact the rod optimization conclusions. The biggest impact being the most
positive MTC for the 48 FA case, which would require additional burnable absorbers for the
0.335 inches FROD case.

The results of the economic results of the fuel rod diameter optimization study are presented
in Table 1.

TABLE 1. RESULTS OF RELOADS COST FOR EACH FUEL ROD OUTSIDE DIAMETER

Fuel Rod Diameter Relative Reload Cost
48 FA — 430.7 EFPD 40 FA- 340 EFPD
0.374 inches 1.000 (reference) 1.000 (reference)
0.364 inches 0.969 0.969
0.360 inches 0.961 0.959
0.356 inches 0.955 0.953
0.350 inches 0.950 0.947
0.345 inches 0.951 0.947
0.335 inches 0.958 0.956

Figures 1 and 2 summarize the economic approach for 430 and 340 EFPD and reloads batch
of 48 and 40 FA, respectively.
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FIG. 1. Relative reload uranium cost for 430 EFPD and reload batch of 48 FAs.
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FIG. 2. Relative reload uranium cost for 340 EFPD and reload batch of 40 FAs.

Two analyses were initially carried out in order to select the optimum FROD. In the first one,
as mentioned above, the cost optimizations as well as the nuclear reactivity were considered.
In that scenario the 0.350 inches FROD seems to be the optimized one.

In addition, the analysis also considered the fuel cycle management point of view. In this
analysis, FROD less than 0.360 inches was shown to be undesirable for a cycle length longer
than 18 month due the U**® w/o enrichment approaches the upper bound licensing limit.

Figure 3 summarizes the fuel cycle management approach for Numbers of Feed Assemblies
versus EFPD for reloads batches of 40, 44, 48, and 52 FAs. All the cases considered 5.0 w/o
U?*® enrichment.
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FIG. 3. Fuel cycle management approach for numbers of feed assemblies versus EFPD for reloads
batches of 40, 44, 48, and 52 FAs.

3.1. Fuel rod optimization - Results and Conclusions

The design objective of 16NGF regarding the FROD is to select the diameter that gives the
highest reactivity. As a consequence the rod diameter selected would meet the lowest fuel
assembly cost.

In conclusion, due to the customer’s requirement for longer cycles and the upper limit that
exists in the enrichment to be used in Kori 2, Angra 1 and Krsko, as well as Westinghouse
previous experience, it was proposed as optimized FROD the 0.360 inches.

Based on the past 10 years experience with FROD 0.360 inches used in 17x17 Westinghouse
optimized PWR type designs, the I6NGF FROD should not be lower than 0.360 inches.

Furthermore, with this extensive experience of Westinghouse in the use of this FROD in
similar reactors, it will be possible to take advantage of similar results from the safety analysis
carried out by Westinghouse for this fuel rod diameter in other reactors. Therefore, since
0.360 very close to the optimized diameter, this one was selected as the optimized one for use
in Kori 2, Angra 1, and Krsko. Additional consideration would be the increased DNB penalty
for a rod thinner than 0.374 inches as described in section 5.

4. HIGH BURNUP CAPABILITY

A higher discharge burnup means better uranium utilization, reducing the uranium
requirements and the amount of fuel assemblies disposed during the utility life. The peak rod
burnup up to 75 GWd/MTU and region burnup up to 55 GWd/MTU are the targets for
16NGF project. In this new design, many features are implemented to reach this goal.

An important feature is the use of ZIRLO™ cladding tubes for the fuel. This alloy has much
higher corrosion resistance than Zircaloy 4 that is currently being used, besides that is less
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sensitive to the hydrogen embrittlement. All the mechanical components are designed taking
in account the higher fluence that will be achieved. In addition, the fuel rods have to
accommodate more gaseous fission products that are released to the plenum.

5. IMPROVED THERMAL MARGIN

In support of obtaining the maximum thermal margin with the I6NGF fuel assembly design,
the following information shows the reasons for choosing the 16NGF Mid and IFM grid vane
patterns, the 16NGF Mid and IFM grid vane shapes, and the number of IFM’s to be added.

Consideration was given for the Mid / IFM grid vane patterns to minimize both fuel assembly
and fuel rod vibration. Also consideration was given for the Mid / IFM grid vane features for
improved flow blockage area and resultant improved DNB margin.

One of the goals of the 16NGF program is to increase DNB performance by 20% over 16STD
(10% in power). Adding IFM’s improves DNB performance by approximately 20% due to the
increase in turbulence and mixing. Conversely, reducing the rod diameter penalizes DNB
performance since there is less heat transfer surface area available for the same power. For
example, a reduction from 0.374 to 0.360 inches decreases DNB performance by about 7.8%.
Therefore, the net DNB benefit in this example would be 20-7.8 = 12.2%. To meet the
program objective of 20% DNB margin benefit, DNB effects of mid-grid design changes
(improved vane design) need to be considered to increase DNB performance. Therefore, the
effect of the grid design on DNB margin should also be taken into account. This effect is
called ‘grid benefit’.

The design of the 16NGF mid-grid is employing the latest Westinghouse DNB-improvement
technology and lessons learned from the previous Robust Fuel Assembly (RFA) development
efforts. Based on experience the RFA grid benefit ranged from 8 to 10%. In the case of the
16NGF design, this 8-10% grid benefit should offset the 7.8% rod diameter penalty for
reducing the fuel rod diameter.

Therefore, the preliminary best estimate of the DNB performance improvement for 16NGF is
approximately 20-22%. These estimates are based on Westinghouse experience with 17x17
DNB data, as there is currently no 16x16 DNB data available. Taking this uncertainty into
account, it can be concluded that a DNB margin gain of at least 20% is likely achievable
through:

a. The addition of IFM’s.
b. Appropriate mid-grid design modifications based on Westinghouse experience.

6. LOW PARASITIC NEUTRON ABSORPTION USING ZIRLOTM MID GRIDS

The 16NGF design uses ZIRLO™ instead of Inconel in the grids in the active length of the
fuel (Mid Grids and IFM Grids). This is to take advantage of the lower neutron absorption in
the ZIRLO™ material, leading to a reduction in the fuel cycle cost.

Two core models were evaluated to quantify the benefit of using ZIRLO™. One used Mid
Grids made of ZIRLO™ and the other Inconel. Both cases considered full core with 16NGF
at equilibrium cycle and cycle length fixed in 444 EFPD. The result showed an economy of
1.6% using ZIRLO™ (see Table 2).
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TABLE 2. FUEL CYCLE COST FOR CORE MODELS USING INCONEL AND ZIRLO™ MID
GRIDS

Core Models ~ Mid Grid Mid-zone FA Uj;s Relative Fuel
(Case) Material Enrichment (w/o) Cycle Cost
1 Inconel 4.664 1.000
ZIRLO™ 4.600 0.984

Table 3 gives a brief description about grids in the 16NGF and 16STD.

TABLE 3. 16NGF AND 16STD GRIDS TYPES

16NGF 16STD
Grid Type Quantity Material Quantity Material
Top Grid 1 Inconel 1 Inconel
Mid Grid 6 ZIRLO™ 6 Inconel
IFM Grid 3 ZIRLO™ - -
Bottom Grid 1 Inconel 1 Inconel
Protective Grid 1 Inconel - -

7. BURNABLE ABSORBER FLEXIBILITY

Burnable absorbers are neutron-absorbing materials used to compensate the excess of
reactivity in the beginning of cycle and to control power peaking. To comply with the
technical specification limit for MTC, the use of BA allows the reduction in soluble boron
concentration needed to provide enough reactivity hold down during cycle length.

Two BA types, (described below) gadolinia, and IFBA were given the primary focus in
16NGF program. A third BA type of Wet Annular Burnable Absorber (WABA) was also
considered. The WABA consists of absorber rods placed in the fuel assembly guide thimble
tubes and is therefore, limited to the number of guide thimble tubes in the assembly (20 in the
case of the 16X16 lattice). These different BA types were implemented and verified in the
bounding core models generated for 16NGF designing purpose. The core design models are
based on the equilibrium cycle considering the design goals of 16NGF such as rod peaking
factor limit, peak rod burnup, and least negative MTC limit. The results showed that they are
satisfied above the design goals. The increase in thermal margin and the use of these burnable
absorbers allow more flexibility to get a more optimized loading pattern that uses low leakage
strategy. Core models with IFBA and gadolinium rods showed that it is possible to implement
strategies for 12 or 18 months cycle length and with normal or 6.3% uprate in power. In case
of WABA, discrete burnable absorber, the results showed difficulty for long cycle above 16
months to control the of the boron concentration at BOL. More optimized loading patterns
would be required. The WABA design is not currently being considered but was used
primarily in the fuel rod diameter optimization study since this BA type is not associated with
the fuel.

The specifications of BAs such as poison enrichment, axial length and radial configurations in
an assembly used the typical values that were applied in current fuel design and based on
previous experience in other reactors. However, to maximize the merit of 16NGF, a burnable
absorber optimization study determining the optimum BA specifications will be performed
before 16NGF region implementation.
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IFBA fuel rod contains lower poison than WABA and Gad fuel rods; thus more IFBA rods
are required to accomplish the same reactivity holddown as a given number of WABA or Gad
rods. As a result, the fuel manufacturing facilities without IFBA capability will have more
cost impacting with this BA type.

The primary BA for consideration by INB and KNFC is Gadolinium with IFBA being utilized
by the Westinghouse design for Krsko. The next two sections give more detail about these BA

types.
7.1. Gadolinium rod

Gadolinium Burnable Absorber (Gad) consist of fuel rods with mixed Gd,O; and UQO; that are
placed in some fuel rod positions in the fuel assembly. Different quantities and pattern
configurations are possible for the Gadolinium rods, providing flexibility on loading pattern
optimization. The Gadolinium rods have a partial stack length (120 in) in the center of the rod
with UO,+Gd,0; pellets. The top and bottom of the rod have standard UO, pellets or axial
blankets.

The U™ enrichment in Gadolinium region has to be lower than non-Gadolinium rods due the
degradation in thermal conductivity. The bounding core models, with 5.0 w/o enrichment in
U*, were generated based in this assumption, resulting in 3.5 w/o U> enrichment in the
Gadolinium region. The 6 w/o enrichment in Gadolinium was assumed.

7.2. IFBA

The Westinghouse Integral Fuel Burnable Absorber (IFBA) design consists of a thin ZrB; on
the outer surface of the fuel pellet. The fuel rods containing IFBA pellets are assembled with
UO, fuel rods in diversified patterns. The 16NGF adopts the same IFBA patterns as 16STD,
these patterns are standardized and provide options from 20 to 148 IFBA rods in a fuel
assembly.

The IFBA pellets are placed in the central axial stack region of the fuel rod optimized for
axial shape and FQ control, the bottom and top axial regions in the rod are filled with UO,
pellet or axial blanket pellets. IFBA pellets have the same U**’enrichment as non-IFBA rods.
The loading of the absorber material B'® is determined based on reactivity holddown
considerations. The use of Annular Axial Blanket is required in IFBA rods to comply with the
rod internal pressure limits. Krsko plant has been successfully using IFBA in several reloads
with 16STD.

8. AXIAL BLANKET

The axial blanket (low enrichment pellets at the top and bottom of the fuel stack) is a new
feature for the I6NGF. The Kori unit 2 and Angra unit 1 currently do not use Axial Blanket as
a design characteristic. Krsko plant has been using this feature for their 16STD fuel.

The main purpose of the axial blanket optimization study is to determine which axial blanket
enrichment and length would provide the better fuel cycle cost-benefit.

Since Angra 1 as well as Kori 2 intend to use gadolinia as burnable absorber of choice, the
study has focused on this BA. Also, it considered only solid fuel axial blanket pellets.

In order to evaluate only the axial blanket influence the cycle length and loading pattern for
each cycle to be analyzed was fixed. The batch size was set as 48 FA in the reload. For each
axial blanket length and enrichment the mid-zone FA enrichment that meets the above fixed
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requirements was calculated. The average discharge burnup for this study is 45,955
MWd/MTU and the highest assembly and peak rod burnup were found very similar for all of
the cases, approximately 55,600 MWd/MTU and 61,150 MWd/MTU respectively.

For each of the cases studied the following parameters were recorded to evaluate the cost-
benefit:

Axial blanket pellet enrichment (U*> w/o);
Mid-zone enrichment (U w/o);
Maximum peaking factor FQ;

Axial blanket length (top and bottom).

In order to evaluate the economic impact on the fuel cycle cost, the reload costs for each case
was simulated. The fuel cycle cost-benefit is relative to the base model and the fabrication
costs were not considered. The market price values used in this study are the same as in
section 3.

8.1. Axial blanket cost-benefit

The results indicate 1.8 w/o enrichment and 8 inches length (on each extremity of the rod) as
the best option from the fuel cycle cost-benefit standpoint relative to no blanket (reference) as
shown in the Figure 4. The fuel cycle cost-benefit determined to be on the order of 1.8%.

The difference in the reload cost in the range between 1.5 and 2.6 w/o enrichment and also for
the 6 and 8 inches length is not significant. From the Local Peaking Factor (Fq) limit
standpoint (decreases with higher blanket enrichment) and also for longer cycle length
requirements (increases with shorter length and higher blanket enrichment), the higher axial
blanket enrichment (2.6 w/0) is recommended with the 6-inch blanket case.

The decision for the best axial blanket strategy will be determined following the reload
transition safety analysis for I6NGF region implementation.

Fuel Cycle Cost Benefit Vs
Axial Blanket Enrichment for two lengths
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FIG. 4. Fuel cycle cost-benefit vs. axial blanket enrichment for two lengths.
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9. SUMMARY AND CONCLUSIONS

During the recent years Westinghouse has improved the fuel design aiming at incorporating
the recent design improvements that will assure a better fuel performance under economic and
safety standpoint. Industrias Nucleares do Brasil (INB), KEPCO Nuclear Fuel Company, Ltd.
(KNFC), and Westinghouse Electric Company (Westinghouse) are jointly designing an
advanced 16x16 Westinghouse type PWR fuel assembly. This advanced 16x16 Westinghouse
type PWR fuel assembly, which will be implemented in Angra Unit 1 (in Brazil), Kori Unit 2
(Korea, Republic of), and Krsko Unit 1 (Slovenia), is an integral part of the utilities fuel
management strategy. The front-end nuclear fuel management activities utilized by the joint
development team have been presented to describe how these activities played an integral part
in defining the direction of the fuel assembly design.

The 16NGF fuel team proposed to analyze all the design features already implemented and
tested in different Westinghouse fuel designs and to implement those most adequate for
complying with the customer design requirements. That is not an easy task taking into
account that really there are three customers to be satisfied at same time. The major
improvements that give direct impact in the fuel costs can be summarized as:

e Fuel rod diameter optimization — really this is a major task already reported in this
paper. It contributes within 4 to 5% savings in the overall reload cost. Also, some
side benefits can be achieved in the back end costs due to the use of less Uranium for
the same cycle length. Savings in the natural uranium consumption has not been
analyzed despite of being expected.

e The savings due to the use of ZIRLO™ mid grids when compared with the Inconel
mid grids of the 16STD was estimated in 1.6% in the fuel cycle costs. That
evaluation took also into account the impact in the enrichment and Uranium reload
costs.

e The use of an optimized axial blanket could add to this economic saving evaluation
an extra 1.8% in the reload cost when compared with the 16STD without this feature.

e The increase in F-delta-H due to the increase in the overpower margin, expected to
be more than 10%, will provide enough flexibility for carrying out more aggressive
Loading Pattern which certainly will give rise to a better efficiency in the use of
Uranium.

Besides the above, the design improvements aim a flawless fuel, with better performance than
the current design and capable to reach burnup up to 75 GWD/MTU.

The figures above on the savings evaluation were carried out based on the current (year 2012)
market prices applicable into the United States. Of course some differences would be
expected when the same evaluation can be made in each one of the countries that participate
in the project.
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Abstract.

Indian Pressurised Heavy Water Reactors (PHWR) have been operated over the years using natural UO,
bundles. Recently high burn up fuels have drawn the attention. As part of the High burn up fuel experimental
irradiation, AFFF (Advanced fuel fabrication facility) has taken up the fabrication of MOX fuel for PHWRs. The
MOX fuel pellets containing 0.4 wt % of PuO, have been used for this purpose. The PHWR MOX bundles
consist of two inner rings of MOX fuel pins and an outer ring of 12 Nat UO, fuel pins. This paper describes
fabrication and quality and process control of MOX for PHWR along with the design changes made in fuel
element. TIG welding has been chosen instead of resistance for end plug joint. Advantages associated with the
changes have also been described. Fuel economics have also been presented regarding the burn- up and
residence time.

1. INTRODUCTION

Presently, Pressurized Heavy Water Reactors (PHWRs) form the most important part of
Indian nuclear power programme. These reactors make use of natural uranium dioxide as fuel.
In order to conserve the natural uranium resources, a number of advanced fuel cycle options
have been studied. These are (1) use of depleted uranium, (2) use of recycled uranium from
light water reactors (LWRs), (3) use of natural uranium — plutonium mixed oxide (MOX) and
(4) use of thorium — plutonium MOX [1]. As a part of the work on development of high
burnup fuels for PHWRs, MOX fuel bundles have been fabricated in the BARC facilities at
Tarapur. This will permit about 40% higher burn up as compared to the burn up achievable in
conventional natural uranium dioxide (UO,) fuel bundles resulting in conservation of natural
uranium [2]. Advantages associated with this MOX fuel in PHWR are fuel cost reduction,
increase in burn up compared to natural uranium and reduction of the refuelling frequency [4].

The MOX fuel pellets containing 0.4 wt % of PuO, have been used for this purpose. The
PHWR MOX bundles consist of two inner rings (seven) of MOX fuel pins and an outer ring
(twelve) of natural uranium dioxide fuel pins. Technology for Gas Tungsten arc welding
(GTAW) of end plugs for PHWR MOX fuel pins has also been developed. The end plugs
were specially designed to meet the requirement of GTAW and inspection by X-ray
radiograph. The fabrication of uranium dioxide — plutonium dioxide MOX fuel is carried out
in gloveboxes because of high radio toxicity of plutonium.

This paper deals with the fabrication procedure of MOX fuel and its quality control. Design
changes in process have also been described. Fuel performance is also mentioned.

2. FABRICATION OF MOX FUEL

Process flow sheet for the fabrication of MOX fuel along with quality control steps is shown
in Figure 1. Configuration of MOX fuel bundle with MOX and natural uranium dioxide fuel
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pins is shown in Figure 2. Figure 3 shows the photograph of a 19 element PHWR MOX
bundle.

FUEL FABRICATION STEPS ‘ PROCESS / Q.C. STEPS
[ PuO, H DDUO, ]——— Pu, Am, Isotopes, Impur.
l i U, S.A, Impurities

[ Attritor Milling }
|
[ Precompaction& Granulation ]

[ Compaction ] G.D.,P.I
!
Sinterin
; = | SD, U/Pu, a- Autoradiography |
[ Centreless Grinding }
!
Cleaning
[ — } Pellet Inspection
[ Vacuum Degassing }

| H,0/M,Non Met, Met. Impur. |

[ Stack Making ]
———— StackInspection, Visual &Radiometry
[ Pellet Loading ]

{ FuelEIemeﬁtWeIding } Metallography

[ il il ] Visual, He leak, X-ray Radiography

[ Assembly ] Gamma autoradiography, Metrology

[ Packing& Transpurt ] Assembly Inspection, Contamination Check

FIG. 1. PHWR MOX process flow sheet.

FIG. 2. PHWR fuel element configuration bundle.

176



FIG. 3. PHWR 19 element fuel bundle.

MOX fuel pellets are produced by conventional powder metallurgy technique. Process starts
with the calcination of plutonium dioxide powder for 4 hours. Natural uranium and plutonium
are weighed in proportions to make a batch. Mixing & milling is carried out to mix the
powders homogeneously and to reduce the particle size. The fabrication specification for the
maximum plutonium rich particle size is in the range of 200-400 microns. The analysis shows
that the agglomerates can cause spikes in fuel temperatures of about 300-500°C depending
upon the size and concentration of plutonium in the agglomerate [3].

Both the powders along with Poly Ethylene Glycol (binder) and Oleic acid (lubricant) are
mixed and milled in an attritor. 100 grams of powder sample after mixing and milling is
analyzed in Neutron Well Coincidence Counting (NWCC) to confirm the plutonium dioxide
percentage. Isotopic composition is required to for determining the plutonium dioxide
percentage through NWCC. MOX powder is pre compacted to obtain granules of desired size
to improve flowability.

Pre compaction is carried out to get uniform density of the pellet. Pre compacting the MOX
powders using Hydraulic/ Mechanical press at 70-110 MPa load. Pre-compacted pellets feed
to oscillatory granulator. The crushed compacts pass through a sieve and the out put of
granulator is granules with narrow size range from 400-1300 pm.

A double acting hydraulic press is used for the final compaction to achieve desired density.
Final compaction is done in double action mode with 250-300 MPa load there by achieving
green density 5.6 to 6 g/cm’. Sufficient green strength is required for handling the pellets to
sintering furnace.

Molybdenum charge carriers filled with green fuel pellets are loaded in a resistance heating
batch type sintering furnace. Molybdenum is used as a heating element under reducing
atmosphere. (W + 25-26%Re) & (W + 3-5%Re) thermocouple is used for the measurement of
temperature in reducing atmosphere. Sintering of fuel pellets is carried out at a temperature of
1575 + 50°C for 4-6hrs in reducing atmosphere [N, + 7%H,]. The oxygen by metal ratio
(O/M3) should be 1.99 to 2.02. Specification for density of the sintered pellet is 10.55 + 0.20
g/cm’.

Density is measured on sample basis. Ceramography is also carried out to find the grain size
and structure of the pellet. Specification for grain size is 5 to 50 microns. Micro homogeneity
is checked by alpha autoradiography. Uranium and plutonium analysis is carried out on
sintered pellets by chemical analysis. Oversize pellets are ground to acceptable size by a
centre less grinding machine. The ground pellets are cleaned using an ultrasonic cleaner and
are dried at 100 °C. The pellets are inspected for physical integrity by visual inspection and
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the inspected pellets are loaded in one end welded clad tube. Table 1 gives important
specifications of the fuel pellets.

Rejected MOX pellets were recycled for making fresh fuel pellets. The Clean Rejected Oxide
(CRO) was calcined at 650 to 700°C for 2 hours. Powder made by microwave denitration of
CRO was also used for making the pellets.

TABLE 1. SPESIFICATIONS OF PELLETS

Density (g/cm’) 10.55+0.20
Diameter (mm) 14.29 + 0.03
Grain size (pm) 5t0 50
Max. allowable size of Pu agglomerate (um) <200

PuO, (%) 0.4+0.1
Equivalent Boron Content (EBC) (ppm) <1.5

oM 1.99 t0 2.02

3. ENCAPSULATON

Zircaloy—4 clad tube is used in Indian PHWRs. The end plug welding of natural uranium fuel
pins for PHWR is carried out using resistance welding technique. For end plug welding of
MOX pins GTAW technique is chosen as adapting and operating a resistance welding
machine inside the glovebox train is difficult. Further resistance welding produces an outside
upset on the weld which is to be machined. GTAW technique doesn’t give rise to any upset
on the weld. One end of the clad tube is welded outside glovebox (inactive condition) using
argon atmosphere. The degassed one end welded clad tubes and end plugs are introduced
inside the glovebox for loading of degassed MOX pellets. The MOX pellets are stacked as per
specified length and loaded into the one end welded clad tubes. The top end plug welding is
carried out in a specially designed GTAW chamber under helium atmosphere. GTAW
parameters were optimized and machine and operator qualification was carried out as per the
specification. Set up welds and process welds were evaluated at the start and end of the shift
respectively. Figure 4 shows the photograph of end plug welding chamber. PHWR MOX fuel
pin is shown in Figure 5.

FIG. 4. TIG welding chamber.

FIG. 5. PHWR fuel pin joint with end plug.
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End plug design was changed to suit for GTAW technique and the schematic diagram is
shown in Figure 6. The changes in the end plug led to a decrease of < 1 % in the stack length
compared to the natural uranium dioxide stack. Decontamination of the welding elements is
carried out before taking the pins out of glovebox. The fuel pins are then subjected to various
quality checks such as helium leak testing, X-ray radiography, gamma auto radiography,
metrological inspection, visual examination and passive gamma scanning.

FIG. 6. Joint design for GTAW and Resistance welding.

4. BUNDLE ASSEMBLY

Zircaloy-4 end plates are welded at both ends using resistance welding as shown in Figure 7.
Elements are loaded in a jig to maintain inter elemental gap. The central element (one
position) and the intermediate ring (six positions) of a 19 element bundle is taken by MOX
fuel pins. The 12 natural uranium dioxide pins form the outer ring of a PHWR MOX fuel
bundle. Argon is used as a shielding gas during welding.

FIG. 7. Resistance welding of endplate for PHWR bundle.

5. ECONOMICS OF MOX BUNDLE IRRADIATION

Fifty MOX bundles were irradiated in PHWR. Details of the loading pattern are reported
elsewhere [5]. Few bundles have seen a peak Burn-up of nearly 20000 MWD/TeU. Highest
burnup achieved by a bundle was 20332 MWD/TeU. Residence time for these bundles was
nearly three years for central channels. Residence period increased for these MOX bundles.
The zircaloy corrosion, hydriding and irradiation embrittlement behaviour for the bundle for
the increased residence period was found satisfactory. Forty six bundles for 16 months and
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four bundles in one channel for a longer period were irradiated. Average Burn-Up was greater
than 10500 MWD/TeU compared 6700 MWD/TeU [6] with natural UO, bundle. The Delayed
Neutron (DN failed fuel monitoring system) counts of these channels were steady, indicating
good fuel performance of these bundles. The iodine activity in the coolant was maintained
about 1 micro Ci/l. All discharged bundles were sniffed in spent fuel bay and found non
defective.

6. CONCLUSIONS

Experience of fabrication and quality control of MOX fuel for experimental irradiation is
presented. Technology for MOX fuel fabrication has developed. Design modifications in
pellet fabrication, encapsulation and quality control checks are mentioned. Technique for
GTAW for end plug welding inside glovebox has been developed. Economics related to
MOX fuel irradiation compared to natural UO, bundles is presented. The successful
irradiation based on prior design validated the fabrication and quality control procedures
developed at AFFF.
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Abstract. We tried to lower the sintering temperature of UO, under a commercially used H, atmosphere by
using sintering additives and/or adapting the sintering schedules, such as two-step sintering. The densification of
UO; is significantly enhanced by adding a small amount of MnO — of less than 0.2 wt%. MnO-doped UO, can
be densified up to about 95 % of the theoretical density through sintering at 1250 °C in H, atmosphere. The
sintering additive, MnO, also enhanced the densification of Boron-bearing UO, pellet. Two-step sintering
enables us to obtain nano-structured bulk UO, pellet with about 300 nm-sized grains, which can be used as an
analogue of a high burnup structure (HBS) or RIM structure. HBS-analogue bulk UO, pellets may be used to
conduct many out-of-pile tests, which can provide valuable data for understanding and modelling the behaviour
of HBS or RIM.

1. INTRODUCTION

Extending the fuel discharged burnup could result in reducing the fuel cycle costs and the
total mass of spent fuels [1]. There must be a lot of requirements for increasing the LWR fuel
burn-up. In this report, we are going to deal with two essential points. One is related with the
increase of fuel loading. More fissile materials can be loaded by increasing U** enrichment
and/or by mixing UO; and high U-density materials such as UN and U3Si,. The other is
related with providing a bulk UO; pellet with nano-sized grain for understanding the
properties of high burn-up structure (HBS). This nano-grain-sized UO, pellet might be used
as HBS-analogue for out of pile experiments.

These approaches to increase fuel loading are seriously being considered in developing an
accident tolerant fuel (ATF) as well [2]. The candidates for ATF claddings such as coated
zircaloy cladding or layered SiC cladding have disadvantages of using high neutron
absorption cross-section materials for coating or the increased cladding wall thickness for SiC
cladding. Thus, this shortage of fuel loading should be compensated by increasing the U*>
enrichment or by adding high U-density materials.

In an aspect of fabricating or transporting nuclear fuels, the criticality should be considered in
order to increase the U™ enrichment or to add high U-density materials to UO,. Erbia-
bearing super high burn-up (Er-SHB) fuel is presented as a solution of the criticality problem
by Japanese researchers.[3] They reported that Er-SHB fuel could prohibit the criticality
during fabrication and transportation by adding small amount of erbia to the raw UO; powder.
Erbia could be replaced to any suitable neutron-absorbing materials such as boron
compounds.

Recently, KAERI started to develop a boron-bearing UO, pellet in which boron-compound is
homogeneously dispersed [4]. A previous study[5] reported that boron-dispersed UO, fuel
pellet is very difficult to be fabricated with a sufficient level of boron retention and high

*This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIP) (2013000720).
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sintered density (greater than 90 % of theoretical density (TD)) because of the volatilization
of boron oxide. In order to solve this problem, it is necessary to reconsider the low
temperature sintering of UQO; in a reducing atmosphere.

Conventionally, uranium dioxide nuclear fuel pellets have been fabricated using sintering
UO; compacts at high temperatures of above 1700 °C in H, atmosphere in almost all LWR
fuel vendors. High temperature sintering is the most energy intensive and expensive process
among unit processes of the nuclear fuel fabrication. Thus far, a number of attempts have
been made on lowering the sintering temperature of UO,; to reduce the fuel fabrication cost.
However, these efforts were based on an improved sinterability in hyperstoichiometric UO,.,
which was obtained by mixing Us;Og with UO, and sintering at inert or slightly oxidative
atmosphere, such as Ar, Nj, and CO.. It is known that a large degree of swelling may result
from the entrapped large-molecule-size gases such as CO;, Ar and N; in sintered UO, pellets
during irradiation in a nuclear reactor.

A low temperature reductive sintering technique has a great significance not only for reducing
the fabrication cost, but also for densifying a UO;-based nuclear fuel with non-sinterable
compound such as a boron compound or volatile minor actinide. B-compound dispersed UO,
pellets may help solve the criticality problem, which is one of the main obstacles to increase
fuel loading.

First, this paper deals with preliminary results on the densification behaviour of UO, and B-
compound dispersed UO, during low temperature sintering in H, atmosphere. Secondly, a
preliminary result on the fabrication of HBS-analogue UO, pellet is reported.

2.  EXPERIMENTAL PROCEDURE

2.1. Low temperature sintering with sintering additive

Samples were prepared with the ADU-Route UO, powder, MnO powder and BN powder.
Among various boron compound, BN was selected because of its thermal stability in high
temperature. UO, powder was mixed with MnO and/or BN powder in a tumbling mixer for 2
h. A powder mixture was granulated with a 30 mesh sieve. The granules were mixed with a
0.3 wt% of zinc stearate in a tumbling mixer for 30 min. The compaction was conducted in a
single acting press under about 3 ton/cm”. The UO,, UO,-MnO, UO,-BN and UO,-BN-MnO
powder compacts were sintered at the temperature range of 1100 to 1400 °C for 1 to 4 h in H»
atmosphere. The sintered density was measured by a water immersion method.
Microstructures were observed using an optical microscope after polishing the cross-section
of the sintered pellet up to a 1 um diamond polish.

2.2. Low temperature sintering with two-step sintering

ADU route UO, powder was used for a sample preparation. UO, powder was compacted in a
single acting press with the die-wall lubrication of zinc stearate. Two-step sintering was
conducted at various temperatures for 20 h in H, atmosphere. The temperature range of the
first step was from 1250 °C to 1500 °C and that of the second step was from 1200 °C to 1400
°C. The sintered density was measured by a water immersion method. Microstructures were
observed using a scanning electron microscopy.
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3. RESULTS AND DISCUSSION

3.1. Low temperature sintering with sintering additive

Figure 1 shows typical densification curves of UO, during sintering in reducing atmosphere
and oxidizing atmosphere.[6] It should be noted that the low temperature sintering of UO; is
possible in oxidizing atmosphere, as shown in Figure 1. In oxidizing atmosphere, such as
CO,, Ar and N, gas atmosphere, the densification occurred even at very low temperature
because of the enhanced uranium diffusivity induced by excess oxygen defects in
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FIG. 1. Typical densification curves of UO, during high temperature sintering in reducing
atmosphere and low temperature sintering in oxidizing atmosphere [6].

hyperstoichiometric UO,. It is known that a large degree of swelling may result from the
entrapped large-molecule-size gases in sintered UO, pellets during irradiation in a nuclear
reactor.

Thus far, almost all LWR fuel vendors fabricate UO; fuel pellets through a high temperature
sintering process in H, atmosphere. In reducing atmosphere, however, the densification

occurred very slowly, and the high temperature of over 1600 °C is necessary to densify up to
95 %TD.

Recently, we found that the addition of MnO can accelerate the densification rate of UO,-
Gd,03; compacts during the intermediate sintering stage in H, atmosphere.[7] As shown in

Fig. 2, the densification of a MnO-added compact occurred faster than those of compacts with
other sintering additives.

This enhanced densification kinetics of MnO-added UQO;-based system could be applied to
lower the sintering temperature of UO, in H, atmosphere. Figure 3 shows the measured
densities of MnO-added UO, pellets sintered at the temperature range of 1100 °C to 1400 °C
for 1 h. With increasing the addition of MnO, the sintered densities of UO, pellets increased.

MnO-added UQ; pellet can be densified up to about 95 %TD after sintering at 1250 °C for 1 h
in H, atmosphere.
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MnO

FIG. 2. Densification curves of UO»-Gd,O; compacts with various sintering additives [7].
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FIG. 3. Measured densities of MnO-added UQO; pellets sintered at the temperature range of 1100 °C
to 1400 °C for 1 h.

A low temperature sintering technique of UO; in H;, atmosphere can be applied to sinter a
UO; pellet with volatile materials such as boron compound and AmO, as well as to reduce the
fabrication cost of UO; pellet. The sintering of boron-compound dispersed UO, was studied
in 1960s.[5] They reported that it was difficult to densify a boron-dispersed UO, fuel pellet
with a sufficient level of boron retention and high sintered density because of the evaporation
of boron at high temperature as shown in Fig. 4.

Figure 5 shows the microstructure of B4C-added UO, pellet sintered at 1250 °C. There are
large pores in between B4C and UO; matrix and it causes a poor sintered density. These large
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pores are attributed to the evaporation of boron and/or the larger size of B4C powder than that
of UO, powder.

FIG. 4. Boron content in sintered pellet according to the sintering temperature [5].

FIG. 5. Microstructure of B,C-added UQ; pellet sintered at 1250°C (x200).

Nano-sized BN powder was chosen after the thermochemical calculation and the screening
test. BN appears to have better thermal stability than other boron compound. Figure 6 shows
the sintered density of boron compound-added UO, pellet after sintering at 1100 °C in H;
atmosphere. The sintered density of the UO; — 0.1 wt% BN pellet gradually increased with a
sintering time up to about 87 %TD after sintering for 4 h. However, the UO; - 0.1 wt% BN —
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0.2 wt% MnO pellet has a sintered density of about 94 %TD even after sintering for 1 h, and
the sintered density increased up to around 96 %TD after sintering for 4 h.

FIG. 6. Sintered density of boron compound-added UQO; pellet after sintering at 1100 °C in H,
atmosphere.

Residual boron content of the sintered BN-added UO, pellet was measured using PGAA
(Prompt Gamma Activation Analysis) at HANARO. Measured residual boron contents of
sintered pellets were represented in Figure 7 according to the initial boron contents. It appears
that around 80 % of initial boron remains in the sintered pellet.
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FIG. 7. Sintered density of boron compound-added UQO; pellet after sintering at 1100 °C in H,
atmosphere.

3.2. Low temperature sintering with two-step sintering
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The microstructure of high burn-up structure is generally characterized by very small grain of
about 300 nm in diameter, intergranular pores of 1-2 um size and high porosity of 6-26 %.
Recently, HBS-analogue bulk nano-crystalline oxide fuel was proposed for a new concept of
an innovative materials option for increasing fission gas retention, plasticity, and radiation-
tolerance [8]. Even though a number of considerations must be taken to prove the postulation
and its in-pile properties, HBS-analogue bulk pellets can be used as good samples for various
out-of-pile tests to understand the properties of HBS. Spino et al. [8] reported that HBS-
analogue bulk nano-crystalline pellet was fabricated by using nano-sized YSZ (yttria
stabilized zirconia) powder and PMMA bead as a pore former. They also reported that nano-
sized UO, powder of 9-36 nm in diameter could be produced by a organic precursor
decomposition method [9].

However, nano-sized powder usually has more difficulties to be dealt with in powder
metallurgical processing than commercial powders. Thus, we tried to find a way to fabricate
HBS-analogue nano-crystalline UO, pellet with commercial ADU-UO, powder of about 0.1
um size.

It is well known that the densification and the grain growth simultaneously occur during
sintering of ceramics. Figure 8 shows a typical trajectory of grain size and sintered density
during sintering of UO,. Generally, grain growth is significantly accelerated at a final stage of
sintering (over 93 %TD). This is the reason why it is not easy to obtain nano-crystalline
sintered pellet even if we started with nano-sized powder.

However, Chen et al. [10] suggested that two-step sintering enables us to densify nano-
crystalline bulk pellet without final stage grain growth. At certain condition, densification can
occur with almost no grain growth and it is called ‘microstructure freezing’.

Red circles in Figure 8 represent the results of two-step sintering of UO, pellet. Two-step
sintering successfully prohibited grain growth of UO; during final stage of sintering. The UO,
pellet can be densified up to 94 %TD with the grain size of about 300 nm. The
microstructures of two-step sintered UO; pellets were compared with those of irradiated PWR
HBS and previous study [8] in Figure 9. In this stage, it seems that HBS could be simulated
by two-step sintered UO; in an aspect of grain size. Further efforts to simulate pore and
porosity will be continued.
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FIG. 8. Trajectories of grain size and sintered density during conventional sintering and two-step
sintering of ADU-UQ,.

187



~94% TD ~83% TD

FIG. 9. Microstructures of (a) Typical HBS in irradiated PWR[S], (b) HBS-analogue YSZ pellet [§],
(c) Two-step sintered ADU-UQO; and (d) Two-step sintered ADU-UQ, with pore former.

4.  CONCLUSIONS

Low temperature sintering behaviour of UO, is investigated under commercial H;
atmosphere. MnO-doped UO; can be densified up to about 95 %TD at 1250 °C, which is
about 500 °C lower than conventional sintering temperature, 1700 °C.

A low temperature sintering technique might be applicable to sinter UO,-based nuclear fuel
with volatile materials, such as Boron compound and minor actinides (AmO, ...). By using
low temperature sintering technique, BN-added UQO; pellet can be sintered up to ~ 95%TD at
1100 °C in H, atmosphere with the slight evaporation of boron.

Two-step sintering method enables us to densify UO; pellet up to ~ 94%TD with very small
grain size of about 300-400 nm. Porosity and pore size can be controlled with smaller
uniform sized pore former through the further study. High Burn-up Structure might be
simulated in an aspect of microstructure such as grain size and porosity by using two-step
sintering and adding uniform sized polymer pore former. HBS-analogue UO, Pellet might
give us good out-of-pile test samples for understanding the fuel properties of RIM (HBS)
region.
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Abstract.

If CNEA wants to handle the fuel elements technology for reactors of Generation III (high burn-up and cooling
water at higher temperature and pH) must access to the technology of zirconium alloys low in Nb and free of tin.
This paper present a roadmap to achieve, as semi-finished product, strips of Zr-1Nb-O alloy of about 27 mm
wide and 1 mm thick which must reach the standards for the yield stress and creep resistance of the
commercially available French M5™ alloy or Russian E110 alloy.

1. INTRODUCTION

In the paragraph dedicated to the FUTURE within the 2010-2019 CNEA strategic plans [1] is
quoted: "In the area of nuclear fuels, we will continue with the development of fuel elements
for CNA-II. Furthermore, we are developing new materials and processes for the production
of high burn-up fuel elements for reactors of Generation III and IV”.

As background of this strategy, CNEA has carried out the ULE (SEU) Project [2] where the
original design of CNA-I fuel was changed, natural uranium was replaced by slightly enriched
uranium (SEU) (0.85 % of the isotope U235). The extraction burnup was increased from 6500
to 11500 MWd/tU producing a 40% decrease in fuel consumption and a reduction of about
30% in cost. The cladding material was Zircaloy-4 (Zry-4).

If CNEA wants to handle the fuel elements technology for reactors of Generation III (high
burnup and cooling water at higher temperature and pH) must access to the technology of
zirconium alloys low in Nb and free of tin. Examples of this are French M5 alloy (Zr — Nb-
Iwt% — 0.135wt% O) or Russian E110 alloy (Zr — 1wt% Nb — 0. 04 to 0.06 wt% O). These
alloys currently used in PWR reactors of the United States of America, Europe and Russia
have shown a significant decrease in the thickness of the oxide layer and the ‘pick-up’ of
hydrogen compared to Zry-4 for burnt over 20,000 MWd/tU while they hold a creep
resistance similar to Zry-4 [3].

The stable microstructure is the result of a low temperature process that produces beta-
niobium second phase particles with optimum size and distribution in the zirconium matrix.
The absence of tin as an alloying element results in very low corrosion and hydrogen pick-up
rates at high burnup and reactor duty conditions [4]. The oxygen concentration is in the range
of 0.02-0.05 %at. However, oxygen concentrations up to 0.1 %at are permissible, which
provides a way of enhancing the alloy strength.

The main requirements for oxygen-containing alloying are as follows. They shall be free of
any foreign matter, and they shall have a high enough melting point (close to that of
zirconium), low vapor tension, and low dissociation pressures. The thermodynamic stability
of alloying elements shall be significantly lower relative to ZrO; so that the entire amount of
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oxygen could go into the melt while the alloy is still in a liquid state [5]. Moreover, oxide
precipitation during ingot crystallization shall be precluded.

There are two potential mechanisms by which B-Nb may form during heat treatment [6]. The
first is by classical nucleation and growth of new B-Nb directly from supersaturated o phase.
This occurs when the alloy is rapidly quenched from the single phase B field to form a-
martensite, supersaturated in niobium. The second occurs in alloys which are cooled at slow
or intermediate rates from the single phase § field. In this case, retained B-Zr is present after
cooling along grain boundaries. This phase is metastable, and on heat treatment the free
energy of the system can be reduced by transformation to o and B-Nb. However, this process
is complex and can involve intermediate steps. Furthermore, the kinetics of the transformation
can be extremely slow, taking over 1000 h at 500°C. The oxygen content affects both
mechanisms of precipitation.

In this paper we present a work plan to achieve, as semi-finished product, strips of Zr-1Nb-O
alloy of about 27 mm wide and 1 mm thick. Moreover, this product must present second
phase particles with B-Niobium optimal size and distribution in the zirconium matrix reaching
the standards for the yield stress and creep resistance commercially available.

2. SPECIFIC GOALS

1)  Get an ingot (77 cm’) of the alloy Zr-1wt% Nb-0.12wt% O by melting with consumable
electrode arc in a two fusions process.

2)  Deploying thermomechanical processes on the cast ingot to obtain strips with a
microstructure of particles of B-niobium second phase with optimal size and distribution
in the zirconium matrix.

3)  Characterization of mechanical properties of the strips. Perform tensile and creep tests
according to the ASTM standards [7].

3.  ROADMAP
Specific goal 1

The method for manufacturing ingots will follow the procedures described in the U.S. patent
7.704.334 B2 [8] and the European patent EP 1 621 642 A1l [9]. The manufacturing process
will be carried out by vacuum arc remelting (VAR). Crushed zirconium sponge will be used
as the zirconium-containing material, niobium chips obtained turning a niobium bar of purity
99.99% will be used as the niobium-containing material, finally niobium pentoxide (Nb205)
is the material used to compensate the composition of niobium and oxygen required. Niobium
pentoxide with the melting temperature of 1780 °C, which is lower than the melting
temperature of zirconium (1862 °C) is in its liquid state in the process of zirconium melting
which ensures a uniform distribution of niobium and oxygen in an ingot.

The alloy will have the following composition by weight:

niobium - 0.81-1.2; oxygen - 0.090-0.180 and zirconium - rest

Impurities iron - 150-600 ppm; silicon - 25-120 ppm and sulfur - 0-35 ppm
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Crushed zirconium sponge, niobium chips and niobium pentoxide powder with the required
ratio in the alloy will be mixed; the particulate mixture will be pressed to form cylindrical
briquettes of 20 mm diameter and 20 mm high. Various briquettes will be welded together
with TIG welding to form the electrode for the first melting. The cylindrical ingot from first
melting will be cut in quarter and these pieces will be used to assemble, with same welding
technique, the electrode for the second melting. The ingot after second melting will be
approximately 40 mm diameter and 50 mm high.

Specific goal 2

The ingot after second melting will be machined to get two bars 13x27 mm. Each of these
bars will have the following thermomechanical treatments [10]:

a)  P-quenched (maintained at 1020 °C for 0.5 h and quenched into water at room
temperature);

b)  Hot-rolled (12%) at 580 °C;

c)  Annealed at 580 C for 3 h;

d)  Cold rolled (45%) with three intermediate heat treatments at 570°C for 2 h.

After these thermomechanical treatments we will obtain two strips of approximately 27 mm
wide and 1 mm thick. These strips will be finally annealed at 580 °C for 3 h so as to
recrystallize the microstructure.

The oxygen composition of the alloy will be determined by vacuum fusion analysis.

For micro/nano-structural analyses, scanning and transmission electron microscopy (SEM and
TEM) specimens will be made from the cold rolled and annealed samples. Both microscopes
are equipped with an energy dispersive X-ray spectroscopy (EDS) detector. Also optical
microscopy will be used to evaluate grain morphology and size. SEM microscopy will be
used to identify and measure composition of second phases with median size while, TEM
microscopy will do the same with the nanosized precipitates.

Specific goal 3

Tensile and creep specimens with a gage length of 25 mm and the width of 5 mm will be
machined with the stress axis parallel to the rolling direction.

The tensile testing will be performed with a Shimadzu testing machine at room temperature
and 300°C.

The creep tests will be performed in air with a loading beam capable of maintaining a
constant stress, within 1% of the initial stress, up total strains of the order of 10%. The
elongation of the specimen will be measured by using LVDTs (Linear Variable Differential
Transformers) which nucleus are attached to fused silica rods connected to the upper and
Iower grips. The creep tests will be performed at 450, 480 and 500 °C with the applied stress
between 80 and 150 MPa.

Strain rate jump tests will be also performed at room temperature and 300 °C to obtain the
activation volume which can provide information about of the dynamic strain ageing caused
by dissolved oxygen. The tensile samples will be initially strained at the strain rate of 10 s™
up to a strain of 2.5% and then the strain rate will be changed to 102 s™.
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4.

CONCLUSIONS

CNEA has enough experience developing Zry-4 alloy, facilities and installations which are
crucial for alloy developing are operational then just only need a political decision to start
developing zirconium alloys low in Nb and free of tin.

[1]
2]

[10]
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Abstract.

In the presentation will be disseminated the information about experience of the Bulgarian Nuclear Regulatory
agency collected during licensing activities taken in relation of transition to the fuel with high burnup. Will be
put in attention such problems as a compatibility of nuclear fuel during transitional cycles, neutron- physical
characteristics of the core loaded with new fuel and necessity of further analysis, safety analyses for the
particular unit (reactivity accidents, accidents with a large loss of coolant, etc.), characteristics of the fuel and
unit’s specification, as well as input data for accidents.

1. NUCLEAR PROFILE OF BULGARIA

Kozloduy NPP is located at 200 km north-west from Sofia and at 5 km east from Kozloduy,
on the Danube River, Fig. 1. The plant construction activities started in 1969.

FIG. 1. Location of Kozloduy NPP in Bulgaria.

At present there are six units at Kozloduy NPP site of 3760 MW total capacity. Four units are
VVER-440, model V-230 and other two units are VVER-1000, model V-320 (Fig. 2).
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FIG. 2. Kozloduy NPP, Bulgaria.

The first two units - VVER-440, model V-230 of 880 MW capacities were shut down for
decommissioning on December 31, 2002 in compliance with the Council of Ministers’
Decision of December 19, 2002. The Units 1 and 2 are licensed until 2015 by the Nuclear
Regulatory Agency as facilities for radioactive waste management, which are subjects to
decommissioning.

Other two units - VVER-440, model V-230 of 880 MW capacities were shut down for
decommissioning on December 31, 2006 in compliance with the Council of Ministers’
Decision of December 21, 2006 for implementation of obligation under the Treaty of
Accession of the Republic of Bulgaria to the European Union. The Units 3 and 4 are licensed
until 2018 by the Nuclear Regulatory Agency as facilities for radioactive waste management,
which are subjects to decommissioning.

Two units - VVER-1000, model V-320 of 2000 MW total capacity are in operation at present.
The Unit 5 is licensed by the NRA for operation until 2017. The Unit 6 is licensed by the
NRA for operation until 2019, Table 1. Spent Fuel Storage Facility is licensed by the NRA for
operation until 2014. Scope — manipulation and storage of the spent nuclear fuel from the
NPP Kozloduy reactors, in accordance with the conditions of the license. Dry Spent Fuel
Storage Facility (DSFSF) has a permit for commissioning since 25.11.2011 year. Container
system with using of CONSTOR 440/84 type of containers with natural convection air-
cooling. Container’s capacity — 84 fuel assemblies.

TABLE 1. KOZLODUY NPP, MAIN DATA

Unit Reactor type Start of Fuel End of the Units shut
operation cycle at Licensee down
the
moment/
the end
of
operation
Unit 1 VVER-440/V 230 Oct.1974 23 2015 2002
Unit 2 VVER-440/V 230 Nov.1975 24 2015 2002
Unit 3 VVER -440/V Dec.1980 23 2018 2006
230%
Unit 4 VVER -440/V Jun.1982 22 2018 2006
230*
Unit 5 VVER-1000/V-320 Sep.1988 20 2017
Unit 6 VVER-1000/V-320 Dec.1993 19 2019

* Units 3 and 4 are an upgraded version of the V-230, with ECCS design equal to V-213
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On 8 April 2005 the Government made a decision for construction of a new nuclear power
generating capacity in Bulgaria. The decision specifies that the nuclear power plant shall have
a maximum total capacity of 2000 MW electrical power generated by pressurised water
reactors. On 29 March 2012 the Council of Ministers adopted a decision, which revoked all
previous decisions related to the construction of ‘Belene’ NPP (Fig. 3). The adoption of this
decision means that further (subsequent) actions related to the project ‘Belene’ are suspended.

FIG. 3. Belene NPP, Bulgaria.

2. REGULATORY FRAMEWORK

2.1. Acton the Safe Use of Nuclear Energy (ASUNE) [1]. This Act covers the activities
associated with Plant Modification under Article 15, Paragraph 4, point S and Article 38

Article 15: (4) A permit shall be issued for:
Activities leading to modification of:
(a) structures, systems and components important to the safety of the nuclear facility;

(b) nuclear facility operating limits and conditions on which basis the operating licence
has been issued;

(c) internal rules for carrying out the activity, including instructions, programmes,
technical specifications, and other documents that are attached to the nuclear facility
operating licence.

Article 38(1) Permits shall be issued to a licensee for:
Activities leading to modification of:
(a) structures, systems and components important to safety;

(b) limits and conditions for operation, that provide the basis for issuing of the operating
licence;

(c) internal rules for conduct of licensee activities, including instructions, programmes,
technical specifications and other documents attached to the licence.
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(2) Permits covered under Item 1 of Paragraph (1) shall be issued if the requested
modifications comply with nuclear safety and radiation protection requirements, standards
and rules established by the regulation referred to in Article 26 (2).

Article 26:(2) Nuclear safety and radiation protection requirements, standards and rules for
use of nuclear energy and sources of ionizing radiation, radioactive waste management and
spent fuel management, including siting, design, construction, commissioning, operation and
decommissioning of nuclear facilities and facilities with sources of ionizing radiation, shall be
established by regulations adopted by the Council of Ministers on a motion by the NRA
Chairman.

2.2. Regulations concerning for commissioning of new fuel — high burnup (HBU) fuel
including

2.2.1. Regulation for the Procedure for Issuing Licenses and Permits for Safe Use of Nuclear
Energy [2]

This Regulation establishes the procedure for issuing the permits under Article 15, Paragraph
4, point 5 of the Act on the Safe Use of Nuclear Energy (ASUNE).

Licenses and permits are issued, amended, renewed, suspended and revoked by the Nuclear
Regulation Agency (NRA) Chairman according to the principles and under the conditions
specified by the ASUNE.

The applicant shall comply with the conditions for issuing a license or permit or for to
amendment and renewal of a license or permit when:

(1)  All necessary documentation is submitted;

(i1) The NRA Chairman’s instructions for providing additional documents are complied
with;

(ii1)) All the conditions specified in preceding licenses, permits and other documents
issued under the ASUNE and connected with issuing the respective license or permit
are fulfilled;

(iv) The review and assessment of the applicant’s submissions confirm the compliance
with the requirements of the ASUNE and with all the regulations for the application
of the ASUNE;

(v) All necessary licenses, permits and other administrative acts specified by the
ASUNE as prerequisites for issuing the respective license or permit have been issued
to the applicant by the competent administrative authorities.

Article 57(2) The following shall be attached to the application for issuing of a permit for
modifications submitted by the licensee:

(1)  Justification for the proposed modification and reasons for undertaking the
modification;

(1) Justification for the proposed time limit for performing the modification;

(i) Assessment of the proposed modification impact on the limits and conditions for safe
operation;

(iv) List of the standards applied to the activity;

(v) The amended parts or sections of the safety assessment report;

(vi) Analysis and assessment of the unfavourable external or operational conditions,
including those connected with increase in the volume and activity of generated
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Radioactive Waste (RAW), increase in the radioactive pollution, as well as with
additional occupational radiation exposure;
(vil) Description of the modifications in the maintenance activities.

Article 57(3) In the case of issuing a permit for structures, systems and components
modification, the following shall be attached:

(1) Technical design for the modification;

(i1) Schemes and drawings reflecting the state before and after modification;

(iii))  Technical specification of the necessary equipment and components to be used for the
modification;

(iv)  Certificate for the modified structures, systems and components or description of the
modes of production and assembling of the equipment and components;

(v)  Description of the factory tests foreseen, the assembly and functional tests for
confirming acceptance criteria, including the methods for verification and validation
of computer codes related to operation;

(vi)  Description of the operational state of the nuclear facility or of the respective part of it
at which the modification is to be performed,

(vii)  Quality assurance program applied to this activity and a plan for quality control.

2.2.2. Regulation on Ensuring the Safety of Nuclear Power Plants [3]

The regulation defines the basic criteria and rules of nuclear safety and radiation protection
(safety) of nuclear power plants (NPP), as well as the administrative provisions and the
technical requirements for ensuring safety during the stages of site selection, design,
construction, commissioning and operation.Section II of this Regulation defines the scope of
required safety assessment to issuing the permits for activities leading to modifications,
including commissioning of the new fuel with high burnup (HBU).

Article 18 (1) Plant safety shall be analyzed using deterministic and probabilistic methods to
verify and confirm the established design basis and the effectiveness of defence in depth
arrangements. (2) Computer codes, analytical methods and plant models to be used in the
safety analysis shall be verified and validated. Uncertainty of the results shall be quantified.

Article 20. Analyses results under Art. 19, paragraph 2 (analysis of the postulated initiating
events) shall demonstrate:
1. Maintaining fuel cladding integrity - in states of categories 1 and 2;
2. Maximum fuel cladding temperature shall not exceed 1200 degrees centigrade, the
local oxidation of the cladding shall not exceed 17% of the initial thickness, and the
reacted amount of zirconium shall not exceed 1% of its mass in the reactor core, in cases
of loss of coolant accidents of categories 3 and 4.

2.3. TAEA safety standards

2.4. International codes and standards

3. CHALLENGES FOR BULGARIAN REGULATORY BODY DURING TRANSITION
TO USE FUEL WITH HIGHER BURNUP
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Kozloduy NPP submitted a request for authorization to implement a technical solution
2903/11.12.2003 on 18 December, 2003. It was a phased transition from the fuel assembly
TVS-M to TVSA design for unit 6.

Two years later Kozloduy NPP submitted a request for authorization to implement a technical
solution 3064/20.09.2004 on 22 March, 2005. It was a phased transition from the fuel
assembly TVS-M to TVSA design for unit 5.

Maximum-allowable burnup assemblies according to descriptive cataloguing for is 49
MWd/kgU for TVS-M and 55 MWd/kgU for TVSA respectively.

A set of documentation has been presented during the process of licensing in BNRA to justify
the safety of the new fuel.

The model documents of safety analysis of a new type of fuel in operation of Units 5 (6) of
Kozloduy NPP in different fuel cycles and extended power uprates is require for licensing
process. (It can be seen in Appendix 1).

Some important recommendations have been established during the review and assessment of
the documents which licensee had to pay more attention in preparation of the Terms of
Reference (TOR) and choosing the design of the fuel in future.

All related analyses which are a part of new fuel licensing process are described below.
3.1. Analysis of the compatibility of fuel in transient cycles:

e Compatibility of geometry;

e Compatibility of neutron-physics characteristics (difference in water-uranium terms is
compensated using proper enrichment of U**> and profiling);

e Thermomechanical compatibility (similar construction materials);

e Thermohydraulic compatibility.

3.2. Preparing a statement to prove the compatibility of the new fuel with existing systems
and components of the reactor, equipment for the transportation, storage and handling
of fresh fuel, and to confirm the design basis of the reactor and the efficiency of
defence in depth.

3.3. Performing of neutron physics calculation for the respective unit using as input data
the same fuel assemblies design which will be used during the transient fuel cycles
and steady state cycle.

3.4. Transient core loading and fixed shall be formed in the way, which is expected to
operate the block. For example, the core reloads of 42 fresh fuel assemblies in each
cycle, 42 new assemblies for longer power effect of reactivity and 48 assemblies in the
next cycle, etc.

3.5. Providing a preliminary reactor core analysis and checking if it needs for additional
analyses.

3.6. For example, it is possible the coefficients of coolant-moderator temperature when
reaching Hot zero power (HZP) to become a positive value or in range of uncertainly
of the calculation when using a scheme of charging 48 fresh fuel assemblies at the
beginning of each cycle.
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3.7.

According to Bulgarian legislation the reactivity coefficients of coolant-moderator
temperature should be negative in all critical conditions.

Positive value of this coefficient when reaching HZP results in the imposition of additional
measures - such as a fully sunk Control and Protection System Absorber rod (CPS AR) group
10 - working group. In this case it is necessary to submit to the BNRA further analyses of
reactivity accidents of commissioning conditions with more than one partially sunk CPS AR

group.

It is necessary to implement a change in commissioning physical experiments

(measure the effectiveness of working group) and also in the in-service documentation in case
of reaching the HZP using additional CPS AR group/ groups with a fully sunk working group
and banned its motion. It is necessary to assess the extent of analysis and operational
documents requiring change.

For example, it is necessary to present these analyses and justifications:

3.9.

3.10.

3.11.
3.12.

Analyses of reactivity accidents (RIA);

Analysis of the cooling conditions of the reactor core (double-ended guillotine break
(DEGB), instantaneous jamming of one reactor coolant pump, etc.);Analysis of
nuclear safety of spent fuel/fresh fuel (SF/FF) management — storage, transport at the
site and SF/FF handling of fuel with higher burnup. Analysis of criticality in transport
containers in the fresh fuel storage (FFS), while refuelling in the core, emergency
removal of fuel from the reactor core in spent fuel pool (SFP);Analysis of nuclear
safety of the new type fuel storage at SFS - dry and wet;

Assessment of the proposed change impact on the safety operations limits and
conditions for safe operation of the unit. Assessment of the compliance with design
limits for transients and accidents;

Analysis demonstrating compatibility of the assemblies with existing CPS AR and the
in-core instrumentation system (ICIS);

Proof of compatibility of the assemblies with the existing Primary Coolant Chemistry
regimes of VVER-1000 for different regimes of operation;

Neutron fluence at the reactor pressure vessel analyses;

Radiological consequences analyses and etc.

Safety analyses should be made taking into account the specific features of the unit
and unit modifications, such as diameter of piping and steam lines, characteristics of
the pumps, interlock systems for normal and emergency operation, signals to activate
the safety systems and others.

It is necessary to consider whether previously used codes, calculated with sufficient
accuracy the neutron-physics characteristics of the reactor core in transient and
equilibrium cycles, using a new higher burnup fuel (respectively with a larger amount
of fissile material), or it is necessary to adjust the constants libraries.

It is also necessary to check the selection of the input data for the analyses.

Data from the descriptive cataloguing of new fuel are operational limits for every
assembly. This data became operation limits for safe operation of the particular unit
when in safety analyses is demonstrated that the operation of the core loaded with this
fuel does not violate criteria for safe operation of the reactor.

Moving to a new fuel operation requires update of the SAR of each unit. All further analyses
were performed with updated input data, the selection of which are used conservative
approach.
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For example, as a result of reactor core analysis is received a value 53 Mwday/kgU at steady
state loading of new fuel for a particular unit, on the other hand according to descriptive
cataloguing limit burnup must not exceed 55 Mwday/kgU.

In this case, the data obtained from reactor core analysis at steady state reload for this unit
shall be used as input data for safety analysis. In our example, this is data on 53 Mwday/kgU -
maximum, reached an estimated value of burnup.

During the licensing process the lower value of burnup is taken as an operating limit
(according to our example, this is 53 Mwday/kgU, which is lower than that presented in
descriptive cataloguing) for this unit.

If the data obtained from reactor core analysis are at higher burnup than that presented in
descriptive cataloguing of new fuel, then as a limit burnup for this unit is taken from the
descriptive cataloguing, as a restriction from the fuel supplier.

4. CONCLUSIONS

The use of a new fuel with higher burn up required authorization and related safety
documentation should be submitted for review and approval by the regulatory body in
accordance with national regulations.

Management of the modification should be the responsibility of the operating organization.

It is necessary to prepare a thorough preliminary analysis already in selection process for
obtaining permission to use a new type of fuel with higher burn up. The aim is to achieve
greater efficiency, reduce the time and resources invested in the preparation of documentation
in the licensing process.

Appendix 1
I. Justification documentation. Safety analysis of unit 5 (6) of Kozloduy NPP

1. Reactor core analysis for transient and steady state cycles of unit 5 (6) of Kozloduy
NPP.

2. Justification of the efficiency of the fuel rods during steady state conditions, transients
of normal operation, anticipated operational occurrences and design basis accident
LOCA and RIA for unit 5 (6) of Kozloduy NPP.

3. Thermal hydraulic analyses for steady state in normal operation, anticipated
operational occurrences, accidents, including severe accidents unit 5 (6) of Kozloduy
NPP.

4. Analysis of nuclear safety during transportation with new fuel - analysis of criticality
in transport containers in the fresh fuel storage (FFS), reloading the core, emergency
removal of fuel from the core into spent fuel pool (SFP) in completely filled with new
fuel SFP.

5. Analysis of nuclear safety during the storage in spent fuel storage (SFS) (under water)
and in dry spent fuel storage (DSFS).

6. Analysis of the decay heat - in the core, with completely filled with new fuel SFP,
after accidental removal of fuel from the core to the SFP in containers during transport
and in SFS.

7. Analysis of fission products from the fuel and non-tight fuel elements in the coolant
and coolant activity in normal operation.

8. Source term analysis during anticipated operational occurrences and accidents.
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9. Analysis of the radiological consequences.

10. Analysis of the neutron fluence at the reactor pressure vessel, lifetime estimation.

11. Analysis of the neutron fluence at the reactor internals, lifetime estimation.

12. Compeatibility analysis of the proposed nuclear and previously operated nuclear fuel in
NPP (in transient refuelling).

13. Proofing of compatibility of existing fuel with water chemistry of the VVER-1000
reactors in different modes of operation.

14. Compatibility analysis of new assemblies with existing CPS AR and the ICIS

15. Compatibility analysis of new fuel with existing systems and equipment for the
transportation, storage and handling of fresh fuel.

16. 16 Validation and verification reports for codes used for reactor processes analysis
during normal operation, anticipated operational occurrences and accidents.

17. Feasibility study of the proposed new fuel to justify maximum economic efficiency of
the fuel cycle.

18. Assess the impact of the proposed change on the limits and conditions of safe
operation of the respective unit 5 (6). Analysis and assessment of compliance with
design limits in transients and accidents.

I1. Justifying documentation for licensing made by the licensee

1.

4.

Amended parts and sections of the respective SAR unit 5 (6), taking into account the new
type of fuel, including evidence (statements, analyses, reports) to justify the safe and
reliable operation of the units using new type of fuel.
New documents, instructions and procedures relating to the operation of the new type of
fuel:
e Programs for starting physical tests at HZP;
e Programs for testing at power.
Draft amendments (new) Revision of Annex 2 of the License for operation of Units 5/6,
which reported the new fuel, such as:
e Technical specification for safe operation of Units 5/6 with VVER-1000 reactors;
e Reactor operation instructions ;
e Instruction on elimination of normal operation and accidents in reactor
installation;
e Program for quality assurance of safe operation of Units 5 and 6 of NPP
Kozloduy;
e Administrative instruction. Preparation of reports with neutron physical properties
of reactor VVER-1000.
Updated information in Annex 4 of the license for operation of Units 5/6 - Data for

nuclear fuel and radioactive waste related to the operation of Units 5/6".
REFERENCES

Act on the safe use of nuclear energy, 1.07.2012.

Regulation on the Procedure for Issuing Licences and Permits for Safe Use of Nuclear
Energy, Promulgated in the State Gazette No. 41/18.05.2004, Amended SG No.
78/30.09.2005; 93/24.11.2009; 76/05.10.2012.

Regulation on ensuring the safety of nuclear power plants, Published SG, No. 66 of 30
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2008.

205



LICENSING AND OPERATIONAL EXPERIENCE WITH HIGH BURNUP FUEL IN
SLOVAK NPPS
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Abstract.

Slovenske elektrarne operate four units of VVER 440 V213 type. Nuclear fuel cycle is being continuously
modified in order to satisfy current operational requirements as well as to optimize nuclear fuel cycle costs.
These trends caused that fuel type has been modified practically every couple of years during the last decade,
based on the fuel portfolio offered by the producer - TVEL. The latest fuel type, first time loaded into the reactor
core in 2011, is designed to reach relatively high burnup values up to 72,5 MWd/kgU for fuel rod or up to 65
MWd/kgU for fuel assembly in six year fuel cycle. These values are substantially higher than previously reached
values and are therefore subject to detail safety assessment during the licensing phase. In order to obtain license
for the nominal design burnup values, Slovenske elektrarne had to launch a new initiative in order to summarise
an adequate safety case. At the moment the licences are still limited for four years of operation only and utility is
working on relevant documentation to be submitted to NRA for approval. The paper describes main technical
issues and overall strategy selected in order to fulfill its licensing intent.

1. INTRODUCTION

Slovenske elektrarne (SE) is a major electricity producer in Slovak republic. Since 2006 Enel
owns a 66% share in SE. Its net installed capacity amounts to 5,401 MW, of which 1,816 MW
from nuclear energy and the rest from coal fired thermoelectric and hydroelectric power.
Almost 90% of the produced electricity by Slovenske elektrarne is CO; free. Enel operates a
net installed capacity of over 97,000 MW in 40 countries, serving more than 61 million
customers.

SE operates 4 VVER-440 reactors in two sites: Bohunice and Mochovce. All of them are V-
213 type with net installed electrical capacity of 470 - 500 MW each. Furthermore, a 2,775
billion Euro investment has been allocated to complete the Mochovce 3 and 4 (also VVER-
440) nuclear power station being the largest overseas investment in the country.

All of the operating units significantly improved its performance over the last couple of years
resulting in Unit Capability Factor beyond 93%. By doing so SE units belong nowadays to the
best operated PWRs world-wide.

2. FUEL CYCLES APPLIED IN SLOVAK NPPS
Different fuel types and corresponding core designs have been applied over the history.

Figure 1 shows schemes of profile and enrichment of particular fuel types loaded to reactor
cores:
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1984 1999 2006 since 2011

FIG. 1. Fuel types used in Slovak NPPs.

The only vendor and manufacturer of the fuel for NPPs in Slovakia has always been Russian
company TVEL. This included also supply of enriched uranium product. Positive experience
with very reliable fuels, support during licensing and practically no or only minor operational
problems caused that an alternative fuel supplier has not been considered so far.

The currently used fuel type is fuel assembly (FA) consisting of rods with maximum
enrichment 4.98%, 6 rods include Gadolinium as a burnable absorber and the total average
FA enrichment is 4.87%. Selection of this type of fuel has been made in 2007 taking into
account operational needs (as for example power uprate projects) and overall economy of fuel
cycles.

3. HIGH BURNUP LICENSING

Generally, the question of highest possible burnup has not been addressed in a complex
manner over the history in Slovakia. Therefore, there is no official regulatory limit. Urad
jadroveho dozoru (UJD) — Nuclear regulatory authority of the Slovak republic always has
been reviewing design of fuel cycles as a part of new fuel type licensing. With continuous
improvement of fuel cycle economy the maximum discharge burnup of previous fuel types
and cycles has gradually increased from values as 40 MWd/kgU (highest rod average) to 55
MWd/kgU and 62 MWd/kgU respectively. These values were in line with what could be
denoted as general standard over the world and were, therefore, not subject to any particular
assessment.

Nevertheless the situation has changed in 2009 when the latest fuel type licensing has been
launched since the proposed fuel cycle design would result in burnup up to 72 MWd/kgU
(highest rod average). This has attracted a particular attention of the regulator especially in the
context of recent experimental results from the Halden reactor project (HRP). HRP IFA-650
LOCA tests series directed attention to possible fuel fragmentation and relocation effects as a
result of high burnup fuel. Additional arguments and evidence of maintaining adequate safety
of operation in high burnup conditions have been asked by UJD in order to finish licensing of
new fuel type from the core design and fuel cycles strategy point of view.

It turned out to be that neither the fuel vendor nor the Technical Support Organization (TSO)
contracted by SE during fuel licensing process are able to provide in a short term such
evidence. Therefore, SE decided to address this issue by its own resources. This situation
made visible another fact that both the utility as well as the local TSO to certain extend lost
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part of its knowledge and competence in fuel engineering and such project would definitely
contribute to reestablishment of it.

The following four areas were identified as required directions of further activities:

e (Cooperation with fuel vendor
Deep analysis of fuel safety criteria
International experience mapping
Experimental evidences

3.1. Cooperation with fuel vendor

TVEL has been asked to provide satisfactory justification of safe operation with high burnup
fuel cycles based preferably on experiments. TVEL succeeded to submit results of operational
experience with identical fuel type as SE use in its reactors up to burnup of 75 MWd/kgU. It
has been based on experience with operation on both VVER-1000 as well as VVER-440
reactors in Russia and Ukraine. Higher burnup did not cause any operational problems or
potential issues. Similarly post irradiation examination showed acceptable material
degradation within set criteria up to the 75 MWd/kgU. In the area of postulated accidents,
however, the evidence has not been provided for required value of fuel burnup. Despite the
fact that performed experiments are showing excellent results these do not cover burnup
beyond 65 MWd/kgU for LOCA conditions and 60 MWd/kgU for RIA conditions. Standpoint
of the fuel vendor is that residual post-accident condition of the fuel allows for entitled
assumptions to extrapolate these data also to higher burnup values.

3.2. Fuel safety criteria analysis

In the context of available experimental results one of the possible ways to grant a license for
high burnup is to perform a correct technical interpretation of the high burnup phenomenon.
Therefore, SE decided to deeply analyse this issue through the optics of fuel safety criteria, its
justification and substantiation. Operational and engineering groups involved in fuel cycle
tackled all relevant documentation, searching for evolution of fuel SCs in relation to fuel type
modifications. Special attention is paid to relation between individual SC and burnup. This
part of the job has not been finished yet but already now resulted into development of
comprehensive, condensed and well-structured database of these facts and data. This will
allow in the future better prepare for and manage any modifications from licensing point of
view.

3.3. International experience

In order to avoid reinventing a wheel one of the very first initiatives launched in this project
was mapping the way the other regulators and utilities addressed the high burnup
phenomenon. Overview of existing regulatory limits has been summarised. In particular
attentions were countries that use the same fuel vendor in the same reactor type, i.e. Czech
Republic, Hungary and Finland.

Apart from that SE experts joined some of the international working groups (e.g. OECD NEA
Working Group on Fuel Safety). It turned out that burnup limit is handled very differently in
each individual country and no general approach can be identified as a common practice.

3.4. Experimental evidences

The last out of the four main components of high burnup license project initiative is the
activity related to experiments devoted to this phenomenon. In order to gain an independent
view on fuel behaviour under accidental conditions in addition to the experiments performed
by fuel vendor it has been decided to actively join the Halden reactor project initiative. Slovak
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republic has been represented in HRP by a TSO. In 2012 SE experts personally joined some
of the steering committees and working groups. Main goals are to be an active partner,
influence the type, scope and timing of experiments and to get information from first hand.
Beside a running research project on LOCA conditions a new joint project is currently being
prepared — Burnup accumulation of pre irradiated VVER fuel in period 2014 — 2016. A
foreign TSO has been contracted to analyse and prepare interpretation of the previous Halden
Reactor Project integral LOCA tests IFA-650 series in the context of the licensing process.

4. SUMMARY

Historically flawless processes of new fuel types licensing lead to high confidence in fuel
vendor and local TSO that resulted in decision to select fuel type and fuel cycle with
relatively high burnup without thorough consideration of all possible complications. Currently
SE holds a license for fuel type as such, however with limited burnup. Additional evidence is
needed in order the national regulator issues license for the original design burnup of 72
MWd/kgU.

For reasons described above SE decided to address this issue mainly by own resources (at
least from the managerial point of view) and established a working group to perform this
project. It is expected that during the year 2014 the question of burnup limit should be
resolved.

Apart from this short-term goal it is desired to continue increasing in-house competences in
core design and fuel performance areas and, therefore, it has been decided to insource core
design competence and acquire and maintain solid knowledge in the area of fuel safety
criteria assessment. From a long term perspective SE intend to regularly perform
comprehensive economical evaluation of fuel cycle including the back end and monitor its
performance.
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ADU
AR
ARO
ATF
BOL
BU
BWR
CANDU
CC
CPS
CRP
DEGB
DNB
EFA
EFPDs
EOL
EOS
EPMA
FA

fcc
FCT
FD

FE
FGR
FPC
FROD
GTAW
HBEP
HBS
HFP
HRP
H/U
HWR
HZP
ICIS
IFBA

ABBREVIATIONS

ammonium diuranate
absorber rod

all rods out

accident tolerant fuel
beginning of cycle
burnup

boiling water reactor

Canadian type pressurised heavy water reactor (Canadian Deuterium Uranium)

coolant channel

control and protection system
co-ordinated research programme
double-ended guillotine break
departure from nucleate boiling
experimental fuel assembly
effective full power days

end of life

equiation of state

electron probe microanalysis
fuel assembly

face centred cubic

fuel centre temperature

finite difference

finite element

fission gas release

fuel performance code

fuel rod outer diameter

gas tungsten arc welding

high burnup effects programme
high burnup structure

hot full power

Halden Reactor Project
hydrogen/uranium

heavy water reactors

hot zero power

in-core instrumentation system

integral fuel burnable absorber
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IFM
IFPE
IWGFPT
LOCA
LP
LWR
MOX
MTC
NEU
NSC
NPP
NUE
NWCC
PCI
PCMI
PCS
PHWR
PIE
PWR
RCM
RCS
RFA
RIA
RRF
RU or RepU
SCC
SEM
SEU
SFP
SIMS
SWU
TD
TEM
™
TH
TSO
VVER

212

intermediate flow mixer

International Fuel Performance Experiments database
International Working Group on Fuel Performance and Technology
loss of coolant accident

loading pattern

light water reactor

mixed oxide fuel

moderator temperature coefficient

natural uranium equivalent

nuclear science committee of the OECD/NEA
nuclear power plant

natural uranium equivalent

neutron well coincidence counting

pellet cladding interaction

pellet cladding mechanical interaction
primary coolant system

pressurised heavy water reactor
post-irradiation examination

pressurised water reactor

research coordination meetings

reactor coolant system

robust fuel assembly

reactivity insertion accidents

reciprocal reload factor

reprocessed uranium

stress-corrosion cracking

scanning electron microscopy

slightly enriched uranium (slightly above natural concentration of *°U)
spent fuel pool

secondary ion mass-spectrometry

separative work unit

theoretical density

transmission electron microscopy
thermo-mechanical

thermo-hydraulic

technical safety organisation

Russian designed pressurised light water reactor



XRF X-ray fluorescence
WABA wet annular burnable absorber
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