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International Atomic Energy Agency

1. INTRODUCTION

The 34th Annual Meeting of the Technical Working Group on Fast Reactors [TWG-FR;
previously International Working Group on Fast Reactors (IWG-FR, created in 1967)] was jointly
hosted by the Atomic Energy Committee and the National Nuclear Centre (NNC) of the Republic of
Kazakhstan in Almaty and Kurchatov City, Republic of Kazakhstan, from 14 to 18 May 2001. The
meeting was attended by TWG-FR Members and Advisers from the following Member States
(MSs): Brazil, China, France, Germany, India, Italy, Japan, the Republic of Kazakhstan, the
Republic of Korea, the Russian Federation, and the United States of America. A delegate from
Sweden participated as an observer. Apologies for not being able to participate were received from
Switzerland, the United Kingdom, and the European Commission TWG-FR members.

The hosts' welcome was extended by Mr. Krechetov, Deputy Chairman of the Atomic Energy
Committee, and by Mr. Tukhvatulin, NNC General Director.

The TWG-FR Scientific Secretary made some introductory remarks on behalf of the IAEA.
He thanked the hosts for inviting the TWG-FR to Kazakhstan. He welcomed the new comers to the
TWG-FR, Messrs. Maiorino (Brazil), Astegiano (France), Gherardi (Italy), Kim (the Republic of
Korea), and Finck (U.S.A.), as well as Mr. Gudowski, as an observer for Sweden. The Scientific
Secretary had the sad duty to announce that Bruce Spencer from Argonne National Laboratories has
passed away earlier this year. Bruce had represented the U.S.A. at the 33rd Annual Meeting of the
TWG-FR. He has recently made major contributions in the development of a lead cooled Fast
Reactor concept with passive safety features. The concept developed under his lead was proposed as
a Gen IV reactor concept by ANL.

Mr. S. M. Lee, from India, chaired the meeting.
The Chairman and the participants introduced themselves and gave a short presentation on

their background and experiences.
The draft agenda prepared by the TWG-FR Scientific Secretary and distributed to the
participants prior to the meeting was accepted without modifications.
The objectives of the meeting were:
1) to exchange information on the national programmes on Fast Reactors (FR) and

Accelerator Driven Systems (ADS);
2) to review the progress since the 33rd IWG-FR Annual Meeting, including the status of the

actions;
3) to consider meeting arrangements for 2001 and 2002;
4) to review the Agency's co-ordinated research activities in the field of FRs and ADS, as

well as co-ordination of the TWG-FR's activities with other organizations.

2. Presentation and Discussion of FR and ADS Developments in the MSs.

The participants made presentations on the status of the respective national programmes on FR and
ADS development. Highlights for the period since the 33rd IWG-FR Annual Meeting are as follows:



Brazil

The total installed electric power capacity at the end of 2000 was 68.533 GW, of which 87.8%
were hydro, 9.3% fossil, and 2.9% nuclear. The electricity production in 2000 amounted to 305
TWh, of which 98% were hydro and fossil, and 2% were nuclear. From 2001 to 2009, Brazil is
planning to increase the country's installed electric power capacity by 37.4 GW. This increase will
be evenly distributed between hydro and fossil.

The Fast Reactor R&D activities in Brazil started in the '60s at the Research Centre IEN, in
cooperation with Technicatome, France. In 1972, a small (100 kW) sodium loop (AGHINA) was
constructed. Research on Gas Cooled Fast Reactors was conducted by IPEN (1072-1975), in
collaboration with General Atomics, U.S.A.: a He Loop was constructed, and a Critical Assembly
(ZPR) designed. This work was motivated by the thorium fuel prospects. In 1979, at IEN, a research
group was formed to study the concept of a "Binary Breeder Reactor" based on a two cycles Th and
U reactor core (Ishiguro, 1984). In 1981, IEN concluded an agreement with Ansaldo-Nira, Italy, for
the acquisition of a sodium loop for thermal-hydraulics studies. However, the loop was never
assembled. During the '90s, a national program (IPEN, IEN, ITA, IPT) was proposed (Nascimento,
1994) to conduct fast reactor R&D [pyroprocess, U-Zr metallic fuel, HT-9, electromagnetic pumps,
and a conceptual design for an experimental reactor (60/20 MWth/MWe)]. This program was
terminated in 1999. Presently, only academic fast reactor research is being conducted at IPEN. The
highlights of this work are: (1) An Integral Lead-Cooled Reactor Concept for Developing Countries
(Santos, Nascimento, 2000), and (2) Alternative Concept for a Fast Energy Amplifier Accelerator
Driven Reactor (Maiorino, 2000).

China

Presently, in Mainland China, there are two nuclear power plants (NPPs) in operation [both
PWRs: Qinshan-1 (300 MWe), and Dayabay (2 x 900 MWe)], with a total capacity of 2.1 GWe,
corresponding to approximately 0.7% of the total installed electric power capacity. Four more NPPs
are under construction. By 2005, China envisages to have 8.5 GWe of total nuclear power
generation capacity installed. Presently, the Government is considering starting the construction of
four more NPPs (totalling a capacity of about 4 GWe) during the "10th Five-Year Plan (2001-
2005)". It is estimated that by the middle of this century, the annual energy consumption per capita
will increase by a factor of approximately 2 . 5 - 3 . This consumption adds up to an annual primary
energy production of about 3.8-4.5 billion standard coal equivalent tonnes.

To meet these needs, all energy sources will have to be developed. Nuclear will play an
important role. Accordingly, also the development of the advanced nuclear technology lines, i.e., the
fast breeder reactor and the Hybrid Systems (ADS and Fusion/Fission Hybrids) has been initiated.

The Chinese Experimental Fast Reactor (CEFR) is the first step in the development of fast
reactor technology. CEFR is a sodium cooled pool type reactor having a thermal power of 65 MW,
matched with a 25 MWe turbine generator. After completing the conceptual design and preliminary
design in 1993 and 1997, respectively, some additional safety analyses were performed (mainly with
regard to sodium spray fires). Presently, the CEFR's reactor building is under construction. The
main components, including the reactor block, primary and secondary circuits, and the fuel handling
system have been ordered. First criticality of CEFR is scheduled for the end of 2005.

As a second step in this technology development effort, a 300 MWe Modular Prototype Fast
Reactor (MPFR) is presently under consideration. The MPFR will be a prototype for large size Fast
Reactors. The role of minor actinide (MA) transmutation has been evaluated taking as reference the
MPFR.

For the Accelerator Driven Sub-critical System (ADS), China is undertaking great efforts to
accomplish the research tasks defined in the work plan of the first phase (1998-2002). The emphasis



in this phase is on system optimisation, reactor physics and technology, accelerator physics and
technology, and nuclear and material data. At the same time, considerable effort is being put into the
preparation of the second phase. The highlight of this phase will be the ADS concept verification
study (2000-2007).

As regards Fusion/Fission Hybrid Systems, in the near-term the emphasis will be put on the
experiments performed at the two large testing facilities, HL-1M and HT-7. In parallel, scope and
objectives for both the medium-term and long-term development of Fusion/Fission Hybrid Systems
will determined, and the respective R&D programs developed.

France

In 2000, the relative share of nuclear to the total electricity production (517 TWh) was 76.4%,
an increase of 5.4% as compared to the previous year. Commercial operation of two (Chooz Bl and
B2) out of the four N4 units started in 2000. EdF owns 58 PWRs having a total capacity of 63 GWe.

In 2000, the availability factor of the French nuclear power plants was 80.8%, slightly higher
than in 1999. The new N4s are running well.

In 2000, 469 incidents were declared, of which 134 rated level 1, and 2 rated level 2. These
incidents were mostly attributable to human factors.

A major restructuring of the French Nuclear Industry is being implemented. A new State
owned nuclear holding company (TOPCO) will bring together the current CEA-Industrie (the
holding company overseeing all industrial activities of CEA), COGEMA, and Framatome. TEPCO
will have two branches: a nuclear one [consisting of COGEMA and the newly formed French-
German nuclear venture "Framatome Advanced Nuclear Power (ANP)"], and a branch
concentrating on new technologies and electronics [bringing together "Framatome Connectors
International (FCI)" and the French-Italian company "ST Micro Electronics"]. The Government has
issued a decree setting the minimum share of CEA-Industrie in TOPCO at 50%, thus allowing other
companies to own shares in the holding, whilst preserving its public character.

The current electricity demand and the remaining lifetimes of the existing French nuclear park
do not justify new orders for nuclear power plants in the immediate future. A general debate on the
country's energy options has been put forward by the Government and will take place after the
presidential elections in 2002. However, the French Government has commissioned a major study
aiming at outlining the country's energy policy options. The report, prepared by Charpin, Dessus,
and Pellat) was delivered at the end of July 2000, and spans the period 2000 — 2050. Its objective is
to provide the technical, economic, and environmental points of view needed for the envisaged
public debate on the country's future energy options. The Government considers the report to be an
important contribution to the factual knowledge, whilst enhancing the transparency of the French
nuclear sector. Two main conclusions have emerged from the report: (1) the existing nuclear power
plants in France should retain their cost advantage as compared to combined-cycle gas power plants
that are considered to be the only serious economic challenge to nuclear power plants, in terms of
meeting the bulk of future electricity demand; (2) assuming that gas prices will not remain stable
over the period looked at in the study, nuclear energy is also likely to retain its economic edge in the
future.

As in 1999, at Phenix, renovation works, inspections and maintenance activities on the reactor
were continued also in 2000. The following main activities were pursued:

- earthquake related building and equipment improvements
- ultra-sonic inspections of the welds of the reactor core shell

visual inspection of the upper internal structures of the reactor block
general maintenance of the installation and regulatory controls of the pressure instruments.



Upon completion of the renovation work, resuming of power operation at 2/3 nominal power
is planned for the summer of 2002. It is planned to have Phenix run at 2/3 nominal power for
another 6 irradiation cycles, corresponding to a period of approximately 5 years.

Decommissioning work is underway at Superphenix. Core unloading has proceeded normally,
and an increasing number of systems and components have been removed. A new ministerial decree
will have to be issued, ruling the final disposal of both the primary and secondary sodium, and
dismantling operations meeting the IAEA requirement.

As regards Rapsodie, in 2000 the plant was maintained under safe conditions and monitoring.
Work (started in 1999) on the updating of the plant's "Safety Report" was continued. The report,
requested by the French safety authorities, is due in 2001. The "General Operating Rules" will be
then updated in 2002. The planning for the Rapsodie dismantling activities is as follows:

cleaning operation and partial dismantling to be continued till the end of 2006
surveillance period from 2007 till 2020
dismantling operations resumed in 2020.

As regards R&D, CEA has launched a comprehensive R&D program to study promising (with
regard to enhanced safety characteristics, sustainability and economics) technologies for future
nuclear energy systems. The reference system is based on a gas cooled fast reactor with on-site
closed fuel cycle. However, many of the long-term options investigated are believed to be of generic
interest, and to offer the chance of developing high performance fuels and materials.

Germany

In Germany, there are 19 operating nuclear power plants, with a total installed capacity of 22
GWe. In 2000, the electricity production of these 19 nuclear power plants amounted to 170 TWh,
i.e. 1/3 of the total electricity production. The average availability of the German nuclear power
plants was 91%.

The expressed goal of the German Federal Government is to phase out of nuclear energy
without paying compensations to the utilities. In June 2000, the so called "consensus paper" was
published, but not yet signed. As of June 2000, the main elements of this agreement between the
German Federal Government and the German utilities can be summarized as follows:

A remaining amount of electricity is calculated for every nuclear power plant on the basis
of 32 calendar years of operation time. As son as this amount has been produced, the plant
has to be shut down. Electricity may be transferred from one plant to another.
It is established that, in total, all German nuclear power plants will produce another 2620
TWh from 1 January 2000 on, until 2670 TWh have been produced.

- The construction and operation of new nuclear power plants will be forbidden by law.
The Federal Government and the utilities agree, that the German nuclear power plants
have a high safety standard, which shall be maintained till their shut down. To achieve
this, periodic safety evaluations will be required by law. The Government will not change
the safety philosophy.

- The Existing contracts with France and the UK on reprocessing of spent fuel will be
served till 2005. From 2005 on reprocessing of spent fuel will be forbidden. Direct
disposal of spent fuel after intermediate storage will be the only way to handle spent fuel.
The Government and the utilities agree, that the investigations on the Gorleben did not
result in any findings that would indicate, that Gorleben is not suited as a site for a final
repository. Nonetheless, the further exploration of Gorleben will be interrupted for at least
3 and not more than 10 years. Items of concern are: (a) formation of gas (hydrogen
resulting from corrosion products), (b) retrievability, (c) are granite, and/or clay better than
salt? (d) criticality problems because of direct disposal.



Until now, there exists one single and central interim storage facility at Gorleben. In order
to reduce the number of transports, it is requested to build interim storage facilities at the
sites of the nuclear power plants.

As regards the Fast Reactor activities, FZK participated in the European CAPRA/CADRA
Project (plutonium and minor actinides (MA) burning in critical Fast Reactors). This work is nearly
finished, and FZK is pursuing now R&D activities in the area of actinide burning in sub-critical
systems (ADS).

For ADS, the topics of interest cover neutronics, safety analyses, lead-bismuth technology
(thermal-hydraulics, corrosion), and the development of the spallation target. FZK is involved in
R&D activities in the following fields: the simulation of the high energy spallation processes, the
simulation of neutron transport below ~ 20 MeV, and of the of burn-up behavior of the sub-critical
core, methods and data validation (theoretical and experimental benchmarking, e.g., MUSE
(Cadarache), YALINA (Minsk, Sosny), SAD (Dubna). FZK is also studying an ADS concept that
has the potential to alleviate the power peaking problems in a highly sub-critical core: the "Multiple
Source System for ADS". Accelerator specialists have, in principle, confirmed the feasibility of this
concept based on multiple proton beam sources. However, uncertainties still remain with regard to
the neutronics of such a system. Another activity is linked to the development of a simplified tool
for the analysis of transients in ADS. The justification to this work is given by the need to (a)
perform comparisons of the transient response of sub-critical vs. critical cores, (b) assesses the
influence of the main parameters determining the kinetics and dynamics characteristics of the
systems, and (c) perform fast, limited scope studies of the transient behavior of the various ADS
design options currently investigated in order to narrow down the options. The available transient
analyses code systems are either very large (very cumbersome to use), and/or not user friendly
(difficult to extract fundamental characteristics due to "information overload"), especially when
performing parametric, limited scope studies. FZK is therefore working on the development of the
simulation model ADS-SIM. It is based on point kinetics (modified for sub-critical systems), one
effective delayed neutron group, and one channel representation of the full core. It contains a full
scope thermal-hydraulics model (fuel, clad, and coolant temperatures), and the major reactivity
feedback effects (coolant and moderator temperature, and fuel temperature (Doppler)) are included.

India

Electricity capacity growth rate in 2000-2001 was lower than in the previous year and the
installed capacity reached 101.2 GWe, with nuclear capacity reaching 2.77 GWe. The nuclear power
plants performed well with average capacity factor of 70%.

The Fast Breeder Test Reactor (FBTR) was operated at various power levels up to 13 MWth
with an availability factor of 34%. During the year, the reactor operated for 2986 h, of which the
turbo-generator generated power for 1412 h. The peak burn up in the fuel reached 71170 MWd/t.
Post irradiation examination of the fuel subassembly discharged at 50000 MWd/t peak burn up
indicates that the gap between fuel and clad is still not closed and that the fuel is in excellent
condition. A revised target peak bum up of 100000 MWd/t has been set. Biological shield cooling
system developed a water leak inside the reactor vault, which was located and isolated. The
investigations were completed for the phenomenon of step reactivity addition (<40 pcm) at a
particular core AT during power rising. The phenomenon was found to be reproducible with the
reactivity gained during power rising being lost when the power is lowered. For higher primary
sodium flows, the reactivity gain occurs at correspondingly higher core AT and is of smaller
magnitude. Above a flow of 450 m3/h the phenomenon no longer occurs. The phenomenon is
probably due to small self-limited radial outward movement of control rods or inward movement of



fuel. No further experiments on the phenomenon are planned, and reactor operation has been
permitted with the primary sodium flow being kept above 450 m3/h.

The detailed design, R&D, manufacturing technology development and safety review for the
500 MWe Prototype Fast Breeder Reactor (PFBR) were continued. The design plant life was
increased to 40 years. Thermal striping limits, taking into account creep and low cycle fatigue were
established for different components. Temperature and flow distribution and evolution were
established for safety grade decay heat removal conditions and also for primary inlet pipe rupture
conditions. Vibration analysis for the weir shell (used for main vessel cooling flow) under fuel
handling state flow conditions was done and indicated stability. Seismic analysis for the reactor
assembly with all components in place was completed and is under review.

Prototype steam generator, absorber rod drive mechanisms and inner vessel sector were
manufactured at Indian industries to the required specifications and tolerances. The review of the
Preliminary Safety Analysis Report by two level safety committees was continued with discussion
on engineered safety features, core disruptive accident (CDA) analysis, quality assurance,
instrumentation and control, and fire protection. 100 MJ mechanical energy release during CDA has
been accepted for containment design. Stack height of 100 m and RCB design pressure of 20 kPa
were finalized. The environmental clearance of the plant by the State Pollution Control Board and
by the Ministry of Environment and Forests was applied for and involves a Public Hearing.

R&D in reactor physics, engineering development, safety engineering, structural mechanics,
thermal-hydraulics, metallurgy, non-destructive evaluation, chemistry and reprocessing were
continued. Important works included flux measurements for PFBR radial shield models using
leakage neutrons from a thermal reactor, Na void reactivity measurements in FBTR, testing of
sodium pumps scale model and of prototype drive mechanisms, FBTR irradiated fuel examination,
PFBR structural materials characterization and carbide fuel reprocessing. Safety related works
included buckling tests on main vessel model, CDA testing (with low density chemical explosives)
of main vessel scale models and testing for run away reaction in sodium-ethanol systems.

Italy

In 2000, the total primary energy supply in Italy amounted to 185.2 million standard coal
equivalent tonnes, with 49.9% oil, 32.1% natural gas, 6.7% solid fuels, 5.6% primary electricity,
4.8% net electricity imports, and 0.9% renewable. Provisional data indicate that Italy's total primary
energy demand increased by 2.0%, as compared to 1999. In 2000, imports, mainly oil and natural
gas, covered more than 82% of Italy's energy needs. This highlights the strong dependency of Italy's
economic development on the global energy market.

In 2000, the total installed capacity was 75.8 GWe, (2.7% increase compared to 1999), while
the gross electricity production amounted to 275.9 TWh, a 3.8% increase compared to the previous
year.

As regards nuclear services abroad, Ansaldo and Sogin carried out significant activities,
mainly in the area of assistance to nuclear power plants located in Eastern Europe and in the former
Soviet Union, and services in western countries.

Nuclear fission R&D is pursued on a limited scale by ENEA, in its twin role of advisor to the
Italian Government and applied R&D organisation. ENEA's nuclear contribute to solving open
questions of nuclear energy, maintaining and improving expertise in the field of nuclear data,
neutronics, shielding, fuel, thermal-hydraulics, safety, structural and system analysis. The most
important effort is the national initiative focused on the European ADS programme. The R&D
activities on nuclear energy that are not part of the ADS programme are performed by Italian
Universities and ENEA in the framework of international collaborations, in particular within the
framework of European Commission projects, or of bilateral agreements, such as ENEA-CEA and
ENEA-IPSN.



Since 1998, ENEA, INFN, Ansaldo, and CRS4 have set up a team, under Ansaldo leadership,
working on the design of a 80 MWth ADS demonstration plant: a fast sub-critical reactor cooled by
liquid lead bismuth eutectic (LBE). The preliminary design and safety analysis reports will be
published in mid 2001. The related R&D work is performed by ENEA and INFN in the framework
of the TRASCO programme, funded by the Italian Ministry of Research.

The main highlights of the R&D activities include the start of operation of the two LBE test
loops CHEOPE and LECOR at the ENEA Brasimone Centre in June, and November 2000,
respectively. A third loop (CIRCE) will be completed in the second half of 2001. CIRCE will be the
first loop in the world allowing component tests in LBE under pool plant conditions. As regards
methods development R&D, neutronics and thermal-hydraulic methodologies have been developed
for both normal and transient conditions. This methodology is based on codes and data that have
been used in the past for the core design of sodium cooled fast reactors. Presently, ENEA is
envisaging a first experiment of ADS component coupling using the TRIGA reactor at the Casaccia
Centre. This experiment could be performed at levels of several hundred kWth sub-critical core
power, and a few tens kWth power in the target, thus providing, among other, valuable insight into
the dynamic behaviour of an ADS in presence of reactivity feedback effects.

ENEA, Ansaldo and INFN contributed substantially to the preparation of the "European
Roadmap on ADS" (the executive summary of this report is given in ANNEX XVI). The most
important European projects in which ENEA is participating are: SPIRE (materials), MUSE [zero
power reactor physics experiments (sub-critical cores driven by external neutron source)], TECLA
(LBE technology), n-TOF (nuclear data), MEGAPIE (irradiation of a 1 MW target), PYROREP
(electro-refining), and PDS-XADS. The objective of the PDS-XADS project is to consolidate the
road mapping efforts for the European Experimental ADS (XADS). Additionally, all these studies
aim at maintaining in Europe, and particularly in a non-nuclear country like Italy, a high level of
nuclear technology expertise.

Japan

In November 2000, the Japan Atomic Energy Commission (JAEC) issued the new "Long-term
Plan for Nuclear Energy Utilization and Development Plan" (the previous "Long-term Plan" dated
from 1994). This document is the result of a study commissioned in May 1999 to the "Council for
the Formulation of a Long-term Program for Research, Development and Utilization of Nuclear
Energy". The objective of the study was to clarify the basic policies and the implementation
programme for nuclear energy research, development and utilization in the 21st century. "The Long-
term Plan" consists of two parts. Part I includes messages to the people and the international
community, and Part II includes specific policies on promoting nuclear research, development and
utilization.

Part I concluded: "Nuclear energy was discovered in the 20th century. It is the primary
responsibility of the present generation to establish technology and a social system to safety control
and manage it wisely, in a manner socially acceptable in the 21st century. Research and development
must be carried out on the diverse potential of nuclear energy to the fullest possible extent, in order
to achieve a stable, long-term supply of energy, advance cutting-edge scientific and technologies for
using nuclear energy, and improve the quality of life. The results must then, without fail, be passed
on to the next generation."

The most important conclusions of Part II can be summarized as follows:
- The basic policy statement on nuclear power generation is to retain nuclear power as one of

Japan's principal power sources, and to maximize its utilization.
- The basic policy statement on the nuclear fuel cycle calls for effective use of such materials

as plutonium and uranium recovered from spent fuel, while seeking public acceptance for
the nuclear fuel cycle.



It is essential for Japan, being exceedingly poor in energy resources, to develop resource-
saving energy technologies as a step toward long-term stable energy supply, and to secure
technological options in a bid to solve future energy problems for the world community as
well as for itself. The Fast Breeder Reactor (FBR) cycle technology has some of the greatest
potential among such technological options. FBR cycle technology can be applied flexibly to
diverse fuel types and compositions, including plutonium and minor actinides. This suggests
that the technology could contribute to solving the waste problems by reducing the amounts
of trans-uranium materials that remain in high-level radioactive waste, and constitute a high
potential risk.
The direction of the R&D efforts in the field of FBR cycle technology is determined, apart
from the constant pursuit of further safety enhancements, to a large extent by the goal of
economic efficiency at the commercialization stage of this technology (the goal is economic
efficiency comparable to that of the LWR technology). Anticipating the diversity of future
social needs, FBR technology R&D should be carried out flexibly, and based on the study of
diverse options, unrestricted as to reactor size or type, or the spent fuel reprocessing method.
However, the most developed FBR cycle technology option is the one based on MOX fuel
and sodium cooling. This technology should be assessed first, since it provides the reference
against which to assess the other options.
R&D efforts will also continue in the area of partitioning and transmutation of long-lived
radioactive materials, which is attracting great attention for its potential to reduce the
environmental burden and to make more effective use of available resources. In carrying out
these activities, it is important for all interested parties to work jointly in a competitive
climate. In order to make the results of these activities internationally useful, efforts will be
exerted to develop the options that are technically unlikely to lead to nuclear proliferation.
The prototype Fast Breeder Reactor MONJU is considered the be a corner stone for the
R&D activities in the area of FBR cycle technology, and steps will be taken to quickly
resume its operation. Following strict examinations by the safety regulation agencies and the
Nuclear Safety Commission, the Japan Nuclear Cycle Development Institute (JNC) should
resume its R&D efforts, ensuring the implementation of the measures decided to prevent
sodium leakage and to improve the safety at the facility based on the results of its
comprehensive safety inspection. Further, every effort has to be undertaken to gain the
understanding and trust of as large portions of the society as possible (including at the site
area). MONJU can be of great value for FBR development also internationally. With this in
mind, arrangements will be made to develop "MONJU and its auxiliary facilities into an
international cooperation base open to researchers from Japan and abroad, with the results of
their R&D efforts widely shared internationally. From a long-term point of view, it is
important to effectively use MONJU as an irradiation bed for fuel and materials
development studies. Another important task for MONJU is to accumulate extensive data on
the burn-up of minor actinides and the transmutation of long-lived fission products.
The ongoing "Feasibility Study on a Commercialized Fast Reactor Cycle Systems"
undertaken by JNC with the cooperation of electric utilities and other interested parties, will
be continued to examine such aspects as reactor type selection, spent fuel reprocessing
methods, and fuel fabrication technologies, with the objective of presenting an optimal
commercialization vision of FBR cycle technology and a comprehensive R&D program
toward that end. In addition, JNC, the Japan Atomic Energy Research Institute (JAERI), the
Central Research Institute of Electric Power Industry (CRIEPI), universities, equipment
suppliers, and other interested parties will carry out extensive fundamental research and
development activities for FBR cycle technology, using their various R&D facilities and
inviting expert researchers, both domestically and from abroad.
A specific program for a demonstration FBR will be decided after full assessment of the
various results attained in the process of R&D activities toward the commercialization of the



FBR cycle technology. In the meantime, the development program for that
commercialization will be steadily carried out with due flexibility as to the date of
commercialisation. For this purpose, from time to time, the government will review methods
of carrying out R&D projects, as well as the degree of their implementation. In evaluating
those projects, efforts are needed not only to make technical assessments, but also to review
the basic R&D policies, taking into account, whenever necessary, changes in the social
situation, and paying special attention to the efficiency of investments in R&D.

The main highlights of the Japanese Fast Reactor program in the period April 2000 to May 2001 are
summarized below:

- The Experimental Fast Reactor JOYO has completed its 35th cycle. JOYO is currently
being upgraded to the high performance irradiation core MK-III (increase of the neutron
flux, increase of the reactor availability, upgrading of the irradiation technologies).
The Prototype Fast Breeder Reactor MONJU remains shutdown after a sodium leakage
accident in the secondary heat transport system that occurred in December 1995 during the
40% power pre-operational testing phase. Considerable effort has been put into activities
aiming at regaining public understanding and acceptance (extensive promotion in local
explanatory meeting campaigns in all of the 35 cities, towns and villages in the Fukui
Prefecture, "Come-and-See" campaigns, etc). In April 2001, the total number of visitors to
MONJU to observe the leakage spot exceeded 49000 - a good measure of the results of
the efforts undertaken. The Fukui District Court positively ruled in March 2001, after
judicial procedures going on since 1985, that the governmental safety evaluation of
MONJU was conducted appropriately and lawfully; accordingly, the plaintiffs' request to
nullify the license and bar the operation of MONJU was rejected.

- In March 2001, the first phase of the "Feasibility Study on Commercialised Fast Reactor
Cycle Systems" has been completed, and the second phase initiated.

Kazakhstan

The Republic of Kazakhstan's scientific and industrial nuclear infrastructure consists of
uranium mining, fuel production, and power production. Uranium mining enterprises are conducting
uranium ores geological prospecting and operate several uranium mines (using the mining and
underground leaching techniques). There are two U3O8 production plants at Aktau and

Stepnogorsk, and a metallurgical plant producing uranium fuel pellets for RBMK and VVER
reactor fuel assemblies. The power plant complex at Aktau (MAEK) comprises three blocks using
natural gas, and one nuclear unit with a Fast Breeder Reactor BN-350. The energy produced at
Aktau (MAEK) is used for the production of heat, electricity, and desalinated water. The Fast
Breeder Reactor BN-350 was commissioned in November 1972 and finally shut down in April
1999, after the Government Decision No.456 from April 22 1999 on BN-350 final shutdown and
decommissioning. The "Plan of the High-priority Nuclear Safety Measures on Decommissioning
Stage" has been approved. This plan covers the period up to July 2003 and lays out the measures to
be taken in the following main areas: overall decommissioning planning, core unloading, sodium
drainage and procession, key safety issues during transition period. The two documents "Specific
Technical Requirements on Decommissioning Planning", and "Organisational Scheme on the
Design of Decommissioning Works" have been approved in January 2000. Core unloading was
started in February 2000, and full unloading and packaging of the fuel assemblies was completed by
November 2000. The preparation works for sodium cleaning, drainage, and processing, as well as
the waste management program are being pursued within the framework of Kazakhstan - U.S.A.,
EC, and Russia bilateral agreements covering technology development, documentation, etc. Spent
fuel handling activities (packaging, stabilisation, long term storage technology development,
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transportation) are being carried out under a Kazakhstan - U.S.A. bilateral agreement. It is expected
that the transportation cask will be delivered by Russia.

Nuclear R&D activities are being performed using three different types of research reactors on
the territory of the former Semipalatinsk Nuclear Test Site, and one research reactor and sub-critical
assembly near Almaty. The most important characteristics of these research reactors are:

EWG-1M: 35 MWth heterogeneous reactor with light water moderator and coolant,
beryllium reflector, and 4 hours period of continuous operation at the35 MW power level.

- IGR: pulsed, homogeneous uranium-graphite thermal spectrum reactor with graphite
reflector. The maximum heat release is 5.2 GJ (1 GJ in a pulse), and the maximum
thermal neutron flux 0.7x10^ cnr^s'i.

- RA: about 0.5 MWth heterogeneous air cooled thermal spectrum reactor, zirconium
hydride moderator, and beryllium reflector.

- VVR-K: 10 MWth light water reactor.

Republic of Korea

During the year 2000, both KALIMER and the national ADS project HYPER were continued.
The KALIMER and HYPER projects are being performed within the framework of the national
mid- and long-term nuclear research plan. KALIMER is under Phase 2 of the Project, which has
been started in April 2000 and will take 2 years. The conceptual design of KALIMER will be
finalized in Phase 2. The basic design of KALIMER is to be completed by 2006, and feasibility of
the construction is to be examined sometime during the mid 2010s.

KAERI aims at developing a system concept of HYPER and define a development roadmap
by the year 2001, and to complete conceptual design by the year 2007.

Russian Federation

As of May 2001, in Russia, there are 30 nuclear power units in operation at 10 different sites.
The total installed capacity amounts to 22.242 GWe. The share of the different reactor types is:
11.7% VVER-440, 36% VVER-1000, 49.5% RBMK, and 2.8% others (EGP-6, and BN-600). In
2000, the energy produced by Russia's NPPs amounted to 128.87 billion kWh, a - 7 % increase as
compared to the previous year. Last year's electricity production by the Russian NPPs exceeded for
the first time the maximum energy production registered during the Soviet period (-128 billion
kWh in 1989). The average load factor of all NPPs in 2000 was equal to 69.07% as compared to
64.5% in 1999 (scheduled reactor shutdowns were also taken into account in the load factor
evaluation by subtracting downtime from the total time of NPP operation).

A highlight in the reporting period was the first criticality (23 February 2001) of the first
VVER-1000 unit at the Rostov site. This is the first nuclear reactor start-up in the last 8 years in
Russia.

During 2000, there were 68 cases of abnormal NPP operation including 4 safety related
events. All these safety related events fell into the first level category of the international scale
INES.

According to the "Program of Nuclear Power Development in the Russian Federation for
1998-2005 Period and up to 2010", several NPP units will be constructed. Three units will be put
into operation until 2005 (1st Rostov VVER-1000 unit, 5th Kursk RBMK-1000 unit, and 3rd Kalinin
VVER-11000 unit). Between 7 and 9 additional units (including BN-800 at Beloyarsk), totalling 6.1
- 7.7 GWe capacity, are planned to start operation till 2010.

Recognizing that nuclear power development requires considerable material and intellectual
resources, great attention is paid in Russia to the coordination with, and integration of international
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efforts into the national nuclear technology development. At the UN Millennium Summit on
September 6, 2000, the President of the Russian Federation, Vladimir Putin, announced the
initiative to promote, within the framework of an international project with IAEA participation, the
development of innovative reactor nuclear fuel cycle technologies, ensuring natural safety,
eliminating the proliferation risk, and providing the means for incineration of plutonium and other
long-lived radioactive elements. Establishing, under the auspices of the IAEA, a special group on
innovative nuclear reactors and fuel cycles is the first step into this direction. The fast neutron
spectrum reactor technology is the most promising option in view of meeting those requirements. At
the same time, it is essential to involve experts from other IAEA Working Groups, including, of
course, the TWG-FR, in discussions and the assessment of advanced technology options.

During 2000, the following three fast reactors were in operation in Russia: the test reactor BR-
10 (IPPE, Obninsk), the experimental reactor BOR-60 (RIAR, Dimitrovgrad), and the BN-600
prototype reactor (BNPP, Zarechny).

BR-10 operated at different power levels up to 6 MWth during 3995 hours (in terms of 8
MWth rated power, the reactor operated for 116.8 equivalent full power days). The maximum fuel
burn-up in the uranium mononitride fuel subassemblies was as high as 8.7% h.a. The cumulative
fast neutron fluence (En>0.1 MeV) on the reactor vessel by the end of 2000 was 6.02x1022 n/cm2

(86% of the design value). There were 24 reactor shutdowns, 13 of which were scheduled (for
preventive repair, reactor refuelling, and isotope assembly replacement). The unscheduled
shutdowns were due to: reactor scram because of personnel errors (4); reactor scram as a result of
control and measurement system failure (2); electric system failures (2); failure of an experimental
device (1); and reactor scram because of voltage fluctuations in the power grid (2). There were two
fuel element failures with gas release, detected by the increase of activity of gaseous fission
products in the cover gas of the primary pumps. There was no increased level of delayed neutron
precursors in the coolant. The subassemblies containing failed fuel elements were unloaded from
the reactor. The primary cold trap was replaced upon expiration of its lifetime. The reactor was used
to perform the following irradiations:

- 32S, 33S, 35C1 and Y203 targets to produce 32P , 33P, 35S and 89Sr isotopes by (n-p) reaction;
- ampoules with 235U to produce 99Mo by (n-f) reaction;
- containers with 124Xe, 126Xe and 130Te to produce, respectively, 125I, 127Xe, and 131I by

radiative capture;
irradiation of lavsan film by fission products in a thermal neutron beam in order to obtain
track membranes with sterilizing properties (diameter of pores in the range of 0.5 to 5 urn,
pore density in the range of 106 to 109 pores/cm2) that can be used for water purification,
separation processes in blood plasma, and other high selective micro filtering of liquids
and gases.

In co-operation with the Medical Radiology Centre of the Russian Academy of Sciences, BR-
IO was also used to treat oncology patients through fast neutron irradiation. During 2000, over 40
patients were treated. The total number of patients treated during 15 years is over 400. The
development of boron neutron capture therapy has been initiated. As a result of these efforts, during
last year, clinical tests were started for the first time in Russia. In the 4th quarter of 2000, the
Commission of the Russian Federation Minatom completed the BR-10 inspection, with the
objective of evaluating the possibility for its further operation. Based on the Commission's
conclusion, the decision to continue the BR-10 operation at a power level of 6 MWth till December
31, 2002 has been taken. In view of this deadline, preparatory work for the BR-10 decommissioning
has been initiated.

In 2000, the BOR-60 reactor operated at power levels up to 52 MWth. There were 6
reactor shutdowns, of which 2 were unscheduled (one caused by personnel error, and the other
caused by grid power supply loss). The following experimental program was implemented during
last year:
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- Material studies [irradiation of structural materials at low temperatures (specifically,
VVER reactor vessel and ferritic-martensitic steels), and irradiation of samples of
zirconium alloys, steels and B4C absorber materials];
Irradiation tests of fuel subassemblies with advanced fuel elements [mixed fuel (pellets
and vipac fuel), including high plutonium content fuel in standard and advanced
claddings];

- Build-up of 89Sr and 153Gd isotopes on the basis of the irradiation of Y2O3 and E112O3,
respectively;

- Irradiation tests of control rods made of re-fabricated B4C.
The design lifetime of BOR-60 was 20 years, and expired in 1989. The BOR-60 lifetime has

been extended till 2002. Presently, the implementation of the "Program of Extending Lifetime of the
Components and Systems for Assuring Safe Operation of the BOR-60 Reactor Facility Till 2010" is
under way.

BN-600 functioned in the base load mode at the rated power (1470 MWth corresponding to
600 MWe) from the beginning of 2000 till now. During the winter, in addition to electricity
generation, the power unit produced also heat to cover the needs of both the NPP site and the nearby
town of Zarechny. The total electricity production in 2000 amounted to 3.9 TWh, while the thermal
energy delivered was 342.8 Tkal. In 2000, the load factor was 73.23%. The main culprit for the
decrease in the load factor is to be found in the 79 days of shut down due to preventive repairs.
From the beginning of 2000 till now, no violations of safe operation design limits and conditions
have occurred even in the cases of unscheduled power unit and loop shutdowns. All the cases of
abnormal operation were classified as "off the FNES scale" events, i.e. zero level. No safety system
failures have occurred. The design lifetime of BN-600 (30 years) expires in 2010. The development
of a lifetime extension program till 2020 will start in 2001.

According to the "Program of Nuclear Power Development in the Russian Federation for the
1998-2005 Period and up to 2010", the construction of the power unit with the BN-800 reactor is to
be completed by 2010 at the Beloyarsk site. Currently, modifications of the BN-800 reactor design
are carried out in order to decrease its cost. The local administration is supporting the planned
construction of BN-800 at Beloyarsk. Some funding has been allocated for construction work on the
site.

BN-350 reactor decommissioning activities have been initiated in the Republic of Kazakhstan.
Specialists of some of the Russian institutions that, in the former U.S.S.R., were involved in the
design, construction and operation of this NPP now take part in the decommissioning of this reactor.

In the field of fast reactors, the main R&D activities currently performed in Russia are as
follows:

- Development of the hybrid core design for the BN-600 reactor, and first design studies of a
core fully fuelled with plutonium-uranium mixed oxide (both the traditional fuel pellet, and
RIAR's vibro-packed MOX fuel fabrication technologies are being studied, and irradiation
tests with experimental subassemblies including both MOX fuel types are planned in BN-
600);

- Justification of lifetime extension for BR-10, BOR-60 and BN-600;
Studies on the advanced, high safety Fast Reactor designs, including a large size (-1600
MWe) sodium cooled Fast Reactor, and designs with alternative coolants (e.g., lead).

- Development of the basic design of the BREST-300 (lead cooled) demonstration Fast
Reactor with closed fuel cycle facilities located at the reactor site, and its experimental
justification (the Beloyarsk site is considered to be a candidate site for the BREST-300
construction);
Design studies of the large size reactor BREST-1200.

The main research institutes involved in R&D in the field of accelerator driven systems (ADS)
are: Institute of Theoretical and Experimental Physics (ITEP), Institute for Physics and Power
Engineering (IPPE), All-Russian Scientific Research Institute of Experimental Physics (VNIIEF),
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Joint Institute of Nuclear Research (JINR), Institute of Nuclear Energy (IAE), Institute of Nuclear
Research of the Russian Academy of Sciences (INR RAS), Experimental Design Bureau
GIDROPRESS (OKB GP), and the Petersburg Nuclear Physics Institute (PNPI).

The main activities performed are: theoretical research, accumulation of experimental data for
the justification of the physical processes in ADS, and design studies on ADS and its sub-systems.
The final goal of these activities, to be achieved in a later phase, is the construction of a
demonstration accelerator driven plant.

The following experimental studies related to both the sub-critical blanket and the spallation
target design are being pursued or planned:

- High precision measurements of neutronics and kinetics parameters of sub-critical systems
driven by a pulsed neutron d-t generator (zero-power facility MAKET at ITEF);
Studies of fast/thermal sub-critical cores (BFS-1 facility and induction accelerator at
IPPE);
Experimental studies of mechanisms of nuclear reactions with proton and neutron energies
up to 30 MeV (EGP-15 accelerator at IPPE);
Studies of nuclear processes in thick and thin targets of heavy elements irradiated by
protons and ions with energies ranging from several hundreds MeV to 9 GeV (accelerators
at JINR);
Studies of neutronics, kinetics, and dynamics in a double-cascade fast/thermal blanket
(ABV-F facility coupled to the electronic linear accelerator LU-50 at VNIIEF);
Studies of the fission process in transuranics (proton and neutron beams using the PNPI
synchro-cyclotron and reactor, as well as the fast neutron pulse reactor IBR-30 at JINR);
Studies of neutron multiplication fluctuation in a sub-critical lattices (IBR-30 driven by
the electron accelerator at JINR).

The following analytical studies and methods development activities related to both the sub-
critical blanket and the spallation target design are being pursued or planned:

Development of a nuclear data library for the evaluation of sub-critical core neutronics and
coolant radiation characteristics in the 150-300 MeV energy range;
Development of computer codes for ADS neutronics and thermal hydraulics analysis;

- Development of computer codes for studying neutron yield and spectra in targets of
various structure and configuration irradiated by protons and ions of energies up to several
GeV.

The following concept optimisation studies related to both the sub-critical blanket and the
spallation target design are being pursued or planned:

Development of the key elements for the demonstration of an ADS, including the lead-
bismuth liquid metal spallation target;
Thermo-physical, thermal hydraulics, and chemistry studies of heavy liquid metals (both
lead-bismuth eutectic, and lead), including the investigation of mass transfer and material
corrosion problems in heavy liquid metals (IPPE);
Studies of heavy liquid metals natural flow thermal hydraulics characteristics (IPPE);
Development of the sub-critical cascade molten salt reactor concept and its closed nuclear
fuel cycle (IAE).

Russian specialists are actively participating in various international ADS collaborative
efforts. Some activities in this area have been implemented within the framework of projects
supported by the International Science and Technology Centre (ISTC). In this context, the following
activities performed with IPPE participation should be mentioned:

- Design, manufacturing, and "pre-beam" testing of the liquid metal target MK-1 intended
for further irradiation in the 0.8 MW proton beam of the LANL (U.S.A.) accelerator;
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- In co-operation with OKB GP, development of the conceptual design of a liquid metal
target to be coupled with a 0.2 MW proton beam (contract with MES Co LTD, Japan);

- Participation in analytical and experimental design justification studies for the
demonstration ADS EAP-80 designed by Ansaldo (Italy)
Signature of a co-operation protocol on MYRRHA with the SCK'CEN research centre
(Belgium).

It is important to mention that experience on heavy liquid metal technology (as foreseen for
ADS) has been accumulated in Russia (SSC RF IPPE) over the last 40 years (experience on
designing, constructing and operating nuclear power plants with lead-bismuth coolant).
Consequently, a considerable experimental infrastructure is available (critical facilities, material test
facilities, and thermal hydraulic rigs). This experience and infrastructure can be very valuable for
collaborative efforts in the field of ADS. Presently, there are good co-operation links between the
SSC RP IPPE and various research centres in France, Japan, Germany, the Republic of Korea, and
the U.S.A on several R&D topics (e.g., heavy metal coolant technology, justification of structural
materials corrosion resistance, and optimisation of thermal hydraulics).

Sweden

Nuclear Power in Sweden contributes to about 50% (46.8% in 1999, i.e. 70.2 TWh) of the
annual electricity supply for the country. Eleven nuclear reactors in operation have a total capacity
of 9811 MW (see table below). In 1999, one nuclear reactor, the 615 MW unit in Barseback has
been shutdown, following a political decision to initiate phasing out of nuclear power in Sweden.
The expressed intention of the current Swedish government is to phase out nuclear power without
jeopardizing required electricity supply for the country.

Nuclear
Reactor

Barseback 1

Barseback 2
Forsmark 1
Forsmark 2
Forsmark 3
Oskarshamn 1
Oskarshamn 2
Oskarshamn 3
Ringhals 1
Ringhals 2
Ringhals 3
Ringhals 4

Type

BWR

BWR
BWR
BWR
BWR
BWR
BWR
BWR
BWR
PWR
PWR
PWR
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CLAB - interim storage for
spent fuel
SFR - underground
repository for operational
waste (low and medium
active)
Westinghouse Atom AB

power facilities in
Power

(MWel)
615

615
1006
1006
1200
465
630
1200
860
917
960
960

Capacity for all Swedish
spent fuel
Capacity for all Swedish
low and medium active
radioactive waste

Nuclear fuel factory

Sweden
Operation since

1975

1977
1980
1981
1985
1972
1975
1985
1976
1975
1981
1983

1985

1988

1969

Licensed until

Shut down
1999

2010
2010
2010
2010
Not specified
Not specified
2010
2010
2005
2010
2010
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Not specified

Not specified

2009
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Sweden has not been involved in fast reactor research and development since the 1970's. The
main focus in nuclear power has been set on Light Water Reactors and on resolving problems of the
back-end of the fuel cycle through a geological disposal of LWR spent fuel. The Swedish Nuclear
Fuel and Waste Management Company (SKB) is responsible just for the back-end stage of the
nuclear fuel cycle in Sweden, i.e. its responsibility is t,o take care of the nuclear waste in Sweden
(see Peter Nygards, "Partitioning and transmutation in SKB's programme", symposium on
partitioning and transmutation, KTH, Stockholm April 19, 2001,
http://www.neutron.kth.se/symposium/peter nyg.zip). A very important part of this mission is to
site and construct a deep geologic repository for the long-lived and highly radioactive waste. A first
stage includes encapsulation and disposal of a minor amount of spent nuclear fuel. This stage is
followed by a careful evaluation of the results from the first stage as well as of the R&D on
alternative methods going on in parallel in Sweden and elsewhere.

SKB has announced three areas for site investigations in preparation for the construction of
the first stage of a repository. These site investigations should start early 2002.

In order to conduct the future evaluation and include also comparisons with alternative
methods it is important for Sweden that there exist both knowledge and competence about
interesting alternatives. Therefore, SKB supports and to some extent initiates Swedish research on
alternative methods, particularly transmutation of long-lived radionuclides.
The premises driving SKB support for transmutation research may be summarized as follows:

- The purpose of transmutation is to substantially reduce the amount of long-lived
radionuclides that must be finally disposed of.

- Transmutation is primarily of interest for the transuranium elements, i.e., plutonium,
americium, neptunium and curium. The most effective means for transmutation of these
elements is by nuclear fission with neutrons.
In the process of nuclear fission large amounts of energy are released and this energy
should be utilized, e.g. for electricity production.
In order to achieve the goal with the transmutation process it is necessary to separate the
long-lived elements to be transmuted from the remaining uranium. The used nuclear fuel
must therefore be reprocessed in order to achieve the necessary separation.

- Internationally, there is a considerable unanimity among responsible organizations and
experts that even a successful development of partitioning and transmutation will not
eliminate the need for a deep repository. There will remain waste products that contain
long-lived radionuclides.
A successful development of transmutation will thus not make finding a site and
implementing a deep geologic repository unnecessary - the site and the repository will be
needed anyhow.

The future for industrial application of transmutation is, however, considered in Sweden as
being uncertain in many ways. The uncertainties arise from:

science and technology, safety, and radiation protection
economics, and time scale
legal issues, policy aspects and public acceptance

The main interest in transmutation research in Sweden is today focused on accelerator-driven
systems. Research activities are addressing issues of basic technology for transmutation and
partitioning, as well as economical, safety and radiation protection assessments.

The ADS concept includes some forms of reprocessing of spent fuel as well as construction of
new nuclear energy facilities for transmutation. In the Swedish scenario - with a legal ban on
building new nuclear power plants and a political decision not to permit reprocessing - any future
national application of partitioning and transmutation will require that these decisions be changed.
Such new political decisions are dependent on the public's willingness to accept, e.g., finding the
site(s) of the necessary nuclear facilities.
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It is important to note that the development of partitioning and transmutation has also created
a broad interest in Swedish society and attracted many competent researchers. Continued efforts can
therefore contribute towards maintaining, invigorating and further developing a high competence in
nuclear science and engineering. This is important in particular as long as nuclear energy is an
important asset for the society.

Research in partitioning and transmutation in Sweden is conducted mainly in three academic
centres: Royal Institute of Technology (KTH) in Stockholm, Chalmers University of Technology
(CTH) in Gothenburg, and Uppsala University (UU).

The research at the Department of Nuclear and Reactor Physics of KTH is focused on
performance and safety of ADS, with a particular interest in:

- ADS core design (so called Sing-Sing core) and development of advanced nuclear fuel
optimised for high transmutation rates and good safety features;
analysis of ADS dynamics;

- computer code and nuclear data development relevant for simulation and optimisation of
ADS;
participation in ADS experiments including 1 MW spallation target manufacturing, sub-
crtical experiment MUSE etc.

KTH participates in a number of projects in the 5th Framework Programme of the European
Commission. KTH coordinates the CONFIRM project aiming to manufacture and test nitride fuel.
Irradiation tests will be made at the R2 reactor at Studsvik. The KTH groups also participates in the
SPIRE, MUSE, TECLA, FUTURE and XADS projects, covering a broad range of scientific
interests from a pre-conceptual design of ADS, through integral sub-critical experiments (like
MUSE), developing of Pb/Bi coolant technology, developing and testing new fuels for ADS, and
studies of radiation damage effects for ADS in-core elements. Moreover, the aspects of severe
accidents in transmutation systems are being studied at KTH together with a group at the
EURATOM Joint Research Centre at ISPRA, Italy.

At Chalmers University of Technology in Gothenburg the Department of Nuclear Chemistry
conducts investigations of new processes for separation of different radioisotopes. This elemental
separation, based on liquid-liquid extraction, is vital for the recovery and purification of the
fuel/waste streams in P&T treatment plants. CTH participates in the project PARTNEW within the
EU 5th framework programme studying the extraction of lathanides and actinides using pyridins or
similar nitrogen-based molecules. A main objective is to design solvent extraction processes of
Am(III) and Cm(III) that are contained within the acidic high active raffinates (HARs) or
concentrates (HACs) from the reprocessing of spent nuclear fuels.

The transmutation related research at Uppsala University is mainly performed by the
Department of Neutron Research and makes use of the unique 20-180 MeV quasi mono-energetic
neutron beam at the Svedberg Laboratory in Uppsala. Experiments are being done with the aim to
measure elastic neutron scattering from some nuclei at 100 MeV. Such data are crucial to improve
existing nuclear models, and in this way improve the existing data libraries and extend them to
higher energy. These libraries are needed to reliably calculate neutron and other particle transport in
a transmutation target and blanket. The differential elastic scattering cross sections for carbon and
lead have been measured using the detector facility, SCANDAL. UU participates also in the EU 5th

framework programme in the HINDAS project. The ultimate goal of HINDAS and other data
related projects is to construct a new data library for the energy range 20-2000 MeV, which can be
used for engineering design of transmutation devices. Several of the European experimental groups
use the Uppsala neutron beam for their work. Studies linked to the HINDAS project are also made
on nuclear models and code developments for ADS at UU.
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United Kingdom1

BNFL Magnox reactors (total capacity of 2.9 GWe) are on target for approximately 13 TWh.
The electricity production figures for the British Energy seven AGRs and one PWR (total capacity
of 9.6 GWe), are as follows: 69.1 TWh in the record year 1998/1999, 63 TWh in 1999/2000, and on
target for approximately 63 TWh in 2000/2001. As of the beginning of 2000, the UK fuel mix was
37% gas, 29% coal, 26% nuclear (of which 19% British Energy reactors), other 6%, hydro 1%, and
oil 1%.

The closure dates for all the BNFL Magnox reactors are now definite. The plans for a possible
lifetime extension of the BNFL Magnox reactors Oldbury and Wylfa with the use of oxide fuel are
now definitely abandoned: the closure dates for these two reactors are 2013 and 2016, respectively
(in which case, both reactors would reach a 45 year lifetime).

The Health and Safety Executive (HSE) formally closed out the report on the data falsification
incident at the Sellafield MOX Demonstration Facility (MDF). Presently, MDF is closed, but is
hoped that it will be soon re-open: not as a production facility, but rather as a support facility to the
Sellafield MOX Plant (SMP).

The SMP is currently undergoing uranium commissioning, and working towards getting the
licence to introduce plutonium into the plant by summer 2001. Recently, the Government
announced that there would be a fourth period of public consultation. At the same time, independent
consultants were appointed to review the economic case for SMP.

BNFL acquired the commercial nuclear power business of ABB in May 2000, and integrated
it under the Westinghouse arm of the Company. The Business Group now comprises four business
units: Nuclear Fuel, Nuclear Services, Nuclear Systems, and Nuclear Automation. The Springfields
fuel fabrication plant in Preston is now part of Westinghouse Nuclear Fuel and using the
Westinghouse name. BNFL has now has access to four different advanced thermal reactor
platforms: AP600/1000, BWR90+, PBMR and IRIS.

The proposed Public Private Partnership (PPP) of BNFL has been delayed until "the latter part
of 2002", since restoring customer confidence is now a major pre-requisite before any privatisation
plans can be envisaged.

In the UK, there is no Government sponsored Fast Reactor R&D programme, except for the
UKAEA PFR decommissioning work at Dounreay. However, a small BNFL-funded Fast Reactor
R&D programme involving BNFL/NNC/AEA Technology is pursued in the following fields:

Knowledge preservation
CAPRA-CADRA European collaboration
EU 5th Framework Programme (FWP) activities
Collaborations with Japanese research organisations.

The CADRA-CADRA collaboration with France, Germany, and Belgium covers reactor
systems for plutonium and minor actinide (MA) management. Historically, the CADRA-CADRA
activities comprised analyses of both plutonium and MA burning sodium cooled Fast Reactors. The
UK contributions involved core analyses, fuel performance analyses, including fuel performance
code development and materials properties, and fuel cycle scenario analyses. Recently, the emphasis
of the CAPRA-CADRA activities is shifting to gas cooled Fast Reactors and to Accelerator Driven
System (ADS) analyses. The UK is contributing to core design, thermal-hydraulics design, and fuel
design and performance of (a) Existing Technology Gas Cooled Fast Reactor (ETGCFR) that are
based on AGR technology, including transmutation of MAs in homogeneous and heterogeneous
targets, (b) High Temperature Gas Cooled Fast Reactor (HTGCFR) based on particle fuel, and (c)
gas cooled ADS. The AEA-T fuel performance work includes the assessment of chemical/physical
properties of nitride fuels, further development of the nitride fuels version of the TRAFIC fuel

1 Although not present at the meeting, the U.K. representative in the TWG-FR and his alternate have
provided a status report
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performance code (NITRAF), the analysis of experimental results from advanced fuel irradiation
programmes, as well as the maintenance, development and validation of the TRAFIC fuel
performance code for conventional oxide fuels.

In the framework of EU 5th FWP activities, NNC is leading a review of previous studies and
relevant gas reactor experience. The UK is also involved in an ADS study proposal. Further, support
is provided for the MUSE experimental mock-up in MASURCA of an accelerator driven sub-
critical core, and for the CAPRIX irradiation experiment in PHENIX.

As regards knowledge preservation activities, NNC is maintaining and adding to an archive
database of historical fast reactor papers. The aim of this activity is to ensure future
retention/accessibility of Fast Reactor historical information.

As regards, PFR decommissioning, both the sodium and caesium removal plants are in the
commissioning phase. So far, 4 t of inactive sodium have been processed in the former, and the
demonstration of full throughput is expected by June 2001.

The UK's international collaborations include: IAEA activities (TWG-FR, CRPs, the China
Fast Reactor safety reviews, ad hoc TCMs and AGMs), the EdF-BNFL-Japanese Utilities (FEPC)
Fast Reactor exchange meetings, the UK participation in the Europe-Japan R&D exchange, the
NNC-BNFL-Fuj i Electric collaboration on gas-cooled Fast Reactor development, and collaboration
agreements with JNC.

United States of America

Nuclear Generation
The U.S. nuclear power industry achieved its second straight year of record power generation

levels during 2000. According to information released by the Energy Information Administration,
total power generated was 753.9 billion kWh, 3.5% above the previous record of 728.1 billion kWh
set in 1999. This represents continued growth in power production for the nuclear power industry
that had produced only 577.0 billion kWh as recently as 1990. The record year 2000 output was
achieved despite the fact that the industry now has only 103 operating reactors compared to 111
operating reactors as recently as 1990. Record output was attained through an annual net capacity
factor of 89.1 % during 2000 compared to 85.5 % in 1999 and 70.2% in 1990.

Recent years of reliable service and declining production costs have led to increased industry
interest in nuclear power plant license renewal. The Nuclear Regulatory Commission approved the
license renewal applications for five U.S. nuclear power plants in 2000. Five additional applications
were received and 28 more are planned to be submitted by 2004.

Generation IV Nuclear Energy Systems Initiative
Concerns over energy resource availability, climate change, air quality, and energy security

suggest an important role for nuclear power in future energy supplies. While the current Generation
II and III nuclear power plant designs provide an economically, technically, and publicly acceptable
electricity supply in many markets, further advances in nuclear energy system design can broaden
the opportunities for the use of nuclear energy. To explore these opportunities, the U. S. Department
of Energy's Office of Nuclear Energy, Science and Technology has engaged governments, industry,
and the research community worldwide in a wide-ranging discussion on the development of next-
generation nuclear energy systems known as "Generation IV".

A subcommittee of the Department's independent Nuclear Energy Research Advisory
Committee (NERAC) in cooperation with the international research community developed the
technology goals for Generation IV nuclear energy systems. After multiple reviews by U.S. and
international experts, the goals are now widely endorsed as an appropriate basis for deciding on a
future, multinational R&D plan for developing advanced nuclear energy technologies.
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Technical Working Groups will collect information on and evaluate four broad classes of
nuclear energy system concepts by reactor coolant type: water, gas, liquid metal, and non-classical.
The Technical Working Groups will be assisted by our Evaluation Methods Group and other
crosscutting groups that will conduct comparative assessments of alternative fuel cycles and specific
technology area.

U.S. DOE Nuclear Energy Research Initiative (NERI)
In January 1997 the President's Committee of Advisors on Science and Technology (PCAST)

was tasked to evaluate the current national energy research and development (R&D) portfolio and
provide a strategy to ensure the U.S. has a program to address the nation's energy and
environmental needs for the next century.

In its November 1997 report, the PCAST Panel on Energy Research and Development
determined that establishing nuclear energy as a viable and expandable option was important and
that properly focused R&D was needed to address the potential long-term barriers to expand the use
of nuclear power (e.g., nuclear waste, proliferation, safety, and economics). The PCAST panel
recommended that the Department of Energy (DOE) reinvigorate its nuclear energy research and
development activities in an R&D effort to address these potential barriers with a new Nuclear
Energy Research Initiative (NERI). This new initiative would fund research based on competitive
selection of proposals from the national laboratories, universities and industry.

These recommendations were followed by the 1999 PCAST report on International
Cooperation on Energy Innovation which recommended that an international component to NERI be
created to promote "bilateral and multilateral research focused on advanced technologies for
improving the cost, safety, waste management, and proliferation resistance of nuclear fission energy
systems."

The Department of Energy and U.S. Congress endorsed the PCAST and established the NERI
program in fiscal year (FY) 1999 to sponsor innovative scientific and engineering R&D to address
the key issues affecting the future use of nuclear energy and to preserve our nation's nuclear science
and technology leadership. In FY 2001, the Department will launch a new initiative within NERI,
the International Nuclear Energy Research Initiative (I-NERI) to further leverage U.S. R&D funding
through bilateral and multilateral nuclear energy research.

International Nuclear Energy Research Initiative (I-NERI)
The I-NERI program has the following objectives:
- Develop advanced concepts and scientific breakthroughs in nuclear fission and reactor

technology to address and overcome the principal technical and scientific obstacles to the
expanded use of nuclear energy worldwide;
Promote bilateral and multilateral collaboration with international agencies and research
organizations to improve development of nuclear energy; and
Promote and maintain nuclear science and engineering infrastructure to meet future
technical challenges.

I-NERI will sponsor innovative research and development in the following areas:
Next-generation nuclear energy (i.e., Generation IV) and fuel cycle technology concepts;

- Next-generation nuclear energy plant designs with higher efficiency, lower cost, and
improved safety and proliferation resistance;
Innovative nuclear plant design, manufacturing, construction, operation, maintenance, and
decommissioning technologies;

- Advanced nuclear fuels; and
- Relevant areas of fundamental science.
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Fast Reactor Program
In 2000, the U.S. Fast Reactor and ADS programs include the EBR-II Electrometallurgical

Treatment program, FFTF activities in view of a decision whether to restart or deactivate the
facility, several NERI awards, and the Advanced Accelerators Applications program (AAA).

EBR-II fuel treatment:
Further development of electrometallurgical fuel processing technology was assured by

several favourable events in 2000. First, in April the National Research Council issued their final
report, which endorsed the technology as a viable option for processing sodium-bonded spent fuel.
Then in August the Department of Energy completed their Environmental Impact Statement on the
treatment of sodium-bonded fuel. Finally, in September DOE issued a record of decision approving
the treatment of some 25 tonnes of EBR-II spent fuel. Fuel processing commenced later that same
month. Several years of additional R&D will be required in order to achieve practical throughput
rates and to qualify the waste forms for repository acceptance. The treatment project is currently
scheduled to be completed within 10-13 years.

FFTF:
In December 2000, the final Programmatic EIS (Environmental Impact Statement) was issued.

The EIS (i.e., Preferred Alternative) recommended that the FFTF facility be shutdown and
permanently deactivated. Secretary Richardson on January 26, 2001 issued the Record of Decision
(ROD), which reaffirmed the EIS recommendation that the FFTF facility be, shutdown and
permanently deactivated. Under the requirements of the Tri-party Agreement, DOE had 90 days to
construct a revised cost estimate and deactivation schedule. Fluor Hanford Company delivered to
DOE the revised deactivation plan in April 2001. In May 2001, Secretary Abraham requested a 90-
day review of the FFTF. The purpose of this review is to provide the Secretary with the information
required to make a final decision as to the future of the FFTF. This review is underway.

Advanced Accelerators Applications (AAA):
In 2000 Congress merged two previously existing programs, the Accelerator Transmutation of

Waste, and the Accelerator Production of Tritium. The program has three major components:
A 10-year R&D plan concentrated on defining the key technologies to be used for
transmutation of nuclear waste (plutonium, minor actinides and long lived fission
products). This activity includes fuels development and performance testing, development
and testing of dedicated separation technologies, design of transmutation systems, and
materials and physics research. It is expected that after 10 years, suitable technologies will
have been demonstrated for practical waste transmutation demonstration.

- The Accelerator Driven Test Facility (ADTF) will be built over 10 years. It will consist of
a large proton linear accelerator (600 MeV, 13 mA), coupled to two testing stations; the
Target and Multiplier Test Station will consist of a large (8 MW) spallation target
surrounded by test loops for materials and small amounts of fuels; the Sub Critical
Multiplier (SCM) will consist of a 100 MW sub-critical fast reactor driven by a 4 MW
spallation target and will be used to demonstrate the safe and efficient operations of
accelerator driven systems, and will serve to irradiate experimental fuels.
The ADTF will serve as the principal test station for a Proof of Performance series of
tests, to demonstrate the safety and operations of Accelerator Driven Systems, and to
demonstrate efficient transmutation and recycling of minor actinides and long lived fission
products.



21

Special report by the Russian Federation on the status of BREST and the lead-bismuth
concepts SVB-75/100

Following the recommendation of the Advisory Group Meeting on "Design and Performance
of Reactor and Sub-critical Blanket Systems with Lead and Lead-Bismuth as Coolant and/or Target
Material", convened by the IAEA within the framework of the TWG-FR activities in Moscow, from
23 to 27 October 2000, Mr. Y. Ashurko gave a short presentation of the "BREST" and SVBR-
75/100 concepts presently under development in Russia.

BREST is a concept for a nuclear power plant with a fast reactor using lead coolant, uranium-
plutonium mono-nitride fuel and indirect cycle for heat removal to a supercritical steam turbine.
There exist two BREST variants for which conceptual designs have been finalized: a 300 MWe and
1200 MWe one. Reactor physics design methods and data were validated in experiments at
uranium-plutonium-lead critical test facilities. Long-term corrosion testing of steels was performed
in circulation lead loops, and experiments were carried out to study, among others, the interaction of
lead with air and water, as well as nitride fuel with lead and steel cladding. According to its
designers, the BREST concept offers:

natural safety properties against radiation release in all plausible accidents caused by
internal and external impacts, including sabotage, with no need for the evacuation of the
population;
long-term (almost indefinite) availability of fuel resources thanks to the efficient
utilization of natural uranium;
non-proliferation characteristics due to the avoidance of weapons-grade plutonium
production and related on-site dry fuel reprocessing without separation of uranium and
plutonium;
an ecologically safe production of energy, and long-lived radioactive waste recovery
owing to the closed fuel cycle with transmutation and in-pile burning of actinides,
transmutation of long-lived fission products, long-lived radioactive waste purification
from actinides, cooling and final disposal without violation of the natural radiation
balance;
economic efficiency due to the natural safety characteristics of the reactor and the related
fuel cycle technologies;
the possibility to abandon complicated engineered safety systems ;reactor makeup with
238U alone;
the possibility to attain supercritical parameters in the steam-turbine circuit and
accordingly a high efficiency of the thermodynamic cycle, owing to the coolant's (lead)
thermal-mechanical parameters;
the reduction of construction costs.

IPPE has studied concepts based on small fast spectrum power reactor modules cooled by
lead-bismuth eutectic (LBE). The reactor designs, called SVBR-75/100, were developed on the
basis of reactor operation experience obtained from LBE cooled nuclear submarines. According to
its designers, the SVBR-75/100 modular designs ensure deterministic elimination of severe
accidents, due to the fast neutron spectrum, the use of LBE as coolant, and the primary circuit
integral design. It is also claimed that the SVBR-75/100 modular concepts have enhanced
nonproliferation characteristics. The designs could have multi-purpose uses, e.g., as nuclear power
desalination plants in developing countries, as part of large modular Nuclear Power Plants in
developed countries, or for the utilization and transmutation of actinides.
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Special report by Kazakhstan on development work on the description of minor actinide
fission product yields

Mr. S. V. Zhdanov from NNC's Institute of Nuclear Physics presented the status of the
development work performed in the area of minor actinide fission product yields. This work is
being pursued in collaboration with GSI Darmstadt, Germany, and is partly supported by the IAEA
under contract No. 10893.

The preparation of minor actinide nuclear data constants needed for the design analyses of
transmutation systems (critical and sub-critical) must rely, in part, on semi-empirical methods. Such
methods, based on the experimental observation that the fission yields can be interpreted as the
result of a superposition of different independent fission modes (modal approach) have been
developed for the description of the fission yields of some trans-uranic elements. The fission yield
mass and energy distribution experimental data for the reactions with protons at energies in the
range of 10.3 - 30.0 MeV were produced for 2 3 3Pa, ^,236,237,239^ 239,240,241,243^ a n d 245gL

Special report by Kazakhstan on the activities of the National Nuclear Centre (NNC)

Mr. Tukhvatulin, General Director of NNC, gave a comprehensive presentation of NNC's
activities.

The National Nuclear Center of the Republic of Kazakhstan (NNC RK) was established
following the May 15, 1992 decree of the President of the Republic of Kazakhstan after the break-
up of the U.S.S.R. NNC RK was established on the basis of the former Semipalatinsk Nuclear
Weapons Test Site and the corresponding scientific institutions located on the territory of the
Republic of Kazakhstan.

The activities of NNC RK are based on tasks specified by the Cabinet of Ministers #55
resolution dated January 21, 1993:

creation of the scientific-technical, technological and human resources basis needed for
the development of nuclear power engineering in Kazakhstan;
elimination of nuclear testing consequences in Kazakhstan;
monitoring of nuclear testing at the world's functioning test sites;
conversion of the former defense establishment at the Semipalatinsk Test Site (STS) and
use of its scientific-and-technical potential in the interests of the Republic of Kazakhstan.

To ensure implementation of the President's Decree, the Cabinet of Ministers of the Republic
of Kazakhstan passed a number of Resolutions defining the NNC RK organizational structure and
activity scope of its institutes.

At present, the NNC RK is a Republican State Enterprise (RSE NNC RK) situated in
Kurchatov, East-Kazakhstan Oblast. RSE NNC RK is part of the Ministry of Energy and Mineral
Resources of the Republic of Kazakhstan, and incorporates a number of specialized affiliated
enterprises (institutes), where more than 1600 specialists are engaged, including over 134 PhDs:

Institute of Atomic Energy (Kurchatov),
Institute of Radiation Safety and Ecology (Kurchatov)
Institute of Geophysical Research (Kurchatov)
Institute of Nuclear Physics in Alatau (Almaty suburb)
Baikal Enterprise (Kurchatov).

Development of nuclear power in Kazakhstan
The NNC RK research and development activity is based on the principal tasks as defined in

the Republican Target Scientific-and-Technical Program (RTSTP) # 875 "Development of Nuclear
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Power in Kazakhstan", approved by the Cabinet of Ministers of the Republic of Kazakhstan on
September 14,1993. The program is structured according to six subject-blocks:

Radio-ecological, biomedical studies, restoration of the environment and population
health in regions of the Republic of Kazakhstan where nuclear tests were conducted and
where nuclear power plants and facilities are located;
Nuclear power and NPP safety;

- Fundamental and applied studies in the field of nuclear physics, nuclear power and
radiation solid-state physics;
Development and practical implementation of nuclear-physical methods and nuclear
technologies in the interests of Kazakhstan's science and economy;
Monitoring of nuclear tests and unauthorized nuclear explosions at test sites in other
countries;

- Database of the RTSTP "Development of Nuclear Power in Kazakhstan". Widening of
population knowledge in the field of nuclear power.

STS nuclear weapon testing infrastructure elimination
On December 13, 1993, the Republic of Kazakhstan and the United States of America

concluded an "Agreement Concerning the Destruction of Silo Launchers for Intercontinental
Ballistic Missiles, Emergency Response and Prevention of Proliferation of Nuclear Weapons".

On October 3, 1995, an agreement was signed between the US Department of Defense and the
Republic of Kazakhstan Ministry of Science and New Technologies on the elimination of the
nuclear infrastructure.

In the wake of these agreements, the RK NNC was appointed executive agent of all programs
aimed at the elimination of the former STS nuclear weapon testing infrastructure. Several
Kazakhstan organizations were enlisted to perform this work. The work was conducted in close
cooperation with Kazakhstan Ministries and departments.

As regards the work on "Degelen Mountain Tunnel Complex and Balapan Testing Field Hole
Elimination", the results can be summarized as follows:

The program of work was fully implemented within the scheduled time;
- In addition to the work on the elimination of the nuclear weapon testing infrastructure,

methods of nuclear test conduction seismic monitoring were developed (calibration
experiments and CTBT Organization on-site inspection training);

- The co-operation links between Kazakhstan and USA specialists were established, and
experience with international project performance including third country participation
(Russia) was gained.

Conversion of the STS
Termination of the STS activity and elimination of the nuclear weapons test infrastructure

should not lead to the loss of the scientific and technical capabilities accumulated over many years.
This scientific and technical potential should be re-directed to the benefit of Kazakhstan. The
unique scientific-research basis and creative potential accumulated at STS must be applied to the
peaceful development of advanced technologies to benefit not only the former test site region, but
the whole country as well. That is why one of the most important objectives of RK NNC is the
conversion of the former STS scientific and technical potential. To meet this objective, the
following inter-related approaches are being implemented:

Development of nuclear power engineering in Kazakhstan;
Mineral exploration and extraction;
Development of new technologies;

- Establishment of new production sites.
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3. REPORT OF THE SCIENTIFIC SECRETARY ON THE ACTIVITIES OF THE
WORKING GROUP

The Scientific Secretary summarised the main TWG-FR activities since the 33rd Annual
Meeting.

3.1 Meetings

In the period covered by the activity report, the IAEA Secretariat has held the following
meetings related to the work scope of the TWG-FR:

- IWG-FR Annual Meeting (TCM, Vienna, 16-18 May 2000)
Coolant Technologies for Sub-critical Blankets of Fusion/Fission Hybrid Reactors (CT,
Moscow, Russia, 6-7 July 2000)
Use of Thorium-based Fuel Cycle in Accelerator Driven Systems (ADS) to Incinerate
Plutonium and to Reduce Long-term Waste Toxicities (CT, Minsk, Belarus, 10-11 July
2000)
Potential of Thorium-based Fuel Cycles to Constrain Plutonium and Reduce Long-term
Waste Toxicities (RCM, Petten, Netherlands, 20-22 September 2000)
Design and Performance of Reactor and Sub-critical Blanket Systems with Lead and Lead-
Bismuth as Coolant and/or Target Material (AGM, Moscow, Russia, 23-27 October 2000)
Updated Codes and Methods to Reduce the Calculational Uncertainties of the LMFR
Reactivity Effects (RCM, Vienna, 20-24 November 2000)
Core Physics and Engineering Aspects of Emerging Nuclear Energy Systems for Energy
Generation and Transmutation (TCM, Argonne, U.S.A., 28 November- 1 December 2000)

3.2. Main Outcomes

The main outcomes of the meetings listed under Section 3.1 are summarised hereafter:

IWG-FR Annual MeetinR (TCM, Vienna, 16-18 May 2000)
Postponement of the start of the CRP on "Comparative Assessment of Advanced Power
Reactor Options for Effective Incineration of Radioactive Waste (Inter-comparison of
LMFR, ADS and Molten Salt Reactor Systems)" to 2001.
It was recommended to define and maintain an objective centred on "Preservation of Fast
Reactor Experience". The revised "Terms of Reference of the IWG-FR" will be
distributed to the IWG-FR members.

- It was recommended to maintain activities in the area of thorium-fuelled reactor
technology development. Possible future IWG-FR meetings and collaborative R&D
activities were discussed and planned.

Coolant Technologies for Sub-critical Blankets of Fusion/Fission Hybrid Reactors (CT. Moscow.
Russia, 6-7 July 2000)

Future IAEA activities dealing with fusion-fission hybrids would be consistent with the
IAEA mandate to promote peaceful uses of nuclear energy, and they would facilitate
international cooperation in a field of growing importance.

- The Agency report will recommend specific activities in the area of fusion-fission hybrid
systems for transmutation of nuclear waste and excess plutonium.

- It is recommended that the IAEA should try to incorporate those suggestions in future
programme plans.
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Use of Thorium-based Fuel Cycle in Accelerator Driven Systems (ADS) to Incinerate Plutonium
and to Reduce Long-term Waste Toxicities (CT. Minsk, Belarus, 10-11 July 2000)

The objective of the CT was to finalize all the actions decided at the last RCM of the CRP,
i.e.: approve the final draft reports of the first two stages of the CRP; agree on
supplementary studies for a "detailed burn-up benchmark" as part of stage three of the
CRP; discuss the results of the "blind study" defined in view of the "YALINA"
experiment; and finalize the analytical and experimental work scope and tasks related to
the thermal ADS simulator experiments "YALINA" being set up at "SOSNY".
The main conclusions were (a) The "YALINA" experiment is able to deliver valuable
physics data for sub-critical systems driven by a neutron generator (e.g., measurements of
transmutation rates of fission products and minor actinides; investigation of spatial
kinetics of sub-critical systems with external neutron sources; validation of experimental
techniques for, e.g., sub-criticality monitoring, neutron spectra measurement, etc.;
investigation of dynamics characteristics of sub-critical systems with external neutron
sources in neutron generator pulse mode); (b) the "YALINA" set-up has the potential to
resolve some of the existing discrepancies in the simulation of sub-critical systems, and to
give an indication on the quality of widely used evaluated nuclear data libraries; moreover,
it can also serve as an experimental facility for benchmarking and/or validating Monte
Carlo perturbation modules. Such a validation is an important and urgent task for the
extensively used MCNP 4b and MCNP 4c codes; and (c) The "YALINA" experimental
programme is complementary to other European ADS and P&T activities (e.g., MUSE).

Potential of Thorium-based Fuel Cycles to Constrain Plutonium and Reduce Long-term Waste
Toxicities (RCM, Petten, Netherlands, 20-22 September 2000)

The scope of the CRP was to examine different fuel cycle options in which plutonium can
be recycled with thorium with the goal of plutonium incineration. The CRP also
investigated the radio-toxicity accumulation in, and the transmutation potential of
thorium-based cycles in current, advanced, and innovative nuclear power reactors.
Major results: the results of the last CRP stage were analysed, the CRP report was
finalized, and future collaborative activities were discussed

Design and Performance of Reactor and Sub-critical Blanket Systems with Lead and Lead-Bismuth
as Coolant and/or Target Material (AGM, Moscow, Russia, 23-27 October 2000)

The AGM identified the following areas of mutual interest: (a) corrosion resistance,
embrittlement and radiation ageing of structural materials in lead and lead-bismuth
coolants; (b) technology of advanced fuels (e.g., nitride plutonium-uranium fuel), and their
irradiation testing in fast research reactors; (c) fuel reprocessing techniques that would
support the non-proliferation regime and be unsuitable for the production of weapons-
grade materials; (d) long-lived radioactive waste treatment techniques, including
transmutation of minor actinides and long-lived fission products in reactors and/or ADS;
and (e) nuclear data libraries, codes, and experimental validation studies.

- The AGM formulated a series of recommendations: (a) establish, under IAEA aegis, wide
bilateral and multilateral collaborations in the identified areas of common interest; (b)
present the "BREST" and SVBR-75/100 concepts at the next Annual Meeting of the IWG-
FR; (c) perform an assessment of the BREST-OD-300 concept (as also recommended by
the AGM on "Development of a Strategic Plan for an International R&D Project on
Innovative Nuclear Fuel Cycles and Power Plants", Vienna, 11-14 Oct. 1999); (d) devote
more attention to the updating of the nuclear data on heavy metal coolants as well as ADS
target materials, and to the developments in the area of fast reactor fuel materials (a CRP
could be initiated); (e) consider the initiation of a CRP on computational fluid dynamics
(CFD) and benchmarking with heavy metal liquid coolants (HLMC); (f) organize an



26

international research program for the nitride fuel experiments in BOR-60; (g) review the
R&D status on the 210po issues including the evaluation method for the 210po source
term under both normal operation and accidental conditions; and (h) provide opportunities
for information exchange on the operational experiences with HLMC experimental
facilities, as well as reactors, and discuss the way to establish a reliability database for
HLMC components.

Updated Codes and Methods to Reduce the Calculational Uncertainties of the LMFR Reactivity
Effects (RCM, Vienna. 20-24 November 2000)

The scope of the RCM was to review and perform a preliminary analysis of the results of
the CRP Phases 1 and 2, to define the Phase 3, and to discuss the Phase 4 work scope.

- The main results of the RCM can be summarized as follows: (a) Some phase 1 and 2
results need additional clarifications with regard to normalization, uncertainties and origin
of the nuclear data; (b) JNC will perform a sensitivity study on cross-section differences;
(c) IAEA will produce a draft synthesis report on the results of the Phase 1 and 2 analyses
and post it on the Internet Collaborator Site; (d) for Phase 3, a benchmark for the
assessment of heterogeneity and burnup effects was defined; (e) OKBM/IPPE will
perform simplified transient analyses and post the results on the Internet Collaborator Site;
(f) for Phase 4, IPPE and JNC will identify suitable experiments in BFS 62-3 for analysis
by the CRP.

Core Physics and Engineering Aspects of Emerging Nuclear Energy Systems for Energy Generation
and Transmutation (TCM. Argonne, U.S.A.. 28 November- 1 December 2000)

The scope of TCM was to review the status of R&D activities in the area of hybrid
systems for energy generation and transmutation, to discuss specific scientific and
technical issues covering the different R&D topics of these systems, and to recommend to
the IAEA activities that would be specifically targeted to the needs of the Member States
performing R&D in this field.
The most important technical issues identified and discussed at the TCM were: thermal
fatigue (due to beam trips), toxicity of the spallation products, the lack of a safety strategy
for severe accidents with fertile-free transuranics (TRU) fuel, and the lack of data on
irradiation damage effects (induced by both proton and neutron irradiation) on the
structural properties of the beam window and the adjacent core.

- The TCM identified the need and opportunity for collaboration in the following areas:
major demonstration facilities (for which international participation should be considered),
testing of special effects (e.g., fuels and materials tests, zero power coupled systems)
which offers practical opportunities for dividing up the work, and calculational
benchmarks.

3.3. Actions from the 33 rd Annual Meeting of the IWG-FR

The action list from the 33rd Annual Meeting of the IWG-FR and their status are given
hereafter:

Postpone start of CRP "Comparative Assessment of Advanced Power Reactor Options for Effective
Incineration of Radioactive Waste (Inter-comparison of LMFR, ADS and Molten Salt Reactor
Systems) " to 2001

- Kick-off RCM planned for later this year (FZ Karlsruhe) Info Sheet informally
distributed Call for participation will be sent shortly through official channels
Define and maintain an objective centred on "Preservation of Fast Reactor Experience"



27

TCM "Feedback from Operational and Decommissioning Experience with Fast Reactors"
(fall 2001, France)
Initiative on "Fast Reactor Knowledge Preservation (kick-off CT hosted by Argonne West
in Idaho Falls is planned for November 2001) as part of a joint IAEA OECD/NEA project
(OECD/NEA: "Preservation of Experimental Integral Reactor Physics Data (IRPhE)")

Distribute the revised "Terms of Reference of the IWG-FR "
- The new Terms of Reference are presently still being discussed in-house
- The IAEA Director General (DG) has decided to redefine the Agency's

advisory/information support structure. The new feature is a Standing Advisory Group on
Nuclear Energy (SAGNE) whose role is to advise the DG on the Agency's activities in the
area of nuclear power, nuclear fuel cycle and waste technology, and on matters concerning
the assessment of the role of nuclear in a sustainable energy development

- The Agency's existing WG structure is as follows: International Working Group (IWG) on
Advanced Technologies for HWRs, IWG on Advanced Technologies for LWRs, IWG on
Advanced Technologies for GCRs, IWG on FRs, and the International Nuclear
Desalination Advisory Group (INDAG). The current mission of the IWGs is (a) to provide
the DG with advice and views on the Agency's current and future activities related to the
area of specialization, (b) to provide Member States with information, recommendations
and advice, and (c) to promote the exchange of technical information within the area of
specialization.
The proposed new structure is as follows: Technical Working Group (TWG) on Advanced
Technologies for HWRs, TWG on Advanced Technologies for LWRs, TWG on GCRs,
TWG on FRs (with enlarged scope to include hybrid systems, e.g. ADS), a Standing
Advisory Group on Small and Medium Innovative Reactors (recommended by the PPAS
of sub-programme A.2), and the International Nuclear Desalination Advisory Group
(INDAG). The proposed mission of the TWGs and INDAG in their respective areas are:
(a) to serve as a forum for exchange of non-commercial scientific and technical
information, (b) to advise the Deputy Director General for Nuclear Energy (DDG-NE) on
the status of, and recent results achieved in national technology development programmes,
(c) to recommend activities to the Agency which are beneficial for their national
programmes, (d) to assist in the implementation of Agency activities, and (e) to ensure that
through continuous consultations with officially nominated representatives of Member
States all technical activities are in line with expressed needs from Member States.

Recommendation to maintain activities in the area of thorium-fuelled reactor technology
development

- The following CRP proposal has been submitted by the Scientific Secretary for
consideration in IAEA's Planning and Budget Cycle 2002-2003: "An Assessment Based
on an Unified Methodology of Thorium Fuel in Emerging Nuclear Energy Systems". The
overall objective of this CRP is to develop a matrix of parameters (e.g., proliferation
potential, savings in natural uranium, etc), as well as their evaluation methodology (e.g.,
formulas, algorithms, dimensions) aiming at facilitating the comparisons between reactor
concepts based on thorium fuel cycles. The specific objectives of the CRP are, firstly, to
develop a methodology to evaluate the performance parameters of the thorium-based fuel
cycle, and, secondly, to apply this methodology to both existing and new reactor designs,
aiming at a comparative assessment of the various designs.
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Planning of future IWG-FR meetings and collaborative R&D activities
Planned collaborative research activities in 2001:
I. Third RCM of the CRP "Updated Codes and Methods to Reduce the Calculational

Uncertainties of the LMFR Reactivity Effects" (Cadarache, 12-16 November)
II. Kick-off RCM of the CRP "Comparative Assessment of Advanced Power Reactor

Options for Effective Incineration of Radioactive Waste (Inter-comparison of LMFR,
ADS and Molten Salt Reactor Systems)" (Karlsruhe, late fall?. After meeting it was
decided to implement this RCM in February 2002)

III. Kick-off RCM of the planned CRP (extra-budgetary) "Benchmark Analyses on Data
and Calculational Methods for Accelerator Driven System (ADS) Source Related
Neutronic Phenomenology with Experimental Validation" (venue? date? extra-
budgetary' funds?). This RCM will be postponed to 2002 (see also Sections 6 and 8).

Planned information exchange activities in 2001:
I. TCM "Feedback from Operational and Decommissioning Experience with Fast

Reactors" (fall 2001, France, after the Annual Meeting it was decided to postpone this
TCM to 11-15 March 2002, Cadarache)

II. CT "Fast Reactor Physics Knowledge Preservation" (November 2001?, Argonne
West, U.S.A.?)

Planned collaborative research activities in 2002/2003 (proposed for consideration in the
Budget and Planning Cycle 2002-2003; RB=Regular Budget CAURB=Core Activity Un-
funded in Regular Budget):
I. Fourth RCM of the CRP "Updated Codes and Methods to Reduce the Calculational

Uncertainties of the LMFR Reactivity Effects" (RB, 2003)
II. Second RCM of the CRP "Comparative Assessment of Advanced Power Reactor

Options for Effective Incineration of Radioactive Waste (Inter-comparison of LMFR,
ADS and Molten Salt Reactor Systems)" (CAURB, 2003)

III. Second RCM of the CRP "Benchmark Analyses on Data and Calculational Methods
fox Accelerator Driven System (ADS) Source Related Neutromc Phenomenology with
Experimental Validation" (CAURB, 2003)

IV. CT (CAURB, 2002) and kick-off RCM (CAURB, 2003) of the CRP "Technical
Assessment of the Beam-Target Interface in ADS"

V. Kick-off RCM (CAURB, 2002) and CT (CAURB, 2003) of the CRP "An Assessment
Based on an Unified Methodology of Thorium Fuel in Emerging Nuclear Energy
Systems"

Planned information exchange activities in 2002/2003 (proposed for consideration in the
Budget and Planning Cycle 2002-2003; RB=Regular Budget. CAURB=Core Activity Un-
funded in Regular Budget):
I. TCM "Problems of Complex Mass Exchange in LMFR (Primary and Secondary

Circuits)" (CAURB, 2003)
II. TCM "Applications of Neutrons from Fusion Reactors" (CAURB, 2003)

III. CT (CAURB, 2002) and large technical meeting (Symposium, Workshop) (CAURB,
2003) "Cost of Neutrons for Various Applications"

IV. TCM (CAURB, 2002) and CT (CAURB, 2003) "Developments in the Field of Heavy
Liquid Metal Thermal Hydraulics Related to ADS"

V. TCM (CAURB, 2002) and CT (CAURB, 2003) "Comparative Assessment of Solid
and Mobile Fuels for ADS, and Non-proliferation Aspects"

VI. CT (CAURB, 2002) and TCM (CAURB, 2003) "Assessment of ADS Dynamics and
Safety Physics"
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VII. TCM (RB, 2002, 2003) "Review of National Programmes on Fast Reactors and ADS,
and Consultation with Member States (TWG-FR Annual Meeting)"; Remark: Review
of National ADS Programmes in 2002 jointly with OECD/NEA's "7th P&T
Information Exchange Meeting" in the Republic of Korea?

VIII. CT (RB, 2002, 2003) "Development, Maintenance, and Updating of Databases and
Web-based Communication and Collaboration Means"

IX. CT (RB, 2002, 2003) "Preserve Fast Reactor Operational and Decommissioning
Experience"

X. CT (CAURB, 2002, 2003) "Preserve Fast Reactor Physics Knowledge"

3.4. IAEA Documents

The following documents have been issued by the Secretariat of the IAEA in the period
covered by this report:

Thorium Based Fuel Options for the Generation of Electricity: Developments in the
1990s, IAEA TECDOC-1155 (April 2000)

- LMFR Core Thermal Hydraulics: Status and Prospects, IAEA TECDOC-1157 (June
2000)

- Unusual Occurrences During LMFR Operation, IAEA TECDOC-1180 (October 2000)
- Summary Reports of the Meetings Held in the Period May 1999-April 2000, Background

Material, and Some Room Documents in Preparation of the 33rd IWG-FR Annual
Meeting, IAEA-TC-385.72 Working Material, IWG-FR/101 (May 2000)

- Liquid Metal Fast Reactor (LMFR) Developments, IAEA-TC-385.72 Working Material,
IWG-FR/102(My2000)
Updated Codes and Methods to Reduce the Calculational Uncertainties of Liquid Metal
Fast Reactor Reactivity Effects, IAEA-RC-803.2 Working Material, IWG-FR/103
(January 2001)

- Design and Performance of Reactor and Sub-critical Blanket Systems with Lead and Lead-
Bismuth as Coolant and/or Target Material, IAEA-AG-1076 Working Material, IWG-
FR/104 (December 2000)

The updated list of all Agency issued publications since 1996 is given in Annex I.

4. RESEARCH COORDINATION MEETING ARRANGEMENTS FOR 2001

The Scientific Secretary informed the TWG-FR members about the two Research Co-
ordination Meetings (RCMs) foreseen in 2001:

- The 3rd RCM of the CRP on "Updated Codes and Methods to Reduce the Calculational
Uncertainties of the LMFR Reactivity Effects". Participating Member States: China
(China Institute of Atomic Energy), France (CEA), Germany (FZK), India (IGCAR),
Japan (JNC), Republic of Korea (KAERI), Russia (IPPE, OKBM), United Kingdom (AEA
Technology), and U.S.A. (ANL). The IAEA Secretariat has established an Internet-based
workspace for the implementation of the CRP activities (participants are strongly
encouraged to make use of this site!). Date (12 to 16 November 2001) and venue (CE
Cadarache, France) of the 3rd RCM are confirmed.

- The "kick-off RCM of the CRP on "Advanced Power Reactor Options for Effective
Incineration of Radioactive Waste (Inter-comparison of LMFR, ADS and Molten Salt
Reactor Systems)". The start of this CRP was delayed to give consideration to the results
and recommendations of the OECD/NEA "P&T Expert Group". The objectives and
detailed work scope of the CRP are defined accordingly, in close co-ordination with
OECD/NEA. The first stage of the CRP will centre on the analyses of safety relevant
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parameters. The main thrust will be on long time-scale effects of transients initiated by
strong perturbations of the neutron source or of the sub-critical core. The proposed
benchmark models are based on various designs of the sub-critical core, and some extreme
cases (sub-critical cores "dedicated" to transmutation, i.e. fuelled with transuranics in a
fertile-free matrix) are also proposed. The CRP will seek to perform also experimental
benchmarks, and comparisons with critical fast reactor cores will be performed to the
extent possible. After discussion, the action was put on the Scientific Secretary to
propose a modified title for the CRP, more in line with its specific work scope. The
participants were asked to provide comments to the draft "CRP Information Sheet"
that was distributed ahead of the meeting. The Scientific Secretary will finalize the date
for the kick-off RCM (hopefully before the end of 2001). The venue will be FZK,
Germany.

5. TECHNICAL MEETING ARRANGEMENTS FOR 2001

The Scientific Secretary informed the TWG-FR members about the two technical meetings
foreseen in 2001:

The TCM (Technical Committee Meeting) on "Feedback from Operational and
Decommissioning Experience with Fast Reactors". This TCM will be hosted by CEA. It
will be held in Cadarache, and two possible dates are envisaged: 22-26 October, and 5-9
November. The participants were asked to comment Mr. Y. Ashurko's list of topics
proposal. This TCM is also considered to prepare the grounds for the proposed CRP on
"Generalization and Analyses of Operational Experience with Fast Reactor Equipment and
Systems" (see also the list of "Proposed Topics for TWG-FR Technical Meetings and
Collaborative R&D" given in Annex II).
Provided that extra-budgetary funds are made available, the Consultancy (CT) on Fast
Reactor Technology Preservation" is planned for November 2001, in conjunction with (the
week after) the ADTTA '01. ANL West has offered to host this meeting in Idaho Falls.
The participants agreed to investigate the possibilities for extra-budgetary support
targeted directly to this initiative in the respective Member States.

6. PROPOSALS FOR FUTURE TWG-FR ACTIVITIES

The IAEA Secretariat has received no new proposals. However, the participants had a very
detailed discussion of the TWG-FR's future activities on the basis of the proposals made by the
Scientific Secretary (see Section 3.3, "Planning of future IWG-FR meetings and collaborative R&D
activities"). The results of this discussion are summarized hereafter:

- The TWG-FR strongly supports the experimental benchmarking orientation of the CRP on
"Benchmark Analyses on Data and Calculational Methods for ADS Source Related
Neutronic Phenomenology with Experimental Validation", and recommends linking the
CRP activities also to the SAD experimental programme (planned under ISTC in Dubna,
Russia). Therefore, it is recommended to postpone the start of the CRP to 2002, so as to
allow better co-ordination with SAD (and, possibly, also with the envisaged ADS
component coupling experiment using the TRIGA reactor at ENEA's Casaccia Centre, see
Section 2 under Italy). Mr. W. Gudowski agrees to approach ISTC and the Russian
side to facilitate the co-operation with SAD.

- The 4th RCM of the CRP on "Updated Codes and Methods to Reduce the Calculational
Uncertainties of the LMFR Reactivity Effects" will be held in 2003



31

The 2nd RCM of the CRP on "Advanced Power Reactor Options for Effective Incineration
of Radioactive Waste (Inter-comparison of LMFR, ADS and Molten Salt Reactor
Systems)" (to be renamed, see Section 4), will be held in 2003
Due to the postponement of the start of the CRP on "Benchmark Analyses on Data and
Calculational Methods for ADS Source Related Neutronic Phenomenology with
Experimental Validation" (see above), the 2nd RCM will be held in 2004 (if needed, a CT
might still be convened in 2003)
The TWG-FR considers that the topic (material sciences) of the CRP on "Technical
Assessment of the Beam-Target Interface in ADS" lies outside the WG's work scope.
While some cross-cutting activities with material science areas could be of interest, the
participants recommend, also considering the very tight budget situation, to cancel the
activities related to this CRP (i.e., the CT and RCM, planned for 2002 and 2003,
respectively) that were proposed for consideration in IAEA's Budget and Planning Cycle
2002-2003.
The TWG-FR confirms the recommendation to keep thorium activities. It therefore
supports the proposed CRP on "An Assessment Based on an Unified Methodology of
Thorium Fuel in Emerging Nuclear Energy Systems" and the related tasks (1st RCM and
CT in 2002 and 2003, respectively).
Considering the tight budget situation, the TWG-FR recommends to cancel the TCM on
"Problems of Complex Mass Exchange in LMFR (Primary and Secondary Circuits)". The
activity should be merged with the proposed CRP on "Generalization and Analyses of
Operational Experience with Fast Reactor Equipment and Systems" (within the general
framework of "Preservation of Fast Reactor Operational and Decommissioning
Experience" activities).
The TWG-FR confirms the interest in the TCM on "Primary Sodium Pipe Rupture Event
in LMFR", agreed to be held in 2002 (India offering to host the TCM). The Scientific
Secretary is asked to check the status of this task in the IAEA's Budget and Planning
Cycle 2002-2003 proposal.
Considering the tight budget situation, the TWG-FR recommends to cancel the tasks
related to the topics "Applications for Neutrons from Fusion Reactors", and "Costs of
Neutrons for Various Applications" (i.e., the TCM, the CT, and the Symposium proposed
(in 2003, 2002, and 2003, respectively) for consideration in IAEA's Budget and Planning
Cycle 2002-2003).
The TWG-FR confirms its support to activities in the field of heavy liquid metal thermal
hydraulics, and confirms also the interest in the TCM and CT planned for 2002 and 2003,
respectively (present title: "Developments in the Field of Heavy Liquid Metal Thermal
Hydraulics Related to ADS"). The Scientific Secretary is asked to propose a modified title
for these tasks (more related to the TWG-FR's work scope).
The TWG-FR confirms its support to activities in the ADS fuels area, and recommends
implementing the respective tasks, i.e., the TCM and CT planned for 2002 and 2003,
respectively (present title: "Comparative Assessment of Solid and Mobile Fuels for ADS,
and Non-proliferation Aspects"). The Scientific Secretary is asked to propose a modified
title for these tasks (more related to the TWG-FR's work scope).
The TWG-FR supports ADS dynamics studies, and recommends implementing the related
tasks (CT and TCM on "Assessment of ADS Dynamics and Safety Physics" in 2002 and
2003, respectively). The TCM is particularly important in view of the planned CRP on
"Advanced Power Reactor Options for Effective Incineration of Radioactive Waste (Inter-
comparison of LMFR, ADS and Molten Salt Reactor Systems)" (to be renamed), given the
CRP's focus on ADS kinetics/dynamics.
The two TCMs "Review of National Programmes on Fast Reactors and ADS, and
Consultation with Member States (TWG-FR Annual Meeting)" should be held as planned
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in 2002 and 2003, and their full agenda should be kept. The TWG-FR supports the
proposal made by the Scientific Secretary that the IAEA participates in OECD/NEA's
"7th P&T Information Exchange Meeting" (to be held in the Republic of Korea in fall
2002), which would then take place as a joint OECD/NEA - IAEA meeting. The TWG-
FR encourages the participation of the TWG-FR Member States in this meeting.

Taking into consideration the aforementioned discussion and recommendations, an updated
list of activities is given in Annex II ("List of Proposed Topics for TWG-FR Technical Meetings
and Collaborative R&D").

7. PROPOSALS FOR MEETING ARRANGEMENTS IN 2002-2003 (SUBJECT TO IAEA
2002-2003 PROJECT AND BUDGET APPROVAL)

On the basis of the discussion in Section 6, and subject to the approval of IAEA's Budget and
Planning Cycle 2002-2003, the meeting arrangement for the biennium 2002-2003 is summarized
hereafter:

- 2002
I. First RCM of the CRP on "Benchmark Analyses on Data and Calculational Methods

for ADS Source Related Neutronic Phenomenology with Experimental Validation"
II. First RCM of the CRP on "An Assessment Based on an Unified Methodology of

Thorium Fuel in Emerging Nuclear Energy Systems"
III. TCM on "Primary Sodium Pipe Rupture Event in LMFR" (India?)
IV. TCM on "Developments in the Field of Heavy Liquid Metal Thermal Hydraulics

Related to ADS" (to be renamed)
V. TCM on "Comparative Assessment of Solid and Mobile Fuels for ADS, and Non-

proliferation Aspects" (to be renamed)
VI. TCM on "Review of National Programmes on Fast Reactors and ADS, and

Consultation with Member States (35th TWG-FR Annual Meeting)" will be hosted by
FZK in Karlsruhe, Germany, from 22 to 24 April

VII. Joint OECD/NEA - IAEA meeting "7th P&T Information Exchange Meeting"
(Republic of Korea, autumn)

- 2003
I. Fourth RCM of the CRP on "Updated Codes and Methods to Reduce the Calculational

Uncertainties of the LMFR Reactivity Effects"
II. Second RCM of the CRP on "Advanced Power Reactor Options for Effective

Incineration of Radioactive Waste (Inter-comparison of LMFR, ADS and Molten Salt
Reactor Systems" (to be renamed)

III. TCM on "Assessment of ADS Dynamics and Safety Physics"
IV. TCM on "Review of National Programmes on Fast Reactors and ADS, and

Consultation with Member States (36th TWG-FR Annual Meeting)"

8. SUMMARY OF THE CONCLUSIONS/RECOMMENDATIONS/ACTIONS

- The TWG-FR recommends opening the CRP on "Benchmark Analyses on Data and
Calculational Methods for ADS Source Related Neutronic Phenomenology with
Experimental Validation" to all ongoing experimental programmes (e.g., SAD in Dubna,
Russia, and ADS component coupling experiment using the TRIGA reactor in Casaccia,
Italy). To allow for better co-ordination with these and other experimental programmes, it
is recommended to postpone the start of the CRP to 2002. The action is put on Mr. W.
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Gudowski to approach ISTC and the Russian side to facilitate the co-operation with
SAD.
The TWG-FR considers that the topic of the CRP on "Technical Assessment of the Beam-
Target Interface in ADS" lies outside the WG's work scope. It is recommended to cancel
all the activities related to this CRP that were proposed for consideration in IAEA's
Budget and Planning Cycle 2002-2003.
The TWG-FR recommends to cancel the TCM on "Problems of Complex Mass Exchange
in LMFR (Primary and Secondary Circuits)", and consolidate the corresponding activity
with tasks to be performed within the general frame of "Preservation of Fast Reactor
Operational and Decommissioning Experience" (e.g., merge with the proposed CRP on
"Generalization and Analyses of Operational Experience with Fast Reactor Equipment and
Systems").
The TWG-FR confirms the interest in the TCM on "Primary Sodium Pipe Rupture Event
in LMFR". The action is put on Scientific Secretary to check the status of this task in
the IAEA's Budget and Planning Cycle 2002-2003 proposal.
The TWG-FR considers the topics related to applications and cost of fusion neutrons of to
be of lesser relevance to its activities, and recommends cancelling the respective activities
proposed under IAEA's Budget and Planning Cycle 2002-2003.
The action is put on the Scientific Secretary to reconsider the titles of the two
technical meetings on "Developments in the Field of Heavy Liquid Metal Thermal
Hydraulics Related to ADS", and on "Comparative Assessment of Solid and Mobile
Fuels for ADS, and Non-proliferation Aspects", as well as the title of the CRP on
"Advanced Power Reactor Options for Effective Incineration of Radioactive Waste
(Inter-comparison of LMFR, ADS and Molten Salt Reactor Systems", so as to make
them more specifically related to the TWG-FR's work scope.
The TWG-FR supports the Scientific Secretary's proposal of a joint OECD/NEA - IAEA
meeting "7th P&T Information Exchange Meeting" (Republic of Korea, autumn 2002) and
encourages the participation of the TWG-FR Member States in this meeting. However, it
recommends that the full agenda of the TCMs on "Review of National Programmes on
Fast Reactors and ADS, and Consultation with Member States", planned for 2002 and
2003, be kept unchanged.
The action is put on the Scientific Secretary to circulate the modified Terms of
Reference of the TWG-FR as soon as they are available.
The action is put on the Scientific Secretary to follow the IAEA initiative INPRO and
report to the TWG-FR at the 2002 Annual Meeting.
The TWG-FR members are reminded that support at the level of the Board of Governors
and the General Conference for the IAEA activities performed within the framework of
the TWG-FR is essential.
The TWG-FR members are kindly asked to investigate all possibilities for extra-budgetary
support in the respective Member States for the IAEA activities performed within the
framework of the TWG-FR.

9. DATE AND VENUE OF NEXT MEETING

The TWG-FR gratefully accepted the invitation expressed by Mr. G. Heusener to host the next
TCM "Review of National Programmes on Fast Reactors and ADS, and Consultation with Member
States", i.e., the 35th Annual Meeting of the TWG-FR, at the Forschungszentrum Karlsruhe (FZK),
in Karlsruhe, Germany, from 22 to 24 April 2002.

The TWG-FR designated Mr. G. Heusener by acclamation as the chairman of its 35th Annual
Meeting.
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ANNEX I

List of products (reports, computer software, database)
prepared within the framework of the LMFR/Hybrid Systems project since 1996

2000
IAEA-AG-1076
Working Material
IWG-FR/104
IAEA-RC-803.2
Working Material
IWG-FR/103
IAEA-TC-385.72
Working Material
IWG-FR/102
IAEA-TC-385.72
Working Material
IWG-FR/101

IAEA-RC-803
Working Material
IWG-FR/100

TECDOC-1180

TECDOC-1157

TECDOC-1155

TECDOC-1139

Design and Performance of Reactor and Sub-critical Blanket Systems with Lead
and Lead-Bismuth as Coolant and/or Target Material

Updated Codes and Methods to Reduce the Calculational Uncertainties of
Liquid Metal Fast Reactor Reactivity Effects

Liquid Metal Fast Reactor (LMFR) Developments
33rd Annual Meeting of the International Working Group on Fast Reactors (IWG-FR)

Summary Reports of the Meeting Held in the Period May 1999-April 2000,
Background Material, and Some Room Documents in Preparation of the 33rd

IWG-FR Annual Meeting
Updated Codes and Methods to reduce the Calculational Uncertainties of the
LMFR Reactivity Effects

Unusual Occurrences During LMFR Operation
Proceedings of a TCM held in Vienna, 9-13 November 1998

LMFR Core Thermohydraulics: Status and Prospects
Review of data, codes and methodologies for LMFR core thermohydraulic
calculations.
Thorium based fuel options for the generation of electricity: Developments in
the 1990s.
Review of the current status of the thorium fuel cycles, world-wide applications,
economic benefits, and perceived advantages with respect to other nuclear fuel cycles.
These results of this updated evaluation are summarized in this publication as a
contribution toward documenting past experience.
Transient and accident analysis of a BN-800 type LMFR with near zero void
effect
Final report of an international benchmark programme support by the IAEA and EC,
1994-1998.
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1999

TECDOC-1060

TECDOC-1083

IAEA-TC-385.71
Working Material
IWG-FR/99
no reference number

LMFR core and heat exchanger thermohydraulic design: former USSR and
present Russian approaches
This document includes the methodology and philosophy of the analytical and
experimental investigations in their application to the core and heat exchanger
thermohydraulic design of LMFRs.
Status of liquid metal cooled fast reactor technology
Present status report which intends to provide comprehensive and detailed
information on LMFR technology with the following topics: experience in
construction, fast reactor engineering, reactor physics and safety, core structural
material and fuel technology, fast reactor engineering.
Status of National Programmes on LMFR

Summary Report of the Advisory Group Meeting on the Evaluation of Fast
Reactor Core Physics Tests

1998

TECDOC-1039

TECDOC-1015

Internet
IWG-FR/98
(Published by
Cadarache Centre,
France)

Influence of high dose irradiation on core structural and fuel materials in
advanced reactors
Proceedings of the TCM held in Obninsk, Russian Federation 16-19 June 1997
Advances in fast reactor technology
Updated and new information on the status of LMFR development, as reported at the
30th meeting of the International Working Group on Fast Reactors, held in China in
May 1997.
Fast Reactor Database
Sodium Removal and disposal from LMFRs in normal operation and in the
framework of decommissioning
Proceedings of a TCM held in Aix-enProvence, France, 3-7 November 1997

1997
TECDOC-946

TECDOC-933

IWG-FR/92
(Published by PNC,
Japan)

Acoustic signal processing for the detection of sodium boiling or sodium-water
reactions in liquid metal fast reactors
A summary of the work performed under a CRP carried out from 1990 to 1995. It was
the continuation of an earlier CRP entitled Signal Processing Techniques for Sodium
Boiling Noise Detection (1984-1989).
Creep-fatigue damage rules for advanced fast reactor design
Proceedings of a TCM held in Manchester, United Kingdom, 11-13 June 1996
Evaluation of radioactive materials release and sodium fires in fast reactors
Proceeding of a TCM held in O-arai, Japan, 11-14 November 1996

1996
TECDOC-908

TECDOC-907

Fast reactor fuel failures and steam generator leaks: transient and accident
analysis approaches
A survey of activities on transient and accident analysis for LMFRs.
Concepetual design of advanced fast reactors
Proceedings of a TCM held in Kalpakkam, India, 3-6 October 1995



-35 A -

ANNEX II

International Atomic Energy Agency

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR)

Technical Committee Meeting - 34th Annual Meeting of the TWG-FR

AJmaty / Kurchatov City, Kazakhstan, 14 - 18 May 2001

List of Proposed Topics for TWG-FR Technical Meetings and Collaborative R&D

#

1
2

3

4

5

6

7

8

9

Title

Operability with failed fuel pins
Reliability data evaluation for fast
reactors
Experimental fast reactors experience,
main scientific and engineering results,
new projects
The problems of complex mass
exchange in LMFR (primary and
secondary circuit)
Primary sodium pipe rupture event in
LMFR
Design and performance of reactor and
sub-critical blanket with Pb and Pb-Bi
as coolant and/or target material
Evaluation of fast reactor core physics
tests
Management of sodium from FBR
dismantling
Co-ordinated studies on "generalization
and analysis of the operational
experience with fast reactor equipment
and systems"

Country

Japan
Japan

China

Russia

India

Japan

France

Russia

Proposed for
consideration

at the
TWG-FR
meeting in

1985
1991

1993

1995

1999

1998

1998

2000

2000

Remarks

withdrawn

withdrawn

withdrawn; to be merged
with activities under #9

TCM
Dec. 2002, Kalpakkam
AGM
23-27 October 2000,
Moscow
AGM, 22-24 Nov. 99,
Vienna
TCM to be implemented
in 2002
TCM "Feedback from
Operational and
Decommissioning
Experience with Fast
Reactors", Cadarache,
March 2002

RCM in 2003
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#

10

11

12

13

14

15

16

17

18

19

20

21

Title

Fast reactor knowledge preservation

First RCM of the CRP on "Studies of
Advanced Reactor Technology Options
for Effective Incineration of
Radioactive Waste"
First RCM of the CRP on "Benchmark
Analyses on Data and Calculational
Methods for ADS Source Related
Neutronic Phenomenology with
Experimental Validation"
First RCM of the CRP on "An
Assessment Based on an Unified
Methodology of Thorium Fuel in
Emerging Nuclear Energy Systems"
TCM on "Theoretical and Experimental
Studies of Heavy Liquid Metal Thermal
Hydraulics"
TCM on "Review of Solid and Mobile
Fuels for Partitioning and
Transmutation Systems"
Joint OECD/NEA - IAEA meeting "7th

P&T Information Exchange Meeting"
(Republic of Korea, autumn)
Third RCM of the CRP on "Updated
Codes and Methods to Reduce the
Calculational Uncertainties of the
LMFR Reactivity Effects"
Fourth RCM of the CRP on "Updated
Codes and Methods to Reduce the
Calculational Uncertainties of the
LMFR Reactivity Effects"
Second RCM of the CRP on "Studies
of Advanced Reactor Technology
Options for Effective Incineration of
Radioactive Waste"
TCM on "Assessment of ADS
Dynamics and Safety Physics"
Technical Meeting "Review of National
Programmes on FR and on ADS and
Consultation with Member States"
(annual TWG-FR meeting)

Country

France

TWG-FR

TWG-FR

TWG-FR

TWG-FR

TWG-FR

TWG-FR

Russia

Russia

TWG-FR

TWG-FR

TWG-FR

Proposed for
consideration

at the
TWG-FR
meeting in

2000

2000

2001

2001

2001

2001

2001

1999

1999

2000

2001

2001

Remarks

AGM, 22-24 Nov. 99,
Vienna; coop, with NEA
February 2002,
Karlsruhe

2002

2002

2002

2002

fall 2002,
Republic of Korea

12-15 Nov. 2001,
Cadarache

2003

2003

2003

22-26 April 2002,
Karlsruhe

April/May 2003
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INTERNATIONAL WORKING GROUP ON
WATER REACTOR FUEL PERFORMANCE AND TECHNOLOGY

Technical Committee Meeting to Review Status and Trends in the Area of
Water Reactor Fuel Performance and Technology

VIENNA, 18-20 APRIL 2001

COUNTRY REPORT - BRAZIL

Jose Augusta Perrotta
Institiito de Pesquisas Energeticas e Nucleares (IPEN)

Comissao Nacional de Energia Nuclear fCNEN)
Brazil

perrotta(a!/iet. ipen. br

General Information

Electricity Supply

At the end of 2000 the total capacity of
electricity installed in Brazil was 68533 MWe (60183
MWe hydro; 6367 MWe thermal; 1966 MWe nuclear
(two units); and 17 MWe other). Nuclear power is
responsible for 2.9 % of the installed capacity. The
nuclear power unit (1309 MWe - Angra 2) started
operation last year (criticality - July, 14^,2000).

The electricity production in 2000 amounted
to 305 TWh. Nuclear was responsible for 1.98% (3.42
TWfr - Angra 1, and 2.62 TWh - Angra 2) oftheiotal
electricity production.

The electricity needs for the next ten years
will lead to an increase of thermal power share to the
installed capacity. At this moment a total of 37400
MWe in electric power capacity is being planned up to
the year 2009 (18700 MWe hydro and 18700 MWe
thermal). Nuclear is not considered in these numbers
and natural gas will be the main source for thermal
plants.

Nuclear Programme Organization

The actual government began in 1995 to
introduce privatization into the energy sector that has
been dominated tey state enterprises. Nevertheless Ihe

nuclear sector remains excluded from this privatization
process. The direction of nuclear policy rests in the
hands of the president of the republic. The Ministry of
Mine and Energy and the Ministry of Science and
Technology are responsible for the implementation of
the nuclear policy.

Responsibility for the operation of Angra 1
and Angra 2 nuclear power plants is entrusted to the
wholly-owned subsidiary of ELETROBRAS (Centrais
Tfletricas Brasileiras S.A - publicly owned holding
company for generation and transmission of electricity)
called ELETRONUCLEAR (Eletrobras Termonuclear
S.A).

Research and development, -the fuel cycle and
regulation are still under the responsibility of CNEN
(Comissao Nacional -de Energia Nuclear - Brazilian
Nuclear Commission). CNEN has two main
directorates (DPJD and DRS) and two wholly-owned
subsidiaries (INB, Nuclep).

DPD (Diretoria de Pesquisa e
Desenvolvimento - Research and Development
Directorate) is responsible for R&D in nuclear
technology and utilization. Three research institutes
report to DPD: IPEN (Instituto de Pesquisas
Energeticas e Nucleares - Institute for Energy and
Nuclear Research) in Sao Paulo; IEN (Instituto de
Engenharia Nuclear - Institute for Nuclear
Engineering) in Rio de Janeiro; and CDTN (Centra de
Desenvolvimento de Tecnologia Nuclear - Center for
Nuclear Technology Development) in Belo Horizonte.



DRS (Diretoria de Radioprotecao Seguranca e
Licenciamento - Radiation Protection Safety and
Licensing Directorate) is responsible for control and
licensing of nuclear power plants and other nuclear
installations. One research institute reports to DRS:
IRD (Instituto dc Radioprotccao e Dosimetria -
Institute for Radiation Protection and Dosimetry) in
Rio de Janeiro.

The subsidiary INB (Industrias Nucleares
Brasileiras S.A) is responsible for fuel cycle activities,
including uranium mining for the nuclear power plants.
Its fuel fabrication factory (FEC) produces PWR fuel
assemblies for Angra 1 and Angra 2. INB headquarters
is in Rio de Janeiro and FEC is located in Resende. 200
Km south from Rio de Janeiro.

The subsidiary Nuclep (Nuclebras
Equipamentos Pesados S.A) has a facility for the
fabrication of heavy equipment for the nuclear
program. Nuclep is located at Itaguai. southwest border
of Rio de Janeiro.

Nuclear Power Plants

There are two nuclear power plants in
operation (Angra 1 and Angra 2). and one nuclear
power plant in design (Angra 3). These units are
located at the same site by the coast, in the county of
Angra dos Reis, 150 Km southwest of Rio de Janeiro.
Some data arc:

connected with uranium exploration, i.e. from uranium
ore mining and milling up to final production of the
fuel assemblies to the nuclear power plants.

Activities of INB in the mineral resources area
include uranium, mineral sands and rare-earth
production. 1NB estimates the country's uranium
reserve at 309.000 tons. INB's production units arc
located in Caetite. State of Bahia (uranium mine and
mill), in Sao Francisco de Itabapoana, State of Rio de
Janeiro (mineral sands exploration), and in Caldas.
State of Minas Gerais (rare-earth production).

All conversion services are done abroad.
Technology for a conversion plant has been
demonstrated by IPEN conversion pilot plant, but
industrial-scale plant would not be commercially viable
due to the size of the Brazilian nuclear programme.

Enrichment services are currently performed
abroad. Work on jet-nozzle process, done by INB. wras
stopped. IPEN together with CTMSP (Navy
Technological Center in Sao Paulo) developed isotopic
enrichment laboratories using ultracentrifuge process.
CTMSP is now co-operating with INB in the transfer
of this technology to a full-scale industrial plant that
would meet the needs of Angra 1 and partial needs of
Angra 2 is planned up to 2008. To reduce costs the
planned plant would make use of installations at the
plant originally intended for jet-nozzle process (FEC in
Resende). The first stage is planned to operate in June
2002.

Angra 1 - Westinghouse PWR. 657 MWe. 2
loops. 121 fuel assemblies, fuel assembly 16X16-21; 8
inconel spacer grids, 12 ft active length. It was a turn-
key contract with Westinghouse and started
commercial operation in January 1985. Now is starting
its 10* cycle of operation;

Angra 2 - Siemens-KWU PWR, 1309 MWe.
4 loops. 193 fuel assemblies, fuel assembly 16x16-20.
2 inconel spacer grids and 7 zircaloy spacer grids. 390
cm active length. This was first unit of Brazil-Germany
Agreement (1975). The unit started commercial
operation in July 2000 and is in its lsi cycle now;

Angra 3 - Same characteristics as Angra 2.
Partial design and engineering work has been done and
the main components have been imported. It is waiting
the government decision to be built.

Fuel Fabrication

INB (Industrias Nuclearcs do Brasil S.A) is
the company in charge in organizing all activities

INB produces the fuel assemblies at its fuel
fabrication units - FEC (Fuel Element Factory) Unit I
and Unit II - located in Resende. State of Rio de
Janeiro. The activities for components and parts of the
fuel assemblies fabrication, as well as the final
assembling, are carried out at Unit I. In Unit II UO;

powder and pellet are manufactured.

The facility for the production of UO; powder
uses the AUC route. Design, supply and installation of
the facility was done by Siemens and started operation
in 1999. The overall annual capacity of this Unit is 140
ton of UO2 powder. Powder for the fuel assemblies of
the 10ih Angra 1 cycle was already done by this new
plant.

The pellet production facility started
commercial operation in 1999. Design, equipment
supply and installation was done also by Siemens. The
annual capacity of this facility is 120 ton of UO:

pellets. The plant produced part of the pellet loading
for Angra 2 first core and the pellet loading for the fuel
assemblies of the 10th Angra 1 cycle.



The FEC Unit I has been operating since 1985
and was refurbished in 1999. This Unit I was designed
by Siemens who supplied some of the production
equipment and the technology for PWR fuel
assemblies manufacture.

FEC Unit 1 produced the reload cores for
Angra 1 and the first core of Angra 2. Basic materials
used in fuel assemblies as zircaloy tubes, bars and
strips, inconel strips, and stainless steel plates and
tubes have been imported.

Due to the failures occurred with fuel
assemblies during operation in cycles 4, 6 and 7 of
Angra 1, INB has implemented a contract of
technological transfer with Westinghouse in order to
produce original Angra 1 fuel assemblies. New reloads
of Angra 1 (started with the 10th cycle) use this fuel
assembly fabricated by FEC with Wesrmghouse
design.

loops nor any change in the grid mixing vanes were
done, this means, the exciting force in fuel rods coming
from the water flow through the fuel assembly was not
evaluated or changed.

After cycle 6 failure, INB asked the designer
to perform flow experiments in a hydraulic loop with
the batch G fuel assembly design. It was verified that
the fuel assembly vibrates perpendicular to the spacer
grid mixing vane direction in a sharp resonance in the
range of 25-27 Hz for beginning of life mechanical
condition. This resonance was not observed for end of
life mechanical condition. It was concluded that the
spacer grid mixing vane pattern design was responsible
for the excitation mechanism.

INB received from the designer an alternative
fuel assembly design that uses split mixing vanes at the
spacers grids. Four fuel assemblies (batch Q) were
manufactured by INB with this new design and used
(in an experimental basis) in cycle 9. Inspections will
be carried out on these fuel after each reactor cycle in
order to verify their performance.

Fuel Performance

Angra 1 Fuel Failures

Angra 1 has just finished its 9* cycle but has a
large history of fuel failure. Failures were identified in
cycles 2,3,4,6, and 7. Details of these failures were
reported at the 15th IWGFPT Plenary Meeting.111

The main cause of fuel failure in cycles 4,6
and 7 was related to rod to grid fretting due to fuel rod
and fuel assembly vibration. Cycle 4 (batch D) fuel
failure showed a pattern related to fuel rod vibration.
Rod fretting wear were located at spacer grids where
the highest dislocation amplitude of the first mode of
rod vibration would appear. Cycle 6 (batch G) showed
a pattern related to fuel assembly vibration. Grid wear
(east-west side), due to fretting between adjacent fuel
assemblies, were located at fuel assembly position
where the highest dislocation amplitude of higher
(7d78*) modes of fuel assembly vibration would
appear. Visual inspection of batch L (cycle 7, but 1st

time in core) showed the same pattern as batch G.

Laboratory flow tests with batch G fuel
assembly design showed that the use of dampers would
lower the amplitude of vibration observed at the
resonance. The use of dampers (dummy burnable
poison inside guide thimbles) will be adopted to the
batch L, low burnup fuel assembly. Assuming the
previous experience of cycle 4,6,and 7, rod to grid
fretting may occur after 20 MWD/kgU. Twelve fuel
assemblies of batch L will be used (with dampers) in
cycle 10 with a maximum planned discharge burnup of
2:5 MWD/kgU.

Cycle 8 and 9 , using original fuel assembly
design from Westinghouse, had performed well and no
failure was detected in both cycles.

It has to be pointed out, in the case of Angra 1,
the importance of the NDT performed on fuel
assemblies (in mast sipping, sipping can, visual
examination) in order to address the cause of failure.
As vibration was known the main cause of failure the
expected behavior observed in laboratory- tests could be
confirmed by the visual details observed in failed fuels.

After cycle 4 failure, the fuel designer issued
a report evaluating the root-cause of the failures.
According to it the failures were caused by grid spring
force losses occurred when the fuel rods were inserted
in the skeleton, possibly in combination with the loads
sustained during transport to the site. The designer
developed then a new grid spring design with a new
shape and higher initial fuel rod fixing force (batch G
fuel assembly). Neither flow experiments in hydraulic

Burnup Experience

The planned cycles of Angra 1 lead the fuel
assemblies to average discharge burnup (equilibrium
cycle) of 33 MWD/kgU. The maximum discharge
burnup attained was 34 MWD/kgU for batch C. Due to
the fuel failures shown before other equilibrium
batches have average discharge burnup less than 30



MWD/kgU. Some of the batches, like E and F. had
average discharge burnup less than 20 MWD/kgU. As
mentioned before. Eletronuclear decided to use batch
L. with dampers, up to 25 MWD/kgU. Reconstitution
of the low burned fuel assemblies are not forseen in
near future. Actual fuel assemblies are expected to
discharge at the equilibrium cycle burnup.

Eletronuclear and INB are planning to
upgrade the fuel assembly for Angra 1. Advanced fuel
assemblies for 18 months cycle will be analyzed for
future use.

Angra 2 will began commercial operation last
year. It's fuel assembly is the Siemens design FOCUS.
For the first cycle is planned 460 EFPD of operation
and 370 EFPD for the equilibnum cycle. The average
discharge burnup in equilibrium is planned to be 45 to
50 MWD/kgU. Eletronuclear has no plans, in near
future, to increase this discharge burnup value.

Fuel Research Programme

The R&D programme at CNEN's research
centers has been directed to the study of basic aspects
of fuel performance and technology. INB, the fuel
supplier, do not have a specific R&D programme on
fuel technology. INB has technical contracts with fuel
designers and vendors for technological transfer in this
area. Participation at the Halden Project initiated in
1998 and is foreseen to continue in 2001.

References

1 -Perrotta. J. A - National Report of Brazil - IWGFPT
15fll Plenary Meeting. Vienna. 27-29 April 1999
(IWGFPT/49).
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NUCLEAR POWER PLANTS

Angra 1 - Westinghouse PWR, 657 MWe, 2 loops, 121 fuel assemblies (16X16-
21; 8 inconel spacer grids, 12 ft active length). Turn-key contract. Commercial
operation startup in January' 1985. Now is starting its 10th cycle of operation.

Angra 2 - Siemens-KWU PWR, 1309 MWe, 4 loops, 193 fuel assemblies
(FOCUS 16x16-20, 2 inconel spacer grids and 7 zircaloy spacer grids, 390 cm
active length). This was the first unit of Brazil-Germany Agreement (1975). The
unit had its first criticality on July 14th , 2000.

Angra 3 - Same characteristics as Angra 2. Partial design and engineering work
has been done and the mam components have been imported. It is waiting the
government decision to be built.

Angra clos Reis Site



FUEL FABRICATION

INB ACTIVITIES

• Mine and Mill - Caetite Unit, State of Bahia, 400 ton/year. (Brazil has
estimated reserves of 309,000 tons of U).

• Conversion - Imported. No plant foreseen in near future.

• Enrichment - Imported now. Industrial plant for the needs of Angra 1
and partial needs of Angra 2 is foreseen in near future (2008) using
Brazilian technology on ultracentrifuge process. The first stage is planned
to June 2002. (FEC, in Resende)

• UO2 Powder ~ Industrial plant in operation since September 1999. AUC
route ,140 ton/year capacity. Siemens technology. (FEC Unit II, in
Resende)

• UO2 Pellet - Industrial plant in operation since the beginning of 1999.
120 ton/year capacity. Siemens technology. (FEC Unit II, in Resende)

• Fuel Assembly - Plant in operation since 1985. Refurbished in
1998/1999. Siemens technology. (FEC Unit I, in Resende)

- Angra 1 reload F.A (past) - Siemens design

- Angra 1 reload F.A (present) - Westinghouse design.
- Angra 2 F.A - Siemens design.

FEC Unit I FEC Unit II
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ANGRA 1 FUEL FAILURES

Cycle

]

2

3

4

5

6

7

8

9

10

Period

01/85
to

01/86

10/86

to
10/89

01/90

to
08/91

05/92
to

03/93

12/94
to

03/96

06/96
to

09/97

12/97

to
10/98

12/98
to

03/00

03/00
to

04/01

12/98
to now

Batch

A
B
C

A
B
C
D

C
D
E

C
D
E
F

A
B
C
F

G

G
H
J

F
H
J
L
M
N
P
M
N
P

Q"1

R

M
N
P

Q']

R
L2

S*3

Fuel Assemblies
Vendor/
Design
WAV
WAV
WAV

INB/KWU

INB/KWU

INB/KWI ;

INB/KWU

iNB/KWU

INB/KWU

INB/KWU

W/W
WAV
W/W

W/W
W/W
W/W

1NB/S*1

W/W

W/W

W/W
W/W
INB/S
W/W

INB/KWU

INB/W

Enrich.
(wt %)

2.1
2.6
3.1

-> . .,1

3.4

3.4

3.4

3.2
1.9

3.3
2.1
2.6
J . J

2.1
2.6
3.3
3.4
3.4

2.1
2.6
3.3
3.4
3.4
J . J

3.4

Number
of F.A

41
36
44
1

36
44
40
41
40
40

1
40
40
40

36
8
1

36
40

40
40
41

4
36
41
40
41
40
40

21
40
40
4
16

1
8

40
4
16
12
40

F.A
Leaking

Indication

No
No
No

No
No

1
No

1
No
No

No
17
4
1

No
No
No
No
No

8
1

No

1
1

No
No

No
No
No
No
No
No
No
No

Inspection

Tests

-

Sipping can

Sipping can

In-mast
sipping;
Visual;

Ultrasonic
test.

In-mast
sipping;
Visual;

Sipping can

In-mast
sipping;

sipping can

In-mast
sipping

Comments

No indication of fuel failure.

One failed fuel (estimation of 1
fuel rod). Mechanism and root
cause not determined.

One failed fuel (estimation of 1
fuel rod). Mechanism and root
cause not determined.

Main mechanism rod-to-grid
fretting; secondary damage;
loose fuel rods; some fuel rods
slipped down onto end fitting.
Batch F was handling damaged.

Batch G has a new design for the
spacer grid spring: higher fixing
fuel rod force. (No flow test was
performed and no design change
was done to the spacer grid
mixing vanes).

Debris failure in batch H. Loose
fuel rods in batch G. rod-to grid
fretting wear in batch G.
Secondary damage observed.
Gnd-to-grid fretting (west and
east faces, higher in F.A middle
position) for all F.A.

Failure mechanism was not
determined. May be the same as
cycle 4 and 6.

No indication of fuel failure.

No indication of fuel failure.

Starting operation.

(*1)
(*2)

New Siemens F.A design with split mixing vanes in the spacer-grids, manufactured by 3NB.
F.A with dampers inside the guide-thimbles.
Westinghouse design, manufactured by INB.



ANGRA 1 FUEL FAILURES

COMPARISONS BETWEEN CYCLE 4, CYCLE 6 and CYCLE 7

FRETTING MARKS
ON THE FUEL RODS

SLIPPED FUEL
RODS DOWN ONTO

THE FUEL
ASSEMBLY LOWER

END FITTING

"LOOSE" RODS IN
THE GRID CELLS

GRID SIDE-STRIP
FRETTING WEAR

AVERAGE
DISCHARGE

BURNUP (MWD/kgU)
SECONDARY

DAMAGE (HYDRIDE
BLISTERS)

CYCLE 4
(BATCH D)

MANY

MANY

MANY
( grids #1 to #8}

RARE

26

YES

CYCLE 6
(BATCH G)

6

NONE

5
(mid-

grids/corner
rods)

MANY
(mid-grids / east-
west direction)

22

YES

CYCLE 7
(BATCH L)

1

NONE

NONE

MANY
(mid-grids / east-
west direction)

8

No Fuel Failure of
Batch L

ACTIONS PERFORMED

• AFTER CYCLE 4 - Spacer grid spring design changed.

• AFTER CYCLE 6 - Return to original Westinghouse F.A. design.

• Laboratory flow test showed INB/Siemens spacer grid mixing vane design
caused excessive flow induced vibration.

• New Siemens F.A. design with split mixing vanes in the spacer-grids. Four
F.A. manufactured by INB are under irradiation in Angra 1 (started at
cycle 9).

• Utilization of F.A. batch L with dampers inside the guide-thimbles, up to 25
MWD/kgU ( starting at cycle 10)



BURNUP EXPERIENCE AND PERSPECTIVES

ANGRA 1 BURN UP EXPERIENCE

35

A B C D E F H J L M N P Q R

FUEL ASSEMBLY BATCH

PERSPECTIVES

• ANGRA 1

- STUDIES FOR ADVANCED F.A UTILIZATION AND

EXTENDED BURNUP.

- UTILIZATION OF BATCH L WITH DAMPERS (UP TO 25

MWD/kgU)

• ANGRA 2

- MAXIMUM BURNU? PLANNED 45-50 MWD/kgU.



FUEL RESEARCH PROGRAMME

CNEN Research Centers do basic studies on fuel
performance and technology.

• INB performs technical contracts with Fuel
Vendors/Designers for specific subjects related to fuel
technology.

• Eletronuclear and INB intend to change Angra 1 F.A
(improved design, materials, higher burnup discharge).

Participation of the HALDEN PROJECT.
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STATUS OF THE R&D ACTIVITIES ON
FAST REACTORS AND ADS IN BRAZIL

By
Jose Rubens Maiorino

Instituto de Pesquisas Energeticas e Nucleares
P.O. Box 11049(Pinheiros)

05422-970-Sao Paulo- Brazil
maiorino@net.ipen.br

1.INTRODUCTION/1/
The total electric power installed in Brazil, as 12/2000, is 68,533 Mwe, being

87.82% hydro, 9.29% thermal, 2.83% nuclear, and other sources 0.02%. These plants
generates a total of 305 TWh, from each 2% are Nuclear. The Nuclear Energy is
generated by 2 LWR, ANGRA I, a Westinghouse 657Mwe, and ANGRAII, a
SIEMENS-KWU, 1,309 MWe recently inaugurated. Besides these 2 units, it is under
construction, a third unity (ANGRA III), with the same design and power as ANGRA
II. All these units are operated by a State Utility (ELETRONUCLEAR) In the Nuclear
Material Resources, Brazil has estimated reserves of 309,000 tons of Uranium (6th

World Reserve), and together with India the biggest world Thorium reserves. The
industrial activities in the Fuel Cycle are conducted by a State Company (INB), which
operates a mine (Caetite), with a capability of production of 400 tons/y, and factories for
UO2 Powder (140 ton/y) and Pellet (120 ton/y) production, and a fuel assembly with
Westinghouse and Siemens technology. Besides INB is foreseen in a near future (2008)
an enrichment facility with Brazilian Technology (Centrifuge).

Research and Development in Nuclear Science and Technology is conducted by
Research Institutes of the Brazilian Nuclear Energy Commission, such as IPEN in Sao
Paulo (Radioisotopes and Radiation, Reactor Physics and Engineering, Material
Science, Accelerators, Environmental, etc), IEN in Rio de Janeiro (Fast Reactors), and
CDTN, in Belo Horizonte. Besides these Institutes, also Universities are doing some
Basic Research, and at Sao Jose dos Campos an Institute of the Airforce (CTA), was
engaged in Fast Reactor R&D, and Brazilian Navy has an R&D program for Nuclear
Propulsion Development.

In Fast Reactor, R&D activities started in the sixties at IEN in cooperation with
TECHNICATOME, and in 1972 a small Na loop (100 kW) was constructed. At same
time, during the seventies at IPEN, research in cooperation with GA for Gas Cooled
Fast Breeder Reactor were developed. The motivation of such research was Thorium
Fuel Cycle. As results of this research a Helium Loop was constructed and a Split Table
Critical Assembly ( ZPR) was designed. During the eighties, at IEN, an agreement with
ANSALDO-NIRA results in an acquisition of a Sodium Loop for Termohydraulics
studies, however it never had been assembled. At same time at CTA, a concept of a
Binary Breeder Reactor using two cycles Th and U was developed. During the nineties,
a National Program (IPEN, IEN, CTA) to conduct R&D (pyroprocess; U-Zr Metallic
Fuel; HT-9; Electromagnetic Pump; and a conceptual design of a Experimental Reactor
(60/20 MWth/MWe) was proposed, however it was closed in the end of the decade.
Now days, only academic Research are being conducted at IPEN/CTA, and they will be
summarized in this report. Basically, they are: 1. An Integral Lead Fast Reactor Concept



for Developing Countries (Santos&Nascimento), 2. Alternative Concept for a Fast
Energy Amplifier Accelerator Driven System (Maiorino et alii).

2. AN INTEGRAL LEAD FAST REACTOR CONCEPT (ILR)/2/

Santos, A. & Nascimento, J., are proposing a concept of an Integral Lead
Reactor (300, 900, 1500 Mew), to be used in developing countries, which is an
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Results
association of the best characteristics of the American Integral Fast Reactor and of the
Russian Lead Cooled Reactor. The reactor core is a hexagonal pin types illustrated
bellow:

Power (MWe)
Fuel pin
numbers

# Assemblies
Inner core
Outer core
Control
Blanket
Neutron shield
Gamma shield

300
34146

66
60
13
48
114
66

900
104064

204
180
25
78
174
96

1500
170730

342
288
43
96

210
114

The reactor is start with U-Zr and shifts cycle-by-cycle to the U-TRU-Zr fuel.
Homogeneous reactor cores based on the American and Russian experiences on fast
reactor technology have been designed with the aim of conception evaluation. Besides
electricity generation it is being idealized an association of the ILR and a Chemical Heat
Pump for high-temperature industrial process use.

The calculation model is as illustrated bellow, and had been benchmarked
against several Critical Assemblies (VERA, ZEBRA ETC).
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The main core parameters are evaluated in the first cycle as a function of the fuel pin
diameter, p/d ratio and reactor power in the 300 to 1500 MWe range. To mitigate the
TOP accident a requisite is to have a burn up reactivity swing (AkBu) < Petr- The use of
enriched uranium results in a poor core conversion ratio due to the small r| of the fuel.
The recycling of enriched uranium and its utilization as feed increase the J U content
and degrade the core performance. Therefore, in the first few cycles, the goal Akau is not
satisfied in the core power range analyzed and the enriched uranium must be substituted
as quickly as possible by the generated plutonium. The Doppler effect is small; as
expected in a fast reactor loaded with metallic fuel. The reactor power envelope for
negative lead void reactivity is 1000 - 400 MWe for a pin diameter in the range 6.35 -
10.4 mm and p/d ratio > 1.308. The average bur nup aim of 100 GWd/tHM is possible
only with a reactor power of less than 620 MWe due the fast fluence limit of 4.0 x 10"J

n/cm2. An enrichment higher than 20 % and a AkBu > Peff must be tolerated in the initial
cycles. Only after the equilibrium cycle (EC) behaviour is attained the core power can
be defined. In the EC the enrichment will be restricted by the American technologic
experience of 30 w/o.

3. ALTERNATIVE CONCEPT FOR
ACCELERATOR DRIVEN SYSTEM/3/

A FAST ENERGY AMPLIFIER

As an alternative of the Rubbia's Energy Amplifier ADS, recently a research at
IPEN (J.R. Maiorino, A. Santos, A.T. Silva, and S.A. Pereira) are investigating a
conceptual design of a ADS cooled by gas (He) imbedded in a solid lead subcritical
array of fuel and using more than one point of spallation trying to reduce the
requirement on the energy and current of the accelerator. The first step of this research
was to introduce the calculation methodology (I, AHET/MCNP-4 A), and benchmarking
it against FLUKA using the EA-ADS proposed by Rubbia. The results found are
illustrated bellow.

Thermal Power
Keff
Specific Power
Power Density
N233/N232
Cladding Maximum
Temperature

FLUKA
1500 MW
0.98
52.8 W/g
523 W/cm3
0.11
707 C(Pb)

LAHET/MCNP
1576
0.967
53 W/g
527 W/cm3
0.107
706 C(Pb)
883 C(He)

The benchmark studies are still in developing (MUSA). Also using a core
hexagonal type with inner core with MOX and a Breeder region of ThO2, a study was
conducted for 1, 2, 4, and 5 spallation region varying the accelerator current for an
energy of the proton of 500 MeV at BOL was conducted showing some advantages in
using more than one point of spallation (more flat neutron distribution, and a gain in
power for the system). The studies on this concept are under way.

Another proposal is to study a ADS consisting of a solid lead calandria, similar
to the CANDU Reactor with the fuel elements in channels cooled by helium, allowing
on line refueling or shuffling, and a fuel cycle (Th ) as illustrated bellow. This study is
just starting and there are some hopes that by using a direct thermodynamic cycle
similar to the proposed by the modular HTGR, a greater advantage could be achieved.
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INTRODUCTION

Nuclear Energy in Brazil

Fast Reactors and ADS Research

•R&D activities in Brazil start in the 60 atlEN in cooperation with TECHNIICATOME .In 1972 a small(100 kW) Sodium Loop
was constructed(AGHlNA)
•.At IPEN Research on GCFBR in Cooperation with GA were conducted .A He Loop was constructed and a Critical Assembly
(ZPR) Split Table was designed-Th Fuel Motivation(1972-1975)
•At 1EN an agreement with ANSALDO-NJRA results in an acquisition of a Na Loop for Termohydraulics Studies was made
However it was never assembled (1981)
•In 1979 at JEAv a Research group was formed .A concept of a Binary Breeder Reactor using two cycles Th and U in Reactor
Core(lSHlGURO-1984)
•During the 90 a National Program(lPEN,lEN,lTA,IPT) to conduct R&D(pyroprocess , ,U-Zr Metalic Fuel ,HT-9 ,
Eletromagnetic Pump ,aud a conceptual Design of a Experimental Reactor(60/20 MWth/Mwe)) was proposed
(NASC1MENTO,1994) .However this program was closed in 1999 .
•Nowdays only academic research are being conducted at IPEN and they will be described in this meeting .Basically they are :
l.An Integral Lead Reactor Concept for Developing Coutries(SANTOs & NASCIMENTO -2000)
2. Alternative Concept for a Fast Energy Amplifier Accelerator Driven Reactor(MAlORlNO-2000)-option 1 , 2

I

en
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ALTERNATIVE CONCEPT FOR A FAST ENERGY AMPLIFIER ACCELERATOR DRIVEN

REACTOR

J. R. Maiorino, S. A. Pereira , A. T. Silva , A. Santos

Reactor Department

1PEN-CNEN/SP
P. O. Box 11049(Pinheiros)

05422-970-S3O Paulo-SP-Brazil
e-mail : maiorino a iH't.ipt'ii.br

ABSTRACT

Recently Rubbia et alii | 1 | introduced a conceptual design of a Fast Energy
Amplifier (EA) as an advanced innovative reactor which utilizes a neutron spallation
source induced by protons as an external source in a subcriticnl array imbibed in a
molten lead coolant which, besides being breeder and waste burner , generates energy.
This paper introduces some qualitative changes in the Rubbia 's concept such as more
than one point of spallatiou, in order to reduce the requirement in the energy and
current of the accelerator, and mainly to make a more Hat neutron distribution. The
subcritical core which in the Rubbia ' s concept is an hexagonal array of pins
immersed in a molten lead coolant is replaced by a concept of a solid lead calandria
with the fuel elements in channels cooled by Helium, allowing on line refueling or
shuffling, and the utilization of a direct thennodyuainic cycle (Brayton), which is
more efficient than a vapor cycle. Although the calculations to demonstrate the
feasibility of the EA alternative concept are underway and not yet finished, these ideas
do not violate the basic physics of the EA, as showed in this paper, with evident

advantages in the fuel cycle (on line refueling ); reduced requirements in the X
accelerator complex which is more realistic and economical in today accelerators o
technology; and finally the utilization of He as coolant compared with molten Pb is o
more closed of the proved technology given the know how of gas cooled reactors and oo
more efficient from the thermodynainic point of view, allowing simplification and the ^
utilization in other process, besides electricity generation, as hydrogen generation .
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Benchmark CalculatloniLCS vs FLUKA for
Rubbia FEA-ADS

Thermal Power

keiT

Specific Power

Power Density

S = N233 / N2 32

Cladding Maximum

Temperature

FLUKA

1500MW

0,98

52,8 W/g

523 W/cm3

0,11

707 °C (Pb)

LCS

1576MW

0,967

53 W/g

527 W/cm3

0,107

706 °C (Pb)

883 °C (He)



CONCEPTUAL BASES

Total Leakage Production

P roton
E n ergy
(M eV)

1 00
1 50
2 0 0
2 50
3 0 0
3 5 0
4 0 0
1000

M u ltiplicity

"o , ( n ' p )
: L U K A I .CS

In tegrated Y ield
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FLUkA"" LCS

0 , 3 9 9
0 , 8 9 8
1 ,7 8 8
2,7 6 3
4 , 1 5 6
5.2 9 1
6 , 9 3 9

0 , 3 2 1
0 , 8 3 5
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2 , 6 6 4
3 , 8 8 3
5 , 2 7 2
6 , 7 8 4
2 8 .7 6

2 ,4 9 I-: + 1 5
5 ,6 1 E + 1 5
1 ,1 2 E + I 6
1 ,7 3 E + 1 6
2 . 6 0 E + 1 6
3.3 1E + 16
4 . 3 4 E + 16

2 ,0 0 E i- 1 5
5 ,2 1 E + 1 5
1 ,0 2 E + 1 6
1.66E + 16
2 ,4 2 E + 1 6
3 ,2 9 E + 1 6
4 ,2 3 E + 1 6
1 , 7 9 E ••• 1 7

Neutron Yield for Spallation Process
Induced by high Energy Protons
Calculated by LAHET and FLUKA
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Geometry :Hexagonal with pin
CoolantHe
Keff=0.96
Seed Region

Blanket Region
(ThO2)/HT-9
Spallation Target :Liquid Pb
Pin Pitch: 1.138 cm
FEPitch:28.45cm
H-200 cm



Fuel Element
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Breeder region (TI1O2)
54 elementos
313 varetas

Inner core (oxido niisto)
210 clemcnlos
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Inner core (oxtdo misto)
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313 varctas

Breeder region (IhO2)
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Four Spallation Regions
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Corrente do
acelerador (niA)

1
2
3
5
10
15
30

Potencia
(MWth)
1 regiao

spallation
8
16

24.5
40.8
81.6
122
244

Potencia
(MWth)
2 regioes
spallation

33
67
100
167
335
502
1004

Potencja
(MWth)
4 regioes
spallation

47
94
141
236
472
709
1418

Potencia
(MWth)
5 regioes
spallation

49
98
147
245
491
736
1473

Power Variation(MWth) for 1,2,4 and 5 Spallation Source vs
Accelerator Current (Ep =500 MeV)
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VERA-11A

ZEBRA-3
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ZPR-3-48

ZPR-3-56B
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Mean

Mean | 1 - k |
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ZEBRA-2
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Mean
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Mean
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Core Volume
(•t)
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2400

3100

30
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4000
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3.0

7.0
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4.6
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6.5

All Pu cases

Uranium Fuel

0.07

1.1

3.8

7.5

6.2

5.0

All U cases

All Pu + U cases

k !
c,\p
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0.0014 |
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-0.0036
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-0.0045

-0.0020
__
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-0.0024
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-0.0067

-0.0061
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0.0015
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Core Specifications

Power (MWc)
Fuel pin numbers

# Assemblies
Inner core
Outer core
Control
Blanket
Neutron shield
Gamma shield

300
34146

66
60
J3
48
114
66

900
104064

204
180
25
78
174
96

1500
170730

342
288
43
96

210
114

(*) Read as 3.409 x 10



Assembly Design Parameters, dimensions in mm

Pin diameter
Cladding thickness
P/D ratio
Lattice pitch

Fuel Assembly

Fuel
Structure
Coolant

Radial

Blank./Shield.

Fuel / B,C / SS
Structure
Coolant

Axial

Reflect/Shield.

Pb / B,C / SS
Structure
Coolant

Control Out

Structure
Coolant

1.308
149,5

31.73
21,77
46.50

42.97
17.46
39.57

31.73
21.77
46.50

6.00

94.00

6.35
0.489
1.417
160.6

27.50
19.56
52.94

37.02
15.54
47.44

27.50
19,56
52.94

<-••

< ^

1.495
169.1

24.80
18.10
57.10

33.31
14.31
52.38

24.80
18.10
57.10

<—
<-•

1.308
188.2

Volume

32.75
20.36
46.89

42.97
17.46
39.57

32,75
20,36
46,89

4.50
95.50

8.12
0.625
1.417
202.9

Fractions

28.16
18.09
53.75

37.02
15.54
47,44

28.16
18.09
53.75

^_

<-

1.495
213.9

(%)

25.35
16.65
58.02

33.31
14.31
52.38

25,35
16.65
58.02

<-

1.308
2.38.4

33.49
19.15
47.36

42.97
17.46
39.57

33.49
19 15
47.36

3.50
96.50

10.4
0.800
1.417
257.4

28.73
16.88
54.39

37.02
15.54
47.44

28,7"
16,88
54.39

< • - •

< •

1.495
271.6

25.80
15.46
58.74

33.3!
14.31
52.38

25 80
15,46
58.74

< • • -

< • • -
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First Cycle Performance Characteristics, 300 MWe Core

Pin diameter (mm)
I leight/Diameler core ratio
1 YD ratio
F.nriehment IC/OC* (% HM)
Bunuip suing (% Ak)

Transmutation reactivitv
Swelling reactivitv

Per dO'3)
Conversion Ratio (CR)
Breeding Ratio (MR)
Bunnip - Aver/Peak (MWci/kg)

inner core
Outer core
Radial blanket

l-'asl iluence (10" n/cnv)
Inner- core
()uler core

Peak 11 ux (l() lsn/cnr s)
Inner core

Ouler core
Temperature effect

Doppler (10'')
F.xpansion (% Ak)

Power fractions (%)
Inner core
Outer core

Power peaking factor
Core inventory

:"U _ (I)
-:oU (kg)

Pu (kg)
Blanket inventory

" " I I ' ( I )

Pu (kg)

6.35
0.54
1.308

16.8/28.2

4.03
1.73

7.56/7.10**

0.39/0.43
0.50/0.55

32.0/45.0
32.3/49.5
0.98/2.35

1.26
0.94

4.98/5.42
3.51 /3.8O

-247
-1.14

51.4/51.0
47.1 /46.5
1.56/ 1.51

1.85/ 1.54
0 / 59.6
0 / 120

5.23
0/37.3

0.50
1.417

17.9/30.0

4.33
1.64

7.48/7.08
0.36/0.40
0.46/0.51

32.1 /44.9
32.2/49.4
0.89/2.19

1.18
0.88

4.69/5.08
3.30/3.59

-2.36
-1.26

51.7/51.1
47.0/46.7
1.55/ 1.51

1.97/ 1.65
0/61.0
0 /114

5.23
0/35.3

0.48
i .495

18.8/31.4

4.50
1.57

7.43 / 7.06
0.34/0.38
0.44/0.49

32.2/44.7
32.3/49.4
0.83/2.04

1.12
0.84

4.48/4.84
3.15/3.44

-2.25
-1.35

51.8/51.1
47.0/46.9
1.55/ 1.51

2.07/ 1.74
0/62.0
0 / 109

5.23
0/34.0

0.43
1.308

15.3/24.1

3.79
1.40

7.61 /7.00
0.45/0.51
0.56/.0.63

35.2/48.6
33.6/52.0
0.97/2.60

1.46
1.13

3.30/3.67
2.45/2.65

-2.93
-0.98

52.5/52.7
46.2/45.0
1.54/ 1.47

2,65/2.11
0 / 102.9
0 / 242

8.35
0/65.2

8.12
0.40
1.417

16.4/25.9

4.30
1.33

7.53/6.99
0.42/0.47
0.52/0.58

35.1 /48.0
33.9/52.1
0.87/2.42

1.35
1.06

3.07/3.38
2.28/2.49

-2.77
-1.12

52.6/52.4
46.3/45.6
1.53/ 1.48

2.85/2.30
0 / 105.8
0 /227

8.35
0/62.3

0.38
1.495

17.3/27.2

4.59
1.27

7.47/6.98
0.39/0.45
0.49/0.55

35.0/47.6
34.0/52.2
0.81 / 2.26

1.28
1.01

2.91 /3 . I9
2.18/2.38

-2.60
-1.20

52.6/52. 1
46.4 /46.0
1.53/ 1.49

3.0/2.44
0 / 107.8

0 /218

8.35
0 / 60.1

0.34
1.308

14.2/20.8

3.01
1.14

7.67/6,95
0.51 /O,58
0.62/0.69

34.4/46.6
3 1.5/49.2
0.78/2.46

1.48
1.19

2.12/2.39
1.68/ 1.79

-3.09
-0.91

53.3/54.2
45.7/43.8
1.53/ 1.44

3.88/ 3.04
0 / 160.9
0 / 428

13.43
0/99.7

10.4

0.31
1.417

15.3/22.5

3.71
1.09

7.57/6.95
0.47/0.53
0.57/0 64

34,3/45.9
31.8/49.3
0.72/2.27

1.37
1.1 1

1.96/2.19
1.56/ 1.68

-3.03
-1.00

53.4/53.7
45,7/44.5
1 52/ 1.45

4.19/3.34
0 / 165.7
0 / 4 0 2

13.43
O / 95.1

0.30
1.495

16.2/23.7

4.11
1.05

7.51 /6.95
0.44 /0.50
0.54 / 0.60

34.2/45.5
32.0/49.3
0.66/2.1 1

1 29
1.06

1.86 / 2.06
1.48/ 1 61

-2 88
-1.06

53.4/53.4
45.7/44.9
1.51 / 1.46

4.42/3.56
0 / 169.1
O / 384

H.43
0/91.8

(*) IC/OC -- Inner Core/Outer Core, (**) 7 . 5 6 / 7 . 1 0 - Beginning Of Cycle / End Of Cycle
results



First Cycle Performance Characteristics, 900 MWe Core

Pin diameter (nun)
1 lcighl/!)i<i!iiclcr core ratio
P/D ratio
1 Enrichment 1C7OC (%IIM)
Bumup s\\ ing (% Ak)

Transmutation reactivity
Swelling reactivity

[W CO'3)
Conversion Ratio (CR)
Breeding Ratio (BR)
Bunuip - Aver/Peak (MWd/kg)

Inner core
Outer core
Radial blanket

Fast fluence (lo"n/cm2)
Inner core
Outer core

Peakllux (1()15 n/cm2 s)
Inner core

Outer core
Temperature ellect

Doppler (10°)
Expansion (% Ak)

Power tractions (%)
Inner core
Outer core

Power peaking factor
Core inventory

n\i - ' (t)
"'V (kg)

Pu (kg)
Blanket inventory

mU (t)
I'll (kg)

6.35

0.32
1.308

14.3/21.0

3.18
1.12

7.62/6.94*
0.51 A). 58
0.58/0.64

33.5/45.6
30.1/48.4
0.89/2.06

1.41
1.14

5.60 / 6.40
4.48/4.77

-3.19
-0.84

54.7/55 9
44.6/42.9
1.55/1.47

4.44/3.52
0 / 180
0 / 469

8.51
0 / 62.9

0.30
1.417

15.4/22.6

3.79
1.07

7.53/6.94
0.47/0.53
0.53/0.59

33.4/45.1
30.3/48.4
0.81/ 1.88

1.30
1.07

5.22/5.88
4.18/4.50

-3.02
-0.94

5 4 8 / 5 5 4
44.5/43.5
1.55/1.48

4.77/3.83
0 / 184
0 / 443

8.51
0 / 59.7

0.28
1.495

16.3/23.7

4.16
1.03

7.48/6.93
0.45/0.50
0.50/0.56

33.3/44.7
30.0/48.4
0.75/ 1.79

1.23
1.02

4.97/5.53
3.97/4.30

-2.90
-1.03

54 9/55 1
44.5/43.8
1.54/ 1.48

5.02/4.07
0 / 188
0 /424

8.51
0 / 57.4

8.12
0.25
1.308

13.7/ 18.5

2.77
0.93

7.67 / 6.83
0.56/0.64
0.62/0.70

36.7/49.7
31.4/50.5
0.84/2.18

1.61
1.32

3.55/4.23
3.03/3.18

-3.43
-0.75

55 5 / 57 7
43.9/ 41.3
1.53/1.52

6.61 /5.04
0 / 308
0 / 890

13.57
0/104

0.23
1.417

14.8/20.0

3.64
0.88

7.57/6.85
0.52/0.58
0.57/0.64

36.4/48.5
31.7/50.7
0.76/ 1.99

1.47
1.24

3.29/3.82
2.80/2.99

-3.20
-0.87

55 5 / 5 6 8
43.9/ 42.2
1.52/ 1.47

7.16/5.55
0 / 3 1 7
0 / 835

13.57
0/99.7

0.22
1.495

15.7/21.1

4.15
0.86

7.51 /6.86
0.48/0.55
0.54/0.61

36.3/47.9
3 1 9 / 50.7
0.71 / 1,88

1.38
1.18

3.12/ 3.56
2.65/2.87

-3.06
-0.95

55 6 / 56 3
43.9/42.8
1.51 / 1.44

7.58/5.93
0/324
0 / 798

13.57
0/96.2

10.4
0.20
1.308

13.1 / 16.5

2.01
0.77

7.71 /6.81
0.61 /0.68
0.67/0.74

35.6/48.3
29.6/47.5
0.66/ 1.95

1.62
1.36

2.22/2.75
2.01 / 2 . 0 6

-3.58
-0.70

SS 7 / 590
43.8/40.1
1.51/1. 57

10.02/7.58
0/479

0. / 1505

21.83
0/151

0.18
1.417

14.3/ 18.0

3.04
0.75

7.61 /6.84
0.56/0.63
0.61 /0.68

35.1 /46.6
30.2/47.8
0.60/ 1.82

1.46
1.27

2.04/2.44
1.86/ 1.95

-3.36
-0.81

55.6/ 57.7
44.0/41.5
1.51 / 1.49

10.93/8.41
0 / 496
0/1409

21.83
0/ 145

0 17
1.495

15.2/ 19.0

3.62
0.72

7.55 /6.85
0.52 /0.51)
0.57/0.64

35.1 /46.2
30.3/47.8
0.55 / 1.69

1.38
1.21

1.94/2.27
1.76/ 1.86

-3.20
-0.88

55.8 / 57.2
43.9/42.1
1.50/ 1.45

11.58/9.02
0 / 507
0 / 1344

21.83
0/ 140

I

(*) 1C/OC = Inner Core/Outer Core, (*)7.62 / 6.94 = Beginning Of Cycle / End OfCycle
results



7irst Cycle Performance Characteristics, 1500 MWe Core

Pin diameter (mm)
Height/Diameter core ratio
P/D ratio
Enrichment IC/OC (% HM)
Buniup swing (% /\k)

Transmutation reactivity
Swelling reactivity

Pcf (1<)'3)
Conversion Ratio (CR)
lireeding Ratio (13R)
Dumup - Aver/Peak (MWd/kg)

Inner core
Outer core
Radial blanket

1-ast flucnce (JO23 n/cm2)
Inner core
Outer core

Peak flux (10" n/cm's)
Inner core

Outer core
Temperature effect

Dopplcr (1()'3)
1'xpansion (% dk)

Power fractions (%)
Inner core
Outer core

Power peaking factor
Core inventory

3"U ' ' (t)
""U (kg)

Pu (kg)
Blanket inventory

"8U ' (t)
Pu (kg)

6.35
0.25
1.308

14.1/19.2

3.04
0.99

7.63/6.87*

0.55/0.61
0.59/0.66

34.4/47.1
30.3/49.0
0.86/ 1.96

1.47
1.27

5.76/6.85
4.93/5.19

-3.43
-0.78

56.2/58.2
43.3/41.0
1.55/1.52

6.84/5.32
0 / 299
0 /830

10.48
0 / 78.1

0.23
1.417

15.2/20.6

3.75
0.94

7.54/6.88
0.50/0.57
0.55/0.61

34.3/46.5
30.4/48.9
0.79/ 1.78

1.36
1.16

5.40/6.24
4.59/4.90

-3.25
-0.87

56.4/57.5
43.1 / 41.7
1.54/1.47

7.36/5.81
0 / 308
0/782

10.48
0/74.2

0.22
1.495

16.1/21.7

4.17
0.91

7.49/6.89
0.47/0.54
0.52/0.58

34.2/46.1
30.6/48.9
0.73/1.70

1.28
1.10

5.13/5.83
4.35/4.70

-3.14
-0.96

56.5/57.1
43.1 / 42.1
1.53/1.46

7.76/6.18
0 /314
0 / 748

10.48
0/71.5

8.12
0.20
1.308

13.5/17.1

2.61
0.82

7.68 / 6.77
0.59/0.67
0.64/0.71

37.5/52.1
31.6/51.2
0.81/2.04

1.67
1.4.3

3.67/4.58
3.31 / 3.42

-3.59
-0.71

56.7/ 59.7
42.9/39.6
1.53/ 1.60

10.32/7.72
0/511
0/ 1547

16.70
0 / 128

0.18
1.417

14.7/18.5

3.59
0.80

7.58/6.80
0.54/0.61
0.58/0.66

37.2/50.8
32.0/51.3
0.73/ 1.87

1.55
1.34

3.40/4.10
3,06/3.23

-3.39
-0.83

56.7/58.6
42,9/40,7
1.52/1.53

11,21/8,53
0 / 529
0 / 1451

16,70
0 / 122

0.17
1.495

15.6/19.6

4.13
0.78

7.52/6,8!
0,51 /0.58
0.55/0.62

36.9/49,9
32.4/51.5
0.68/ 1.78

1,45
1.28

3.21 / 3.80
2.90/3.10

-3.15
-0.91

56.6/ 57.9
4 3 . 0 / 41.4

1.52/ 1.48

11.87/9.15
0 / 540
0/ 1386

16,70
0/ 1 18

0.15
1.308

13.1 / 15,5

1.85
0,67

7.72/6,76
0.64/0.71
0,68/0,75

36,2/51,8
30,0/48.4
0.62/ 1.80

1.74
1.46

2,30/3.05
2,20/2,19

3.70
0.65

56.4/60.8
43.3/38.6
1.53/1.71

15 83/11.78
0 / 797
0/2588

26,86
0 / 180

10,4
0.14
1.417

14,3/ 16.8

2.97
0.58

7.62/6.79
0,58/0.65
0.61 /0.69

35.7/49.8
30.7/48.8
0.57/ 1.69

1.56
1,37

2.12/2.67
2.03/2.09

3.48
0,77

56.3/59,1
43.4/40,3
1.53/ 1.59

17,27/13,10
0 / 826

0 / 2422

26.86
0 / 175

0.13
1.495

15.1/ 17.8

3.59
0,56

7.56/6,81
0,54/0.61
0 58/0.65

35,4/48.9
31,1 /48,9
0.53 / 1,59

1.46
1,31

2,02/2.46
1,92/2,01

3,30
0.84

56.3 / 58,3
43,4/41.2
1.52/ 1,54

18 32/1-1 07

0 /845
0 / 2 3 ) 2

26.86
0 / 170

o
I

(*) IC/OC = Inner Core/Outer Core, (*)7.63 / 6.87= Beginning Of Cycle / End Of Cycle results
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1 Abstract

Since last May in China mainland there are two nuclear power plants with total capacity of 2.1
GWe in operation and four NPPs in construction. It is envisaged that the total nuclear
power capacity will be about 8.5 GWe in the year 2005. Recently the Government is considering
other four new NPPs with total capacity of about 4 GWe to start their construction during "tenth
five years Plan" (2001-2005).

The three new nuclear systems FBR, ADS and Hybrid have been started to develop with a
rather moderate project and they are all still in the early stage.

For fast reactor engineering development, the China Experimental Fast Reactor (CEFR) of
65MWt is as the first step. After some additional accidents analysis, especially sodium spray fire
accident analysis, the reactor building construction is continued. The main components including of
the reactor block, primary and secondary circuits, fuel handling system has been ordered. It
is foreseen to have CEFR reaching first criticality in the end of 2005. The second step 300 MWe
Modular Fast Reactor (MPFR) is under consideration, which will be a prototype for large size fast
reactor. Based on the size of MPFR, the role of MA transmutation has been evaluated. For
the Accelerator Driven Subcritical System (ADS), we are making great efforts to accomplish the
research tasks worked out in the first phase program (1998-2002) which emphasis on the system
optimization, reactor physics and technology, accelerator physics and technology and nuclear and
material data base and enthusiastically preparing to step to the second phase program which is
marked by ADS concept verification study (2000-2007). As to the Fusion-Fission Hybrid Sys-
tem, in near-term the emphasis will be put on the experiments on two big testing facilities HL-1M
and HT-7 on one hand, on other hand we will determine the targets of medium-term and long-term
development for Hybrid system and work out relative development program.

1 Introduction

Since last May still only two nuclear power plants are in operation, which only share about
0.7% of total capacity in the China mainland. Four NPPs with eight units are in construction right
now. It could be envisaged that the total capacity of nuclear power in 2005 will reach 8.5GWe as
shown in Table 1. Other four new NPPs with eight units of 1 GWe each are under consideration to
start construction before the year 2005.

TABLE 1. Mainland Nuclear Power plants

NPP
Qinsnan-1
Dayabay

Qinshan-2

Lingao

Qinshan-3

Lianyungang

Type
PWR
PWR

PWR

PWR

PHWR

PWR

Power (MWe)
300

2x900

2*600

2x944

2x720

2x1000

Commissioning
1993
1994

2002, 2003

2003

2003

2004

Energy resource is the basis of the national economy development. Recently Chinese annual pri-
mary energy production per capita is only half of the world average level and only one sixth of that
in advanced developed countries. It is estimated that around the middle of this century the annual

energy consumption per capita in China should be developed to 2.5 ~ 3 times of recent level,

namely, annual primary energy production of 3 .8-4 .5 billion tonnes standard coal equivalent

should be attained.
To meet this huge requirement, different type of energy resources will be used. The total hy-

dro-electric capacity of 260 GWe'11 could be all deployed which is only equivalent to 0.6 billion tsce
per year. The good conventional energy resources like oil and gas could only support the national



consumption in coming 58 and 24 years respectively12'. China possesses a big quantity of
coal reserves which ensured is 720.5 billion tsce'1'. Considering CO2 greenhouse effect
and pollution when coal is burnt in large scale, we should have its utilization as less as possible
and develop its cleaning utilization technology as it is doing so now in China.

To support the future energy supply in large scale among the various new energy resource
family, nuclear is the best choice in China case because it is safe, reliable, economic-acceptable,
realizable and could be used in large scale, to replace coal burning step by step.

As we understand the technically and economically exploitable natural uranium resources are
limited domestically or overseas. So the fast breeder reactor technology has been started to develop
for more than ten years as a national research project. Considering MA and LLFP transmutation
with more efficiency and non-criticality risk for new nuclear application, the research, development
and strategy study for the Accelerator Driven Subcritical System and Fusion-Fission Hybrid System
have been conducted for about five and more than ten years respectively in China.

2 CHINA EXPERIMENTAL FAST REACTOR (CEFR)

2.1 CEFR Design

After the collection and preparation of necessary computer codes and the decision of main
technical selections, the conceptual design of the CEFR was started in 1990 and completed in 1993
including the confirmation and optimization to some important design characteristics. Having spent
almost whole 1994 for its preparation, and its technical design cooperation during 1995-1996 with
Russia FBR association (IPPE, OK B M and Atomenergoproekt) the CEFR preliminary design
was started in the early of 1995 and finished in August 1997. After about another half year for its
necessary modification, the detail design is started since the early 1998, and now still continued.

Following presentation to this reactor is based on its preliminary design.

2.1.1 Introduction

The CEFR is a sodium cooled 65MWt experimental fast reactor with (Pu,U)O2 as fuel, but
UO2 as first loading, Cr-Ni austenitic stainless steel as fuel cladding and reactor
block structure material , bottom supported pool type, two main pumps and two loops for primary
and secondary circuit respectively. The water-steam tertiary circuit is also two loops but the super-
heat steam incorporated into one pipe, which is connected with a turbine.
The following are general engineering characteristics:

Thermal Power 65MW

Electrical Power (T.G. Capacity) 25MW

Electrical Power (net) 20MW
Acreage of Reactor Site 15ha
Floor Space of Buildings 43731m2

First Loading (UO2 64.4%) 417kg

Water Supply 4500t/d

Power Supply 3000kW

2.1.2 Reactor Core

The reactor core, as shown in Fig. 1, is composed of 81 fuel subassemblies (Fig.2). Three safety
subassemblies, three compensation subassemblies and two regulation subassemblies,
then 336 stainless steel reflector subassemblies and 230 shielding subassemblies and in addition 56
positions for primary storage of spent fuel subassemblies are included. 92%B-10 enrichment B4C is
used for safety and compensation absorber. But natural boron B4C (B-IO percent abundance about
20%) for regulation and shielding subassemblies.

The compensation and regulation subassemblies are also as first shutdown system. Three safety



subassemblies are as secondary shutdown system. Their drop down time is 1.5 seconds and 0.7
seconds respectively.

The design limitation to the core which was fixed before the core design is as following:

Thermal Power 65MW

Linear Power (max.) 430W/cm
Operation Cycle (min.) 73d

Inserting Rate of Reactivity (max.) 0.07(Ws
Positive Reactivity (each addition) (max.) 0.4peff

Reactivity Equivalent of Each Regulation Subassembly (max.) 1 (3eff

Cladding Temperature in Nominal Operation (max.) 700°C

Some results about core neutronics and thermohydraulics are listed in Tables 2-5.

TABLE 2. CEFR FUEL LOADING (EQUILIBRIUM)Fuel

PuO2

U-235 enrichment
U-235

Pu-239
Total Pu

TABLE 3. MAXIMUM HEAT

Parameters

Power of Fuel Subassembly
Linear of Fuel Pin
Volume Power Density

* (Pu,U)O2/UO2

wt%
%

kg
kg

kg

RATE*

(MW)

(W/cm)
(MW/m3)

TABLE 4. MAXIMUM NEUTRON FLUX RATE

Position

Center (steel)
First Row of Fuel S.A**
First Row of Reflector S.A
First Row of Shielding S.A

Storage Position

(Pu,U)O2

29.4
36
92.33

65.76
141

Beginning

0.980/0.957
405/395
756/738

*(1015n/cm2xs)

Beginning

3.73/3.13
3.70/3.10
2.20/1.90
0.293/0.261
0.0269/0.0252

uo2

64.4
236.6

Cycle

End

0.978/0.952

396/388
744/725

Cycle

End

3.76/3.15
3.73/3.13
2.26/1.92
0.298/0.264

0.0271/0.0254

* (Pu,U)O2/UO2

** S.A-Abbreviation Subassembly



Fig.l CEFRCore

Fuel subassembly

Stainless steel rod

Stainless steel reflector subassembly 37

Stainless steel reflector rod 132

Stainless steel reflector rod 167

Shielding subassembly 230

Storage position for spent fuel subassembly 56

Safety subassembly

Regulation subassembly

Compensation subassembly
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TABLE 5. CLADDING AND FUEL TEMPERATURE* max.°C

1
2

3

4

Flow-

C I S
(18
(21
(27

Region

Fuel S.As)
Fuel S.As)
Fuel S.As)
Fuel S.As)

Cladding*

Cycle

Beginning

665.68
665.02
659.68
656.66

*

End

670.44
670.76
662.24
656.68

Fuel**'

Cycle

Beginning

251 1.36
2373.06
2219.16
2039.46

End

2497.30
2370.10
2213.50
2030.60

* (Pu,U)O2

** Including 2cr deviation of average square root related to the nominal value.
*** Using 3cr for uncertainty of design parameters.

2.1.3 Reactor Block

The CEFR block is composed of main vessel and guard vessel which is supported from bottom
on the floor of reactor pit with the diameter 10m and height 12m, reactor core and
its support structure, internal structures on which two main pumps, four intermediate
heat exchangers and two DHRS heat exchangers are supported. The double rotation plugs on
which control rod driving mechanisms, fuel handling machine and some instrumentation structures
are supported on the neck of the main vessel. The CEFR block is shown in Fig 3.

The main vessel has an outside diameter of 8010mm and a diameter gap of 175mm toward
guard vessel. The narrow gap design permits the core still immersed in sodium when the
main vessel leak accident has unexpectedly happened. Using 2D Sn computer code, the calculation
shows that the neutron fluence in main vessel during 30 years is about 1.0*10" n/cm2. For main
vessel only temperature, strain and sodium leak detection are considered.

In the design a molten core catcher is equipped on the bottom of the vessel even though there is
no any serious accident in which the large part of core damage could be happened based on the
analysis of all the beyond design basis accidents.

2.1.4 Main Heat Transport System

The primary circuit is composed of main pumps, four intermediate heat exchangers, reactor
core support diagrid plenum, pipes and cold and hot sodium pools. In cold pool, two primary loops
are separated each other, but in hot pool they are linked up. In normal operation the average sodium
temperature in cold pool is 360°C and in hot pool it is 516°C.

The secondary circuit has two loops each one is equipped with one secondary pump, two in-
termediate exchangers (IHX), evaporator, superheater, expansion tank, and valves. The outlet so-
dium temperature of secondary circuit from IHX is 495°C. When it leave evaporator it will decrease
up to 310°C, and in outlet of superheater it is 463.3CC.

The tertiary water steam circuit has one turbine generator, three low pressure heaters,
one deoxygenate heater, one demineralization facility and feed water pumps. It
provides 480/14Mpa superheat steam to the turbine.

Each evaporator is connected with one release-to-air valve and two safety release valves, but
for superheater, one release-to-air valve and one safety release valve. And the by-pass
de-temperature de-pressure valves equivalent to 67% full power are equipped for discharging the
steam to the condenser when the turbine is not in operation.

2.1.5 Safety Characteristics

The CEFR will be located in the China Institute of Atomic Energy (CIAE), about 40 km far
away from Beijing City which owns about 10 million inhabitants. According to
the raising environment safety consideration, it is stipulated to have more strictly requests to
radioactive materials release standards for normal operation, design basis accident (DBA)



and beyond design basis accident (BDBA) than related national standards, as shown in Table 6.

TABLE 6. MAXIMUM LIMITS OF PUBLIC EFFECTIVE DOSE EQUIVALENT FROM THE
CEFR

States GB6249-86 CEFR limits
Operational
DBA
BDBA

0.25mSv/a
5mSv/accident
lOOmSv/accident

0.05mSv/a
0.5mSv/accident
5mSv/accident

No any emergency intervention requirements for residents beyond 153m from the reactor.
The CEFR is a small reactor, which has bigger heat inertia than many other pool reactors due

to its relative primary sodium loading per MWt, is larger. The core is designed
with negative temperature coefficients, and negative power coefficients.

These feedback properties are shown in Tables 7-10.

TABLE 7. TEMPERATURE REACTIVITY EFFECT
(Pu,U)Q2/UO2 CORE, 250-360°C, %AK/K

Cycle
Beginning End

Sodium Density
Axial Expansion of Reactor Core
Axial Expansion of Lateral Reflector
Radial Expansion (diagrid plenum)
Doppler Effect

-0.169/-0.182
-0.037/-0.034
-0.019/-0.019
-0.204/-0.184
-0.032/-0.022

-0.170/-0.186
-0.038/-0.034
-0.020/-0.019
-0.205/-0.188
-0.033/-0.024

Total -0.461/-0.441 -0.466/-0.451

TABLE 8. POWER REACTIVITY EFFECT, HOT STANDBY - FULL POWER
(Pu, U)O2/UQ2 core %AK/K

Cycle

Beginning End

Sodium Density
Sodium Volume Fraction Exchange
Axial Expansion of Reactor Core
Axial Expansion of Lateral Reflector
Radial Expansion (S.A. Winding)
Doppler Effect

-0.107/-0.122
-0.029/-0.028
-0.339/-0.259
-0.011/-0.010
-0.020/-0.020
-0.063/-0.034

-0.112/-0.124
-0.034/-0.029
-0.311/-0.300
-0.011/-0.010
-0.020/-0.020
-0.063/-0.036

Total

TABLE 9. DOPPLER CONSTANT OF CEFR CORE
(Pu, U)O2/UO2 core 10"3AK/K

Fuel:633-1593K Cladding: 633-1000K
All Materials 523-633K
All Materials 373-523K

-0.569/-0.509

Kw(with Na)

-0.878/-0.394

-1.574/-1.170

-1774/-1.200

-0.556/-0.519

Kd(without Na)

-0.618/-0.113

-1.048/-0.519

-1.142/-0.578



Fig 3 CEFR Core Block



TABLE 10. REACTIVITY EFFECT OF SODIUM LOST
(Pu,U)O2/UO2 CORE %AK/K

Region Lost Sodium Cycle
Beginning End

Core (Fuel Section)
Core (Fuel section + upper section of S.A)
Core (Whole Section of S.A)
Whole Core (including central stainless steel

rod, and stainless steel reflector)

-2.366A2.456
-3.067/-3.116
-3.737/-3.744
-5.196/-5.106

-2.404/-2.504
-3.110/-3.189
-3.788A3.836
-5.1947-5.282

The reliable removal of decay heat after the shut-down of a nuclear reactor is an important
safety criterion. For this reason, two independent passive decay heat removal systems (DHRS) are
designed for the CEFR (Fig. 4 shows one system). Each one is rated to a thermal power of
0.525MWt under the working condition, the decay heat is removed by natural convection
and circulation of primary and secondary coolant, and natural draft by air. To have the start-up of
DHRS the air dampers of the air cooler stacks are opened by automatic signal of reactor protection
system or in case of a lost of any service power mechanically by the operator staff. Except for
this procedure the CEFR DHRS is entirely passive. Table 11 gives the parameters of the DHRS,
of the CEFR.

TABLE 11. PARAMETERS OF ONE SET OF DHRS
Parameters
Transfer Power MWt
Primary Na Flow Rate in DHX*) kg/s
Secondary Na Flow Rate in DHX kg/s
Air Flow Rate in Air cooler kg/s

Primary Na Temperature °C

Inlet at DHX
Outlet at DHX

Secondary Na Temperature °C

Inlet at Air cooler
Outlet at Air cooler

Air Temperature °C

Inlet at Air cooler
Outlet at Air cooler

Secondary Na Pressure MPa

Working
0.525
5.8
2.93
2.4

516
444

514
373

50
264
0.6

Stand-by
0.052
1.66
1.37
0.11

516
490

515
485

50
496
0.402

* DHX-Decay Heat Exchanger in DHRS

2.1.6 Main Design Parameters

TABLE 12. CEFR MAIN DESIGN PARAMETERS

Parameter Unit Preliminary design

Thermal Power
Electric Power, net

Reactor Core
Height

Diameter Equivalent
Fuel
Pu, total

MW
MW

cm
cm

ke

65
20

45.0
60.0

(Pu,U)O2

141
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Fig 4 Decay Heat Removal System



TABLE 12. CEFR MAIN DESIGN PARAMETERS (CONTINUED )

Reactor Core
Pu-239
U-23 5 (enrichment)
Linear Power max.
Neutron Flux
Bum-up, target max.
Bum-up, first load max.
Inlet Temp, of the Core
Outlet Temp, of the Core

Diameter of Main Vessel (outside)
Primary Circuit

Number of Loops
Quantity of Sodium
Flow Rate, total
Number of IHX per loop

Secondary Circuit
Number of loops
Quantity of Sodium
Flow Rate

Tertiary Circuit
Steam Temperature
Steam Pressure
Flow Rate

Plant Life

kg
kg
W/cm
n/cm2xs

MWd/t
MWd/t
°C

°c
m

t
t/h

t
t/h

°C
MPa
t/h
a

65.76
92.33 (36%)
430
3.7xlO15

100000
60000
360
530
8.010

2
260
1328.4
2

2
48.2
986.4

480
14
96.2
30

2.2 Progress on Safety Analysis

The main results of DBAs and BDBAs for CEFR preliminary safety analysis report have been
introduced at last annual meeting^1. Folio wings are some progress after that.

2.2.1 Sodium Fire

As the requirement of sodium fire analysis, two sodium fire computer codes have
been developed in the Institute, named SPOOL and SSPRAY. They are devoted to sodium fire
accident analysis for pool type and spray type respectively. SPOOL has been verified
by Beloyarskay NPP experiments'41. The maximum deviations (C-E)/C of the room atmosphere
temperature, sodium temperature and oxygen fraction along with the time of 55 min and taking
each 5 min as a point, are 16.5%, 7%, and -7.5% respectively, but for the aerosol mass consistency
is 52.6% along with the time of 2000 seconds and taking each 100 seconds as a point.
Also demonstrated with CASSANDRE 3 experiments from IPSN, France. The results of first
three as above-mentioned along with the time up to 2.750h and 0.250h as a point are 2.25%, 7.56%
and 3.21% respectively, for the aerosol mass consistency is 91.0% in the case of 20000 seconds and
200 seconds as a point.

SSPRAY has been verified by AI experiments'5'6'71 and SPRAY-3A calculation results181 for the
maximum pressure raising as shown in Table 13.



TABLE 13. SSPRAY CODE VERIFICATION
Experiment

NO.
Jl
J2
J3
J4
J6
J7
J8

AI Result
E(atm)
0.22
0.80
0.05
0.04
0.29
0.04
0.03

SPRAY-3A
Ci(atm)

0.20
0.60
0.044
0.045
0.10
0.030
0.038

SSPRAY
C2(atm)

0.23
0.68
0.043
0.041
0.11
0.031
0.043

(C2-C,)/C2

%
13.0
11.8
-2.3
-9.8
9.1
3.2
11.6

(C2-E)/C2

%
4.4

-17.6
-16.3
2.4
-1.6
-29.0
30,0

For the evaluation of spray sodium fire accidents in the room of secondary sodium pump and
that of the steam generator, assuming the crack size of Dt/4 for D325 mm><tl2 mm secon-
dary sodium pipe, 1.5t sodium will be leaked during 1000 seconds and it impacts to/with
the ceiling and becoming a spray fire. The maximum pressure calculated with SSPRAY in the
two rooms as abovementioned is 0.16MPa and 0.123 MPa respectively as shown in Figs 5 and 6.
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Fig. 5 Pressure curve in Secondary Pump Room
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Fig. 6 Pressure curve in Steam Generator Room

2.2.2 One Primary Pump Stuck

The One primary pump stuck accident has been considered as an accident of category 4 for
CEFR-DBAs.

Assuming reactor in operation at 102.5% full power, one primary pump suddenly stuck and all
power lost at the same time. The accident was analyzed with Russian GRIF and LOOP2 codes. The

maximum temperatures of fuel cladding and sodium in hot subchannel will be 865°C and 850°C
respectively as shown in Figs 7 and 8.

0 0 2.0 6 0 8.0

Time (s)

Fig. 7 Maximum Temperature of Fuel Cladding Fig. 8 Sodium Coolant Temperature



2.2.3 Main Primary Pipe Guillotine Rupture

In CEFR design there are two main primary pipes D 223 mmxt 8mm each connected to
the diagrid plenum from the general pipe of the one of two main primary pumps. The one main
primary pipe guillotine rupture accident has been considered as an accident of category 4 for
CEFR-DBAs.

Assuming the reactor in operation at 102.5% full power, one main primary
pipe guillotine rupture happened instantaneously and all power lost at the same time.
The accident was analyzed with French OASIS code. The maximum temperature of fuel cladding

and core sodium average will be 920°C and 814°C respectively as shown in Figs 9 and 10.

Fig. 9 Maximum Temperature of Fuel Cladding Fig. 10 Maximum Average Temperature of Core Sodium

2.2.4 Check Criteria Before Acceptance for DBAs

The plant status of CEFR is divided into four categories and beyond design basis accident as
following:

Category 1 normal operation;

Category 2 anticipated operational occurrences (occurrence frequency 3.0*10"2/a ~ 1.0/a);

Category 3 design basis accident (occurrence frequency 1.0><10"4/a~ 3.0x10"2/a);

Category 4 design basis accident (occurrence frequency 1 .Ox 10"6a ~ 1 .Ox 10^/a, and

Beyond design basis accident (occurrence frequency 1.0><I0"8a~ 1.0xl0"6/a)
Following proposed check criteria before acceptance for CEFR (Table 14) is being discussed

with the CNNSA.

TABLE 14. CHECK CRITERIA BEFORE ACCEPTANCE
category

NO.
coolant Cladding

°C

fuel Dose*
mSv/event

I
2
3
4

BDBA

no boiling 700 no melting 0.05 mSv/a
no boiling 800 no melting 0.5
no boiling 870 <10% melting in most rated pellet 0.5

1200°C <50 melting in most rated pellet 0.5

* at the boundary of the site, 153 m from the reactor

2.3 Progress on Design Demonstration

2.3.1 Sodium Fire

To protect the building structure concrete from chemical reaction and high temperature by the
sodium leakage and sodium fire, successively 3 mm steel as cover liner, 30mm fiber of aluminium
silicate (AS) and 70mm asbestos (AT) as heat isolator are designed for the floor of CEFR sodium
loop room.

The maximum temperatures in different components abovementioned have been calculated and



verified by experiment with a real material components arranged.
The experimental condition is following:

(1) temperature of leaked sodium 400°C

(2) sodium burning surface 600mm><300mm

(3) sodium volume 600mmx300rnm*20mm
(4) burning time 4hours

The comparison of calculation results with that of experiment is given in table 15.

TABLE 15. MAXIMUM TEMPERATURE UNDER SODIUM FIRE °C

component thickness (mm) calculation Experiment

steel
AS (middle plate)
AT (max.)
Concrete (max.)

3
30
70
800

920(mput)
750
580
123

920
740
560
150

Besides above mentioned protection approach, 500mm deepness smothering catch pan system
will be arranged above the steel cover liner (3mm) over all the floors of sodium loop rooms.

Sodium fire extinguisher system has been demonstrated, which includes following
extinguishers:

(1) Fixed expansion graphite extinguisher (FGE);
(2) Vehicle expansion graphite extinguisher (VGE); and
(3) Portable expansion graphite extinguisher (PGE).
The graphite is driven by pressurized nitrogen of 1.3MPa. Their characteristics are given in

Table 16.

TABLE 16. SODIUM FIRE EXTINGUISHER
FGE VGE; PGE

Graphite loading kg 25 14 4
Spray time 5 100 ~ 150 ^5 6

Extinguishing area m2 4 1 0.6
Driving gas N2 N2 N2
Efficient distance m 3 6 415_

To control the sodium fire aerosol release and to avoid the filter blockage by so dense aerosol,
a water scattered washer is equipped before the filter. The efficiency of the water scattered washer,
which is not less than 90% has been demonstrated by the full scale experiment in the case of about
25kg sodium burning up.

2.3.2 Other Design Demonstrations

The CEFR core neutronics mockup based on the core detail design has been carried out in
IPPE, Obninsk, Russia. The water pool simulation scaled 1:5 of the CEFR Decay Heat Removal
System also based on the detail design is under way in IPPE. Some views are given in the photo 1
and 2.

The hydraulic resistance coefficient test of the various hydraulic resistance devices and siphon
device demonstration test, which connects primary sodium purification system and reactor vessel,
I&C design verification test for protection system, regulation system and nuclear measurement sys-
tem have been started in the Institute.



2.4. Status on CEFR Engineering

Last May it was started to construct the 3mx69mx82.5m foundation base of CEFR Reactor

building and completed in last November. Then construction work stopped for two reasons: one is
that the CNNSA asked us to make additional analysis, especially, of the sodium spray fire accidents
and another is just winter arriving. After the additional analysis of some accidents has
been submitted and approved by the CNNSA, the full construction permission for the CEFR was
issued, in the early of spring ,on March 15, 2001 the CEFR construction was restarted. The photos 3
and 4 show the CEFR site status in January and in April, this year.

The components including those of reactor block, primary and secondary circuits, fuel handling
system etc. have been ordered and ordering for rest components is continued.

2.4 Preliminary Study on MA Transmutation

The second step of fast reactor engineering development in China will be modular fast breeder
reactor, at the same time as a prototype fast reactor for large scale one. one module has its 300MWe
size as preselected and named MPFR.

A preliminary study has been conducted to use MPFR as a transmuter to burn
the Minor Actinides. The main parameters of MPFR Reference core and dynamic parameters
comparison between 5% MA core and reference core are listed in Tablesl7 and 18.

TABLE. 17 MAIN PARAMETERS OF MPFR REFERENCE CORE
Value
840
300
MOX

84
72
271
6.9
36.61/28.43/34.96
326
300

TABLE 18. DYNAMIC PARAMETER COMPARISON BETWEEN MA5% CORE AND
REFERENCE CORE

Parameter Reference Core MA5% Core
PuO2 Contents in Fuel
Inner
Outer
Burn-up Reactivity Lost
Inner Single Compensation S.A.
Outer Single Compensation S.A.
Single Safety S.A.
Single Regulation S.A.
Doppler Constant 530K-633K

Peff

Neutron Life

Na Void Reactivity
in Fuel
in Whole Core

MA Transmutation

It could be preliminary concluded that three 300MWe MPFRs in the case without any transmutation
optimization could transmute MAs from two 1 OOOMWe PWRs, namely the supporting ratio is about 2.

Parameter
Thermal Power
Electric Power
Fuel type
No of Fuel S.A.
Inner
Outer
No. of Fuel Pins in One S.A.
Diameter of Fuel Pin
Fuel/Structure Material/sodium
Max. Linear Power
Fuel Cycle

Unit
MW
MW

mm
%
W/cm
d

Ak/k
Ak/k
Ak/k
Ak/k
Ak/k
Ak/k

Ak/k

s

$
$
kg/a

21.72%
26.59%
3.88%
1.45%
0.72%
1.23%
0.176%

-9.26x10"3

3.67X10"3

4.05 xlO"7

2.8
2.1

22.81%
27.12%
2.9%
1.39%
0.66%
1.18%
0.147%

-6.07x10"3

3.41 xlO'3

3.44X10"7

4.9
4.3
14.15



In order to estimate the MA accumulation and the role to decrease MA by the transmuters with
different supporting ratio, it is assumed that the nuclear capacity growth with two scenarios in China
as given in Table 19.

TABLE 19. ASSUMED NUCLEAR GROWTH IN CHINA (GWe)
Scenario 1
2000
2005
2010
2015
2020
2025
2030
2035
2040
2045
2050

2.10
5.45
12.02
23.19
40.00
62.89
91.56
125.06
162.00
200.81
240.00

2.10
5.15
10.57
18.85
30.00
43.56
58.78
74.77
90.71
105.94
120.00

Figure 11 shows that even though the MPFR has rather poor supporting ratio, but if 60 MPFR
to be built up to 2050, all MA from PWRs could be burnt out in the case of scenario 2. Figure 12
shows the cases of different supporting ratio, also for scenario 2.
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3 Accelerator Driven Subcritical System191

3.1 Introduction

As a candidate of nuclear system which could meet more safer requirement than recent those to de-
crease the risk of core melt and unforeseen release of radioactive materials and could transmute the
MA more efficiently, a new research field on Accelerator Driven Subcritical System (ADS) was
proposed in China in the year 1995 and a five years program (phase 1, 1998-2002) has been
launched as shown in Fig. 13.
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Fig. 13 Work Package of ADS Research Phase 1



3.2 Main Results on ADS Reactor Physics Concept Study

3.2.1 AD-FBR

A medium size sodium cooled fast breeder reactor driven by an accelerator with 1 GeV/16 mA
shows its advantages over the ordinary one, such as less Pu inventory required,
higher breeding ratio and reasonable transmutation rate (which may support two units lOOOMWe
PWR) at expense of less 15% energy output. The core layout is given in Fig 14 and the
main parameters are given in Table 20. The comparison with ordinary fast breeder with same
core layout is listed in Table 21.

Proton Beam Tube

Lead Target ( Flow in)

Lead Target ( Flow out)

Fig. 14 AD-FBR Core Configuration

0 Np-15Pu-30Zr-
U-IOZr

O A«Cn-35Pu-I0Y
U-10Zr

@ U-19Pu-10Zr
U-LOZr

© U-lOZr
( • ) Control Rod

^ P Gas Expanding Assembly

TABLE 20. SUB-CRITICAL BLANKET FBR
Parameter
Accelerator Ep

IP
Target
Blanket Type
Coolant
Keff
Energy Gain
Average Neutron Energy
Average Neutron Flux
Maximum Neutron Flux
Average Burnup
MA Inventory
Pu Inventory
MA Transmutation Rate
MA Production
Support Ratio

TABLE 21. COMPARISON OF
Parameter
Power MWt
Pu Inventory kg
BR
Doubling Time a
Keff

GeV
mA

keV
cnfV1

cm-Y1

MWd/t
kg
kg
kg/y
kg/y

AD-FBR WITH FBR
AD-FBR
760
1187
1.37
12.5
0.971

Value
1.0
16
Pb
Pool
Na
0.971
47.5
650
3.87xlO15

6.47xlO15

105

715
1187
29.8
6.4
(Roughly)4GWe PWR

FBR
880
1324
1.27
17.1
1.021

The calculation gives us some idea about how the fast sub-critical reactor is in favor of the
MA's transmutation and fissile breeding.



3.2.1.1 AD-PHWR

The pressurized heavy water moderated reactor (CANDU type) was adopted for the analysis
both for Th-U and U-Pu fuel cycles. Four central pressurized tubes were substituted by the beam
pipe and lead target. The parameters for Th-U fuel and for U-Pu fuel are given in Tables 22 and 23,
respectively. It is shown that AD-PHWR is favour to Th-U fuel cycle not only higher burn up, but
also with slight breeding capability. While in U-Pu fuel cycle, the fuel may self-sustainable only
with relative higher beam current, smaller K value and with a little higher burn up than ordinary
CANDU.

TABLE 22. SUB-CRITICAL BLANKET AD-PHWR(Th-U)
Parameter
Accelerator Ep

IP
Target
Blanket Type

Keff
Fuel Composition
VJVf
Burnup
Loading U-233

Th-232

GeV
mA

MWd/t
kg
kg

Equilibrium Enrichment
Breeding Ratio
Power MWt

TABLE 23. SUB-CRITICAL BLANKET
Parameter
Accelerator Ep

IP
Target
Blanket Type

Keff
Fuel Composition

vm /v fBreeding Ratio
Power

GeV
mA

MWt

Value
1.5
10
Pb
Pressurized Tube D2O Moderator
(CANDU Type)
0.985
UO2+ThO2

8.93
3xlO4

959
64000
1.46%
1.01
1840

AD-PHWR(U-Pu)
Value
1.5
46
Pb
Pressurized Tube D2O Moderator
(CANDU Type)
0.82
UO2

5.94
1.00
1500

3.3 Study on spallation Target Physics

As the proton beam window and the spallation target are the interface of the accelerator and
the subcritical reactor, which is the important component of the ADS. From
the engineering application point of view the basic problems such as spallation neutron
yield, energy deposition, the irradiation damage and radioactivity accumulation are
firstly concerned.

The calculation and analysis to the thin target and the standard thick target were made based on
the nuclear reactor models in this paper.

3.3.1 Study on the Neutron Double Differential Cross Sections of Thin Target

As a benchmark of the theoretical model used for analysis the comparison of the neutron yield
between the calculation results and the measured data of thin target was carried out firstly. Fig 15
shows the comparisons of the neutron double differential cross sections induced by
1500MeV protons on Pb between the calculated values by SHIELD code and the experimental data

at 15°, 30°, 60°, 90°, 120°, and 150°.In summary the predicted neutron double differential
cross sections by SHIELD code is better than HETC code.
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Fig. 15 Double Differential Cross Section of Neutron Yield from Pb Target

3.3.2 Study on Standard Thick Target

The size of the standard thick target used in the international code comparison is <t> 20*60
cm cylinder. The neutron yield from lead or tungsten target was calculated by two methods. One is
that the particle transport in the target was calculated by the Monte-Carlo method and the nuclear
data were taken from the experimental data or the empirical formulas based on experimental data,
and the second one is by SHIELD code. The results calculated by these two methods differ from 3%
to 7% systematically increasing with energy. Our results are compared with experimental data and
that quoted from international code comparison in Table 24.

TABLE 24. COMPARISON OF NEUTRON NUMBERS GENERATED PER PROTON FROM

O 20*60cm TARGET

Target

W-186
Pb-208
Pb-208
Pb-208

Ep (Mev)

800
800
1000
1600

Average Value from Int.
Code comparison
19.95^
17.71tl3)

Experimental Values

(16.6+18.9)/2=17.75[14] 16l

19.5[15]

(33.5+37.8)/2=35.65[14]

[11]

18.62
151 17.72

22.74
35.59

[12]

18.2
24.0
38.3

Fig. 16 presents the calculated energy depositions by SHIELD code for six kinds of target

materials with 1 GeV protons and 0 20*60cm cylinder target. The results were compared with the
experimental data. The calculated values agree with the experimental data pretty well for high Z
target materials, but fail for low Z materials as poor statistics in these materials for small number of
nucleons in light nuclei.

The irradiation damage of the target and the beam window is the significant issue for the ADS
system. The radiation damage induced by the intermediate energy nucleons mainly due to the elastic,
inelastic scattering and nuclear reaction, which can lead to atomic displacement in
the target material, production of the gas in the light nuclei (mainly H and He) etc. By defining the
irradiation damage cross section and the gas production rate, the irradiation damage of the material
tungstem and lead was calculated by SHIELD code. In order to compare
the various calculated results, the thin target was calculated firstly. Figure 17 shows
the comparisons between our results calculated by SHIELD code and the calculated results'161 by
HETC code for Ep=600MeV as well as the calculated results'17^ given by C. Rubbia group for
Ep=800MeV. As shown in Fig. 17 the irradiation damage cross sections increase basically in a line
as the atomies order Z increasing.
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Fig. 16 Comparison of Energy Deposition in Various Targets at Proton Projection

| 1600

> 1200

o - 800
8P

1? '« 400

0

o «

1 %

OlIETC

• SHIELD

-

a

A

if
;, = 600McV

'200

>
f 800

400

0

oRu

•• SH [ELD

I,
A

b s,

y
= 800 McV

1 f , . . 1

0 20 40 60
Z

80 0 20 40
Z

60 80

Fig. 17 Irradiation Damage Cross Sections of Al, Fe, Mo and W Thin Targets Induced
by Incident Proton with 600MeV[161 and 800MeVtl?1

The irradiation damage of the standard W and Fe thick target of 0 2Ox6Ocm cylinder with
1600MeV protons was calculated by SHIELD code. Based on the thin target calculations the total
irradiation damage induced by the incident protons, secondary protons, secondary neutrons above
and below 14.5 MeV is main concentrated in front 30 cm at the target, the irradiation damage in last
30 cm at the target is about 1/8 of the total one. The contribution to the total radiation damage by
the secondary neutrons below 14.5 MeV is about 42%, that by incident protons is about 30%.

The production rate of the gas is the product of the particle flux and the production

cross section a ; of the gas. The calculated results by SHIELD code show that above 400 MeV
protons or neutron bombard, the production cross sections of the helium gas increase rapidly with
the incident energy for tungsten target, but slowly for iron target.

The accumulation of the radioactivity in the Pb target by spallation and fast fission was calcu-
lated after operation with 30 raA accelerator proton beam for one year. Fig. 18 shows the relation of
the total, neutron, proton and neutron below 20MeV radioactivity with time respectively. Fig 19
presents the relation of the total radioactivity and radioactivity of
the several typical radioactive nuclides with time. The radioactivity is mainly caused by pro-



by protons and neutrons (especially above 20MeV neutrons) for 1600MeV incident protons. The
relation of radioactivity with time is basically accordance with the results in Referencef 18] for
1600MeV incident protons.
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Fig. 19 Changes of total Radioactivity and Radioactivity from Some Typical Radiation
Elements

3.4 Study on Accelerator Concept110'

To meet the requirements to the accelerator for ADS system in future, some studies should be
mentioned as following:

(1) a preliminary physical design of 7 MeV proton Radio Frequency Quadropole
(RFQ) accelerator for the ADS system has been carried out, with the design target
as following:

Outlet current intensity 20 ~ 30mA (continuously)
Outlet energy 7 MeV
Beam transmission efficiency 90%
Working frequency 350MHz

(2) The design study on intense proton Linac has been completed, which design target
is following:
Outlet current intensity 30mA (continuously)
Outlet energy lGeV
The main design parameters of three stages are given in Table 25.
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TABLE 25. MAIN DESIGN PARAMETER OF LINAC

Energy
Working Frequency
Length

Beam hole

NO. of Accelerator cavity
Beam Power

MeV
MHz
mm

mm

MW

RFQ
5
350

- 5

4 - 7
1
0.15

SCC1*
200
350

-80

40-60
46
5.85

SCC2*
1000
700

- 190

80-100
76
24.0

SCC1 spoke or P super-conductor cavity
** SCC2 conventional super-conductor cavity

3.5 A proposed Verification Facility for ADS in China

ADS is an entirely new approach for the exploitation of the next generation nuclear energy,
which including new physics basis, neutronics in high power sub-critical reactor, new techni-
cal issues of the reactor system, challenge to the high current medium energy accelerator with high
reliability and material problems both for beam extraction window, target system
and reactor components etc. All these problems should be solved step by step both individually or
integrally. According to present technical status in China, we think a small size
multi-purpose verification system is a rational choice. CIAE and IHEP have proposed such
a facility consists of a 150-300MeV/3mA low energy accelerator, and a swimming pool light water
sub-critical. Its conceptual layout is shown in Fig 20.

The core structure and some parameters of this AD-SPR are given in Fig 21 and Table 26.
The research activity in Phase I and Phase 2 are summarized in Table. 27
The construction of the verification facility is expected in phase 2 until 2007, as shown

in Table 27. In phase 1 the technical development will be carried out individually, while in Phase 2
the integral will be undertaken.

On the base of this verification facility we expect that a full scale demonstration experimental
facility may be realized in the middle of 2010's.
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Fig. 20 Conceptual Layout of Verification Facility for AD-RCNPS
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TABLE 26. SOME PARAMETERS OF AD-SPR
Parameters Unit Value
Lmac

Proton Energy
Beam

Target
Material
Target Power

Subcritical Facility
Moderator and Coolant
Power
Fuel
Subassembly
Core height

Power Peak Factor
Heat Flux (ave.) of Fuel Element
Heat Flux (max.) of Fuel

Doppler coefficient

Temperature coefficient of moderator
28 Subassemblies:
36 Subassemblies:

MeV
MA

MW

MW

Mm
Mm

W/cm2

W/cm2

10"5/°C

10"5/°C

2.58kg U-235
4.86ksU-235

300
3

Pb/Bi
< 0.9

H2O
3
U-235(10%)
68x68
500
2.478
36.5
90.4
-0.397
9 47S

Keff=0.91
K.«=0.97

TABLE 27. VERIFICATION AND DEMONSTRATION PROJECTS

Accelera-
tor

Blanket

Verification Facility

2000 2007
Phase 1
Key components development

• ECR High current source

•Ep=80KeV,lp=60mA

• RFQ injector

Ep~5MeV,lp~3mA

• Iow3 cavity

High energy accelerating

structure

• CCL(norma! conductivity

and/or super-cond.)

Accelerator Physics

• Basic theoretical study of

beam dynamics in LINAC

and cyclotron

• System conception study

• Neutronics study using

Zero-power sub-critical as-

Phase 2
Low energy part of LINAC
Pulse Micropulse
mode mode
Ep=300MeV Ep=300MeV

Ip=3mA Ip~10u A
Further study on
High energy accelerating
structure

• SC-CCL

•CW-mode operation of LI-

NAC

LWR sub-critical reactor

driven by LINAC Pou, <

3MWt

• Changeable core

Demonstration
Experimental Facility

2008-2015

Full scale
Accelerator

LINAC

Ep> 1GeV

lp> 3mA

Power output
60MWt



Material

Nuclear
physics

Chemistry

sembly driven by D-T,Cf ex-

ternal source (Both thermal

and fast assembly)

Pb/Bi test loop
W~Na

• Neutron data evaluation

• Medium energy nuclear re-

action theory

• Proton, neutron transport

code development

Basic research on

Partitioning Process

structure

• Power density flatten

• Transmutation

simulation

• Pb/Bi test bed

Pb< 0.9MW

• W solid state test target

Pb< 0.9MW

• Window material test

• Spallation neutron source

property measurement

• Neutron data measure-

ment

Technics on partitioning

process

4 Fusion Fission Hybrid Reactorfl9)

More than ten years the South Westen Institute of Physics and He fei Plasma Research Institute
have engaged in the Fusion Fission Hybrid System researches. Following are the achievements and
status:

4.1 The design and research of hybrid reactor

The conceptual and detailed conceptual design of experimental hybrid reactor and commercial
hybrid reactor were successively accomplished. And a complete set of systematic design software,
analog calculation program and database was established. A series of scientific research results
were gained in the fields of plasma physics, neutronics, reactor structure, thermohydraulics, safety
environment, economic analysis, etc., out of which the researches on neutron transmutation of
long-life radioactive wastes was carried out, and provided new approach for early application of
fusion neutron sources.

4.2 Research on hybrid reactor material and blanket project

The research on hybrid reactor material and blanket project is jointly carried out by a dozen of
research institutes including South-western Institute of Physics, China Engineering Physics Institute,
and Nuclear Power Institute of China. The research aims at developing new materials applicable to
fusion environment and solving the blanket engineering problem of hybrid reactor
and fusion reactor. With the support of National High-Tech R&D Program a dozen of
new materials were developed in 15 years. A batch of experimental devices and apparatuses such
as liquid metal loop, chemical sputtering device, in-pile tritium producing loop, neutronics integral
experimental device were developed. A lot of experimental researches on reactor material
and reactor engineering such as irradiation effect, thermal shock, neutronics,
plasma surface interaction, MHD differential pressure were carried out.

4.3 Research on key techniques of hybrid reactor

The research aims at developing key fusion techniques such as plasma heating, fueling, electric
current driving , which meet the requirements of core plasma, and providing technical basis for the
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stimulating device of core plasma, Promoted by the National High-tech Program, HL-IM Tokamak
and HT-7 superconducting Tokamak devices Photo 5 and 6 were completed in 1994. Key nuclear
fusion techniques such as mega-watt class ICR heating, NBI heating, LHCD, and high-speed pellet
fueling system were developed on the two devices respectively. As a result, a batch
of physical experimental results was achieved, promoting China's fusion research greatly and
laying a solid foundation for making a hybrid reactor stimulating device of core plasma.

5 Conclusion

The three new nuclear systems FBR, ADS and Hybrid have been started to develop with a
rather moderate project in China and they are all still in the early stage. For fast reactor development,
its first step, CEFR is foreseen to reach its first criticality in the end of 2005. The second step
300MWe Modular Fast Reactor (MPFR) is under consideration. For ADS, we are making
great efforts to accomplish the research tasks worked out in the first phase program
and enthusiastically preparing to step to the second phase program which is marked by
ADS concept verification study. As to the Hybrid, in near-term the emphasis will be put on
the experiments on two big testing facilities HL-IM and HT-7 on one hand, on other hand we will
determine the targets of medium term and long-term development for Hybrid system and work out
relative development program.

As said before the researches for these three new systems are all in the early stage, the budgets
spent up to now are limited, so we have open selections for the future.
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1 General situation

1.1 The production of electricity in 2000

Production

Nuclear power plants
Conventional power plants
Hydraulics plants

Total:
of which the EDF operates:

TWh

395
50
72

517
482

Relative
share
76.4

9.7
13.9

Variation
2000/1999 %
+ 5.4
+ 2.7
-6.1

+ 3.3
+ 2.8

Consumption

Exportation
Importation
Losses
Pumping
Net consumption

TWh

72.7
3.3
30.3
6.6
410.7

Variation
2000/1999 %
+ 6.7
-33.5
+1.6
+ 4.8
+ 2.4

1.2 Nuclear energy production data
Two of the 4 N4 units (Chooz B1et 2) were declared in to be in commercial operation during
2000.
The EDF owns 58 PWR's, for a total capacity of 63 Gwe.
The availability factor was 80.8 %, the new N4's run well.
Safety : No particular incident occurred, 469 incidents were declared, 134 of which were
rated "level 1" and 2 incidents, "level 2". These incidents were often attributed to human
factors originally and lasting generic problems.

1.3 Nuclear Policy
France, thanks to its large infrastructure of existing nuclear power stations, which provides it
with cheap energy, also finds itself in a strong position in the battle against The Greenhouse
Effect.
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TOPCO and nuclear French industry restructuration.
The General Administrator of the CEA, Mr Pascal Colombani has called for a general
restructuration of the nuclear industry in order to meet the challenges of deregulation and
globalisation. The French government has confirmed a process due to be completed in
autumn of this year.
The industry must now reform and restructure just as other energy and telecommunications
industries are currently doing. He has outlined proposals for a new state-owned nuclear
holding company, which he refers to as TOPCO; its creation would bring together the current
holding companies of the CEA-lndustrie (the industrial sector of the CEA), Cogema and
Framatome, ail three of which cover the group's main activities.

The new organisation will have two 'branches':

One branch will be 'nuclear1, and will be made up of Cogema and Framatome Advanced
Nuclear Power (ANP). The aim is to create a global market leader covering the entire nuclear
fuel cycle. It will unite Framatome ANP's expertise in the field of reactor design/construction
and fuel cycle services with Cogema's expertise in the nuclear fuel cycle, which embraces
mining/uranium chemistry, enrichment, fuel/reprocessing/engineering, and related services.

The other branch will be active in the field of electronics and 'new technologies'. It will bring
together Framatome Connectors International (FCI) and ST Micro-electronics, a Franco-
Italian firm dealing in semi-conductors.

A new decree has set a minimum holding of 50% in CEA-lndustrie, allowing for other
companies to hold shares in the organisation whilst still preserving its "public character".

The Long-Term Options for a French Energy Policy
Current demand for electricity and the lifetimes of existing units would not justify an order in
the immediate future. The Prime Minister of France, Mr. Lionel Jospin has promised public
debate on France's future energy options ( after the presidential elections in 2002).
At the end of July 2000, upon the request of the prime minister, the major report dealing with
France's energy policy options and the long-term economic viability of nuclear power was
published.
The authors (Jean-Michel Charpin of the Commissariat General du Plan, a key public policy-
making forum; Benjamin Dessus of the National Scientific Research Centre (CNRS); and
Rene Pellat of the French Atomic Energy Commission (CEA)) stress that the aim of the
report - which spans the period of 2000 to 2050 - is neither to "guide the choice" of public
authorities nor to "influence" public opinion, but rather to provide the technical, economic
and ecological information needed for public debate on France's future energy
options.

Mr L. Jospin considers this report to be an important contribution to the knowledge and
transparency of the French nuclear sector.
It underlines the complexity of the choices of future energy options for the country such as:
the phasing out of nuclear power (as is the case in neighbouring Germany) ; the construction
and commissioning of the first EPR within the next few years ; the expansion, continuance or
abandon of the spent fuel reprocessing and plutonium recycle ; the involvement in the
development of new nuclear fuel and reactor options to burn transuranics; which
technologies are involved and when they would be implemented.

Two main conclusions emerge :
Existing nuclear plants should retain their cost advantage over combined-cycle gas
plants - the only serious economic challenge in terms of meeting the bulk of future electricity
demand.
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Unless gas prices remain stable over the period as a whole, nuclear energy is also likely
to retain its economic edge when the time comes to build new generating capacity.

1.4 Status of Fast reactors
Renovation and inspection works have been actively pursued on the PHENIX plant, a large
part of the work has been completed, mainly reinforcement against earthquakes, inspection
of the internal structures and general maintenance. Maintenance work revealed cracks in the
SGU and it has been decided to replace the potentially affected zones of SGU 1 and 3

Decommissioning work is underway at SUPERPHENIX, core unloading has proceeded
normally, an increasing number of systems and components have been removed from
service. A new decree will have to be issued for the final disposal of both the primary and
secondary sodium; it will include dismantling operations that will satisfy the requirements set
down by the AIEA.

1.5 R&D
On R&D side, CEA recently launched a comprehensive R&D programme on promising
technologies for future nuclear energy systems, to make significant progress in safety,
sustainability and economics. Reference system is based on gas cooled fast reactor with on
site closed fuel cycle, but many technologies investigated for the long term are believed to
be of generic interest to develop high performances fuels end materials

2 Rapsodie
In 2000, the Rapsodie plant was maintained safely under monitoring. Work on the updating
of the plant's safety report which began in 1999, is still underway. This report will be issued
to the French safety authorities in 2001. The General Operating Rules will be updated in
2002.
The planned programme is :

Cleaning operations and partial dismantling are to continue up to the end of 2006.
Surveillance phase 2007-2020
Dismantling operations will resume and be pursued up to the level III beginning in the
year 2020.

3 Phenix

3.1 Introduction
In 2000, the operations begun in 1998 dealing with the renovation, inspection and
maintenance of the reactor, were pursued and many of them have now been completed. An
expenditure of 450 MF, involving 2000 workers from 220 subcontracting firms and 1.3 million
work hours have allowed most of the work to be completed.

The work is divided into four main projects:
>̂ the renovation work, which specifically concerns improving building and equipment

behaviour in the event of an earthquake,
^ ultra-sonic inspection of the welds in the reactor core shell,
^ visual inspection of the upper internal structures of the reactor block,
"i> general maintenance of the installation and regulatory controls of the pressure

instruments.

3.2 Renovation Work
Renovation work concerned the entire industrial facility to varying degrees.
The work done since 1998 was primarily civil engineering work carried out to consolidate the
superstructures of the buildings and to avoid any interactions between the buildings in the
event of an earthquake. It consisted in reinforcing concrete pillars in the reactor building and
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the steel frames in the other buildings. Likewise, several cement block walls in the steam
generator building were disassembled and replaced by steel cladding. Work is practically
finished, except in the South Handling Building where it is expected to be completed by June
2001

Other significant operations were undertaken, such as the installation of a separation
between the zones which have a piping network containing secondary sodium and the zones
having water or steam piping. Work has also been started on the installation of an original
design of anti-whip devices on the high pressure piping in the steam generator building.

Lastly, two independent circuits have been built to ensure emergency circuit cooling (this
means the evacuation of the reactor's residual power in the highly hypothetical event of a
major earthquake which is supposed to have knocked out all the other systems). Each one of
the two geographically separated circuits has its own pumps, cooling tower, and diesel
engine generator set. Operating tests on these circuits are underway.

3.3 Inspection
Ultra-sonic inspection of the welds in the reactor core shell, consist in the introduction of a
robot, previously developed to be able to travel in the 100 mm-wide space separating the
main reactor vessel from its double wrapper, in order to move the sensors. The ultrasonic
waves, propagated throughout the conical shell which was immersed in 150°C sodium, can
detect any unacceptable defects in the welds they travel through. Weld control operations
took place from October 18th to December 23rd . The quality of the signals was very good,
and confirmed the satisfactory condition of the inspected welds.

Visual inspection of the upper internal structures of the reactor block was planned to
be carried out in the year 2000. It consists in the introduction of inspection booms in the
primary vessel, after lowering the primary sodium by transfer in storage tanks.
However, difficulties involving the perfecting of the camera poles, which were delivered at the
end of December 2000 did not allow the inspections to be performed as originally planned.
They were finally carried out successfully during the first four months of 2001.

3.4 General maintenance
genera! maintenance of the installation and regulatory controls of the pressure
instruments are practically finished. The main points are : a general overhaul of the
pumping station, the condenser, the turbo generator set, the electrical stations and the
regulatory test on the pressure devices, including the SG 1 and 3.

The Analysis of the Safety Action Plan has been successfully carried out. This involves
the means to be implemented in order to ensure the safety of the facility in the event of a
conventional fire.
Following this analysis, a certain amount of improvements were undertaken and work will
continue in 2001.

The new intermediate heat exchangers which had initially revealed defects in their
manufacturing, have been repaired. They have been installed on the reactor, replacing the
two heat exchangers of the secondary circuit n°1. Leaks had been detected on these last two
exchangers. One of them has been washed, decontaminated and metallurgical examinations
are now being conducted with results expected by the end of 2001. Throughout 2001, the
washing and decontamination of the second heat exchanger coming from the same
secondary loop will be carried out as well, due to the fact that it too, has displayed defective
behaviour.

Examinations carried out on the modules of steam generator N°2 (which will no longer
be used), complementary to those carried out in 1999, revealed two new non-traversal
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cracks. The analysis of these defects is still ongoing and at the beginning of 2001, the
decision was made to replace those parts which might be potentially affected by steam
generators 1 and 3, a fact which postpones the resuming of its power operation in mid 2002.

3.5 Future
For the future, the resuming of the power build-up (2/3 Nominal Power) is planned for the
summer of 2002, with 6 irradiation cycles representing a period of approximately 5 years.

4 Super Phenix

4.1 Introduction
The ministerial decree ruling the start of the Superphenix decommissioning was issued on
December 31,1998. In conformance with this decree, the following operations may be
carried out, after specific agreement on the part of the safety authorities :
% core unloading from the reactor vessel to the fuel storage water pool,
^ removal from service of non-required systems,
^ primary vessel draining and storage of the sodium.
Progress achieved on these topics in 2000 is summarised hereafter.

4.2. Core unloading
Core unloading involves the transfer of each subassembly from the reactor vessel through
the reactor handling transfer chamber into various corridors and cells, allowing, in particular,
sodium draining and then residual sodium cleaning in a washing pit, before final transfer to
the water pool is accomplished.
At the end of December, 109 breeder subassemblies and 10 fissile assemblies had been
successfully transferred and stored in the water pool. The completion of core unloading
including control rods and the latest type of subassemblies for which a cleaning procedure
was specifically developed in 2000, is now expected in October 2002. Unloading of lateral
neutron shielding assemblies is under study, it could be scheduled for after the unloading of
the fuel assemblies.

4.3. Removal from service of non-required systems
The objective is to isolate and prepare the facilities in order to ensure that future dismantling
operations will be carried out in the best conditions of security and cost. A lot of systems and
components are no longer required for safety, particularly those related to the electricity
production facilities.
Throughout the year, an increasing number of systems and components have been removed
from service. All the equipment housed in the turbine hall has been removed from service
with the exception some useful pieces which will be maintained. Dismantling of balance of
plant will begin in 2001 with the 400KV cables.
These operations require an excellent knowledge of the facilities and a rigorous preparation:
all electrical cables in the area are disconnected and insulated from the components, pipes
are cut or isolated; and inside the area, circuits are drained, products such as industrial oils
are removed. European tenders are prepared.
The increasing number of systems and components removed from service as well as the
shutdown of sodium pumps and circuits have enabled operational and maintenance
requirements to be further reduced. One important consequence is the departure of 75
people from the site during the year; this brings the number of departures down to 354 since
the decision of the final shutdown of the plant. At the end of 2000, 324 people were on the
site staff.
Studies and the implementation of modifications to simplify systems which will be used over
a period of several years are now being undertaken. These primarily concern systems
necessary for the operation and maintenance of the fuel storage water pool.
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4.4. Primary vessel draining and storage of the sodium
Secondary sodium has already been stored in solid state in existing storage tanks. Primary
vessel draining for solid sodium storage is no longer scheduled. A new strategy is now under
study. It involves the following measures:

• the maintaining of the primary sodium in liquid state in the primary vessel for several
years,

• the design and construction of a sodium destruction plant on the site, based on the
proven NOAH process, already applied on the Rapsodie reactor and the PFR,

• the treatment of the secondary and primary sodium in the new plant by transforming it
into soda.

Two possibilities are being studied to eliminate this soda:
• The neutralisation in sodium sulphate and release of the equivalent of 2.5 t of sodium

per day into the Rhone river. Considering the absence of fission products (no clad
ruptures), the radiological release would be 90GBq/year and the impact for the most
exposed individual would be 0.1 uSv/year, i.e. a hundred times less than the IAEA
"trivial" threshold (10 uSv/year) below which the risk for health is considered
negligible.

• Incorporation soda or sodium salt in concrete to produce a very low activity block.
Those blocks would be stored, the activity would be very low in 30 or 50 years (some
Bq/g).

Parts of the piercing machine for the core catcher have been successfully tested in
Cadarache, this allows all the equipment to be built.

4.5 Dismantling.

The EDF changed its dismantling strategy for first generation reactors, including
Superphenix. Dismantling (AIEA level 3) will be finished in 2025 without intermediate safe
storage status (level 2).

The first results on carbonation were obtained in 2000 with the development done at
Cadarache: mainly on carbonation speed and influence of parameters. Longer analytical
tests have been planned and a large-scale representative test of structure carbonation in the
main vessel is scheduled. Furthermore, initial studies for reactor vessel and the dismantling
of internals have been made to validate a residual sodium carbonation strategy.

The first primary component has been dismantled.

4.6 Regulatory files.

The decommissioning decree specifies that a new decree will have to be issued for final
disposal of both primary and secondary sodium. This new decree is scheduled in 2004 after
a public inquiry; it will include dismantling operations to meet the requirements of the AIEA
level 3 which are not provided for in the previous decree.

5 R&D:

5.1 Introduction

In 2001, a new organisation was set up at the CEA. Its objective is to reinforce the CEA's
capacity to adapt, anticipate and meet the needs of industry and to take into consideration
the concerns of society while continuing to contribute to the development of scientific
knowledge.
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Thus, along with this new orientation of fundamental scientific research, (Sciences of the
Matter and Life Sciences) and that of defence, we also witness the creation of a:

^ A nuclear orientation, The Nuclear Energy Division the mission of which is to deal with
nuclear development and innovation, R&D for the nuclear industry, simulation and
experimental tools, and clean-up,

>̂ A technology research orientation for materials and the new, emerging technologies of
the energy sector.

The project on Future Generation Nuclear Energy Systems: This project is a part of the
Nuclear Development and Innovation Direction. Its purpose is to study and develop, on the
mean and long term basis, the most promising options for nuclear reactors, fuels and
reprocessing procedures. These options should contribute to making nuclear energy a major
source of the sustainable development. The project also aims at maintaining at the highest
level the competence and technologies that the CEA will be able to bring to national
achievements or international projects in future decades

Research on the systems of the future is structured into 4 main areas:

t> Innovations for LWR's, with the main short term effort currently focused on the
development of advanced fuels (APA, Duplex...) in order to improve the plutonium
inventory management coupled with the use of the reactor infrastructure ; to this research
- and most likely much more devoted to fuels—, we shall seek to add, in cooperation with
national and international partners, the assessment of new concepts and innovative
systems for future LWR's (modular concepts, research on simplification, safety through
design, etc.).

<*> The systems of 4th generation aims at significant improvements in the field of
competitiveness, safety and impact on the environment through an integrated reflection
on the reactor concepts and the associated fuel cycle. The corresponding goals, in
particular the minimization of the production of long life waste and the saving of resources
(i.e. optimised use of fissile and fertile nuclear fuels), impose a rupture with the water
reactor technology and an evolution towards the hard neutron spectra and the high
temperatures, to attain applications other than the electricity production : hydrogen
production, desalination, cogeneration. The main R&D axis for this long-term objective
stakes on HTGR potentials for the development of "high-efficiency gas-cooled systems -
HEGCR".

>̂ Sodium-cooled reactors (LMR's), with an approach aiming at maintaining CEA
expertise at its best level by developing the experience feedback obtained from the
Phenix and Superphenix reactors, and through international co-operation (mainly JNC,
CRIEPI, ANL and MINATOM).

<*> Systems which are the object for survey or exploratory studies. Within this category
there are systems implementing alternative technologies: cooled with supercritical water
or lead alloys, molten salt reactors. Significant R&D is being carried out on these
concepts in foreign countries. Within this category we also have nuclear systems of a
specific vocation such as those dedicated to the outer space applications and nuclear
propulsion.

The Transmutation Reactor Type Project:

The major objective of the programme concerns the assessment of the potential of hybrid
systems in reducing the quantity and harmfulness of long-lived nuclear waste. This work is
set within the framework of article 1 of the Law of December 31st 1991 and must provide in
2006, the necessary elements allowing the higher authorities to establish a coherent nuclear
waste management policy
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5.2 High-efficiency gas cooled systems :
The main objectives for reactors of the future and the associated fuel cycle are :

• Improved economic competitiveness in comparison to other current means for
electricity production - including existing nuclear plants --, with a particular effort made
to reduce investment costs;

• increased safety, particularly through a better resistance of the core versus damage in
the case of severe accidents and, if possible, the exclusion - through design - of core
melting; increased implementation of passive features ;

• heavy reduction of long-lived radioactive waste;

• optimal and flexible use of the available fissile and fertile resources; improved
resistance to the risks of proliferation ;

• potentialities for applications other than the production of electricity: hydrogen
production, sea water desalination, etc.

Among the possible options, those dealing with the hardened/fast spectrum, high-
temperature gas-cooled technology, refractory fuel and suited to "processing, remaking and
integrated recycling " will be considered in priority. Principal associated technologies relate to
refractory fuels with a high capacity for fission product containment, the integrated processes
for fuel reprocessing, structural materials resistant to high temperatures and high irradiations
fluences, and the technology of gas circuits at high temperature.

The objective of the CEA is to build a program of R&D based on " high efficiency", gas
cooled reactor systems " (HEGCR) - N.B. "high efficiency" from both the thermodynamic and
waste management point of view - which, beyond the main objectives for the long term, will
provide useful spin-offs for both current reactors (the materials and fuel in particular), as well
as an international project for a high-temperature reactor that might correspond to needs on
the international market horizon of 2020-2030.

5.3 Sodium cooled fast reactors

The main objectives for the year 2000 were to formulate a synthesis and compile a final file
gathering all results from the R&D and analysis methods. Future R&D on sodium-cooled
reactors is not intended to support industrial development but to maintain the CEA expertise
at its highest level for this technology, focusing the studies on its weak points. R&D topics of
general interest are to be privileged (fuels, advanced steels, Pyrochemical reprocessing).

5.3.1 The Capitalisation and preservation of knowledge
Our main objective is to preserve the knowledge acquired from the Super Phenix reactor
and more generally, that which has been obtained in the field of sodium-cooled fast reactors.
This knowledge is to be used in the design of new reactors. The database must integrate the
overall procedure in the designing of fast reactors, with a comprehensive collection of
documents serving as synthesis, referring to the basic documentation.

With regard to the Rules of Design Basis, the principle of a new RCCMR edition (edition
2000) to integrate the proposed improvements dating from the last version of the RCC-MR in
1993 has been accepted and a specification has been written. The English language version
will also be updated.

For the finalisation of the neutronic tools qualification, two items are to be registered :
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• the qualification of the DARWIN calculation scheme with physical data that are of
interest for the fuel cycle, and the coding of the interface with the ERANOS calculation
scheme for the design of LMR cores ;

• the complete migration of the experimental fast data base SNEDAX into the ORACLE
environment of the new LMR Experimental Data Base

5.3.2 Safety
A version of SAS4A code including the ejection model was realised, coupled with other
SAS4A modulus, and qualified in version REFOO. Code manager activity was transferred to
the JNC in June 2000.

A considerable amount of work is now being carried out on the SIMMER code in
collaboration with the FzK and the JNC.

SIMMER 111 is a 2D thermal-hydraulic, multi-phase, multi-component code with neutronic
coupling for CDA (Core melting and re-criticality risk analysis) studies in LMFR. SIMMER IV
is the 3D version, actually 1B version available for thermal-hydraulic studies only; validation
and neutronic coupling are now underway (FzK)

SIMMER is, for the most part, valid, robust and therefore will be amply used in safety studies
accompanying the design studies for future systems.

Completion of the BALL-TRAP Programme: This programme aims at the realisation and
completion of the analytical tests covering a part of the needs related to the understanding of
the key physical phenomena controlling the transition phase, in particular the mixed bath
boiling (fuel-steel) transient behaviour required for the validation of the SIMMER code. The
goal is to study heat transfer during the droplet vaporisation in a continuous phase heated in
volume with fast kinetics.

The development of a « pin-cladding » model allowing the study of the initiation phase of
the accident.

The perfecting of a neutronic library for SIMMER, based on the ERANOS code

Finally, it must be stated that within the framework of an update of all Phenix safety files for
its eventual startup at 2/3 nominal power, a BTI study has been carried out.

For the CABRI Raft Programme,
^ A synthesis on all the tests was launched in 2000,
^ Tests preliminary to the TP3 test, which concerns the heat exchanges between fuels and

steel were carried out.
^ The TPA2 test, the same type as the TP2, a bundle of 3 pins was carried out in April

2001.
The CABRI Raft Programme must be completed by the end of 2001 in view of the fact that
the CABRI reactor must be modified for a programme dealing with water reactors.

5.3.3 Fuel and cycle

For waste incineration, a first step concerns the nitride fuels on which a synthesis study,
begun in 2000, will be finalized in 2001;
For waste management, the analysis of the IFR concept and its derivatives will be
considered through collaboration with the ANL on Pyrochemical technologies capable of
allowing the reprocessing of fuel on the site of its production.



Progress Reports on Fast Reactors and ADS

For Pu management, within the framework of the CEA/MINATOM agreement, CAPRA
irradiation in BOR60 for high plutonium contents (UPuo.45-o.6N) nitrite fuels is underway, in
parallel to one experiment in the Phenix reactor (U,Pu)O2 oxide fuel (45% Pu)

5.3.4 Structural materials and mechanics

Work continued on 316LN behaviour under creep and fatigue conditions. Comparison on
creep stress to rupture of Japanese 316FR and European 316L(N) steel grades have been
performed. Analyses of the fatigue relaxation behaviour of 316LN has been achieved.
Progress were made on the comprehension of delayed cracking observed on 321 steel
(Phenix SGU) : creep damage in the heat affected zone has been quantitatively studied and
then simulated.

A complementary interpretation of Symphony experiment (program on fast reactor core
behaviour under seismic conditions) has allow to have a better understanding of the effect of
water, by taking into account the damping resulting from the interaction between AC (fuel
element) and PNL (lateral neutronic shield), with consideration of fluid structure interaction.

Concerning piping systems evaluation, a synthesis of the work done in support to advanced
calculation methods has been produced.

Concerning high temperature fracture, a synthesis of the tests on tubes (TUBFIS) have been
written. Concerning weld, a new experimental method to predict the life of high temperature
austenitic 316L Weldments have been developed.

The exploitation of irradiations now underway in the Phenix reactor will contribute to the
development of steels for core structures (austenitic, ferritic, mariensitic, advanced) and to
the experience feedback relating to the cracking of un-irradiated steels.

5.3.5 Sodium technology

In the year 2000 activities on sodium technology were devoted to the closure of actions
concerning quality control, contamination, cleaning and sodium leak detection.

For cleaning aspects, tests were carried out in the CIGNE facility, allowing the kinetics of the
sodium/water reaction in a circulation gas such as nitrogen to be determined. Material and
thermal balances allowed researchers to determine the temperature level of the different
objects entering into contact, to estimate reaction kinetics and to validate both a numerical
model taking into account the material transfers and another model translating the heat
transfer phenomena.

The process of carbonatation has been considered as a treatment for the residual sodium in
the primary vessel of SUPERPHENIX. It consists in injecting a circulation of gas carrying a
very low amount of water inside the component to be treated. The gas must be kept at room
temperature, under the saturation point of water. The circulation gas is a mixture of carbon
dioxide and nitrogen. The first campaign of tests, carried out in the CARNAC test facility in
2000 allowed researchers to understand the effect of the different parameters having an
impact on the kinetics and the type of carbonates formed (Na2CO3 or NaHCO3) These tests
will be pursued in 2001; the preparation of a carbonatation test in a large-scale facility
involving one of the TRIPOT test pots is now underway. These tests should take place in
2003.
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5.4 Technological survey and exploratory studies

Three concepts are analysed : the lead or lead-bismuth-cooled reactors , the molten salt
reactors , and reactors cooled with supercritical water. Significant R&D is now being carried
out on these concepts in foreign countries.
The lead and lead-bismuth cooled reactors are examined in comparison to sodium LMR's,
and particularly with regard to core safety and corrosion by lead and lead-bismuth. Activities
will be limited mainly to technological survey within the framework of the international
collaboration and will make use of the studies performed on spallation targets.

The supercritical reactors studies are performed within the framework of the project "High
Performances LWR" (HPLWR) of the 5th PCRD (EC), their main objectives being to assess
the potentialities of this type of reactor and to identify key points of technological feasibility,

The molten salt reactor : studies are being conducted within the framework of the MOST
Project of the 5th PCRD (EC), with the aim of implementing state of the art knowledge on the
Molten Salt Reactors, and the pooling of data bases; a survey of the ISTC 1606 Project
(Molten Salt Loop for Waste and Plutonium Disposal) will be done.

5.5 ADS

The purpose of this programme is to determine, within the framework of various working
scenarios, not only the expected efficiency of the ADS in the transmutation of long-lived
waste, but also to provide a realistic assessment of the scientific and technical feasibility of
such machines. If need be, the particularly hard points will be identified and, in as much as
possible, the volume of R&D that might be required to provide solutions or the development
of alternative solutions will be estimated. Furthermore, the assessment of the hybrid reactor
type would not be complete without taking into account key factors such as safety and
economy.
In addition to this, this work will integrate a preliminary study pertaining to the realisation of a
100MW demonstrator so that a final decision might be made concerning its actual
construction following this programme if its feasibility can be clearly demonstrated.

5.5.1 System studies

Design studies for ADS are being carried out in order to assess the technical feasibility and
the interest in ADS with regard to the transmutation of long-lived nuclear waste. These
studies provide the basis of a broad international collaboration: the 5th PCRD of the
European Community, MEGAPIE, ANL, ENEA. ...

5.5.2 Neutronic studies,
This point essentially concerns the qualification of the calculation code tools, ERANOS and
SPARTE and the validation of the calculation methods applied in the study of hybrid
systems.

5.5.3 MUSE in MASURCA

The major objective of the MUSE programme is to provide understanding of the basic
phenomena characterising the neutrinos of a coupled, sub-critical system; to validate and
qualify the calculation methods and the associated database. This programme is being
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carried out within a broad co-operative framework (5th PCRD; bi-lateral agreements with the
ANL and the JAERI include the detachment of an engineer).
The year 2000 was devoted to the finalisation of the definition of the MUSE 4 experiment
which will associate a sub-critical media with a neutron generator of the LIN AC 14 MEV type
referred to as GENEPI, developed by the CNRS, along with an assembly in MASURCA.

In 2001, the programme concerns the realisation of MUSE 4, an experiment designed to
simulate a sodium-cooled core. The tests are scheduled from May, 2001 to March of 2002.
The initial sub-critical tests are planned for September 2001. At the same time, the test for
MUSE 5, involving the simulation of a gas core is being pursued; these tests are
programmed for 2002 and 2003.

5.5.4 MEGAPIE
MEGAPIE (MEGAwatt Pilot Experiment) was originally a joint initiative formed by the CEA,
the FZK and the PSI. Its purpose was to design, build, operate and explore the liquid lead
bismuth spallation target for 1 MW of beam power, taking advantage of the existing spallation
neutron facility, SINQ at the PSI. At present, four more institutions have joined the venture,
namely the ENEA (I), the SCK-CEN (B), the JAERI (J) and the CNRS (F) jointly with
SUBATECH.
Main dates : Closure of the engineering design phase: September 2001,

Decision on construction : October 2001
Put MEGAPIE target in CINQ : for the beginning of 2004

The main activities of the CEA in this area concern :

The neutronic study of the MEGAPIE target
Design, cooling of the targets,
Target thermal-hydraulics calculations
Lead bismuth technology



Status of Fast reactors and ADS programs
in France in 2000

JC.ASTEGIANO CEA

o e s . . . . . . .
Nuclear Energy Division

m \ Production of electricity .remain data &

• Production
S nuclear power plants
•f conventional
s hydraulic

• Total 517 Twh (+3.3%)
(+2.8 %)
S exportation
s importation
•s pumping
s line losses

• Net consumption 41

m 2 i

395 Twh (76.4 %) +5.4 %
50 Twh (9.7 %) +2.7 %

72 Twh (13.9%) -6.1 %

among which 482 from EDF

72.7 Twh
3.3 Twh
6.6 Twh
30.3 Twh

0.7 Twh (+ 2.4 %)
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Two of the 4 N4 units (Chooz B1 and B2) declared
in commercial operation during 2000
58 PWR units connected at the end of 2000
•/ Total capacity 63 GWe

s availability factor: 80.8%

s new N4 run well

s 469 incidents ; 134 rated level 1, 2 level 2

no further construction engaged

Nuclear Energy Di\

: ' • . *

Nuclear policy
•̂  French Nuclear Industry restructuration
s Issue of report asked by prime minister on energy policy options

PHENIX :
^ Large part of renovation work and inspection achieved in 2000
s Successful visual inspection of lower part of ACS
s Start-up expected summer 2002, for 6 irradiations cycles
SUPER PHENIX :
•/ Decommissioning works underway
•/ Core unloading went on normally
S New decree for final disposal of Na

D
New organization put in place
CEA recently launched a comprehensive R&D program on promising
technologies for future nuclear energy systems

4 cea
Nuclear En



RAPSODIE

Plant maintained safely under monitoring

Plant Safety Report updating still underway

General Operating Rules will be updated (2002)

G;c.;p or- F*>.sL factors.
Kaza^s-ifi May ?_"Ci 1 •"--1S

OSO
Nuclear Energy Division

r
PHENIX plant is stopped since Nov 1998, practically at
the end of 50th cycle for doing the work planned for the
renovation, inspection and maintenance of the reactor
Work was shared in four projects

•/ the renovation work, which particularly concerns improving
building and equipment behaviour in the event of earthquake

•s ultra-sonic inspection of the welds in the reactor core shell
s visual inspection of the upper internal structures of the reactor

block
•/ general maintenance of the installation and regulatory controls of

the pressure instruments
large part of the work has been achieved in 2000

C f c O + . » * » « i
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: Data onMENlXBper^

Equivalent full power days

Electricity production (Gwh)

Connection to grid during (h)

Reactor critical during (h)

X _r z^-*JL.li

50th run ! Since 197

77.3 [ 3 860,5

382,2 I 20 880,4

3 019 I 99 811

3 606 \ 112 904
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Reinforcement of buildings against earthquakes
^ reactor
v'SGU
s manutention
s turbine buildings

reinforcement of sodium fire protection inside SGU
building (separation, ventilation, retention cans)
Mitigation of the consequences of a rupture of steam
pipes
New ultimate cooling circuits (water/air, designed for
seism) - two independent circuits

8 cea
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: -•*,' rPHENIX, Inspection of structures
of the primary circuit

conical shell supporting the core
•s by US across 6 holes in the "double envelop» shell ; now

completed ; very positive experience

hanging structures of the vessel
•s by US in 3 zones ; inspected without problem

upper structures of the reactor block by lowering the
level of the sodium
S observation of the ACS and S/A heads
S position of S/A heads (to check there is no important

modification of the core support structure)
S Was planned in 2000, delayed beginning 2001 due to

difficulties in tuning vision inspection booms

030
Aisns'y-Kt.rcftatov aty. Nuclear Energy Divisic

PHENlX4n|pectipn ofit^e/ugpjptcuctures

Lower part of the inspection boom

Sample for testing accuracy, placed 8 meters
from the boom

10 cea •
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PHENIX, Inspection pf the^upperstructunes
of the reactor'block ^

11 060
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General maintenance (decennial maintenance work)
S concern pumping station, condenser, turbo generator,

electrical stations, and regulatory tests on pressures devices

Analyze of the Safety Action Plan
S concern the conventional fire safety actions

12 OSCJ
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>>HENIX Works on 1HX knd SGU

3 new IHX were ordered and supplied
s Defects detected on welds on two of them was repaired
s Two of them has been introduced in the reactor for replacing two

old ones

SGU defect observed during the inspection of one
modulus
s complementary inspection on SGU 2 put in evidence new

defects
s complementary analysis is still under way
s decision has been taken to replace the potentially affected

zones of SGU 1 and 3

13 s
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Expected to start during summer 2002
Then operation to 2/3 Pn, for 6 irradiation cycles,
i.e. 5 years approximately , in order to realize the
experimental program, for waste transmutation and
incineration

1 4 j ,»,«,t5.i,(,Hi»ou-,o,,;a««ott.^
t .-.Imaty/kAiisjiaBv <ilv. ^<3«t . in May iSO: 1-l-iS Nuclear Energy Division



Experimental program in PHENIX'

mainly devoted to transmutation of radioactive wastes
(MA a LLFP )

y Basic data
->2 irradiations of samples of various isotopes
•^1 experiment on moderator materials

> Incineration of minor actinides
•^•homogeneous way : 3 experiments
-^•heterogeneous way : 3 exp. on matrices

4 on targets (+ 1 in HFR, 2 in BOR 60)
> Destruction of long-lived fission products - 2 exp.
> Pu increased consumption (CAPRA) 1 exp. (+ 1 in HFR, 1 in BOR

60)
> Structural materials - 6 experiments

15
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The ministerial decree for SUPERPHENIX
decommissioning was issued on December 31, 1998.

•f core unloading from the reactor vessel to the fuel storage
water pool,

^ removal from service of non-required systems
^ primary vessel draining and storage of the sodium

j A-m-,H7k;iri.iaiov<i:v. ^j/.aw.iir: Vav !0C\ i-!-ia Nuclear Energy Division



" SUPERPHENIX core unloading

• Without dummy SA, from periphery towards center
• Reactor cooling thanks to electrical heating system (600kW)

installed on the outside of safety vessel
s Installation was completed August 99, in service in September

• Transfer of SA from reactor vessel to water pool, through
reactor handling chambers, allowing sodium draining and
residual sodium cleaning in washing pit

• 109 breeders SA and 10 fissile SA transferred to water pool
• End of unloading ( 650 SA) of is now expected for Oct 2002
• Unloading of lateral neutron shielding assemblies is under

studies, it could take place after fuel assemblies unloading

17
Nuclear Energy Division

seryfqeof non-

The objective is to isolate and prepare the facilities in
order to ensure that future dismantling operations will be
carried out in the best conditions of security and costs
Increasing number of systems and components have been
removed from service.
S A large part of the equipment housed in the turbine hall is

removed from service.
v Dismantling of balance of plant will begin in 2001 with the 400KV

cables
Departure of people from the site :
s 96 in 1999, 75 in 2000; 324 people on the site at the end of 2000

18 c e a . . . . . . .
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SUPERPHENIX Primary vessel draining and
storage of the sodium'"'

Secondary sodium is already stored in the solid state in
existing storage tanks
For the primary sodium, pending a necessary specific
decree, the following strategy is proposed

s maintain the primary sodium in the liquid state in the primary
vessel for several years

s design and construct on site a sodium destruction plant based on
the proven NOAH process, already applied for RAPSODIE and PFR

S treat the secondary and the primary sodium in the new plant by
transforming it into soda

1 9 - > . ... O K I • . . . , . ,
' K K f ' ' ' • Nuclear Energy Divisic

Two possibilities are studied to eliminate soda
s Neutralization in sodium sulphate and release into the Rhone

river the equivalent of 2.5 t of sodium per day
s Incorporation soda or sodium salt in concrete to produce very

low activity block, to be stored in specific disposal facility
Regulatory files
s A new decree will have to be issued for final disposal of both

primary and secondary sodium. This new decree is scheduled in
2004 after a public inquiry, it will include dismantling
operations to reach AIEA level 3.

20 cea
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SUPER PHENtX main retentions

"FOND DE CUVE RECUPERATBJR
WAINVESSEl BO HOW. CORE CA1CHER
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strategy : SUPERPHENIX dismantling (AIEA level 3) will be
finished in 2025 without intermediate safe storage status
(level 2).
After primary vessel draining, carbonatation is proposed for
final treatment of residual sodium (2015). Basic R&D studies
are underway, large scale validation test is scheduled.
Then, dismantling of main vessel

22 wnrksn:; Groin on ?aVt
i k

CS3
Nuclear Energy Division



- W o -

A-.new CEA organisation:

f R&D for*J
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NUCLEAR ENERGY

SACLAY

VALRHO Hia
g — CADARACHE
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NUCLEAR ENERGY DIVISION
Nuclear Energy Division

J. Bouchard

Finance Div.
M. Bedoucha

Nuclear Safety &
Quality Div.
J-Y. Guillamot

£

O

NUCLEAR DEVELOPMENT 4
INNOVATION

P. Bernard

R&D FOR NUCLEAR INDUSTRY
E.Pochon

SIMULATION & EXPERIMENTAL
TOOLS

P. Ledermann

CLEAN-UP
A. L'Homme

CROSS PROJET UNIT
F. Pupat

SACLAY
Center

CADARACHE
Center

H. Bernard

I DTAP [

VALRHO
Center
R. Reisse

I DTE
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Nuclear Energy Division

Staff: 4900 people

~-t>

M Cadarache

• Saclay

• Valrtio

• DOB

Budget: 780 millions Euros.

26 oea
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NUCLEAR DEVELOPMENTS INNOVATION
Division (DDIN)

DDIN
P BERNARD - Diroao-

M SALVATORES - Advisor

Waste management research

P 15CONTE

AVLIS
G BORDIER

GC
P. ARONDEL

Risk Control
J- CAZALET

1
1

EPR
I BRUNEI

Systems for the future
r CARRE

1
Partitionning &
Transmutation

Conditioning,
storage and disposal

of MA-LLFP
M TALLEC

Conditioning, storage
and disposal of HA-

LLFP
P TGULHOAT
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Reactors and

The CEA programme on " Future generation reactors and fuel cycles
" aims at studying and developing the mean and long term most
promising options for nuclear reactors, fuels and reprocessing.
These options should contribute to make the nuclear energy a major
source of the sustainable development.
The programme also aims at maintaining at the best level
competences and technologies which the CEA will be able to bring to
national achievements or international projects in the next
decades.
In Europe, the CEA will resolutely integrate its R&D effort within the
framework of the networks of "centres of excellence" and within the
programs of the European Framework Programme {the 5th FP today
and the 6th FP in 2002), to give simultaneously an European
dimension to its research, and to contribute to maintain the
nuclear expertise in Europe.

28
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Future Generation Reactors and Fuel Cycles
Areas for research

Innovations for LWR
> main effort on advanced fuels to improve Pu inventory
Systems of 4th generation ,
> goals impose a rupture with water reactors and an evolution towards

the hard neutron spectra and high temperatures
> Long term objective : development of "High Efficiency Gas Cooled

Reactor-HEGCR"
Sodium-cooled reactors (LMR)
> Maintaining of CEA expertise, feed back experiment from reactors

and international collaboration
Systems implementing alternative technologies :
supercritical water or lead alloys, molten salts reactors.
> Technological survey and exploratory studies

2 9 i !«,»«,• w K . , r 5 * * . , m F«. awe™ G 3 3 . - • • . . .
I -vna'.y.'Kurc-siov :.ry. Xat&.s:::n Kn IC2: ' ' - i s Nuclear Energy Division

H Future Generation Reactors and Fuel Cycles
' --*. " - - MaihSbjectives V ^ \ ^ *

> Economic competitiveness
•f Investment, operation, fuel cycle

> Enhanced safety
s No off-site effects in case of severe accidents
•/ Enhanced resistance of core technology to severe accident damages
s Towards a strategy of core melting exclusion

> Minimization of long lived radioactive waste production
•f A request from the French government
s Subsequent need for spent fuel processing and actinides recycling (Plutonium and Minor

actinides)
> Efficient use of available fissile and fertile nuclear fuel resources (Pu, Udep, Th...)
> Increased resistance to proliferation risks
> Potentialities for other applications than electricity generation

<=> Incentive towards hardened neutron spectra and high temperatures

30 ! :K , 3 : , « i , ! ; G , , ! , ^« , cea . . . . . . . .
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High-Effidency Gas Cooled Systems HEGCR

Advanced design and systems studies for R&D orientations
s Key dates :

• Currently : evaluation of existing concepts
• end 2003 : comparative results of design and operating studies

on HEGCR images
• 2004 : selection of HEGCR safety and technical options

Relevant technologies
s refractory fuels
s Integrated process for fuel reprocessing
s resistant materials
s high temperature gas circuits

31 o e a . . . . . . .
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. R&D Sodium cooled fastSeactors ,

Conservation of the accumulated knowledge
s Accumulated knowledge from Super Phenix and sodium cooled

fast reactors, to be re-used for conception of new reactors.
Data base will include conception method aspects

s RCC-MR (design and conception rules)
^ Finalization of neutronic tools qualification

Safety
s SAS4A code manager activity transferred at JNC in June 2000

s SIMMER code important work on SIMMER III, collaboration with
FzK and JNC

^ CABRI Raft program

32 cea
Nuclear Energy Division



tlB SIMMER Hi calculation

SIMMER III thermalhydraulic
calculation of the transient
induced by a Total Instantaneous
Blockage in a fuel Subassembly in
Phenix reactor

Faulted SA surrounding by sodium
gap and the six neighbor SA
(2D modeling)

The picture represent the status
7 seconds after the blockage

33
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Fuel and cycle
^ Synthesis study on Nitrides fuels for wastes incineration

s For wastes management : analyze of IFR

s For Pu management : CAPRA irradiation in BOR-60 and in PHENIX

Sodium technology
•s synthesis reports on contamination, cleaning and leak detection
s work in support to SUPER PHENIX decommissioning : Na cleaning,

carbonatation process
Structural materials and mechanics
s priority on ageing phenomena, behavior of welded zones (Phenix)

s Future exploitation of the irradiations tests in Phenix

34
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Limited work, mainly technological survey

• Lead and lead bismuth cooled reactor
•/ Particular attention to core safety and corrosion
S International collaboration
S Technology linked with ADS studies

• Supercritical reactor
s Assessment of potentialities and key points of feasibility
s Studies in the framework of EC program

• Molten salt reactor
s State of the art (EC program)
^ Survey of ISTC 1606 Project

36 O3D
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Subcritical reactors for ADSjsysterris ",:

Main objectives of CEA studies
ADS systems capacity in transmuting long life radioactive wastes,

in the framework of the 91 French law

s Concept studies
v' Neutronic studies
v' MUSE program
S MEGAPIE

37 C 6 O . . . . . . .
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Concept studies
Conceptual design studies

»btw».IMi>»IWWC«l

CORE LAYOUT

PRIMARY CIRCUIT

Neutronic studies
Development and validation of codes ERANOS and SPARTE
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Subcntical reactors for ADSsystems

Basic studies in the frame of MUSE program
s Neutronics and control of a subcritical core fed by an external

source of neutron, in MASURCA
• MUSE 4 experiment with Na, international cooperation (5th

PCRD EU, PSI, ANL, JAERI ) preparation started in 1999,
installation of the GENEPI generator was done in 2000, safety
authorization is expected for may 2001, subcritical test from
Sept 2001 to March 2002

• MUSE 5 experiment with "gas" is under preparation, tests are
planned next year

39 ! GGO . -
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critical facility dedicated to neutronic studies of Fast Reactors lattices

! main characteristics :

i • large amount of material, fuel and inert,
j contained in parallelepipedic or cylinder forms

i • core cooled by air

[ • Maximum power 5kW

! • core volume 6000 liters

; 1966-1994 : reference critical mock-up for Fast
: Reactors (Rapsodie, Phenix, SuperPhenix)

1994 - 1999 Transmutation and incineration
studies COSMO program

2000- 2003 Support to ADS studies for
i transmutation system (91 law): MUSE program

40
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MASURCA facility

The adaptability of MASURCA core allows the validation of
innovative core design :

In the framework of the 91 law for management of
radioactive wastes

the MUSE4 test, coupling
one sub critical
multiplying lattice with
an external neutron
source GENEPI (14MeV)
just started (2000 =>.
2003)

41 0=0 •
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CEA-Cad (F), FZK (D) and PSI (CH) initiated in 1999 the joint MEGAPIE
Project (MEGAwatt Pilot Experiment)

The project has since been joined by CNRS (F), ENEA (I), SCK CEN (B) and
JAERI (J) with interest to join expressed by KAERI (Ko), LANL (USA) and
IPPE (Rus)

Objectives :
Taking advantage of the existing PSI's high intensity proton beam :
- demonstrate the feasibility of a liquid PbBi target at power levels

relevant to ADS,
- gain experience in designing, operating and disposing of such a target,

- generate a valuable data base to assess the service potential and
desirable changes for a prototype ADS target through its monitoring and
PIE.

42 063
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MEGAPIE Project Phases

2000 I001 2002 2003 ~1 2004' 2005

-• tian IS, 2004

GSO
Nuclear Energy Division
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Design of the target and of the heat exchanger
Thermal-hydraulics for target and components
Safety analysis and reliability
Pb-Bi technology : oxygen control, purification,
Po contamination management
Nuclear and thermomechanical calculations of the
target
Radiation effects in structural materials

44 ! 0=0
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Forschungszentrum Karlsruhe
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IAEA Technical Working Group on Fast
Reactors

Country Report for Germany

Gerhard Heusener

Almaty / Kurchatov City, Republic of Kazakhstan

14 -18 May 2001



Forschungszentrum KanVuhe
Tfinhnik und IJmwfilt •

Forschungszentrum Karlsruhe
Tprhnik unri I Imwfilt

Nuclear Energy in Germany

9 19 operating power plants; 22 GWel

IAEA Technical Working Group on Fast
Reactors

Electricity production in 2000:170 TWh i. e. 1/3 of total
production

Country Report for Germany

Gerhard Heusener

Alamaty / Kurchatov City, Republic of Kazakhstan

14-18 May 2001

Average availability: 91%

O Goal of Federal Government:

Phase out of Nuclear Energy without paying
compensations to the utilities

O June 2000: So called "consensus" paper published, not yet
signed



-TechnikjtmdJJmweltr
Main Elements of the Agreement between the German

Federal Government and German Utilities as of June 2000

(1)

o On the basis of 32 calendar years of operation time a
remaining amount of electricity is calculated for every
power plant. As soon as this amount has been produced
the plant has to be shut down. Electricity may be
transferred from one plant to another.

In total all German plants will produce another 2620 TWh
from 1.1.2000 on. Up till 2670 TWh have been produced.

Construction and operation of new Nuclear Power plants
will be forbidden by law

o The Federal Government and the utilities agree, that
German Nuclear Power plan have a high safety standard,
which shall be maintained till their shut down.

Periodic safety evaluations will be required by law

The Government will not do changes to the safety
philosophy

Existing contracts with France and Great Britain on
reprocessing of spent fuel will be served till 2005. From
2005 on reprocessing of spent fuel will be forbidden. Direct
disposal of spent fuel after intermediate storage will be the
only way to handle spent fuel.

uin Karlsruhe

Main Elements of the Agreement between the German
Federal Government and German Utilities as of June 2000

(2)

The Government and the utilities agree, that the
investigations on Gorleben did not result in any findings,
which would indicate, that Gorleben is not suited as a site
for a final repository. Nonetheless the further exploration of
Gorleben will be interrupted for at least 3 and not more than
10 years. Items of concern are:

Formation of gas (hydrogen resulting from corrosion
products)

Retrievability |

Granite, clay better than salt? en

Criticality problems because of direct disposal? •

o Up till now there exists one single and central interim
storage facility at Gorleben. In order to reduce the number
of transports it is requested to build interim storage
facilities at the sites of the Power Plants.
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Fast Reactor Activities

O FZK participated in the European CAPRA/CADRA Project:
Burning of Pu and MA's in critical Fast Reactors

0 Activities nearly finished

O Shift to burning of Actinides in Subcritical Systems (ADS)

• Neutronics

• Safety analyses "

Pb-Bi technology

Development of spallation target

- Corrosion in Pb and Pb/Bi



*_>- » 111 u i l l I VC4I IOI Ui

ADS Neutronics

u i u
JLejchnikjjndJJmw&li

Multiple Source System for ADS

Tools available:

o Description of high energy spallation processes

O Description of neutron transport below x 20 MeV

Q Description of burn-up behavior

Dilemma: High degree of subcriticality

. Advantages with respect to safety

- Disadvantages with respect to power peak factors

O Possible solution: Multiple proton beam sources

t

00

I

O Validation

• Benchmarks

. MUSE (Cadarache)

. YALINA (Minsk Sosny)

. SAD (Dubna)

Principle Feasibility confirmed by accelerator specialists ;
uncertainties still remain

O Neutronics of system?
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Thermal peak factor Development of a Simplified Tool for the Analysis of
Transients in ADS

4.40 i

4 .10—V

3.80-I
2S(20,

0 3.50
•*->o
f 3.20 ̂

1 2.90 1

2.30-

2.60 3 S (42,50,58)

-3-3(20,-26,-32)

2.0 I i~ i r i ~i "T T" r i

0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1

Keff

O A comparison of the transient response of sub-critical
systems in comparison to critical reports

O An assessment of the influence of important parameters
determining the kinetics and dynamics of the systems

O An ability to perform a scopeing assessment on the
transient behavior of the various ADS design options
currently investigated

. different fuels

. different coolants

in order to be able to eliminate or narrow down some of
these design options.

The use of the available transient analysis code systems
are either

very large (very cumbersome to use)

difficult to extract fundamental
characteristics ("information overload")
not user-friendly for scopeing analysis
purposes

c
c
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Simulation Model ADS-SIM

o Point kinetics (modified for subcritical systems)

I Forschungszentrum Karlsruhe
Tfirhnik tind Umwfilt

Prompt Jump after Source Increase (x2)

of Fast Sub-critical assemblies

as Function of k eff

O One effective delayed neutron group

o One channel represents the full core

0 Full scope thermohydraulics (fuel, clad, coolant
temperatures)

o Major reactivity feedbacks included

. Coolant

. Moderator

. Fuel (Doppler)

2.2 T

Source Increased by Factor 2

r k eft = 0.99

Data Input:
beta = 386 [pern]

lambda = 0.0559 [1/sec]
Lpr = 4.6e-6 [sec]

0.002 0.004 0.006

Time [sec]

0.008 0.01
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Influence of Sub-criticality in Transition Phase
(from Prompt Jump to Asymptotic Power Level)

for Fast Sub-critical assemblies as function of k eff
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Power Response to Positive Reactivity Insertion

in Sub-Critical and Critical Systems

3.5 T
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o
a.
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Critical System
k_eff = 1.00

Data Input:
rho = + 270 [pcm]
Lpr = 0.001 [sec]
beta = 650 [pcm]

Sub-critical Systems

I k_eff = 0.99 !

k_eff = 0.97 |
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Time [sec]
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Kinetic Power Response

due to Shut-off of the Neutron Source

of critical and sub-critical systems
(without temperature feed-backs)

0.9

0.8 •

0.7

0.2

0.1

critical system
0 .){_bL̂ eff =,1.000-

0 5 10 15

Time [sec] after source shut-off

rortscnunijszenirum tvarisruhe
Tenhnik und

Dynamic Power Response

due to Shut-off of Neutron Source

for critical and sub-critical systems
(with temoerature feedbacks}

o
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Prompt Jump Power after Negative Reactivity Insertion

for Sub-critical (Fast-ADS) and Critical Systems

( External Source Not Shut-off)
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Forschungszentrum Karlsruhe

Some findings

O Transient response of subcritical systems is strongly
related to the degree of subcriticality

Low degree of subcriticality (keff close to 1)

. Effective feedback of reactivity insertions (shutdown
rods)

. Less effective feedback of shut-off of neutron source

o High degree of subcriticality ( k e f f « 1)

. Less effective feedback of reactivity insertions
(shutdown rods)

. Effective feedback of neutron source

O In highly subcritical systems the safety is dependent on
shut-off of neutron source

\
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Modifications of SAS4A for Simulation of ADS Transients

Q SAS4A: Multichannel code, to describe transients in Fast
Reactor configurations

Point kinetics model (changes in spatial flux shape
assumed as zero)

- No major changes in geometry and material
composition

- Reactivity feedback calculated by reactivity worth
tables (perturbation theory)

O Recent Improvements and modifications:

Modify point kinetics model to include external source

Replace reactivity worth table by direct recalculation of
systems multiplicity (work on coupling of SAS4A-
CITATION in progress)

Few group (< 10) approximation

/ • - •
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Safety Analysis Code : SIMMER-III/IV

Q SIMMER code development:
• long lasting international

endeavor
• originally started at LANL

Q Now: JNC - FZK - CEA

(IPPE (BN600))

a ADS : FZK + CEA

a Multi-purpose code:

Problems of LWR, FR, JCO,
Fusion...

I ' f I

i i - ^ .

rr
Forschungszontrum Karlsrutis
Technik und Umwelt

ADS for Transmutation: Dedicated Fuel

Q

For maximum incineration
rates : dedicated fuel with high
MA+Pu load but without fertile
materials as U238 or Th232

High MA+Pu load severely
deteriorates safety parameters
'Critical' cores probably not
feasible because of safety
reasons

a r> ADS : Feasible because of
subcriticality (?)

Q 'Dedicated core' used
synonymously for a core with
high reactivity potentials (fuel,
clad, coolant), reduced prompt
negative feedback effects
(Doppler) and deteriorated
kinetics parameters (small
neutron generation time, (3cff)
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Dedicated Fuel

D Europe: Oxide Fuels
• Oxide fuels (MIMOX)
• Composite: Inert matrix mixed

oxide (IMMOX)
• Metal matrix or thorium

a 'Fertile-free' requirement has
impact on fuel properties
related to safety performance

D 'Fertile-free' requirement has
impact on core behavior related
to safety

Q Possible influence on safety
performance (fuel properties):
• reduced melting point

• reduced thermal conductivity

• actinide redistribution (AmO2)

• clad corrosion
• He + fisgas release

• segregation processes

Q Experience on transient
behavior totally missing

•» oxide fuel: TREAT, CABRI

"rr
Forsclumgszantrum Karlsruhs
Technik und Umwelt

SIMMER-III Improvements for ADS

•* ADS with solid fuel:

a External neutron source
a Multiple weighting functions
a Transient source importance
D 3D neutronics (multiple

sources)
a He gas blow-down model
a Equation of states
a Multiphase flow models for

heavy coolants

•» Molten Salt ADS:

Q Currently under planning:
• Molten salt loop
• Moving precursor neutronics
• Salt characterization
• Equations of state
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Impact of Dedicated Fuel on Core Safety
(Solid Fuel ADS)

Dedicated ADS

high reactivity potentials
(multiple 'critical' masses)

strong positive void

small Doppler

short neutron generation time

-> Reactor with bad
safety parameters but with
advantage of subcriticality
"•>- Problem: accidents

Thorium ADS

a low reactivity potentials
(few 'critical' masses)

Q negative void

Q large Doppler

Q large neutron generation time

•^ Reactor with good
safety parameters and
additional advantage of
subcriticality

r
r

Forschungszuntrum Karlsruhe
Technik und Umwell

Example of Analyses: Dedicated Core

Core parameters:
a Power : 1200 MWth

a Subcriticality level: 0.97

Q Fuel: MA Nitride (Pu: CAPRA
reference composition)

Q Coolant: Pb or Pb/Bi

Q active core height 120 cm

Q S/A flat to flat distance 24,1cm

Q Volume fractions
(F/SS/Coolant) =33:17:50

a number of core S/As: 84

a number of pins per S/A: 397
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DEC Source and Reactivity Transients in an ADS
with Dedicated and Thorium Fuel

z
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DEC: Mechanistic ULOF Analyses
Power and Reactivity Trace

Dedicated Oxide Core Thorium Core
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Result of Comparative Analysis:

Results:

Q Thorium ADS : acceptable
behavior for DBC and DEC

Q Dedicated ADS :
• acceptable behavior for DBC
• Cliff edge effect under DEC

and severe accidents

Problem:
a Fuel reactivity potential for

dedicated core might be so high
that any fuel rearrangement
(earthquake, local melting etc.)
can eliminate subcriticality

Q If in case of nuclear excursion
no efficient negative feedback
effects active (insufficient
Doppler or axial fuel
expansion) T^ severe energetics
potentaial

r
T

Forschungszentrum Karlsruhe
Technik und Umwelt

Dedicated ADS Core

Proposals for Safety
Improvement:

Q Fuel worth : Limit fuel worth of
individual subassembly

Q Fuel stability: Any separation
processes of fuel and matrix
must be prevented

D Coolant void worth:
Subcriticality should respect
maximum positive void

a Clad worth: Subcriticality
should respect clad worth

a Feedback effects: Efficient
Doppler or fuel expansion
necessary

Q Kinetics parameters:
Reasonable neutron generation
time
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KARLSRUHE LEAD LABORATORY

KALLA

OBJECTIVES:

Accelerator Driven
Systems (ADS)

KALt-A
XArliruhe l».rf LAboratory

Experimental and theoretical work in the fields of

•> Load-bismuth technology

• Thermalhydraulics

• Materials and corrosion

to solve fundamental and applied challenges of accelerator
driven systems (ADS)

KALLA shall be an open user lab for ADS applications

Enhancement of international collaboration (e.g. MEGAPIE)

TEST FACILITIES:

• Stagnant experiments:

• COSTA

. KOSIMA 1 to 6

. KOCOS

• Loop experiments:

. THESYS

. THEADES

. CORRIDA

. K4T

V_KALLA_Loops_31 tOOOjk

in operation since 1997

in operation since 1998

in operation since 1999

in operation since 2000

commissioning in 2001

commissioning in 2001

planned for 2003

r Forschungszentrum Karlsruhe
Technik und Umwelt

Accelerator Driven

Syttemt (ADS)

KARLSRUHE LEAD LABORATORY

KALLA KALLA

NOMENCLATURE:

KALLA KArlsruhe Lead LAboratory

COSTA COrrosion test stand for STagnant liquid lead
Alloys

KOSIMA Karlsruhe Oxygen Sensor In Molten Alloys

KOCOS Kinetics of Oxygen COntrol Systems

THESYS Technologies for HEavy metal SYStems

THEADES THErmalhydraulics and Ads DESign

CORRIDA CORRosion In Dynamic lead Alloys

K4T Karlsruhe 4 MW Target experiment

V_KALLA_Loops_311000jk



KArisruhe Lead LAboratory KALLA

COSTA
Corrosion
Surface treatment

C
0)

E
0)
Q.
X

111
aoo

THESYS
• Oxygen control
• Heat transfer
• Turbulence
• Measurement tech.

KOSIMA 1 to 6
Oxygen sensors
Protection layers

THEADES
Beam window
MEGAPIE window
Fuel element
Heat remova!

KOCOS
Oxygen Control
System (OCS)

CORRIDA
Corrosion
Materials
Protection layers

i

Accelerator Driven
Systems (ADS)

KALLA

K4T
Target module
Decay heat remova

t±z

V_KALLA_Loops_3110OOjk

' / -v'

mm

Technology Loop
THESYS

KArisruhe Lead LAboratory KALLA

Hcoelsraior Orivea
Systsms ( A M )

KALLA
KA/teraiie U i i LAborjtaff

Thermohydraulic Loop
THEADES

Corrosion Loop
CORRIDA

V_KALLA_lcops_3:1CCC-



KArlsruhe Lead LAboratory KALLA

Acctltiilor Driven

Sy.ltr.it IADS) •: :.i:Tir.c!oc)y Loop

THcSYS

Investigations:
Oxygen measurement
Oxygen control
Heat transfer
Turbulence
Measurement techniques

Dimensions:

Volume: 0.1 mJ

Temperature: max 550°C
Flow rate: max 3 mJ/h

In operation since 08/2000

V_KAUA_loopOHOOOjk

KArlsruhe Lead LAboratory KALLA

Ac«l«ii.f Dri«r, Thermalhydraulic Loop
Syiltnic IADS) ' ^

THEADES

Single-effect Investigations:
• Beam window
• Target modulo
• Fuel element

Integral investigations:

• Heat removal
• Decay heat removal

Dimensions:

Volume: 4.0 m1

Power: max 4.0 MW
' Temperature: max 550°C

Flow rate: maxiOOm'/h

V.KJUIA LoopOUOOOjl*

KArlsruhe Lead LAboratory KALLA

KALLA

Accelerator Driven Corrosion Loop
Systems (ADS)

_ i ^ CORRIDA

Investigations:

• Corrosion mechanism
• Protection layers
• Materials

Dimension:
Volume: 0.15 m*
Temperature: max 550°C
Flow rate: max4m1/h

V.KALLA_Loopj.311 OOOjk

KArlsruhe Lead LAboratory KALLA

Closed Spallation Target
Module

Acetlerilor Drlvtn
Syiltmt |ADS) Karlsruhe 4 MW

Target Experiment

K4T

Investigations:
• Integral heat transfer within

spallation target
• Transient flow behaviour
• Passive decay heat transfer

Dimension:

Volume: max 4.0 m'
Temperature: max 550°C
Target height: max 9 m

In planning

i
I

V_KAlLA_Loop>_3U000|k
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INTERNATIONAL INTEGRATION

The work within the HGF Project is integrated into:

• MEGAPIE Initiative:

1 MW Pilot Target MEGAPIE for SINQ at PS!

• 5th EU-Framework Programme:

TECLA (Pb-Bi Techn., Materials, Thermalhydraulics)

SPIRE (irradiation Effects)

MEGAPIE-TEST (Beam-Off and On Testing)

PDS-XADS (ADS Demonstrator Design)

• Numerical code development:

European Benchmark Working Group (EBWG)

• ISTC Project 559:
HLM-Target for LANSCE

10 rj

Forschungszentrum Karlsruhe
Technik und Umwelt

CONCEPTUAL DRAFT OF THE i MW PILOT TARGET
MEGAPIE FOR SINQ

- connoctlng h«»d

- lop shk

The MEGAPIE Initiative
is a common effort of
CEA, CNRS, ENEA,
FZK, JAER1, PS! and
SCK-CEN to design,
build, operate, examine
and decommission an
exploratory liquid Pb-Bi
spallation target of
1 MW beam power.
Start of operation is in
2004.

bypass fioovtuba

ralurn llovi gutda tub«

Forschungszentrum Karlsruhe
Technik und Umwelt

RESULTS ON MEGAPIE

Investigated beam window geometry.

Boundary conditions:

Main flow: 30 kg/s (0.3 m/s)
Jet flow: 1.4 m/s
Inlet temperature: 200"C

Results:

-> Max window temperature:
330°C

-> Large flow recirculation
in riser part

-> Beam window Is coolable

Computational Result using CFX Code:
velocity field: temperature field:
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CONCLUSIONS AND PERSPECTIVES

FZK is working on scientific-technical topics
that have to be answered in order to develop
and run some critical components of an ADS
(HGF Strategy Fund Project):

Accelerator Driven
Systems (ADS)

> Beam window
> Spallation target module
> Liquid metal corrosion

FZK is bui ld ing the ^,^J / j \
KArlsruhe Lead LAboratory KALLA
being a user laboratory KArlir"ho Load LAborM<"v

> First KALLA experiments will be on MYRRHA
and MEGAPIE "windows"

Fcxschungsientfum Kartsruho GmbH
I"

p. 8
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Decommissioning KNK - Concept for Dismantling
the Reactor Vessel and the Biological Shield

Iris Hillebrand, Forschungszentrum Karlsruhe GmbH,
Kompakte Natriumgekuhlte Kernreaktoranlage (KNK)

1 Introduction

The Compact Sodium-cooled Nuclear Reactor Facility (KNK) was an experimental nuclear power plant
of 20 MW electric power erected on the premises of the Karlsruhe Research Center. The plant was
initially run as KNK I with a thermal core between 1971 and 1974 and then, between 1977 and 1991,
with a fast core as the KNK II fast breeder plant.

The reactor core of KNK was arranged in an unpressurized, thin-walled reactor vessel roughly in the
middle of the containment (Fig. 1). Sodium was used as the coolant.

Waschanlage Primarsystem
Nebengebaude Reaktorgebaude

Sekundarsystem
Dampferzeugerhaus

Tertiarsystem
lYIaschinenhaus

Fig.1; KNK systems and buildings
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The entire nuclear fuel and all movable core internals have already been disposed of. The sodium
coolant has been removed except for some residues clinging to inner surfaces and in inaccessible
locations. The tertiary systems (water-steam loop with the turbine) and the secondary sodium
systems, including the associated auxiliary systems and buildings, have been taken out and
demolished, respectively. The ventilation system, the electricity supply facilities, and the reactor
entrance and exit lock have been adapted to the requirements of the decommissioning steps to follow.
Major parts of the primary system were dismantled iast year. This year, the primary sodium dump tank
and the fuel element store and the rotating reactor top shield of the reactor vessel must be removed.
The work conducted so far has been based on eight decommissioning permits.

All activated and/or contaminated materials are transferred to the Central Decontamination
Department (HDB) of the Karlsruhe Research Center, which processes them in line with its permit
under the Atomic Energy Act, and holds them in temporary storage.

Under the 9th Decommissioning Permit, the reactor vessel with its internals, the primary shield, and
the biological shield are to be dismantled. A Europeanwide limited tendering procedure was first run
for these activities, and the contracts are now being awarded.

The difficulty involved especially in dismantling KNK, on the one hand, is posed by the residual sodium
in the plant. This determines the choice of techniques to be used in disassembly and, in addition, the
material must either be removed or converted by chemical means after component disassembly, as
components bearing sodium metal cannot be delivered to HDB or stored in a repository.

Another difficulty is caused by the depth of activation by fast neutrons, as a result of which not only the
reactor vessel proper, but also the entire primary shield (60 cm of grey cast iron) and large parts of the
biological shield must be disassembled and disposed of under remote control.

2 Permits and Deadlines

Under the decommissioning concept, the plant is to be decommissioned completely to green field
conditions in ten steps, i.e. under the corresponding ten decommissioning permits. To this day, eight
decommissioning permits have been issued, the first one in 1993 and the most recent one, number
eight, in 1999.

The decommissioning and demolition activities covered by decommissioning permits 1 to 7 have been
completed. Under the 8th Decommissioning Permit, the components of the primary system and the
rotating reactor top shield are to be removed by late 2001.

The 9th Decommissioning Permit covering disassembly of the reactor vessel and the biological shield
was filed for in July 1999 and, with a final amendment, again in March 2000. The expert opinion
covering these activities has been available since December 2000, and the permit is expected to be
issued in early 2001. The period between 2001 and mid-2002 has been reserved for planning and
preparing disassembly of the reactor vessel. From mid-2002 on, the reactor vessel with its internals is
to be disassembled and disposed of, and from mid-2003 on, the primary shield and the biological
shield are to be disassembled and disposed of.

Under the 10th and last Decommissioning Permit, the remaining auxiliary systems (sodium washing
plant, ventilation plant, liquid effluent system, gaseous effluent system, etc.) are to be dismantled and
any buildings remaining are to be decontaminated, measured for clearance, and then demolished, if
necessary. Then the site is to be reactivated.

The safety report on which the application for the 10th Decommissioning Permit is based is being
completed at the present time and is to be submitted to the authority probably around mid-2001. Work
is to be finished probably in 2004.
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3 Dismantling the Reactor Vessel and the Biological Shield
3.1 Initial Condition

After completion of the first eight decommissioning permits, the only remnants of the plant still in
existence are the reactor vessel with its internals installed in the primary shield and the biological
shield. These components are located in the middle of the containment in the reactor building, building
No. 741 (see Fig. 2). The reactor vessel is inerted with nitrogen and closed with a lid. Other
installations still in place are the ancillary plants building, the control room building, and a storage
facility. They contain some systems important in the decommissioning process, namely the ventilation
system, the washing system for components wetted with sodium, and the moderator store, which must
be converted into a buffer store. The reactor building and the ancillary plants building are part of the
controlled area.

The residual sodium volume in the reactor vessel was estimated to amount to approx. 30 I. The
maximum Co-60 activation is on the order of 107 - 108 Bq/g; the maximum dose rate in the middle of
the vessel was measured in April 1997 to be 55 Sv/h.
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Fig. 2: Cross section through the KNK containment after completion of the 8th Decommissioning Permit



Hillebrand Section 2, Plenary Session
Decommissioning KNK- Concept for Dismantling the Reactor Vessel and the Biological Shield

3.2 Demolition Concept

Before dismantling of the reactor vessel is begun, the interior space of the vessel is treated with a wet
gas. For this purpose, the nitrogen is added humidity so that any particulate sodium deposits can be
immobilized. Then the vessel is dried. The dismantling work is to be carried out not under a nitrogen
atmosphere but under a permanent flow of dried air.

The reactor vessel with its internals, and the primary shield, are to be disassembled within the existing
shielding, i.e. the biological shield. For this purpose, a shielding enclosure will be erected at runway
level above the reactor vessel, which will be equipped with a handling cell, an intervention cell, a
double-lid lock and a transfer lock for building rubbish, and all the necessary auxiliary systems (lifting
gear, rails, lead glass windows, manipulators). The enclosure must have a shielding of 35 cm of steel
required for radiological reasons, on the one hand, and ensure separation from the containment in
terms of ventilation, on the other hand.

Because of the hazard of sodium fires, only mechanical cutting techniques, such as sawing, milling,
drilling, or cutting, may be used to dismantle the reactor vessel and its internals. Abrasive cutting and
thermal cutting techniques may be used only with components free from sodium, such as the primary
shield, or the reinforcement in the biological shield. The machines required for dismantling are to be
mounted on a carrier which can be positioned variably inside the vessel and the biological shield,
respectively. The necessary support systems and devices/auxiliary tools are to be harmonized and, as
a consequence, minimized in number.

To minimize the exposure dose to the personnel disassembling these systems, and to minimize the
number of transports, the radioactive components to be demolished will not be moved to HDB in larger
sections. The packages to be used for nearly all metal components are 150 I drums or, for
components wetted with sodium, the corresponding 150 I baskets, which will be packed in 200 I drums
through a double-lid system and placed in shielded casks for transport to HDB. The components
wetted with sodium must be transported first to the washing plant in a shielding bell to be cleared of
sodium before they can be packed in 200 I drums. Shielded type-ll KONRAD containers will be used
for the concrete rubbish. The number of packages produced is to be optimized in order to save costs
of interim storage and final storage.

3.3 Disassembly of the Reactor Vessel

The table below provides data about the geometry, mass, and activity of components:

Component

Reflector
Thermal shield
Thermal shock liner
Other internals
Internal vessel
External vessel

Height

(mm)
2310
2310
6500

-

10500
9500

Thickness/
diameter

(mm)
70-170

80
12
-

16
12

Total

Mass

(Mg)
11.8
7.8
3.8
2.8
11.8
4.8

42.8

Max. activation on
Jan. 1,2001

(Bq/g)
3.1 E+7
4.8 E+6
4.2 E+6
1.2 E+9
4.0 E+6
2.2 E+6

As a rule, the activation was calculated on the basis of a cobalt content of the steel of 200 ppm. The
stellite bushings of the cladding tube plate, have a much more high cobalt content, so they show a
maximum activation of 109 Bq/g.



Hillebrand Section 2, Plenary Session
Decommissioning KNK- Concept for Dismantling the Reactor Vessel and the Biological Shield

The internals of the reactor vessel are to be demolished inside out. The internal vessel and the
external vessel must be demolished from bottom to top because they are suspended from an upper
flange. The design of the reactor vessel can be seen from Fig. 3.

A central mast manipulator is to be introduced into the reactor vessel for disassembly purposes; it can
be positioned in a variety of locations and will achieve self-bracing at the level of the cutting position.
The manipulator must be designed so that it can handle, by means of a carrier system, all tools
needed to disassemble all internals and the vessel proper. All cuts must be made so that the parts can
be packaged in 150 I drums or baskets. In disassembly, special attention must be paid to the cladding
tube plate with the steltite bushings and to the double-walled pipe joints cut out of the reactor vessel.
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Fig. 3: Reactor vessel with internals

After disassembly of the metal components, the thermal insulation made of fireclay around the reactor
vessel must be removed. This can be achieved either by cutting, as mentioned aboye, or by chipping,
as in the later demolition of the biological shield.
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3.4 Disassembly of the Primary Shield

At the level of the reactor core, the primary shield made of cast iron with lamellar graphite, GG-20, is
situated in a niche of the biological shield outside the thermal insulation.

Gusseiserne Teile der Primarabschirmung
1 Abschirmsegment mit Aussparung
2,3 Viereckige Abschirmsegmente
4 Dreieckige Abschirmsegmente
5,6,7 Konussegmente
8,9 Fullstuck
14 Halteblech

The total mass of the primary shield is approx. 90.5 Mg. Of this, 9.2 Mg is due to the conical part,
whose four segments are approximately equal in weight. The triangular segments of the cylindrical
section each have a mass of approx. 3.7 Mg, while the square ones have a mass of approx. 16.6 Mg.
The maximum activation is 1.55 x 106 Bq/g.

Prior to demolition of the primary shield, the biological shield is removed above the primary shield as
far as the outside diameter of the primary shield. This makes the primary shield freely accessible from
the top and from the inside.

The primary shield is demolished by remote operation from the enclosure. Below the primary shield, a
platform is installed in the reactor cavity on which parts of the primary shield can be deposited. The
parts of the primary shield are disassembled by means of a saw which can be carried by the crane; it
is applied to the component, braced, and thus allows horizontal and vertical cutting (Fig. 4).

The parts cut off are attached to the crane by means of force-locking mechanical grabs, and are lifted
to the runway level. The parts are filled into 200 I drums through the double-lid lock, and are then
taken to HDB in shielded shipping casks.
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Disassembly of the primary shield

3.5 Disassembly of the Biological Shield

The reactor core is surrounded by a block of concrete of very high density (density 4.14 g/cm3), the
biological shield, which was also activated by the neutron radiation emanating from the reactor core.
The specific Co-60 activity of the concrete achieves a maximum of 8 x 105 Bq/g, which means that
most of the disassembly work must be carried out remotely.

The depth of demolition of the biological shield is determined by the depth of activation of the
concrete. According to the new German Radiation Protection Ordinance, a clearance level for Co-60
of 0.09 Bq/g must be observed for the unrestricted clearance of building rubbish. However, above the
primary shield, the biological shield must be demolished to the depth of the primary shield because of
the envisaged concept for removing the primary shield. Probably, a total of 330 Mg of very-high-
density concrete must be disposed of as radioactive waste.

Chipping will be the method of demolition (Fig. 5). For this purpose, an auxiliary platform variable in
height is to be positioned in the reactor cavity, on which a small excavator will be placed. The concrete
rubbish is to be sucked through a hose right into the type-ll KONRAD container set up at the building
rubbish transfer lock of the containment.

The reinforcement bars in the concrete must be cut mechanically or thermally at the same time and
disposed of in 200 I drums through the double-lid lock.
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Fig. 5: Demolition of the biological shield

Balance of the Radioactive Waste

Type of residue

Steel

Fireclay

Grey cast iron
Very-high-density concrete

Mass

(Mg)

approx. 43
approx. 28

approx. 90
approx. 330

Max. activation on
Jan. 1,2001

(Bq/g)

3E+07
9E+04
1 E+06
7E+05

Total activity
Co-60

<Bq)

1.7E+14
-

2.5E+13
6.2E+12

The residues steel and grey cast iron will be packaged into 200 l-drums and stored in the HDB interim
storage for ILW-Waste. After some halflifetimes of cobalt and packaging the drums into a shielded
container, the waste fuilfill the KONRAD repository requirements.

The residues fireclay and concrete will be directly packaged into shielded KONRAD containers and
stored in the HDB interim storage for LLW-Waste, ready for final disposal.
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Abstract

Corrosion tests were carried out on austenitic AISI 316L and 1.4970 steel and on MANET

steel up to 2000 h of exposure to flowing (up to 2 m/s) Pb/Bi. The concentration of oxygen in

the liquid alloy was controlled at 10'6 wt%. Specimens consisted of tube and rod sections in

original state and after alloying of Al into the surface. After 2000 h of exposure at 420 and

550 °C the specimen surfaces were covered with an intact oxide layer which provided a good

protection against corrosion attack of the liquid Pb/Bi alloy. After the same time corrosion

attack at 600 °C was severe at the original AISI 316L steel specimens. The alloyed specimens

containing FeAl on the surface of the alloyed layer still maintained an intact oxide layer with

good corrosion protection up to 600 °C.



1. Introduction

Steel corrosion by the eutectic liquid Pb/Bi alloy is one of the problems that appear in

accelerator driven subcritical systems (ADS) [1] where the eutectic alloy is intended to be

used as a coolant and target material. Corrosion effects in the 100 urn range are reported on

ferritic Fe-Cr steels between 575 and 750 °C after 3250 h exposure to liquid lead [2]. Steel

components are soluble in liquid lead in the range of 0.1 - 10"3 at% in this temperature region

[3]. An exception exists for Ni, which has a solubility of 2 at% at 600 °C in lead [4].

Since all the solubilities vary with temperature, transport processes will take place which live

from the higher solubility at high temperatures and precipitation at low temperatures. A

temperature difference of about 150 °C is typical for lead cooling loops. Therefore already

small solubilities can lead to heavy corrosion effects with high flow velocities, in the range of

1 m/s, and long in pile times.

These problems are increased by using the eutectic Pb/Bi alloy instead of Pb. Table 1 shows a

comparison of solubilities in Pb and Bi. It is to be expected that Pb/Bi alloys are much more

corrosive than Pb.

Early experiments with liquid Pb and Pb/Bi revealed that stable oxide scales on steel surfaces,

consisting of magnetite and FeCr-spinels, prevent the dissolution attack if oxygen is dissolved

in the liquid metal with a concentration of 10"6 at% [6, 7]. Recent investigations of corrosion

effects in stagnant liquid lead give an overview on the corrosion processes and its prevention

by oxide scale formation on steel [8, 9]. Stable oxide layers are formed in liquid lead at 550

°C with a controlled oxygen concentration of 8-10'6 at% [8] as well as with saturated oxygen

concentration of 3-10'3 at% [9]. The scale thickness including a magnetite layer on top and a

spinel layer underneath amounts to 20 - 30 um after 3000 h of exposure. This may impose a

new problem at much longer time scales because the corrosion on steel turns from the



dissolution attack to that of oxidation. A way out of this dilemma is alloying of Al into the

steel surface. The alloyed Al causes formation of a thin protective alumina layer that grows

very slowly and prevents also extensive oxidation of the steel [8, 9]. Earlier experiments on

Fe-Cr alloys containing 8 at% Al show also alumina scale formation in liquid lead at low

oxygen potential [10].

Other experiments [11] employing a Fe-aluminide layer on MANET steel, which was

oxidized before the experiment, resulted in no corrosion attack in liquid Pb-17Li after 10000 h

at 450 °C. Thermodynamic investigation of Al-Fe alloys [12] showed that a self-healing of

the alumina scale can take place in Pb-17Li if the kinetics of the process is high enough.

Although the temperatures of Pb/Bi in a proposed DEMO-ADS presented in this journal [13]

can be kept below 400 °C because of the low melting point of the eutectic alloy, it must be

expected that at some places like at the beam window or in the core (on the claddings) the

temperatures increase well above this value. Therefore, in the experiments the requirements of

a real energy amplifier with high energy fluxes have to be considered. There, surface

temperatures in the range of 600 °C can occur. Thus the experiments conducted in this work

are extended up to 600 °C. To examine the influence of Bi in the alloy the Pb/Bi eutectic alloy

is used in the experiments conducted in the liquid metal loops of IPPE, Obninsk and

PROMETEY, St. Petersburg in Russia.

2. Experimental

2.1 Loop tests

The corrosion tests were carried out in two different non-isothermal forced lead-bismuth

loops at IPPE, Obninsk and at PROMETEY, St. Petersburg. Both loops consist of a main

heater, a cooler, a hot and a cold section, an electromechanical pump, a purification system, a

flow meter and oxygen meters. In the IPPE loop two test sections are available, one at 420 °C

the other at 600 °C. In case of the PROMETEY loop the experiments are performed in the hot



test section at 550 °C. The volume of the liquid Pb/Bi in both loops is about 60 1. The

temperature is maintained by a electrical resistance heater which is positioned just in front of

the hot test section. A cooler is placed directly before the cold test section. The oxygen

activity in the liquid Pb/Bi containing 10 "̂  at% oxygen is measured by electrochemical cells.

Test parameters for both loops are listed in table 2.

The main difference between the two loops is in the flow velocities of the liquid metal, which

is with 2 m/s four times higher in the IPPE loop. The still running corrosion experiments are

foreseen for exposure times up to 5000 h. This paper deals with the results after the first stop

of the loops at 2000 h.

2.2 Evaluation

Specimens were washed after exposure to remove residues of lead-bismuth. The Analysis

consisted of metallurgical examination by light and scanning electron microscopy (SEM) and

energy dispersive x-ray analysis (EDX) on the cross section of the specimens.

2.3 Materials

Materials used in the experiments are cylindrical tubes and rods of AISI 316, 1.4970 and

MANET steel of 8 mm diameter. The chemical composition of the steels is listed in table 3.

A surface layer of 10 - 100 um is alloyed with Al in one part of the specimens signed with the

number 2, 3. The other part is just smoothened and signed with the number 1. The specimen

signatures are listed in table 4.

Al alloying was achieved by two different procedures. The first (2) was done by wrapping Al-

foil around the tube and heating at 1040 °C for 0.5 h, the second by hot dipping aluminization

and annealing [14]. The hot-dipping process for the austenitic steels is performed in an Al-

melt containing 10 at% of Si and consecutive annealing at 550 °C for 0.5 h. The annealing of

MANET (C3) was 0.5 h at 1070 °C.
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A typical cross section of an Al alloy layer obtained by wrapping the tube sample and

annealing is shown in Fig. 1. On top of the original surface there is a FeAl layer which forms

by diffusion of iron into the liquid Al layer during annealing. The diffusion zone of 25 um

depth below the surface contains Al dissolved in Fe and NiAl precipitations, while the

interface some um thick contains NiAl created by Ni diffusion.

Cross sections of the hot-dipped specimens are presented in Fig. 2 and 3. The MANET

specimen C3 has a 250 um thick alloy layer consisting of an upper FeAl region formed by Fe

diffusion into the liquid Al during annealing. Below there is a diffusion zone with Al

dissolved in iron. The regions are separated by Kirkendall pores. The hot dipped AISI 316L

specimen A3 in Fig. 3 has a 50 um layer consisting of Al with 12 at% of Si. This layer

contains only a small amount of dissolved Fe because the annealing temperature was to low

for a sufficient interdiffusion of Fe and Al.

The tube specimens were stacked together and fixed by an internal rod, Fig. 4. The

arrangement is completely immersed in the test sections of the loops.

3. Results

All the reported results are obtained from specimens which were taken out of the loop test

sections after 2000 h at 420, 550 and 600 °C. In the following, the results of the examinations

are described in a separate chapter for each one of the specimen types listed in Tab. 4. The

behavior of the austenitic steel specimens A2 and B2 is described by the example of the AISI

316 L specimen A2 only, because there is no significant difference visible for both specimens.

3.1 AISI 316 L specimen Al

The effect of liquid Pb/Bi on the steel specimen of type Al after 2000 h of exposure is shown

in Fig. 5. The SEM cross section of specimen Al after exposure to 420 °C is presented in the

upper left part. No attack at the surface can be seen. The EDX analysis indicates that the steel



composition is not changed in the vicinity of the surface. This points out that no dissolution

took place. Obviously, a thin oxide scale protects the material from dissolution attack.

During exposure to 550 °C specimen Al develops partly thick oxide scales consisting of a

magnetite and a spinel zone underneath, Fig. 5. The thin oxide layer observed after exposure

to 420 °C is maintained on the other parts of the surface. In any case no dissolution attack

took place. The concentration of the steel components below the oxide layer is not changed.

Deep liquid metal penetration and massive ablation of material by erosion is observed at 600

°C on steel specimen Al in the lower left part of Fig. 5. Bright inclusions consist of Pb/Bi

alloy enriched in Bi. The penetration zone is depleted in Ni down to 1 at%. The overview

picture in the lower right part demonstrates the heavy corrosion effects with large areas of

deep material ablation.

3.2 1.4970 specimen Bl

Corrosion effects of liquid Pb/Bi on steel specimen of type Bl after 2000 h of exposure are

shown in Fig. 6. The specimen has the same appearance at 420 °C like specimen Al with no

signs of corrosion attack. At 550 °C, however, large parts of the surface are covered by a

continuous magnetite scale with a spinel zone underneath. On about half of the specimen the

thin oxide layer observed for 420 °C is still maintained. This behavior did not change at 600

°C. At 550 and 600 °C precipitation of chromium oxide is observed in the grain boundaries of

the spinel zone represented by the dark network in the bulk material.

The overview picture in the lower right part of Fig. 6 confirms the good performance of the

1.4970 steel during 2000 h exposure even at 600 °C.

3.3 MANET specimen A3

The behavior of the MANET specimen A3 was examined at 420 °C and 550 °C only because

this steel is not designed for higher temperatures. As expected on martensitic steels a
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protective oxide formation takes place with a magnetite scale on top and a spinel layer below

the specimen surface. It grows strongly with increasing temperatures as shown in Fig. 7.

3.4 Austenic specimens A2 and B2, diffusion alloyed by Al-foil wrapping

The specimens show good corrosion resistance at all temperatures. This is demonstrated by

the SEM cross sections and the overview picture for the example of AISI 316 L specimen A2

in Fig. 8. The only difference between the-specimens is the appearance of some pores in the

NiAl interface layer between the FeAl and the Fe(Al) dissolved region of 316 L. Specimen B2

consisting of 1.4970 steel has a dense NiAl interface layer. The FeAl layer on top of the

specimens is maintained with the original thickness. No dissolution attack or liquid metal

penetration is visible also at 600 °C.

3.5 AISI 316 L specimen A3, diffusion alloyed by Al-hot-dipping

Severe attack and penetration of the liquid metal is observed in the upper part of the Al layer

already at 420 °C after 2000 h as shown in the upper left part of Fig. 9. This part consists only

of Al with about 12 at% Si. The lower part of the layer contains in addition up to 10 at% iron.

The sharp line represents the original steel surface.

At 550 °C also the lower part of the Al layer containing some iron is corroded and penetrated

by liquid metal. The specimen exposed to 600 °C has no Al layer any more. A small

protective layer of a few microns only is observed on the surface. This layer consists now of

FeAl. The surface of the 600 °C specimen in the overview has a uniform appearance.

3.6 1.4970 specimen B3, diffusion alloyed by Al-hot-dipping

At 420 and 550 °C, Fig. 10, in principle the same type of attack occurs as observed for the

hot-dipped 316 L specimen A3. However at 600 °C the remaining small interdiffusion "zone

has no protective behavior. This zone contains less than 8 at% Al. The liquid metal penetrated



the steel surface and caused dissolution on Ni partly through the whole tube wall of 400 urn

thickness. The overview picture shows the 600 °C specimen in which large parts of the tube

wall disappeared.

3.7 MANET specimen C3, diffusion alloyed be Al-hot-dipping

As opposed to the austenitic hot-dipped specimens A3 and B3, the hot-dipped specimen C3

formed a protective alumina layer on the upper part of the alloy layer which consists of FeAl.

However the oxide scale looks rugged on the 420 °C specimen, as shown in Fig. 11 left. This

must be expected because of the roughness of the unexposed FeAl alloy layer surface (see

Fig. 3). The thickness of the scale parts indicates oxidation during the annealing process. The

pores stem from the dipping and annealing process. No Pb/Bi penetration occurred with the

exception of few spots containing cracks.

No dissolution attack is visible also on the 550 °C specimen in Fig. 11 right. The oxide layer

is continuously in this case and did not allow any Pb/Bi penetration. The alloy layer, which is

thinner than the one on the 420 °C specimen, was obviously not so rough. Al concentrations

below the oxide layer decreased by diffusion and scale formation to values below 15 at%.

3.8 Summary of the results after 2000 h of exposure

Because of the large variety of the results described above, these are summarized in table 5 to

allow an overview.

4. Discussion

The formation of stable dense oxide layers protects steel from dissolution attack by liquid

Pb/Bi. It is necessary therefore, to add oxygen and control its concentration in the liquid metal

alloy to prevent oxide degradation. The oxygen concentration of 10 "̂  at% applied in the loop

test is sufficient for formation of oxide scales.



The austenitic and martensitic steels develop and maintain protective oxides at the surface that

avoid the contact between the liquid metal alloy and the metallic steel. However, locally

disintegration of the protective scale starts at 600 °C. This is the reason of onset of a severe

solution attack, as observed for the AISI 316 L specimen Al. Once the liquid metal is

submerging the protective scale, the oxygen supply out of the liquid metal bulk is strongly

reduced and with it the possibility of oxide formation at the front of penetrating Pb/Bi. The

liquid metal inside the deep reaction zone in specimen Al after exposure to 600 °C for 2000 h

is highly enriched in Bi, represented by the bright phase. The remaining steel structures in this

zone are highly reduced in Ni to less than 1 at%. Although the other austenitic specimen Bl

of 1.4970 steel does not show this severe dissolution attack, it must be expected that this will

also occur after longer exposure times. This assumption bases on the quite similar

development history and structure of oxide scaies on both austenitic steels at temperatures up

to 550 °C.

The oxide scale on MANET steel specimen Cl has a continuous protective oxide layer up to

550 °C. However, further increased oxide layer thickness during longer exposure times could

impose a problem as well. A consideration of corrosion effects of this steel at 600 °C is not

useful because of the insufficient mechanical stability at this temperature.

It results from the test after 2000 h of exposure that steels in their original state are not

suitable for exposure to 600 °C in liquid Pb/Bi, if not Al or any strong oxide former is alloyed

into the surface.

Steels with alloy formation at the surface have a good resistance against dissolution attack of

liquid Pb/Bi up to 600 °C on condition that the Al and Fe concentration is high enough to

allow FeAl formation at the surface. Both austenitic steels alloyed by Al-foil wrapping and

. annealing have an about 15 urn thick FeAl layer on top of the steel surface which is created

by diffusion of iron into the liquid Al layer during annealing at 1040 °C. On the other hand Al

diffuses into the bulk steel body, such forming a Fe(AI) solution zone. The surface layer
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develops a stable thin alumina layer which constitutes an effective barrier against dissolution

by liquid Pb/Bi and further oxidation. The same positive result is obtained in an earlier work

[8] by alloying Al into the steel surface using the GES A facility [15].

Specimens A3, B3 and C3 are alloyed by hot-dipping of steel into liquid Al and subsequent

annealing. The hot-dipped MANET steel specimens C3 have a FeAl layer on the surface with

an about 4 um thick alumina scale on top created during annealing. Although the surface is

relatively rugged and a number of pores appear in the alloy layer, no corrosion can be

observed after 2000 h. Again, no experiment is conducted at 600 °C. Hot dipped austenitic

steel examined have no stable surface alloy. This consists of Al with 10 at% Si and a few at%

of iron only, because the annealing temperature is as low as 550 °C in this case. The silicon is

an addition to the Al bath. Already at 420 °C the dissolution of the Al layer starts and is

completed at 600 °C. After 2000 h of exposure only a few um thick FeAl layer in the

interdiffusion zone at the AISI 316 L steel surface still hinders the penetration of Pb/Bi at 600

°C, which may however be expected after longer exposure times. On the 1.4970 specimen B3,

this barrier is already broken after 2000 h at 600 °C with a catastrophic dissolution attack as a

consequence.

The fact that FeAl layers form stable oxide scales and Al layers get dissolved shows the

important role of the activity of Al in protective layer formation. The activity of Al must be

drastically lowered e.g. by FeAl formation to favor oxide formation against the dissolution

attack. Because of the high solubility of Al in Bi the dissolution attack of Pb/Bi on Al is so

fast that no oxide scale can be formed. Therefore an Al compound is required at the surface

which is stable enough to minimize the high dissolution attack of Bi. This problem does not

appear with pure Pb melts in which the solubility is much lower.

5. Conclusions



In general, the original steels without surface alloying are suitable for application in liquid

Pb/Bi up to temperatures of 550 °C at oxygen concentrations of 10 "̂  at% and higher. The

austenitic A2 and B2 and the MANET C3 specimens, surface alloyed by Al with formation of

FeAl at the surface, have no signs of any corrosion. They are protected by a thin alumina layer

which remains stable.

Austenitic specimens A3 and B3 hot-dipped in Al and annealed at 550 °C only with no FeAl

formation at the surface are not able to develop protective oxide scales.

In liquid Pb/Bi the activity of Al at the surface must be low enough to minimize the solution

rate of Al in Pb/Bi and allow oxide scale formation. FeAl at the surface fulfills this

requirement.
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Figure captions

Table 1: Solubilities in Pb and Bi at 600 °C [4, 5].

Table 2: Loop test parameters.

Table 3: Chemical composition of steels in wt%.

Table 4: Specimen signatures.

Table 5: Summary of the results.

Fig.l: SEM cross section of 1.4970 specimen B2 after alloying.

by Al-foil wrapping and annealed at 1040 °C for 0.5 h.

Fig. 2: SEM cross section of MANET specimen C3 dipped in Al at 700 °C

and annealed at 1070 GC for 0.5 h.

Fig. 3: SEM cross section of AISI 316L specimen A3 dipped in AlSilO at 700 °C

and annealed at 550 °C for 2 h.

Fig. 4: Tube specimen.

Fig. 5: SEM cross section of AISI 316 L specimens Al after 2000 h of exposure. Overview

of the heavily corroded 600 °C specimen in the lower right part.

Fig. 6: SEM cross section of 1.4970 specimens Bl after 2000 h of exposure. Overview of

the 600 °C specimen in the lower right part.

Fig.7: SEM cross section of MANET specimens A3 after 2000 h of exposure.

Fig. :8 SEM cross section of AISI 316 L specimens A2 after 2000 h of exposure. Overview

of the 600 °C specimen in the lower right part.

Fig. 9: SEM cross section of AISI 316 L specimens A3 alloyed by Al-hot-dipping after 2000

h of exposure. Overview of the 600 °C specimen in the lower right part.

Fig. 10: SEM cross section of 1.4970 specimens B3 alloyed by Al-hot-dipping after 2000 h of

exposure. Overview of the severely corroded 600 °C tube specimen in the lower right

part.



Fig. 11: SEM cross section of MANET specimen C3 alloyed by Al-hot-dipping after 2000 h

of exposure.
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A
B
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Si
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Cr
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Ti
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steel
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Al melt

A
B
C

dipping
3
3
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Table 4
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ABSTRACT

Electricity capacity growth rate in the country during 2000-01 was lower than in the
previous year and the installed capacity reached 101.2 GWe as on 31.3.2001. The nuclear
electric capacity growth rate was substantially higher than last year and the capacity
reached 2.77GWe.

FBTR was operated at various power levels upto 12.5 MWt with an availability factor
of 34%. A peak burnup of71,170MWd/t was achieved in the fuel.

The detailed design, R&D, manufacturing technology development and safety review
for 500 Mwe PFBR were continued. The design plant life was increased to 40 years.
Prototype steam generator, absorber rod drive mechanisms and inner vessel sector were
manufactured at Indian industries. Review of the PSAR by two level safety committees
continued. The environmental clearance of the plant by State Pollution Control Board and by
the Ministry of Environment and Forests was applied for and involves a Public Hearing.

R&D in reactor physics, engineering development, safety engineering, structural
mechanics, thermal-hydraulics, metallurgy, non-destructive evaluation, chemistry and
reprocessing were continued. Important works included flux measurements for PFBR radial
shield models using leakage neutrons from a thermal reactor, sodium pumps scale model
testing, testing of prototype drive mechanisms, FBTR irradiated fuel examination, PFBR
structural materials characterization and carbide fuel reprocessing.

1.0 INTRODUCTION

1.1 Economic Scenario

The GDP growth rate in 2000-01 is estimated as 6%. Due to increase in prices of
petroleum products the average inflation rate was high at about 7%. The Government's fiscal
position was under strain due to unanticipated expenditure on Kargil war, Orissa super
cyclone and Gujarat earthquake. Foreign exchange reserves amounted to over US $ 41 billion
at end January 2001, while the stock of external debt stood at about US $ 98 billion at end
September 2000. According to the latest world development indicators issued by the World
Bank, India is the world's fourth largest economy after USA, China and Japan in purchasing
power parity measured in American prices.



L2 Electric Energy Production

The power generation in 2000-01 recorded a growth of 4.1% over the previous year.
Thermal and nuclear generation grew by 5.7% and 28% respectively while hydro generation
decreased by 7.7%.

Total installed electric capacity in MWe at the end of March 2001 is as follows:

Thermal
Hydro
Nuclear
Wind

Total -

71906
25220

2770
1270

101166

Capacity addition in MWe during 2000-2001 was as follows:

Thermal
Hydro
Nuclear
Wind

2255
1235
880
115

Total 4485

1.3 Nuclear Power

The operating performance of the nuclear power plants is tabulated below. While
TAPS-1 and 2 are boiling water reactors, the rest are pressurized heavy water reactors
(PHWRs). The performance has exceeded the targets set and the generation has exceeded last
year's generation by 28%.

Unit

TAPS-1
TAPS-2
RAPS-1
RAPS-2
RAPS-3
RAPS-4
MAPS-1
MAPS-2
NAPS-1
NAPS-2
KAPS-1
KAPS-2
KGS-1
KGS-2

TOTAL

Rated Power
MWe

160
160
150
200
220
220
170
170
220
220
220
220
220
220

2770

Generation
TWh

1.289
1.119
0.549
1.600
1.348
0.242
1.127
1.387
1.555
1.488
1.831
1.663
0.530
1.322

17.050

Capacity Factor
%

92.0
79.9
41.7
91.3
84.0
46.3
75.7
93.2
80.7
77.2
95.0
86.3
73.9
68.6
70.3



The Nuclear Power Corporation achieved a provisional net profit, after providing for taxes, of
Rs.1020 crores during the year. 220 MWe PHWRs at Kaiga and Rajasthan, KGS-1, RAPS-3
and RAPS-4 started commercial operation on 16.11.2000, 1.6.2000 and 23.12.2000
respectively. The financial sanction for further 2x220 Mwe PHWRs at Kaiga was obtained.

2.0 FAST BREEDER TEST REACTOR (FBTR)

FBTR is a 40 MWt/13.2 MWe, mixed carbide fuelled, sodium cooled, loop type
reactor with two primary and two secondary sodium loops. Each secondary loop has two
once-through serpentine type steam generators (SG). Also provided are a turbo-generator
(TG) and a 100% steam dump condenser to facilitate reactor operation with TG bypassed.
After first criticality in October 1985, the reactor has been operated at various power levels in
stages upto 13 MWt and maximum linear heat rating (LHR) of 320 W/cm. TG was
synchronized to the grid for the first time in July 1997. The reactor has logged 1056 d of
cumulative operation of which 432 d has been with SG in operation. Cumulatively, the reactor
has generated 110 GWh of energy and 860 thousand units of electrical energy. The present
core has 33 fuel subassemblies (SA) (Fig.l). During the past year, in addition to regular
operations, experiments to measure the coolant void coefficient were carried out.

2.1 Reactor Operation

During the year reactor operated for 2986 h (Fig. 2). TG was synchronized to the grid
for 1412 h, generating 740 thousand units of electrical energy. The phenomenon of reactivity
variations noticed during earlier operation at 8 MWt was further investigated at various flows
and power levels up to 12.5 MWt. The phenomenon was found to occur at lower flows and
power levels up to 12 MWt and is absent beyond this power level. The transient is found to be
slow and self limiting and there is no further transient beyond the first transient. It was
concluded that the phenomenon basically occurs at low flows and came to light because the
reactor was operated at 8 MWt and correspondingly low flows for Zr-Nb irradiation
experiments needed for PHWR programme. As this regime of operation would not be used
any more, safety clearance for regular high power operation was obtained.

Sodium void coefficient was measured at the core periphery by loading a sodium filled
SA and replacing it with a helium filled one. As expected, the void coefficient is negative. It
is planned to measure the sodium void coefficient at other locations in the active core to
provide data for improving computational models.

The biological shield cooling system developed a water leak inside the reactor vault.
Investigations revealed that the leak is through a socket weld in one of the 180 pipes
embedded in the borated concrete of the reactor. The sub-loop having the leaking tube was
identified and isolated. It is planned to chemically plug the leaking tube. Studies indicate that
the loss of cooling is about 8% and would not affect reactor operation.

2.2 System Performance

The Markl carbide fuel reached a peak burnup of 71,170 MWd/t without any clad
failure. Post irradiation examination of a SA discharged at a burnup of 50,000 MWd/t
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indicates that the fuel is in excellent condition. There still exists gap between fuel and clad
which can accommodate further fuel swelling before fuel-clad mechanical interaction (FCMI)
starts. The maximum fission gas release is estimated as 6%. There is no significant dilation of
the hexcan. SA lifting force measurements have confirmed that the SA are still easily handled.
Based on these results the target burnup for the fuel is to be raised to 100,000 MWd/t.

FBTR CORE CONFIGURATION
(AFTER TOW. HANDUHC CAMPAIGN i SB)

(AS ON 3 1 . 0 a . t 0 0 Q
(IHMPIATION CAMPAIGN No. OOB)

-FUEL (Pu(
( 25 Mark I + 6 Mark II )

LECEHD

NICKEL

( 177 )

CONTROL ROD ( B )

CONTROL ROD OUTER SHEATH ( 1 )

NEUTRON SOURCE SUB-ASSY ( 1 )

NICKEL SUB-ASSY IN STORAGE (11)

EMPTY OUTER SHEATH ( 1 )

STEEI,
< +50 )

ThO2 BLANKET ( 58 )

NON-FISSILE CAPSULE ( 2 >

DUMMY STEEL SUB-ASSY ( 2 )

VACANT ( 1 )

VOID COEFFICIENT MEAS. SA ( 2 )
{ T y p . - I * « )

Fig. I FBTR core configuration
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The performance of reactor systems, sodium systems, control rod drive mechanisms
(CRDM) and other safety related and auxiliary systems was satisfactory. The primary and
secondary sodium purity has been maintained below the plugging temperature of 378 K.
Sodium samples taken from primary and secondary loops were found to be conforming to
nuclear grade sodium. The four sodium pumps and their drive systems are operating very well
and have logged more than 100,000h of operation each. CRDM control logic has been
modified to facilitate on-power exercising of the control rods to measure the frictional force.

2.3 Future Programme

It is planned to raise the reactor power upto 15 MWt and to operate it with TG
synchronized to the grid to the proposed target burnup of 100,000 MWd/t. Some flux
measurements and sodium void coefficient measurements are planned. Safety related tests
like decay heat removal by natural convection with sodium pumps tripped and station
blackout test are also planned.

3.0 PROTOTYPE FAST BREEDER REACTOR (PFBR)

500 MWe PFBR is designed as a pool type, sodium cooled fast reactor with 2 primary
sodium pumps (PSP), 4 intermediate heat exchangers (IHX) and 2 secondary loops, with 4
integrated SG per loop. Separate safety grade decay heat exchangers are provided in the hot
pool. The hot and cold pool sodium temperatures are 820 K and 670 K respectively.

Design life of the permanent components was revised from 30 y to 40 y based on
analysis of hot leg components. Consequently, unit energy cost is reduced by 4% due to lower
depreciation cost. Design codes, material data (RCC-MR, 1993), structural mechanics aspects
and functional limits were checked for the new design life. For replaceable equipment such as
IHX, pumps, fuel handling machines, and components of secondary, purification and steam
water circuits (including SG and TG), 40 y design life is also selected. 100 y design life is
specified for the concrete structures expected to be available till end of decommissioning
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3.1 Core Engineering and Component Handling

Analysis of fuel pin integrity under primary inlet pipe rupture event was carried out
taking into account the differences in the operating conditions of various pins. It was found
that all the pins held their integrity under this category 4 event.

The annular pellet, mixed oxide fuel specification was finalized. For irradiation
testing, a well characterized 37 pin PFBR fuel SA with outer dimensions of an FBTR SA, is
to be fabricated. Such a bundle was fabricated for out of pile hydraulics testing.

Design of control plug which houses the absorber rod drive mechanisms, failed fuel
location modules (FFLM), fuel SA outlet temperature measuring thermocouples, neutron
detector containers etc. was completed.

The decontamination process for the major reactor components like IHX and pumps
was finalized and the conceptual design of the decontamination system was completed.
Decontamination facility with water supply is planned to be located within RCB with suitable
precautions. The hydrogen release under accident conditions during sodium cleaning was
quantified for safe design.

Cooling arrangements for the spent fuel SA were simplified by: (i) heat removal of SA
in rotating shield by natural convection using the air in RCB and (ii) by forced cooling (0.01
kg/s) in fuel transfer cell (FTC) by drawing the nitrogen from FTC itself.

3.2 Reactor Assembly

3.2.1 Thermal Striping Limits

Thermal striping limits were established based on fracture mechanics studies as well
as failure experiences from reactors and the test results of international facilities
(SUPERSOMITE and FAENA). The limits are expressed as a function of accumulated creep-
fatigue damage. The specific thermal striping limits are: 60 K for core cover plate, 50 K for
bottom portion of control plug and 40 K for the main vessel bottom near the IHX outlet. In
order to respect these limits, the amplitude of sodium free level fluctuations should be
restricted to ± 55 mm in the hot pool and the amplitude of oscillations of stratified sodium
layers near the inner vessel redan surface should be less than ± 270 mm.

3.2.2 Decay Heat Removal (DHR) Transients Analysis

Transient analysis under safety grade decay heat removal (SGDHR) conditions, with
no power supply to PSPs and core sodium circulation by natural convection, indicated that the
transient clad temperature in a fuel SA in a storage location exceeds the specified temperature
limit (923 K). In order to quantify the benefit of possible inter-wrapper flow, detailed 2-D axi-
symmetric analysis of both hot and cold pools using the global temperature and flow
computed by ID analysis, was carried out. The SA were modelled as an axi-symmetric porous



body in the PHOENICS code. The maximum inter-wrapper flow averaged over the length of
SA was found to be -0.2 kg/s. This analysis indicated that the clad hot spot temperature limits
in a fuel SA in a storage location would not be exceeded. 3D analysis is also in progress to
confirm this. Fig. 3 shows flow and temperature distributions at a critical instant, 2 h after
power failure.

Fig. 3 Flow and temperature distribution under SGDHR conditions

The rate of drop of primary sodium temperature was estimated under conditions of no
decay heat and power failure, considering heat losses through the vault, roof slab, secondary
sodium, primary sodium purification and decay heat removal systems (Fig. 4). The time taken
for the temperature to fall from 423 K (150 deg C) to 393 K (120 deg C) is 16 h. However,
when only the vault and roof slab cooling systems are in service, it takes 14 d for a similar
reduction of temperature. Hence, there is no fear of sodium freezing for a reasonably long
duration.

10 20
Time - days

30 40 50

433

I I I I I I • ' ' ' I ~ r~1 P1 ' ' ' I I L
Loss through RS + BSC
Loss through RS + BSC + IHX
Loss through RS + BSC •*• DHX
Loss through RS + BSC + IHX + DHX _,
Loss through RS + BSC + IHX + DHX + PC -

400

i i I i i i i I i I I
240 480 720 960 1200

Time - hours

1440 1680

160
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Fig. 4 Primary sodium temperature under no decay heat conditions



The transient pressure (external) distribution on the main vessel and in the gap
between the main and safety vessels under various DHR conditions was determined (Fig. 5).
The maximum inter-vessel gap nitrogen pressure is 0.12 MPa during station black out
extending for more than three hours with one SGDHR system unavailable and the maximum
external pressure on the main vessel is 0.012 MPa occuring during loss of steam water system
with one SGDHR system unavailable. It is assessed that the main vessel has sufficient
buckling strength for these pressures and thus is free from risk of buckling under severe
thermal transients.

2.2--

1 .8

1 .6-

1 .4-

1.2-

-i—>- Mv in side pressure
o o MV out side pressure
o—a Net external pressure on MV

50 mini bars external pressure

^ i - o- - o o o o o o —e^—

--1000
10 12 14

Height of MV. m

Fig. 5 Pressure distribution along height of main vessel at time oj
maximum net external pressure

Analyses were carried out to study the sodium flow hydraulics in the stand pipe and
also to obtain temperature distribution along the PSP shaft during nominal and 20% power
conditions as well as under SGDHR conditions. From the temperature distribution (Fig. 6)
estimated for various conditions, it is seen that the maximum temperature of spherical bearing
is 591 K, which occurs during SGDHR conditions when roof slab cooling is not available.
The heat load to the oil cooling circuit by heat conduction through the shaft is ~ 1 kW. This
temperature distribution is required for the shaft mechanical design.
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Fig. 6 Temperature distribution along the PSP shaft length



3.2.3 Vibration and Seismic Analysis

The self-induced fluid forces (due to sloshing of free liquid level) on the weir shell in
the reactor assembly were identified and a computer code WEIRRES developed to evaluate
the dynamic response of the shell. The code was validated against an experimental benchmark
simulating 1/5 scale model of the Japanese DFBR. The dynamic response of the shell in the
fuel handling state shows instability under linear stability criteria. However, the non-linear
dynamic response analysis using this code indicated that vibrations are negligible for a
damping value >1 %, and maximum amplitude is 3.5 mm for a damping of value of 0.5%
(Fig.7). Literature survey confirms that the minimum damping value is > 1 % and the shell is
stable during fuel handling and other states.
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Fig. 7 Displacement of weir shell during fuel handling operations

Natural vibration analysis of PSP was completed using ABAQUS code. The finite
element model includes rotor, pump housing and box support including hydrostatic bearing
stiffness and fluid effects. The first four important frequencies are: 5.6, 8.2, 14.6, and 22.8 Hz
(Fig. 8). Using these results, dynamic response analysis due to mass imbalance and seismic
excitations were completed. The maximum stress intensity and displacements are 36 MPa at
motor support on the roof slab and 7 mm at pump housing bottom under OBE and 54 MPa
and 10 mm respectively under SSE which are well within the acceptable values.
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Fig. 8 Important mode shapes of primary sodium pump
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Seismic analysis of reactor assembly was completed by applying the floor response

spectra generated at the roof slab support corresponding to 0.078 g and 0.156 g values under
OBE and SSE respectively. The analysis aimed to determine the stresses, displacements,
sloshing heights of free surfaces and dynamic pressure distributions on the various shells in
the reactor assembly. From the results, it was concluded that the stresses in reactor assembly
components were within the RCC-MR limits and also the displacement were within limits to
avoid mechanical interactions. The summary of the results is given in Fig. 9.
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Fig. 9 Important results from seismic analysis

3.2.4 Stress Analysis

3D finite element model of core support structure (CSS) including grid plate was
prepared (Fig. 10) and the spacer pads were modeled by unilateral boundary conditions for
CASTEM 2000 code. The stress analysis of the model provided data on load transmitted to
the CSS through spacer pads. Using these loads, the 3-D plate and shell model of CSS was
analysed (Fig.l 1). Based on the study, locations of spacer pads were optimized at 36 locations
at the square grid and 32 locations on the radial grid portions. The structural integrity of CSS
was assessed based on detailed parametric studies considering the effects of possible
variations in the load distributions, stress-strain curve and plate thickness. Effects on rigidity
(deflection) as well as integrity (collapse load) due to removal of certain critical stiffness were
studied. Based on the studies, as well as experimental investigations on 1/5 model, the
structural reliability appears ensured.

Stress analysis of primary pipe along with the spherical header for the pressure,
seismic and thermal transient loadings was completed (Fig. 12). For the thermal transient
analysis, the spherical header is assumed stuck initially and to remain stuck throughout the
plant life. The pressure plus OBE loading decide the thickness of the pipe. Considering the



possible wall thinning during fabrication of pipe bend, a plate thickness of 10 mm was
recommended. Thermal stress analysis for the plant transients involving 10 different events
each with definite frequency, due to pump trips and power failures, etc. shows that one SSP
trip is the most severe event which causes the maximum fatigue damage. The cumulative
damage is -0.2 for the design life of 40 y. The cumulative creep damage during high
temperature period of thermal transients is negligible.

2 374

Fig. 10 Displacement of grid plate and core support structure
under mechanical loads (1/4 Scale integrated model)

Fig.ll. Displacement of core support structure under load
transmitted by grid plate (1/4 Scale Model)
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Fig. 12 Displacement of primary pipe under SSE

3.2.5 Primary Pipe Rupture Analysis

Under the assumption of double ended rupture of a primary pipe at both the pump
discharge end and at the grid plate end, pressure and flow transient ID analysis was done. It is
seen that there is no void formation in any SA during the transient. For the final steady
conditions, 3-D hydraulic analysis was also carried out using the PHOENICS code. It was
found that the pressure drop, from pipe inlet to centre of grid plate (normally 4.6 m of Na), for
each of the four inlet pipes becomes respectively 2.4 m, 1.92 m, 0.327 m and -7.04 m (for
ruptured pipe). Flow redistribution occurs in each SA under this rupture condition and the
deviation is most for the peripheral SA, being a 2% increase close to the intact pipes and a 2%
decrease close to the ruptured pipe (Fig. 13).

Pipe-3 Pipe-2

Fig. 13 Flow profile in the grid plate under primary inlet pipe rupture
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3.2.6 LBB Analysis

LBB analysis of main vessel was completed as per the A16 procedure. The critical
location is near the sodium free level at which crack propagation is possible due to cyclic
stress during DHR conditions. Detectable crack length (2CL) assuming a 221/h detectable leak
(similar to Super Phenix) under the normal mechanical loads is found to be 19 mm with a
mouth opening displacement at 0.05 mm. The critical through crack length (2CG) at the same
location is 750 mm for preventing tearing initiation, with a factor of safety of 1.25. If tearing
is allowed up to 3 mm which is acceptable, the factor of safety will be more than 3. Hence
LBB is justified for main vessel with comfortable margin. However, the leak detection limit
of 22 1/h leak of argon into the inter vessel space has to be confirmed.

3.3 Sodium Circuits

Flow induced vibration analyses of IHX and SG tube bundles as well sodium to air
heat exchanger of SGDHR circuit were completed. Design check was done as per ASME
Section III Appendix-N against vortex shedding and fluid elastic instability mechanisms. For
the air heat exchangers, acoustic frequency was computed and shown to be considerably
higher than the vortex shedding frequency under maximum flow conditions as per TEMA.
Based on the above studies, optimum number of supports and locations were finalized.

LBB analysis of sodium piping was completed as per the French procedure A16
(1995) for diameters from 15 to 250 mm. It is possible to demonstrate LBB for pipe sizes
greater than 150 mm under normal operating pressure. However, for the smaller SGDHR and
purification pipelines, LBB justification is not found possible, unless the system pressure be
increased and the pipes be made thinner.

To decide on the need for automatic action during an SG sodium water reaction,
assuming non-closure of water/steam side isolation valves with depressurisation valves open,
the consequences of a large water leak in SG were investigated. Dynamic pressure rise
analysis showed that the pressure inside SG remains below design basis value even with 100
tube failure in 10s (Fig. 14). There is no need of automatic action, and manual closure of
isolation valves and tripping of the boiler feed pumps can terminate the reaction completely.

DssJgn Basis Leak
is Failure of 3 Tub** ai the Top of SG

Too Ruptute Disc Breaks at 0 !020s
mom Rupluie Disc Breaks al O.i 185&

Tube Falls After Every 0.1 B
Top Rupture Disc Greeks al 0.102Os
Bottom Rupture Disc Breate al 2.481 Os

Large leak SWR studies

Fig. 14 Large leak sodium water reaction in SG



3.4 Plant Layout

Plant layout is being worked out with rectangular reactor containment building (RCB).
Rectangular (35x35 m) and circular shapes (45 m diameter) were compared in detail under
dead load, internal pressure (20 kPa) and seismic accelerations (0.078 g for OBE and 0.156 g
for SSE). On account of better space utilization, lesser construction time, use of conventional
crane (circular RCB needs special polar crane), lower overall cost and presence of
compressive stress on the inner wall surface (which reduces the leakage), rectangular shape
has been selected.

Fig. 15 gives the selected plant layout. All the buildings of the nuclear island are
interconnected and mounted on a common base mat. All safety related buildings are located
outside the cone of the influence of low trajectory turbine missile. Consultants were appointed
for the design of balance of plant (BOP) systems and components.

Dimensions: m. Scale: 1:3500

Fig. 15 Plant Layout



3.5 Manufacturing Technology Development

Manufacturing technology development of main NSSS components and materials is
continued. Development work for steam generator, involving drilling and machining of tube
sheet spigot, bore welding and its examination, aluminising of Inconel 718 tube bundle
support and PWHT of SG in two stages was completed (Fig. 16). Techniques for tube to tube
sheet weld repair and its plugging were also established.

Fig. 16 Steam generator reheater

Manufacturing of prototype Control and Safety Rod Drive Mechanism (CSRDM) and
Diverse Safety Rod Drive Mechanism (DSRDM) was completed (Fig. 17). Each mechanism
consists of an upper and a lower part, and they were fully tested at the manufacturers shop.
Two control and safety rod SA were fabricated at Nuclear Fuel Complex for integrated
testing.

Manufacture of inner vessel sector with, close tolerances on profile, was also
completed and received at site (Fig. 18). Manufacture of roof slab sector and transfer arm is in
an advanced stage of assembly. Manufacture of IHX tube sheet forgings in SS316LN material
and SG forgings in Modified 9 Cr-1 Mo steel was completed.
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Fig. / 7(aj CSRDM (upper and lower parts) Fig. 17(b) DSRDM (upper and lower parts)



Fig. 18 Inner vessel sector

3.6 Safety and Environmental Aspects

3.6.1 Safety Review

The Project Design Safety Committee of Atomic Energy Regulatory Board (AERB)
and the Internal Safety Committee continued the two level safety review. The following
topics were discussed during the year: Engineered safety features, Core disruptive accident
(CDA) analysis, Quality assurance, Instrumentation and Control, Fire protection.

CDA analysis gave important parameters for the reactor containment building (RCB)
design. Mechanical energy release of 100 MJ in CDA has been accepted.

AERB appointed expert committee reviewed and approved the computer codes used
for reactor physics design analysis. Review is still continued by the expert committees for the
shielding, structural mechanics, thermal-hydraulics, accident analysis, sodium fire and
radioactivity dispersal computer codes. A Civil Engineering Safety Committee was also set
up.

3.6.2 Reliability Analysis

Loss of off-site power (LOP) statistics at Kalpakkam site was re-analyzed. It is found
that average LOP frequency and duration are 3.8/y and 39 minutes respectively. A maximum



duration of 4 h was observed in 1993. The maximum frequency observed in a single year
(1995) was 14. Single exponential fit for LOP duration up to 2 h and a Weibull fit for LOP
duration beyond 2 h is found to appropriately represent the LOP frequency distribution here.

Using the LOP data, station black out (SBO) frequency versus duration was studied.
The unavailability of the emergency diesel generator (DG) in 1/4 and 2/4 configuration were
obtained using fault tree analysis and Markov method. It was found that, for 8 h repair time,
the frequency of SBO is fLlO^/ry for SBO duration of > 4 h for 2/4 DG configuration, and >
2 h for 1/4 DG configuration. For frequency of SBO <_ 10"6/ry, the SBO duration is > 14 h
for 2/4 DG configuration and > 1 lh for 1/4 DG configuration.

3.6.3 Environmental Impact Assessment (ElA)

A year long study of the likely environmental impact of PFBR was carried out. The
environmental parameters studied were (i) ambient air quality, (ii) water quality,
(iii) terrestrial and marine ecology, (iv) noise level and (v) radiation environment. A socio-
economic survey of the nearby communities was also conducted including gauging the public
perception about the project. From the base line survey and modeling studies, a
comprehensive EIA statement and environmental management plan have been prepared.
Preparation for a public hearing is in progress as required for the statutory clearance of the
project by the Ministry of Environment and Forests.

3.6.4 Radioactivity Dispersal

A stack is provided for routinely discharging into the atmosphere the ventilation and
process air including radioactivity arising from failed fuel pins. Release through the stack is
not contemplated for accident situations and the radiological consequences of the routine
release become the determining criteria for estimating the stack height and exit diameter.
Modeling was done with atmospheric dispersion code SPEEDI and a sea breeze circulation
code developed in-house with discharges from the design limit of 4 failed fuel pins. The wake
effects due to building structures and the fumigation phenomenon, which is important at the
Kalpakkam coastal site, were taken into account. The likely exposure at the site boundary is
found to be well below the apportioned dose limit of 90 jaSv/y even for short stacks.
Consequently, it is the radioactivity in air and likely exposures around the plant premises that
are dominant factors in determining stack height. Based on the study, a 100 m tall stack with
efflux velocity greater than 7.5 m/s located on the leeward side (for the predominant wind
direction) is recommended.

For the design of RCB, the likely exposure at the site boundary and the control room
habitability have been examined for CDA conditions. The site boundary dose is below
regulatory limits (100 mSv) applicable for accident situations. The external gamma dose in
the control room due to bottled up activity in the RCB can be brought to acceptable levels
with concrete shield of one meter. The inhalation and immersion dose arising from the ingress
of contaminated air from outside is being investigated.
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3.6.5 RCB Design Pressure

The RCB design pressure is based on the maximum pressure rise due to burning of
sodium ejected under CDA of 100 MJ work potential. Dynamic analysis of sodium ejection
through leakage paths in the roof slab along with the flow resistance characteristics and with
a margin for uncertainty gave a design sodium ejection of 530 kg..

The sodium fire analysis has been carried out for the following three situations:
i) Instantaneous burning of all the sodium ejected,
ii) All the sodium ejected burning as a pool,
iii) All the sodium ejected horizontally on top of the pile and then deflected upwards by

nearby components and initially burning as spray fire followed by pool fire.

In the first case it is assumed that the total combustion of sodium is instantaneous and
all the combustion heat released goes to increase the RCB pressure. This estimate is the
theoretical upper bound and the peak pressure and maximum gas temperature of RCB are 28
kPa and 388 K respectively. The second case was analysed with SOFIRE II code which
predicted a peak pressure of 14.4 kPa and a maximum gas temperature of 347 K. For the third
case, the estimated height the ejected sodium travels is about 1 m. In this travel it can burn as
a spray fire and this was analyzed using NACOM code. The remaining sodium burns as a
pool fire, which was analysed using SOFIRE II code. The peak pressure of RCB under this
situation is 13.9 kPa and the maximum gas temperature is 345 K.

Applying a suitable factor for the uncertainties in the calculations, the recommended
value for the RCB design pressure is 20 kPa with maximum gas temperature of 364 K.

4.0 RESEARCH AND DEVELOPMENT

4.1 Reactor Physics

4.1.1 PFBR Bulk Shielding Experiments

The purpose of the shielding experiments is to estimate calculational uncertainties and
obtain bias factors. The experiments are being carried out using leakage neutrons from
APSARA, a water moderator thermal reactor (Fig. 19). In order to get a higher neutron
leakage an air filled aluminum box was used to reduce the water reflector. Depleted uranium
(DU) is used to convert the leakage neutron spectrum into a hard spectrum close to fast
reactor blanket leakage spectrum.

Neutron flux was first measured without DU converter by activation foil method. The
measured neutron flux at 4 kW reactor power was 2.17xlO7 n/cm2/s, compared to a calculated
value of 2.86x107 n/cm2/s.

Subsequently, with DU converter the emergent neutron spectrum was measured using
activation foils and it was established that the neutron spectrum is close to the leakage
spectrum from the PFBR blanket (Fig. 20).
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Fig. 20 Comparison of measured and calculated neutron spectrum
with PFBR blanket exit spectrum



Using the emergent neutrons from the DU converter, various shield models of sodium,
steel, borated graphite and boron carbide were studied. In general, C/E is found to lie between
0.5 and 1.4 for thermal and epithermal activation and between 0.3 and 1.9 for threshold
detectors in the steel/sodium models. Further experiments are planned.

4.1.2 Shield Design

Detailed flux calculations have shown that all reactor states cannot be adequately
monitored by neutron detectors below the main vessel or in the radial biological shield.
Hence, use of in-core neutron detectors in control plug at core cover plate and reduction in top
axial shield are considered. A detailed 2D(r,z) calculation was performed using the DORT
transport theory code, and secondary sodium activity in IHX was calculated by modeling IHX
with Monte Carlo method. To meet the conflicting requirement of adequate flux at in-core
detector location and permissible secondary sodium activity, local shielding of IHX with B4C
is found to be needed Permissible secondary sodium activity corresponds to an upper dose
rate limit of 10 uSv/h in the SG building which would be a controlled access area.

4.2 Engineering

Engineering R&D activities in support of PFBR design include experimental studies
on Large Component Test Rig (LCTR), in-sodium test facilities, sodium pump development,
component development and testing, thermal hydraulics and instrumentation. In addition, a
Boron Enrichment Facility is being commissioned and a Steam Generator Test Facility is
being constructed.

4.2.1 Large Component Test Rig

LCTR is a major sodium test facility for heat and mass transfer studies. The heat load
to roof slab and top shield was estimated with different cover gas heights and sodium
temperatures. A dip seal below the top shield has been found effective in reducing the heat
load.

4.2.2 In-Sodium Testing

SILVERINA, a new sodium loop was commissioned (Fig. 21). The loop has three test
pots with the flexibility of conducting three experiments with different test parameters, upto a
maximum temperature of 873 K. Testing of roller thrust bearing of PFBR inclined fuel
transfer machine in reactor grade sodium at 473 K is in progress.

To understand the mechanism of sodium freezing in pipe lines, experiments were
initially carried out with 90 mm pipe in 500 kW loop. Results indicated that freezing in a
horizontal pipe with only natural convection cooling is difficult due to convection currents in
sodium within the pipe. Based on the results, experiments in 400 mm pipe with one
convection barrier simulating the isolation valve in PFBR secondary circuit are planned.



Fig. 21 SILVERINA sodium loop

Sodium vapour deposition studies in the narrow working gaps of CSRDM model were
carried out for 1500 and 3000 h. The sleeves provided were found to reduce the sodium
deposition significantly and this avoids the need for metal bellows for sealing. Based on this,
suitable modification was carried out in the prototype CSRDM also.

4.2.3 Sodium Pump Development

Study of the compact PSP hydraulics through tests on 1/2.75 scale model (Fig. 22)
was completed in collaboration with industry. Different combinations of impeller and suction
bell were tested and the optimum design satisfying hydraulic ratings and cavitation
performance was selected. For cavitation tests, paint erosion technique was used.

Tests at 400 rpm with rotor assembly inclination up to 0.4 deg. have been completed
to investigate the dynamic behaviour of PSP rotor assembly. Vibration and shaft orbital plots
indicate satisfactory operation of the pump assembly with the proposed compliant support at
top. Studies at 700 rpm are in progress.

Design validation tests on the slip joints required for PSP and Secondary Sodium
Pump (SSP) on full scale models in water rigs have been completed at a collaborating
Institute. After modification of exit profile, satisfactory performance with respect to leakage
flow and cavitation was achieved for the PSP labyrinth type slip joint. Testing of the SSP
piston ring type slip joint has also been completed and the design validated.

Design of 170 m3 /h reflux type annular linear induction pump required for PFBR
secondary circuit has been completed.



Fig. 22 1/2.75 scale hydraulic model test rig ofPSP

4.2.4 Drive Mechanisms and Testing

A test facility with clean environment was set up for testing of the prototype CSRDM.
Testing with dummy weight in place of control rod was completed with satisfactory results.

Testing of full scale dashpot assembly of DSRDM has been completed with water as
dashpot fluid in place of sodium and the performance is satisfactory. Load bearing capacity
and response time of the high temperature DSRDM electromagnet were measured in a furnace
up to 823 K and the results are satisfactory. The set up for testing the electromagnet in sodium
is getting ready.

The research work related to the development of temperature sensitive magnetic
switch (TSMS) is nearing completion at a collaborating institute. For achieving desired
operating temperature, a new ferromagnetic alloy of Ni, Co and Fe was synthesized and the
TSMS built with this alloy was successfully tested.
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4.2.5 Thermal Hydraulics

Hydraulic experiments on PFBR dummy fuel subassembly with indigenously
manufactured clad tubes have been completed. The pressure drop is within acceptable limits.
In collaboration with an institution, design and manufacture of a complex labyrinth assembly
required to reduce leakage at subassembly foot were completed.

The effect of the rupture of a primary inlet pipe on flow distribution was studied using
dye injection technique in a rectangular slab model.

The manufacture of FFLM for testing in water has been completed. After coupling
with the positional drive system for selector valve movement, dry testing was completed.

Experiments were conducted in 1/5 scale water model (Fig. 23) for study of jet mixing
in the space between main vessel and thermal baffle. The flow patterns were observed using
fine threads. The model was numerically simulated using PHOENICS code. It was found that
the mixing flow pattern of the jets in the annulus is well predicted by the code. It was seen
that the flow distribution is non-uniform with jets rising up to the free surface with large
recirculation in-between the jets. It was also seen that when one of the pipes is blocked, the jet
adjacent to the blocked pipe is affected very much. It changes its flow path and bends towards
the nearby flowing jet. This enhances the non-uniformity of the flow distribution in the
circumferential direction which is also well predicted by the code.

Fig. 23 Experimental simulation of flow distribution in main vessel
(1:5 Scale Water Model)
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4.2.6 Instrumentation

The ultrasonic under sodium scanner developed for FBTR was fitted with three new
transducers of improved construction. The transducers are made compact with welded
construction of the nickel body and the crystal is soldered instead of the hitherto used method
of coupling with grease. The transducer is being tested at 473 K in sodium.

Ultrasonic transducers suitable for mounting on pipelines at temperatures up to 523 K
for use in clamp-on type ultrasonic sodium flow meter have been designed and manufactured.
A pair is undergoing evaluation tests in a sodium rig.

The feasibility of using ultrasound pulse echo technique for determining the drop time
of DSRDM in the reactor was studied in water using waveguides of solid rod, rod with
grooved surface and bundle of 1 mm dia wire. Noise-free pulse echo transmission was
obtained in wire bundle type waveguide. Testing of wire bundle waveguide of 8 m length and
10 mm diameter is in progress.

4.2.7 New Facilities

a) Sodium Water Reaction Test Facility

The facility is being set up to study micro leaks, impingement wastage and leak
detection techniques. Mechanical and electrical construction activities have been completed
and the instrumentation works are nearing completion. Leak simulators in mg/s steam leak
range, developed in-house are undergoing calibration prior to installation in the loop.

b) Steam Generator Test Facility (SGTF)

For SGTF, the sodium storage tank was erected in the dump pit after installation of
heaters, leak detectors and thermal insulation. The civil works on steam-water system have
come up to + 10 m level. Design of major components in the steam-water system has been
completed and orders placed for their manufacture. Flexibility analysis of sodium piping has
been completed and lay out of piping and structure completed. Manufacture of steam
generator is at an advanced stage. Feed heater, deaerator, boiler feed pump and the required
quantity of sodium have been received. The centrifugal sodium pump and the variable speed
drive system were tested for performance and endurance at the operating temperature in a
separate sodium loop.

c) Boron Enrichment Facility

In order to reduce pre-treatment time separate lines to all the process columns were
provided to feed NaOH. Four mobile units for installation of instruments required for
monitoring band movement during plant operation were fabricated and tested. The resin has
been charged into all the process vessels, five cycles of pretreatment completed and the resin
is kept ready for operation. The mock-up operation and commissioning trials have been
completed and engineering experiments to improve the plant output are in progress. After
necessary modifications to the experimental set up, boric acid was charged and the borate



band has been displaced to a length of 105 m after continuous operation. The enrichment
profiles during displacement are being established. R&D experiments were conducted in the
laboratory to compare the performance of Doshion ASB-8020D with Tulsion A-36 resin. A
pH sensitive coloured resin has been developed in the laboratory to physically visualise the
band movement during plant operation.

4.3 Structural Mechanics

4.3.1 Buckling Tests on Main Vessel Models

Buckling tests were conducted on eight 1/20 scale main vessel models (Fig. 24).
Critical buckling loads and mode shapes were predicted satisfactorily by finite element
method by including the effects of imperfection and plasticity.

Fig. 24 Buckling of main vessel model



4.3.2 Structure Integrity Tests on Main Vessel Models

Six 1/30 scale main vessel models and three 1/13 scale models of reactor assembly
were tested with chemical explosion simulating core disruptive accident. The tests
demonstrated excellent repeatability with two bulged portions of the vessel cylinder after
explosion. The critical location was found to be the junction of roof slab and main vessel. The
bimetallic welds could absorb only 10% strain in the carbon steel portion of the junction. The
damage potential of the vessel without internals was established and extrapolation to PFBR
size indicates that the main vessel can absorb a mechanical energy of 1000 MJ. Vessel models
with internals showed significant energy absorption due to the presence of internals and the
maximum strain was reduced significantly, from 12% to 2.7% at the upper bulge and from
6.1% to 2% at the lower bulge. Fig. 25 shows the 1/13 model mounted on test bed.

Fig. 25 1/13 Scale mockup of reactor assembly for CDA testing

4.3.3 Structural Integrity Tests on Core Support Structure

A series of tests have been conducted on 1/5 scale CSS models, three made of carbon
steel and one made of SS. Finally the stiffness matrix coefficients were obtained by applying
loads (within elastic limit) at the spacer pad locations. The stiffness values compared well
with the numerical predictions using CASTEM 2000 code (Fig. 26).

4.3.4 Fatigue and Fracture Test Facility

A new fatigue and fracture test facility with 1x100 t + 2x50 t actuators for large size
reactor component models has been installed. Fatigue tests on a typical tee of PFBR
secondary sodium piping are in progress to demonstrate LBB capability (Fig. 27).



Fig. 26(a) Test rig
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Fig. 27 LBB test on Tee junction

4.4 Safety Engineering

4.4.1 Activity Deposition Studies:

SOLPREC-1 code, written here, was used for estimating the deposition of activated
corrosion products, such as 54Mn and 60Co, in the primary circuits of FBTR. Suitable
locations selected for measurement of deposited activity in the primary circuit, for validation
of the code, are at IHX inlet, IHX-Pump pipe segment, and Pump outlet. Corresponding to
these locations computations were made for the average deposition of 54Mn and Co for
FBTR operations up to May 1999. The values obtained using the code are given below:

Location

IHX - Pump pipeline
Pump outlet

IHX inlet

54Mn
Average Surface Deposition

(Bq/cm2)
17.7
17.4
15.2

b0Co
Average Surface Deposition

(Bq/cm2)
0.0925
0.0509
0.127



4.4.2 Studies on Safety Aspects of Sodium-Ethanol System

It was earlier reported by the French that there is a possible runaway reaction in
sodium-alcohol systems. At IGCAR, ethanol is commonly used as cleaning agent for sodium
wetted components. Hence studies were initiated in assessing the possible runaway reactions,
if any, in sodium-ethanol system. Two experimental runs on sodium-ethanol reactions were
carried out in an accelerating rate calorimeter with sodium and ethanol in molar ratio of 2:1.
Some of the observations made from these experimental runs are as follows:

a) Only one pneumatic runaway event was noticed with onset temperature and pressure
of about 518 K and 165.5 MPa respectively. Peak self-heating and self-pressurization
rates were around 2.5 K/min and 44.8 MPa/min respectively. Peak rise in adiabatic
temperature and isochoric pressure were in the range of 398 K and 282.7 MPa.
Duration of runaway phase ranged from 16 to 24 minutes.

b) Ethanol-specific energy release for primary single reaction and secondary multiple
reactions were worked out to be 4.7 and 2.6 MJ/ kg ethanol.

c) Peak gas production efficiency was 49% of ethanol mass along with average
molecular mass of gaseous products varying from 27.5 to 32 g per mole of mixture

Additional experimental runs for different molar ratios of sodium and ethanol are planned for
a comprehensive assessment of runaway reactions in this system.

4.5 Metallurgy

4.5.1 Use of Multiple Heat Stress Rupture Correlation for Characterizing 316LN Stainless
Steel and its Welds

As a part of evaluation of PFBR structural material, creep rupture properties for SS
316LN and its weld metal were determined. The stress rupture data for base and weld of this
material are shown in Fig. 28. The data generated is not adequate for stress rupture correlation
for the purpose of extrapolation. Therefore, "reference" isothermal multiple heat correlations
earlier developed here for this type of material are used for this purpose. These "reference"
correlations have been developed for eight temperature levels in the range 773-1123 K. Stress
rupture data for 36 heats of SS 316 and SS 316LN comprising bars, plates and tubes (total 590
sets) from literature (NRIM data sheets for SS 316 materials and European Commission's
Working Group Report for SS 316LN material) were used for this purpose. The specific form
of the equation used for isothermal correlation for the ith temperature level and k^ heat is:

/Y = fli - bi • Pi' - a • exp(/Y )-di- exp(2/Y )
with Pi s In(o7|i) + Pk and P{ = hi tr - ock. Here tr is the rupture life, a the applied stress, ja
the shear modulus at the creep testing temperature, a\, b\ , c\ and d\ are the temperature-
dependent constants of the correlation and ak and Pk are the heat-indexing constants for the kA

heat, assumed to be independent of temperature. The optimal values ("reference values") of
these constants were determined by least square fitting. Experience shows that tr should be
more than about 100 h to get reliable correlation. The isothermal correlation and extrapolation
of stress rupture data for a "new" heat of this class of material involves determining the values
of a and p appropriate for this heat. This proved successful for the base metal of PFBR



material (Fig. 28). For the weld metal, data below certain arbitrarily chosen tr (depending on
the test temperature) had to be excluded from the fit to ensure that the effects of 5 ferrite
transformation during creep on tr are accounted for. In Fig. 28, the lines show the fitted In tr

vs. ln(cr/^i) plots obtained from the reference isothermal correlations and a and {3 determined
for the respective materials. Thus, the "reference" correlations can be reliably used for
correlating and extrapolating to long rupture lives the base and more importantly the weld
data.
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Fig. 28 In tr vs. ln(o/ju) plots. The symbols indicate the experimental data for base metal and weld
metal. The solid lines are obtained from the "reference" fits by using the optimised a and /?
for the new heat.

4.5.2 Dynamic JR Curves ofAISI 3 08 Weld and AISI316 Stainless Steels from Instrumented
Impact Test ofCharpy V-Notch Specimens

Evaluation of JR (J fracture resistance) curves of ductile steels using pre-cracked
specimens is well accepted. However, pre-cracking is a cumbersome and time consuming
procedure. Hence, there is continuing interest and effort in obtaining conservative estimates of
Jid (dynamic initiation J toughness) or JR curves using small and blunt notched specimens,
particularly Charpy V-notch (CVN) specimens. Based on the instrumented impact test
results from CVN and pre-cracked CVN (PCVN) specimens of AISI 316 stainless steel, a
new (shift) procedure has been suggested for obtaining the JR curves of ductile alloys from the
load-displacement traces of (un-pre-cracked) CVN specimens, with CVN energy > 30 J. This
involves generating the pseudo-jR curve from CVN specimens using a key-curve method and
also the Schindler JR curve. Then, the pseudo-jR curve is shifted uniformly downward to
bring it into coincidence with or slightly above the Schindler curve. This shift can be
expressed as Jpseudo + Q-p, where p is the exponent in the power-law fitted to the pseudo-jR
curve and Q takes values of - 2 to - 4. The shift JR curves (JR curves obtained by the above
shift method) more truly reproduce the slopes of the PCVN-Jj? curves (hence tearing
resistance) than the Schindler curves, though the latter are easy to generate. The procedure has
also been applied to results from CVN and PCVN specimens of 308 weld. The PCVN weld
results show more scatter as compared to the CVN results; hence, the reproducibility of the
slopes of the PCVN-J# curves is not as good as in the case of 316 SS and seems to be not



much better than that from the Schindler curves. An equation has been obtained that predicts
the necessary shift using the power-law exponents of the pseudo-jR curves from CVN
specimens. However, the range of applicability, size restrictions applicable and other aspects
(like influence of loading rate, use of blunting line) need further validation using tests on
different materials and in different test conditions. These methods will be useful not only for
quality control purposes, but even for conservative engineering design.

4.5.3 High Temperature Mechanical Properties

Alloy D9 austenitic stainless steel (ASTM designation UNS 38660) has been selected as
the cladding and wrapper material for PFBR. The material will be used in the cold worked
condition and the specified value of cold work is 20 ± 4%. The tube dimensions are 6.60 mm
outside diameter and 0.45 wall thickness. Chemical composition of the tubes under evaluation
corresponds to titanium to carbon ratio of 6. The creep properties of alloy D9 tubes were
evaluated at 923 and 973 K at various stress levels. Figure 29(a) shows the variation of steady
state creep rate with applied stress. A power law relationship is obeyed between applied stress
and steady state creep rate. A two-slope behaviour is observed at 973 K whereas at 923 K,
there is no change in the slope over the test conditions that have been completed so far. The
variation of rupture life with stress at 923 and 973 K is shown in Fig. 29(b). Rupture ductility
of the material is found to be rather low, below 10%, at rupture lives beyond 1000 hours.
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A comparative evaluation of the creep rupture properties of type 316LN SS base metal,
weld metal and weldment has been carried out at 923 K. The weld metal gave the lowest
rupture strength whereas the base metal displayed the highest rupture strength (Fig. 29(c)).
Weld metal rupture strength was above the minimum rupture strength values specified by
RCC-MR design code for 316LN SS weld metal. Rupture ductility of the weld metal and the
weldment are nearly equal below a rupture life of 20,000 hours. The base metal exhibited
significantly higher rupture ductility compared to the weld metal and the weld joint.
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Evaluation of the creep behaviour of 9Cr-lMo/Inconel 182/Alloy 800 dissimilar weld
joint at 823 K over a stress range of 100-250 MPa has been carried out. The results are
compared to those of 9Cr-lMo base metal and 9Cr-lMo/9Cr-lMo similar weld joint. The
weld joints were given a post weld heat treatment (PWHT) of 973 K for 1 hour. Both the weld
joints exhibited lower rupture lives compared to the 9Cr-lMo base metal. The similar and
dissimilar weld joints exhibited comparable rupture life at higher applied stresses. At lower
stresses, the dissimilar weld joint displayed lower rupture life than the similar weld joint.

The influence of different soaking temperatures in the range 973 — 1623 K (Below
to above AC4) followed by oil quenching and tempering on microstructure, hardness, grain
size and tensile properties of modified 9Cr-lMo steel has been studied in an effort to assess
the tensile behaviour of the different microstructures likely to be encountered in the heat
affected zone (HAZ) of the fusion welded joint of the steel. The steel developed
predominantly martensitic structure after quenching. Soaking of the steel in the inter-critical
temperature range (Aci and AC3) reduced the prior austenitic grain size and hardness. Soaking
temperatures above Ace increased the grain size and hardness of the steel until the formation
of delta-ferrite above Ac*. The delta-ferrite formation above AC4 soaking temperatures
reduced the grain size and hardness of the steel. Tensile strength of the steel exhibited a
minimum for soaking in the inter-critical temperature range where the ductility was highest.
Strength increased and ductility decreased with further increase in soaking temperature above
AC3. Formation of delta-ferrite above AC4 soaking temperatures improved the ductility.
Tensile properties have been correlated with the microstructures.

Detailed investigations have been performed to understand the effect of cold work on
the low cycle fatigue behaviour of alloy D9. Total axial strain controlled LCF tests were
conducted at 823 and 923 K in air on solution annealed and 20% prior cold worked alloy. The
solution annealed material cyclically hardened while the cold worked material exhibited
cyclic softening. Solution annealed material displayed superior plastic strain LCF resistance
when compared with the cold worked material at both 823 and 923 K. The total strain LCF
resistance of the cold worked material was superior at low strain amplitudes at 923 K. In the
cold worked state, the alloy exhibited very fine precipitation of TiN in the Matrix.
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High temperature low cycle fatigue studies at different strain rates have been carried out
on indigenously produced modified 9Cr-lMo ferritic steel in normalized (1313 K/l hr) and
tempered (1033 K/l hr) condition. The tests were conducted at 773, 823 and 873 K at a
constant strain amplitude of ±0.6% and employing strain rates of 3 x 10" s"1 and 3 x 10"4 s"1.
At all the temperatures, the cyclic stress response decreased with decrease in strain rate.
Fatigue life decreased with decrease in strain rate and increase in temperature. The decrease in
fatigue life at low strain rates and high temperatures has been attributed to oxidation-fatigue
interaction. Creep-fatigue interaction studies have also been performed on normalized and
tempered samples at 873 K with hold times (1 min. duration) in tension. Samples after
normalizing and tempering were aged at 873 K for 10,000 hours and continuous cycling
fatigue tests were performed at 873 K at strain amplitudes in the range ±0.25 to ±0.6%.
Ageing of the alloy caused a reduction in LCF life.

4.5.4 Weldability ofAustenitic Stainless Steels

Weld metal cracking and HAZ cracking (liquation and ductility dip cracking) are major
areas of concern in welding austenitic stainless steels. Although weld metal cracking can be
generally controlled by optimising the chemical composition of the welding consumable, this
method cannot control cracking in the HAZ. Weldability of Alloy D9 is of concern since
Alloy D9 is fully austenitic and contains titanium, both of which promote hot cracking. In
316LN austenitic stainless steel, the presence on nitrogen could increase cracking.

Extensive investigations have been carried out to study hot cracking susceptibilities of
316LN and D9 in the fusion zone and in the HAZ using the Varestraint test. In this test,
controlled bending strain is applied to a specimen on which a gas tungsten arc weld bead is
deposited autogenously. The strain produces cracking in the fusion zone as well as in the
HAZ. A methodology has been developed for analysing Varestraint test data using various
crack length criteria and brittle temperature range (BTR) for cracking. In the fusion zone,
cracking was found to be a strong function of the solidification mode. Accordingly, the D9
solidifying in the austenitic (A) mode showed much higher cracking susceptibility than the
reference 316L with a ferritic-austenitic (FA) mode. In D9, it was found that titanium
combines with sulphur, carbon and nitrogen to form eutectics that promote cracking in the
weld metal and HAZ. Increasing titanium content from 0.2 to 0.4 wt.-%, increased fusion
zone cracking by 20% and HAZ cracking by several times. The cracking is shown as a
function of Ti/(C+N) ratio in Fig. 30(a). Based on this work, it is recommended that Ti must
be kept to a minimum, to reduce cracking susceptibility.

In 316LN weld metal, cracking was not adversely affected by nitrogen contents of 0.06-
0.1 wt.-% for the FA solidification mode (delta ferrite in the range 3-7 FN), in comparison to
the reference 316L. However, in the austenitic-ferritic (AF) or A modes, nitrogen increased
cracking when the sulphur level was high (120 ppm sulphur) compared to the low-sulphur
316LN (<10 ppm sulphur). Nitrogen increased cracking susceptibility in the HAZ irrespective
of the level of sulphur, particularly when the ferrite-forming tendency of the underlying base
metal was low. The effect of N on weld metal cracking in 316LN and the reference 316L are
shown in Fig. 30(b). To compare cracking in a fully austenitic structure without nitrogen,
nickel added-specimens were also tested.
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4.5.5 Hardfacing Material for PFBR NSSS

Selection of hardfacing materials for all NSSS components of PFBR have been
finalized based on detailed radioactivity calculations and metallurgical studies. Long-term
thermal ageing studies, simulating actual service for more than 40 years, showed that the
nickel-base Colmonoy alloy hardface coatings would retain adequate hardness. Therefore,
Colmonoy alloys replace the cobalt-based Stellite alloy hardface coatings, wherever it is
necessary to reduce the dose rate during handling, maintenance and decommissioning of the
various components.

4.5.6 Corrosion Behaviour ofFBR Materials

(a) Intermetallic Aluminide-Based Composite Layers on Nitrogen-Bearing Austenitic
Stainless Steels and their Aqueous Corrosion Resistance
Type 316L SS having different matrix nitrogen content were coated with aluminium by

physical vapour depoOsition (PVD) process and diffusion annealed. This resulted in the
formation of phases like A1N, Al^Fe^ and FeA^. Enrichment of oxygen at the surface
indicated the formation of alumina at the surface, followed by oxy-nitride phases. The
corrosion behaviour was evaluated by potentio-dynamic polarisation, and also by
Electrochemical Impedance Spectroscopy method. The formation of such nonconductive
ceramic coatings reduced the cathodic reduction kinetics and enhanced the overall corrosion
resistance. Alloys with high nitrogen showed inferior corrosion resistance. EIS immersion
results showed increased polarisation resistance and stability of the coated layers.



- 251-

These steels were also coated with aluminium, titanium and titanium/aluminium by
PVD methods and diffusion annealed. This resulted in the formation of intermetallic phases
like A1N, Al^Feu, FeA^, Ti2N and T13AI. The effect of intermetallic layers on hot corrosion
resistance was studied by dipping the surface modified specimens in saturated sodium
chloride solution and exposing them at 1023 K in air. Among the various intermetallic
coatings the titanium coated and diffusion annealed type 316L SS specimens showed a better
performance in comparison with Al and Al + Ti coated and diffusion annealed specimens.
The high nitrogen-containing alloy (0.56 wt.-% N) showed better scale resistance.

(b) Ti-Pd Intermetallics on Titanium for Nitric Acid Service
Ti-Pd coating was prepared by PVD of palladium over titanium substrate followed by

diffusion annealing. The formation of intermetallic phases like PdTi, Pd2Ti, Pd3Ti, Pd3Ti2,
and PdsTis have been observed in the diffusion annealed specimens. Electrochemical
investigation in nitric acid medium indicated the beneficial cathodic alloying effects of
palladium on corrosion resistance.

(c) Microbial Corrosion Studies
Adhesion of bacterial cells of the species Pseudomonas aeruginosa was studied by

exposing solution annealed and sensitised (at 898 K for 24 h) coupons in a suspension of the
bacterial cells in phosphate buffer. The studies have shown that adhesion of bacterial cells on
sensitised stainless steel is more irrespective of the bacterial medium used for adhesion This is
attributed to the increased release of iron from the sensitised surfaces owing to its high
susceptibility to corrosion at the chromium-depleted grain boundaries. Pseudomonas
aeruginosa requires ferrous ions for its metabolic activities.

Studies on microbial adhesion were carried out on titanium, and surface modified with
oxide films of different thickness in order to reduce bio-fouling. Oxide films of various
thickness (20-80 nm) were produced by electrolytic oxidation in phosphoric acid solution.
These specimens were then exposed to reservoir water (filtered with 0.8 um filter paper to
remove macro algae) containing 1% glucose as additional nutrient. The specimens were
withdrawn after short term and long term exposures up to 10 days. Post exposure evaluation
was carried out by staining the surface with acidine orange and observing it in an
epifiuorescence microscope. The results showed a reduction in attachment of bacteria and
micro algae with increasing thickness of the oxide.

(d) Influence of Microstructure on the Hydrogen Permeability, Diffusivity and Solubility in
Modified 9Cr-lMo Steel
Using electrochemical permeation technique, hydrogen permeability, diffusivity and

solubility were determined for 9Cr-lMo steel with various microstructures obtained by
various heat treatments. Hydrogen permeability varied between 0.13 to 1.6 x 10"12 moles/cm.s
and apparent diffusivity was of the order of 2.57 to 6.82 x 10"8 cm2/s. The solubility varied
between 0.27 to 5.41 x 10"5 mol/cm3. These values when compared with those of plain 9Cr-
lMo steel indicate that the permeability and apparent diffusivity were of the same order as
that of plain 9Cr-lMo steel whereas solubility is an order of magnitude less.



(e) Intergranular Corrosion Testing of Nitrogen Containing 316 SS
Long time thermally aged and prior deformed stainless steels containing 0.043 wt.-%

and 0.075 wt.-% nitrogen showed failure when tested as per ASTM A262 Practice E whereas
Electrochemical PR test showed very low charge values (instead of expected high values). It
was subsequently confirmed that the failure was due to brittle phases formed on ageing and
not because of intergranular attack.

4.5.7 Physical Metallurgy and Thermodynamic Studies

(a) High Temperature Stability of Sm.2Ru2Oy
It is well known that the biologically hazardous fission product Ru escapes from the

fuel as RuO4(g) due to oxidative volatilisation during reactor accidents. There is an on-going
programme for identifying materials that could hot trap RuO4(g) and for assessing the
retentivity of Ru within the fuel matrix itself as inter oxides with alkaline earth/rare earth
fission products. As a part of this project, the vapour pressure, p of RuO^g) over the
coexisting mixture Sm2O3/Sm2Ru2O7 was determined over the range 1231 to 1483 K by
employing a thermo-balance based transpiration technique. The vapour pressure so measured
(in pure oxygen as carrier gas) could be represented as:

log(p/Pa) ± 0.5 = 2.216 - 2366/T(K).
Combining this expression with the earlier results on the volatilisation of RuC>2(s), the
standard Gibbs energy of formation of Sn^RuaO? at 1200 K could be calculated to be -15
kJ.mol"1. To evaluate the accuracy of this data, oxide electrolyte galvanic cell measurements
were carried out on Sm2Ru2O7/Sni2O3/Ru with air/Pt as the reference electrode over an
overlapping temperature range which yielded a value of -11.2 kJmol"1 at 1200 K in good
agreement with -15 kJmoi"1 from transpiration. Arranging various alkaline earth/rare earth
oxide mixtures in the decreasing order of the stability of the inter-oxides (per RuC^) in terms
of the Gibbs energy data at 1200 K, the ability to hot trap RuC>4 should also decrease in the
order given by SrO/Sr2RuO4 > Sr2Ru04/Sr3Ru2O7 > Sr3Ru2O7/SrRuO3 > CaO/CaRuO3 >
Sm2O3/Sm2Ru2O7 > Cs2O(l)/Cs2RuO3. Thus, SrO should be the best material for hot trapping
of RuC>4 from the group of ruthenates so far studied.

(b) Synthesis of Dense Urania-Ceria Solid Solutions for Fuel Simulation Studies
After a comparative experimental evaluation of various gelation processes, an internal

gelation method was found to be the most efficient one for the lower temperature synthesis of
urania-ceria solid solutions. The as-prepared gel product was found to be nano-crystalline
with the particle size of the order of 2-3 nm by TEM whereas the grain size of the product
sintered to 97 % theoretical density at 1373 K was of the order of 60 nm. These solid
solutions would be useful to elucidate phase segregation by X-ray diffraction and valency
behaviour by photoelectron spectroscopy in an attempt to simulate the U-Pu-0 solid
solutions.

(c) Pulsed Plasma Nitriding of Chromium Plated Austenitic Stainless Steels
Pulsed plasma nitriding behaviour of chromium plated type 316 austenitic stainless

steels in the temperature range 823-1273 K has been studied. The nitriding temperature time
and gas compositions were varied in order to obtain optimised process parameters. The results
of our experiments indicate that case depths in the range 5-40 um in the temperature range
823-1273 are obtainable. The hardness of the case depths were in the range 600-1400 HV. It



is noted that the best case depth and hardness were achievable in intermediate temperatures of
the order of 973 K. A detailed examination of the phases responsible for the hardness has
revealed that a mixture of CrN and &2N to be most effective. These phases were stable up to
the temperature of 1273K. In addition to the case depth the kinetics of growth of the layer, as
well as diffusion coefficients of nitrogen have also been evaluated. It is found that the
activation energy for nitrogen diffusion was -140 kJ/mole.

(d) Study of Carbon Diffusion in the Dissimilar Welds ofCr-Mo Steels
The microstructural stability and micro-chemical redistribution in dissimilar weldments

between 9Cr-lMo and 2.25Cr-lMo ferritic steels during various post weld heat treatments
have been studied by electron probe micro-analysis and other microscopic techniques. The
weldments were subjected to post weld treatments at 1023 K for various durations ranging
between 1 and 15 h. This exposure to high temperature resulted in the formation of a soft zone
on the low chromium side and a carbide-rich hard zone adjoining the soft zone on the higher
chromium side of the weldment. The width of these zones as reflected in the hardness values
was influenced by the time of exposure. It was observed that the width of the soft zone
increased with increase in the duration of the heat treatment, with a consequent decrease in
the hardness values. Correlation between the observed microstructures and the distribution of
elements across the fusion line was carried out. Preliminary investigations show that
migration of carbon from the low-chromium steel to the high-chromium side is responsible
for the formation of the soft and the hard zones. The driving force for the migration is
provided by the gradient in carbon activity between the two steels.

(e) Characterisation of Microstructure in Weldments of Modified 9Cr-lMo Steel
The characterisation of microstructure in the gas tungsten arc weldments of modified

9Cr-lMo steel was carried out both in the as welded state and post weld heat treated state.
Identification of distinct zones based on microstructural variation arising due to different
thermal cycles was carried out by detailed cross section electron microscopy. The kinetics and
mechanism of the tempering process of the weld was also studied. The kinetics of the process
was evaluated by the Arrhenius analysis of the recovery rate as a function of temperature.

(f) Positron Annihilation and Auger Electron Spectroscopy Studies on Alloy D9
Positron lifetime studies as a function of isochronal annealing temperature have been

carried out on 20% cold-worked D9 alloys containing different Ti/C ratios. Lifetime
sensitivity to positron trapping at misfit dislocations associated with the formation of TiC
precipitates in austenitic matrix, has been used to monitor the stability and growth of these
precipitates. It is found that the onset of TiC precipitation occurs at a lower temperature (770
K) for Ti/C of 6, as compared to 4 and 8. Maximum TiC precipitation occurs for the alloy
with Ti/C of 6 while specimens with Ti/C = 4 and 8 show reduced precipitation behaviour. It
is hence concluded that the ratio of Ti/C = 6 is the optimal composition for maximum
precipitation hardening in D9.

So as to complement the above studies with chemical characterisation, Auger electron
spectroscopy (AES) studies have been carried out on D9 alloys with different Ti/C ratios.
Cylindrical mirror analyser based electron spectrometer with an energy resolution of 0.45%
was used for these measurements. Virgin samples revealed dominant oxygen and carbon
Auger peaks along with Fe and Cr peaks. Upon sputtering these samples, Auger peaks due to
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other elements were seen clearly. Elemental surface segregation upon in-situ heating at 1000
K for 1 min was studied for these samples. It was found that S, P, Si and Ti preferentially
segregate to surface. Detailed studies for a systematic understanding of these features are in
progress.

4.6 Irradiation, Post-Irradiation Examination and Non-Destructive Evaluation

4.6.1 Irradiation Creep Testing of PHWR Zircaloy

Thirty pressurised capsules of Zircaloy-2 and Zr-2.5% Nb alloy which were irradiated
in FBTR were dismantled and examined. Diameter measurement on these pressurised
capsules is being carried out using a specially designed measuring jig. Extensive trials were
carried out earlier to correlate the measurements made using the jig on unirradiated
pressurised capsules to the measurements made manually using a digital micrometer. A good
match was obtained between these two measurements.

Out-of-pile experiments were also carried out to determine the thermal creep rate of
zirconium alloys, using pressurised capsules. In these experiments, pressurised capsules made
of Zircaloy-2 and Zr-2.5 % Nb alloy were encapsulated in quartz tubes, with low pressure
argon environment around the pressurised capsules, and were subjected to a temperature of
613 K in an electrical furnace for a total period of 1935 h in five campaigns. Dimensions of
the pressurised capsules were measured after each campaign. The results of the experimental
work indicate that the steady state creep rate of cold worked Zircaloy-2 pressurised capsules
is 0.592 x 10'6 /h at a stress of 109 MPa and temperature of 613 K; and it is 12.76 x 10"6 /h at
a stress of 140 MPa and temperature of 613 K. in cold worked Zr-2.5% Nb pressurised
capsules. The results obtained are comparable to the results reported in the published
literature and will be used in conjunction with the results obtained from the irradiation
experiments to determine the component of creep caused by irradiation.

4.6.2 Post-Irradiation Examination of FBTR fuel

PIE has been carried out on a fuel SA discharged from FBTR after nearly 50,000
MWd/t burn-up, to assess its performance and to evaluate the possibility of enhancing the
burn-up. This SA of Mark I fuel (70% PuC:30% UC) has been in the reactor for 14 years.

The various examinations/operations carried out on the fuel SA in the hot cells are
visual examination, temperature measurement, sodium cleaning in alcohol, dimensional
measurement, and dismantling. Examinations carried out on selected fuel pins are temperature
measurements, visual examination, dimensional measurements, eddy current testing, X-
radiography, metallography, micro hardness testing and fission gas extraction and analysis.

No abnormalities have been observed in the dimensional measurements of the SA and
the fuel pins. The head-to-foot misalignment of the SA was within 0.8mm. The width-across-
flat of the hexcan was found to have no significant dilation beyond the fabrication tolerance of
0.2mm. Diameters of the selected fuel pins measured with an accuracy of ± 2 ^m showed that
the variation in diameter were within 0.025mm.



Examinations such as eddy current testing, radiography, metallography etc. indicated
that the fuel and clad has performed well. Radiographic examination indicated an average
increase in fuel stack length of the order of 1.44%. Metallographic examination indicated that
restructuring of fuel has not taken place. Estimation of fuel-clad gap from the
photomicrographs of cut sections of fuel pins using image analysis indicated 1.77% increase
in diameter of fuel due to swelling, reasonably correlating the above results. Considering the
upper bound value of 1.77% obtained from metallography as an estimate for linear swelling,
the volumetric swelling of the fuel works out to be about 5.3%, and the corresponding
swelling rate works out to be about 1% per atom percent burn up. This is very close to the
value of 1.2% per atom percent burn up estimated earlier for fuel at a burn up of 25,000
MWd/t. Radial cracks in the fuel pellet and fuel-clad gaps are still present to accommodate
further swelling of fuel.

Micro-hardness measurements on the fuel-pin clad tube indicated that there is no
significant increase in hardness after irradiation. Fission gas was extracted from a fuel pin and
gamma spectrometric and mass spectrometric analyses were carried out. It is estimated that
the fission gas release from the fuel into the plenum is about 6%.

4.63 Micro-focal Radiography of Welds

As part of technology development, micro-focal radiography was carried out on 38 tube
to tube-sheet weld joints of reheater for PFBR. A 32-micron stainless steel (SS) wire placed
on the source side could be detected in all the cases. The welds were evaluated as per PFBR
specification. The result from the thulium radiography on about 11 joints were compared with
micro-focal radiography of the same joints. It was observed that micro-focal radiographs had
better contrast and sensitivity. While 50 micron pores could be easily detected in micro-focal
radiographs, in the case of thulium radiographs it was 250-300 microns.

A mock up qualification block with 21 weld joints was received from a manufacturer
for micro-focal radiography. Single wall single image (SWSI) technique was adopted.
Porosity of the order of 0.1-0.6 mm was observed in all the welds. Twelve welds were
accepted and nine were rejected due to clustered pores. The micro-focal radiography unit was
shifted and installed at the manufacturer's site to carry out radiography of weld qualification
block with seventeen tubes. 11 joints were found to be acceptable.

4.6.4 Silicone Replica Technique and Videoimagescopy

For determining the internal concavity and convexity of the tube to tube-sheet weld
joints both replication technique and videoimagescopy were adopted. Silicon replicas of 24
tube to tube-sheet weld joints of PFBR reheater were taken by horizontal injection technique.
The concavity was found to be within 350 Jim and convexity within 20 jum. The concavity
and convexity measurement were also taken using a method developed based on the
principles of geometrical optics using the videoimagescope. Comparison of the results from
both methods indicate very good correlation between the two (± 60 ym for internal concavity
and ± 40 um for internal convexity). Silicon replicas of ten qualification welds of SG of
SGTF were taken. Internal concavity value was found to exceed 0.2 mm in three of the welds.



4.6.5 In-service Inspection of Secondary Sodium System Weld Joints ofFBTR

Ultrasonic testing of six weld joints ofFBTR secondary sodium system was carried out
as per the ASME section XI procedure. The ultrasonics equipment was calibrated using SS
pipes of same diameter and wall thickness and having artificial defects (notches) of 10% wall
thickness and then the FBTR weld joints were tested. One of the weld joints showed a defect
indication of 40% echo amplitude on the inner surface and the length of the defect is around
20 mm. This defect which was detected during the ISI carried out in 1995 did not indicate any
increase in the defect dimension during the past 5 years of operation. A new defect indication
of around 3mm length was observed at the ID surface in the heat-affected zone of the same
weld joint. In the other five weld joints tested, no defect indications equal to or greater than
the reference defect standard was observed. In-situ metallography was carried out on the outer
surface of the heat affected zone at the location of the weld joint showing the defect indication
by ultrasonic testing. This in-situ metallography did not indicate sensitisation of in the
material at this region.

4.6.6 Failure Analysis of Dissimilar Weld Joints of Thermo-Well Boss in FBTR Steam
Generator

SG modules of Fast Breeder Test Reactor (FBTR) are provided with Resistance type
Temperature Detectors (RTDs) for measurement of steam temperature. There are 8 such
RTDs in each module. They were screwed to thermo-wells, which in turn were screwed and
seal welded to half couplings (boss) in steam header. During the water service of the steam
generator, a leak was noticed at one of the seal weld joints between the thermo-well and the
boss. The thermo-well with a part of the boss was cut and removed from the header of the SG
module and was subjected to failure analysis. Fluorescent Liquid Penetrant Testing (FLPT)
carried out on the failed weld joint confirmed the presence of leak at one location. This
indicated that the leakage had occurred only during service since LPT carried out immediately
after the fabrication of weld joint did not reveal any discontinuity. Metallography studies
indicated that the crack was present along the fusion line in the root and crown regions. The
initiation of the crack was observed to be from the root of the weld and then the crack had
propagated into the HAZ of the ferritic steel at the middle portion of the weld. Branching of
the main crack was also noticed in the ferritic steel region (middle portion of the weld). A
dilution layer was clearly visible in the weld metal adjacent to the fusion line. The residual
stresses present in the dissimilar weld joint and the cyclic stresses produced in the HAZ of
ferritic steel during the high temperature service, because of the differences in the coefficients
of thermal expansion of the ferritic steel (one of the base metal) and the weld metal would
have caused the cracking along/adjacent to the fusion line and also in the HAZ of the ferritic
steel. Suitable heat treatment to relive residual stresses has been recommended to prevent
recurrence of such failures.

4.6.7 Microstructural Damage/Structural Integrity - Assessment of Control Plug Mock-ups

For validating the life prediction calculations of the control plug (CP), thermal shocks
and creep-fatigue damages were simulated in two CP mock-ups. The mock-ups made up of
AISI type SS 316 LN, were subjected to non-destructive microstructural damage assessment.
The microstructures showed that, both CPs were heavily damaged. The CP-2 (thermal shock
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from 1003 K) was more extensively damaged as compared to CP-1 (thermal shock from 923
K). In both the CPs, wedge cracks, oriented creep cavities and thick/coarsened grain
boundaries were observed. Predominantly, creep damage is observed.

4.6.8 NDE of Sodium Exposed Stainless Steels

Sodium exposed AISI type 304 ss specimens were examined for microstructures and
micro-chemical analysis of the depleted layers using scanning electron microscopy and
energy dispersive analysis of X-rays (EDAX). Specimens exposed to very long durations (10s

h) have also been studied. The thickness of the sodium-affected layer of the above specimens
calculated using Thorley and Tyzack model were found to be much less than the actual layer
width observed experimentally due to sodium exposure. Alloys without molybdenum (AISI
type 304 SS) develop porosities due to high temperature and long duration of exposure in
sodium. The AISI type 316 Stainless Steel coupons exposed to sodium at 873 K and 973 K
for various durations were analysed using eddy current technique (frequency range 50-500
kHz). Average eddy current (arbitrary units) increases with increase in exposure time and
temperature (with increase in the thickness of the depleted layer).

4.6.9 Eddy Current Testing of Steam Generator Tubes ofPFBR

As part of the quality control procedure, the modified 9Cr-lMo steel tubes of PFBR
steam generators were examined using eddy current testing. The DC coil unit required for
saturation magnetisation, encircling differential EC probes, and calibration standard tubes
with reference defects were designed and developed. After systematic optimisation of the EC
test procedure, a total of 330 tubes of 38.1 mm outer diameter and 2.6 mm wall thickness
were examined and defective portions were marked.

4.7 Chemistry

4.7. / FBTR Fuel Dissolution

In order to understand the dissolution behaviour of irradiated mixed carbide fuel of
FBTR, test experiments were carried out with cut portion of a fuel pin without clad,
discharged from FBTR, after a burn up of 25,000 MWd/t. In order to carry out well controlled
experiments, the programme was taken up in a glove box suitably modified to handle the
highly radioactive fuel material. The dissolution set up was first qualified by dissolving a
uranium carbide pellet and later, with un-irradiated uranium-plutonium mixed carbide pellets.
These trial runs, which indicated quantitative dissolution, also enabled to standardise the
sampling and analysis procedures. Subsequent to the trial runs, the irradiated fuel was dissolved
and the analytical data indicated that fuel dissolution was complete.

4.7.2 Fission Gas Analysis

A fission gas analysis set up has been fabricated and mock-up operations with dummy
fuel pins have been successfully carried out. The analysis procedures involve puncturing the
fuel pin in a hot cell, collection of the gas in pre-calibrated glass bottle and subsequent
analysis by using quadropole mass spectrometer. Analysis for He served to estimate the



extraction efficiency of the set-up employed to puncture the fuel-pin and collect the fission
gas. Amounts of Kr and Xe obtained showed that only ~ 5 to 6 per cent of that generated in
fissions corresponding to 50000 MWd/t got released into the plenum. Extensive pressure
calibrations were performed with Kr, Xe and He of known pressures to obtain reliable
estimate of fission gas release.

4.7.3 Failed Fuel Identification

Based on the experiments conducted earlier for the testing of the cover gas purification
system for PFBR, a technique to separate Xe and Kr from cover gas using activated charcoal
has been used to devise method to determine the age of the failed fuel. This method is
currently being applied to FBTR and will utilise both gamma spectrometry as well as
quadropole mass spectrometry.

4.7.4 Thermochemical Studies

Thermodynamic measurements were carried out on lanthanum and cerium carbides.
Dysprosium titanate and gadolinium titanate were prepared by ceramic route as well as wet
chemical route and characterised by XRD. A programme of measurements of the oxygen
potential of U-PuC>2 has been initiated and the measurements on a typical PFBR fuel
composition is nearing completion.

In the area concerning vaporization behavior of hypo-stoichiometric (U,Pu)O2 as a
function of Pu-fraction, the existence and implications of three O/M ratios corresponding to
vapor pressure minimum, and to the two quasi congruently vaporizing compositions
representing the equalities (0/M)vapor = (O/M)MOX and (Pu/M)vapor = (Pu/M)Mox are not fully
understood. It was sought to obtain this understanding by performing calculations. The phase
U(i-y)PuyOz was treated as an ideal solid solution of (l-y)UO2 + y PuO(2.X) such that x = (2-
z)/y. Oxygen potentials, from the model developed here previously, for different desired
values of y, z, and temperature were used as the primary input to calculate the corresponding
partial pressures of various O-, U-, and Pu-bearing gaseous species. The above mentioned
three apparently stationery points were deduced for different values of y. Continuous
vaporization of this system under dynamic conditions presents interesting possibilities: either
a congruently vaporizing UO2 phase or PuO2 phase might be obtained depending on the initial
O/M of the fuel; only one of these binary phases might be obtained regardless of the initial
O/M; a congruently vaporizing ternary phase might be obtained. Experimental evidence to
confirm or refute that only one among these possibilities can actually occur is at present
lacking, and experiments are proposed.

Study of ternary systems of tellurium and oxygen with metallic constituents of SS is of
great relevance to FBR programs, especially that involve use of mixed-oxide fuel. The
telluride of manganese being the most stable among the tellurides of SS components, it was
chosen to study the vaporization thermodynamics concerning the ternary Mn-Te-0 system.
The investigation consisted of identifying the three-phase regions around the 1:1 compound
along the Mn0-TeO2 pseudo binary line, investigating their vaporization behavior, and
determining the thermodynamic quantities of the ternary phases from extensive vapor
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pressure measurements. Interesting vaporization chemistry caused by Te(IV)-to-Te(VI)
conversion and adjustment of stoichiometries was also discerned from these studies.

4.7.5 Solution Chemistry

As a preliminary step to the study of radiation degradation of dissolver solvents, the
standardisation for a gas chromatographic procedure for assaying trialkyl phosphates such as
TBP, TIBP and TAP has been completed and the conditions optimized. The macroporous
bifunctional phosphinic acid resin (MPBPA) was modified by converting -POH group into
-POCH3 group by methylation and the extraction of uranium and iron by the modified resin
was studied at various nitric acid concentrations. The extraction and third phase formation
behaviour of uranium and thorium by tricyclohexyl phosphate in different diluents were also
studied.

4.7.6 Fuel Thermal Conductivity

Thermal diffusivity of the mixed uranium-plutonium oxide fuels with plutonium
fractions of 0.21, 0.28 and 0.40 was measured using the laser flash method. Combining this
information with the heat capacity data deduced from Kopp's law the thermal conductivity
was obtained in the temperature range from 673 to 1473 K. Thermal conductivity was found
to decrease with increase in temperature as well as plutonium content. Thermal diffusivity of
D9 steel was also measured as a function of temperature from 673 to 1273K. The D9 steel
was found to be similar to normal SS in thermal diffusivity behaviour.

4.7.7 Boron Carbide Analysis

Boron carbide used in absorber rods has to be precisely characterised for chemical
composition. For this, a sodium carbonate fusion method, to bring the boron carbide into
solution, was standardised using known amount of boric acid (AR grade). The boron content
was determined by potentiometric titration against an alkali. The silicon in the same solution
could be determined using spectrophotometry. The samples were found to contain boron in
the range 77.20%-77.60%. Silicon was found to be in the range 1170 ppm to 2500 ppm.

4.7.8 Hydrogen Sensor

A polymer electrolyte membrane fuel cell based amperometric hydrogen sensor that
operates at room temperature has been developed. The electrolyte used in the sensor is
PVA/H3PO4 blend, which is a proton conducting solid polymer electrolyte. A thin film of
palladium is used as anode and Platinum supported on carbon as cathode. The sensor
functions as a fuel cell, H2/Pd//PVA-H3PCV/pt/O2 and the short circuit current is found to be
linearly related to the hydrogen concentration. This sensor is being tested for monitoring the
hydrogen in fast reactor cover gas circuits and its long term behaviour.



4.8 Fast Reactor Fuel Reprocessing

4.8.1 Reprocessing of FBTR Fuel

A process demonstration plant for reprocessing FBTR fuel to recover Pu and U
namely, Lead Mini Cell (LMC) is at an advanced stage of construction (Fig. 31). This plant
can process up to 1 kg/week of irradiated fuel. The process adopted is based on modified
Purex process with 30% TBP in an alkane diluent as solvent. Some of the features of this
plant are:

• PLC controlled remotely operated single pin chopper (Fig. 32).
• Titanium electrolytic dissolver for the electrolytic oxidative dissolution.
• Air turbine driven centrifuge for feed clarification.
• 16 stage centrifugal extractor bank with each stage driven by electric motor (Fig. 33).
• Remote sampling system.

PLC interlocks for liquid transfers and a data acquisition system are also provided.

The dissolution of irradiated FBTR fuel of 25,000 MWd/t burn up has been already
demonstrated in the hot cell and all the equipment and systems have undergone rigorous
testing.

Fig. 32 Single Pin Chopper

Fig. 31. Cell piping in progress Fig. 33. Centrifugal Extractor
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4.8.2 Fast Reactor Fuel Reprocessing Plant

The construction of a plant namely, FRFRP, for the regular reprocessing of FBTR fuel
is in progress. Construction of concrete cells, major vessels fabrication, air conditioning and
ventilation were completed. Contracts for erection of process vessels and piping have been
awarded. This plant will process upto 2 kg/d of FBTR fuel. Some of the design and critical
equipment performance and operation experiences will be obtained from the LMC.

4.8.3 R &D activities

The following models for the extraction system were developed and proposed:
• A new model for Pu (III) distribution in a nitric' acid-water-30% TBP/n-dodecane

biphasic system in the presence of U(VI), U(IV), Pu(IV), macro level Pu(III) and
hydrazine nitrate. *

• Predictive models for distribution coefficients of selected fission products (Y, La, Ce, Nb
and Eu) in Purex solvent extraction system of 30% TBP/diluent.

• Model for the distribution coefficients of n-butyraldehyde in 30%TBP/n-dodecane.
• An improved model for Au(CN)2 extraction by a mixture consisting of a primary amine

(Primene JMT) and phosphine oxide (Cyanex-925). This extraction is non-nuclear but
the modeling could be directly applied to mixed solvent extraction in the nuclear area.

Modeling of the liquid-density work was extended to cover the pure liquids of interest
to spent nuclear fuel reprocessing - TBP and n-dodecane. In addition, pure liquid densities of
C6-C16 n-alkanes were also modeled and results were found to be better than the earlier
reported correlations.

Mean molar activity coefficient of nitric acid was re-modeled and an empirical model
was reported in the 0-200 molar concentration ranges at 298.2K. It may be noted that the
upper limit of established models in the chemical engineering literature is only 28 molar for
the aqueous nitric acid solutions.

Work on the salt effect models for the third phase formation in the nuclear solvent
extraction systems was consolidated and models were reported for the solubility at standard
conditions as well as for its temperature dependence. The systems studied were: U(VI) third
phase in BESO/Dodecane and effect of non-extracting solutes and phase modifiers, Pu(IV)
third phase in 30% TBP/diluent system as well in presence of U(VI) in the organic phase,
Pu(IV) third phase in 20% TBP/diluent system and its temperature dependence, Th(IV) third
phase in 30% TBP/diluent system and its temperature dependence and U(IV) third phase in
30% TBP/dodecane.
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1. ENERGY SOURCES AND PRODUCTION IN ITALY IN 2000

la Primary Energy Supplies

The main features of the Italian energy supply situation in 2000 are: total 185.2 Mtoe, (49.9%
Oil, 32.1% Natural gas, 6.7% Solid fuels, 5.6% Primary electricity , 4.8% Net electricity
imports, 0.9% Renewable).
Provisional data indicate that Italy's total primary energy demand increased by 2.0% (all %
changes in this note are referred to 2000/1999).
In 2000 the energy intensity, i.e. the ratio between the total energy requirement and the Gross
Internal Product (in constant prices) remained constant.
Imports covered more than 82% of Italy's energy needs in 2000, mainly oil and natural gas.
Italy's economic improvement is therefore heavily affected by the international energy
situation.

lb Electricity Production and Demand

Gross electricity production, reaching 275.9 TWh, increased in 2000 by 3.8%.
Thermoelectric production (219.8 TWh) increased by 5.1% resulting from a decrease in oil
consumption (85.7 TWh, -6.2%) and a sharp increase (100.1 TWh, +16.1%) in natural gas,
confirming the past years trend. Primary electricity (56.1 TWh, zero nuclear) decreased by
1.5% as a consequence of a slight decrease in hydro production.
In Italy in 2000, the electric network demand was 297.7 TWh, with a 4.2% increase mainly
as a consequence of a good economic situation during 2000, continuing the trend initiated in
the second part of 1999. The electric demand increase was nearly uniformly spread in the
country. In 2000, for the first time, the gas production was greater than the oil production.
The electric energy consumption increase interested industry (+5.2%), household needs
(+0.8%) and services and commercial sector (+5.3%).
NET ELECTRICITY IMPORT 44.3 TWh, (+5.4%).
During 2000, the total installed capacity reached 75.8 Gw, with 2.7% increase with reference
to 1999.

2 NUCLEAR INDUSTRIAL ACTIVITIES AND R&D

2a Nuclear services abroad

In 2000 Ansaldo and Sogin carried out significant activities, mainly in the area of assistance
to nuclear power plants located in Eastern Europe and in the former Soviet Union and
services in western countries.

2b Nuclear fission research

ENEA, in the twin role of advisor of the Italian Government and applied R/D organisation,
performs nuclear research as a contribute to solve open questions of nuclear energy,
maintaining and improving expertise on nuclear data, neutronics and shielding, fuel, thermal-
hydraulics, safety, structural and system analysis. To this purpose, the most important effort is
national initiative focused on the European ADS programme. The R/D activities on nuclear



energy, not included in the ADS programme, are performed by Italian Universities and ENEA
in the framework of international programmes, in particular of European Commission
projects, or in the framework of the ENEA-CEA and ENEA-IPSN agreements.

2c Research and Industrial Programmes on ADS

ADS feasibility on an industrial scale requires to operate an experimental ADS. To reach
such a medium term objective, it is necessary to design and realise prototypical components
of the demonstration plant, test them in experimental facilities and to develop appropriate
design methods. Since 1998, ENEA, INFN, Ansaldo, CRS4 have set up a team, leaded by
Ansaldo, to design 80 MWth demonstration plant: a fast subcritical reactor cooled by liquid
lead bismuth eutectic (LBE). The preliminary design and safety analysis will be issued in mid
2001. The related R/D work is performed by ENEA and INFN in the framework of the
TRASCO programme, funded by the Italian Ministry of Research.
Two LBE test loops at the ENEA Brasimone centre started operation in June 2000 (CHEOPE
loop) and November 2000 (LECOR loop). A third loop (CIRCE) has to be completed in the
second half of 2001 and will be the first loop in the world to allow component tests in LBE in
a pool plant condition. The core neutronic and thermal-hydraulic models have been developed
for the normal and transient conditions, modifying the code chain that has been used in the
past for the core design of sodium cooled fast reactors.
Moreover a first experiment of ADS component coupling could be envisaged using the
TRIGA reactor at Casaccia (Italy). This experiment can be run at several hundred kWth
power in the reactor and few tens kWth in the target, thus providing e.g. a demonstration of
the dynamic behaviour of an ADS in presence of reactor feedback effects.
Montecarlo and deterministic analysis have been performed evaluating radioisotopes
production, the structures damage, the neutron flux through the beam pipe going towards the
above reactor structure. In addition, the power distribution, the safety parameters, material
and coolant activation have been calculated.
ENEA, Ansaldo and INFN gave an important contribution to the preparation of the "European
Road Map on ADS".
ENEA is present in some European projects: SPIRE (materials), MUSE (experiments of
subcritical reactor physic), TECLA (LBE technologies), n-TPF (nuclear data), MEGAPIE
(irradiation of a 1 MW target), PYROREP (electrorefining), PDS-XADS. The PDS-XADS
project would allow to select the most promising technical concepts, to address the critical
points of the whole system (i.e. accelerator, spallation target unit, reactor housing the sub-
critical core), to identify the research and development (R&D) in support, to define the safety
and licensing issues, to preliminary assess the cost of the installation, and then, to consolidate
the road mapping of the development of the European XADS. Additionally, the studies will
allow to maintain in Europe, and particularly in a non nuclear country like Italy, a high level
of expertise on nuclear technology.



XAO102744
The Italian R&D and Industrial Program

for an Accelerator Driven System Experimental Plant

M. Carta, G. Gherardi (ENEA ADS Project)
S. Buono (CRS4), L. Cinotti (ANSALDO)

ABSTRACT

Accelerator Driven Systems (ADS), coupling an accelerator with a target and a sub-critical reactor,
could simultaneously burn minor actinides and transmute long-lived fission products, while producing
a consistent amount of electrical energy. A team of Italian R&D organizations and industries has set up
a network of coordinated programs addressed to study the design issues of an 80 MWth Experimental
Facility. The present memo focalizes the attention on some results obtained by the R&D activities and
by the on-going industrial short term activities aiming at the preparation of the proposed preliminary
design, leaving the deal to define the details of the subsequent medium term activities to the expected
common program in the European context.

1. INTRODUCTION

Starting from 19951 a growing interest on the Accelerator Driven Systems (ADS) concepts has taken
place in Italy and has given origin to several basic R&D activities and to an industrial program
involving ENEA (the Italian national research body for energy, environment and new technologies),
INFN (the Italian national research institute for nuclear physics) and various industrial partners.

As a first step, this interest was confirmed by the national R&D program TRASCO (Italian acronym
standing for waste transmutation - TRAsmutazione SCOrie), funded and started in 1998 under the
leadership of INFN for the accelerator and of ENEA for the sub-critical system. The TRASCO program
was relevant to promote collaboration among groups of different competencies (accelerator, reactor
physics, plant design), which will provide relevant results in support of any related industrial program.

Parallel to the basic activities of TRASCO, an industrial program was proposed in two main steps
(the first was approved and funded in 1999):

a) On-going short-term activities in the Italian context to issue preliminary design of the ADS
experimental plant. A reference configuration has been proposed2 (named EADF, Energy Amplifier
Demonstration Facility) and submitted to the European partners3 as a contribution to the discussion of
the European Road Map for developing an ADS experimental plant. The preliminary design will be
completed in the first half of 2001, while the main supporting R&D needs were assessed and the
realization of the experimental facility CIRCE is in progress, for thermal hydraulic testing in PbBi of
the main subsystems of the experimental plant.

b) Medium term activities in an European and international context with the aim to perform the
detailed engineering design, the realization and the commissioning of the experimental plant along with
all the supporting R&D.
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2. THE TRASCO PROGRAM

2.1 Introduction

The program, devoted to study the physics and to develop the technologies needed to design an ADS
for nuclear waste transmutation, was prepared with close reference to Carlo Rubbia's Energy Amplifier
proposal'. It consisted of two main parts regarding, respectively, the accelerator and the sub-critical
system. The part relative to the sub-critical system, managed by ENEA, was structured through the
following topics (in parenthesis the team composition for each topic"):

> General safety criteria and classification (ENEA, ANSALDO);
> Nuclear data (ENEA, University of Bologna);
> Neutronics (ENEA, CIRTEN, CRS4);
> Thermal-hydraulics (ENEA, CIRTEN, CRS4, ANSALDO);
> Beam window technology (ENEA, CIRTEN, ANSALDO, INFM);
> Materials technology and compatibility with Lead and/or Lead-Bismuth alloy (ENEA, CIRTEN,

CRS4, FN, ANSALDO).

Some outputs from the above topics are summarized in the following section.

2.2 Main results

> General safety criteria and classification

The activity was focused on:

a) Set up of rules necessary for the development of EADF design;

b) Analysis of general safety issues and definition of requirements

and was shared out in the following four lines.

Identification of general safety issues and requirements

This activity has been finalized to define the safety requirements of the overall process, by
emphasizing the peculiarities of an ADS plant, relative to current nuclear power plants.

The activity has allowed to define the general safety and functional requirements, against the
established objectives for the Italian demonstration plant (EADF). The sole aspects of this type of plant
have been shown, for example the sub-critically level in every operational condition and their impact
on the design.

ANSALDO Nuclear Division, which also provides the program overall coordination, is the technical coordinator
of the subcritical system design activities and is involved in all the main working tasks in order to assure
integration and consistency;
CRS4, Center for Advanced Studies, Research and Development in Sardinia, provides support to core/fuel and
subcritical system design activities;
CIRTEN: Universities Consortium;
INFM: National Institute for Materials Physics;
FN: Nuclear Fabrications.



The criteria about process simplification, use of passive systems, reliability, availability and
maintainability of systems and components have been established.

The bases for the definition of the design basis accidents, their characterization in terms of
probability, the levels, of resistance, protection and mitigation toward the accidental situations have
been rendered explicit.

The requirements against internal, external and special events, caused by human action (for
example, impact of a plane, explosions of gas), have been defined.

The barriers to the radioactive product release have been redefined in comparison to the classical
formulation.

Safety classification

This activity has allowed to associate structures, systems, and components of EADF to the reference
standards and codes.

According to the previous choices effected on the applicable normative, a first phase of this activity
has consisted of to point out the state of the art on the principal methodologies for the classification of
systems, structures and components mostly used within the nuclear industry. Among these, the
methodology proposed by the EURs, based on the functions of the systems and on the temporal phases,
has been examined deeply.

Applicable codes and standards

This activity has been finalized to define the reference regulations to use in the ADS design. These
regulations have been established through an in-depth, critical assessment of LWR and LMFBR
licensing processes (e.g., by revising existing Regulatory Guides) and of other guides (e.g., industrial
standards).

Mechanical design criteria

This activity has carried out to the definition of new criteria for the use of innovative materials, as
well as for the operation of nuclear components and structures out of the standard range of
applicability.

> Nuclear data

The research activity was focused on nucleon induced reactions in the incident energy range from 20
to 150 MeV, above the range of standard nuclear data libraries used in critical reactor calculations and
below the pion production threshold.

In the above mentioned energy interval, several pre-equilibrium reaction models, either
semiclassical, such as the exciton models and the intranuclear cascade models, or fully quantum
mechanical, such as the multistep theories of Feshbach, Kerman and Koonin (FKK) and Tamura,
Udagawa and Lenske (TUL), can be applied, with different limitations inherent in their basic
assumptions.

In collaboration with researchers of the Institute of Physics and Power Engineering, Obninsk, the
hybrid exciton model was used to compute cross sections for production of deuterons, tritons and alpha
particles in proton induced reactions on several structural materials and one target material ( Bi) 4, as



well as the cross sections of all important channels of neutron induced reactions on 238U 5. In both
cases, the primary nucleon energy ranged from 20 to 150 MeV.

Work is in progress, on the improvement of nuclear models of the EMPIRE-II code, which uses the
TUL approach to multi-step direct reactions, in collaboration with the author, M. Herman, IAEA
Nuclear Data Section, Vienna, in order to extend the range of applicability of the code itself.

As far as nuclear structure data are concerned, a preliminary study of the low-lying discrete levels
and of the collective enhancement factor of level densities of even-even thorium isotopes (220"232Th)
was carried out in the frame of the interacting boson model of collective nuclear excitations6, with a
view to using it in future calculations of neutron cross sections at low and intermediate energies.

The work planned on Th isotopes will benefit from the re-evaluation of neutron data below 20 MeV
for 232Th, recently completed within the framework of the same research program by V. Benzi, M.
Sumini and co-workers at the DIENCA Department of the University of Bologna, by taking into
account the most recent experimental data on total, inelastic and capture cross sections, not yet
available at the time of release of the ENDF/B-VI file.

> Neutronics

Static analyses

In order to investigate the level of accuracy of deterministic calculations (DC) with respect to Monte
Carlo calculations (MCC), an intercomparison was launched in the fall of 98 for the EADF
configuration. This involved, as well as basic system integral parameters (K̂ ff, Ks), also the spatial -
energy characterization of the neutron flux profile inside the sub-critical region. The DC employed an
approximate neutron source obtained from the first stage of the MCC starting from the proton source
energy until 20 MeV.

The MCC-DC inter-comparison indicated a good agreement between Keff and Ks (differences of
around 600 pcm with the same library) and a good reproducibility by the DC of the main reaction rate
profiles. In addition, the results validated the approximations employed to generate the neutron source.

Development of kinetics and core-dynamics computational tools

The activities were focused on:

- Development of a neutronic model and of a numerical scheme for a two-dimensional system in
multigroup diffusion theory.

- Development of consistent quasi-static techniques suitable to treat 3D (multigroup diffusion
theory) time-dependent neutronic problems for ADS.

- Study and optimization of numerical algorithms for the time-discretization of the transport
equation in source-dominated systems7'8.

- Coupling of the single channel - single phase TIESTE thermal-hydraulics code (developed by
ENEA) with point kinetics and 2D RZ, multigroup diffusion theory (developed by Politecnico di
Torino, Prof. Ravetto team) codes in order to investigate dynamics core behavior9. A simplified
model of natural convection has been developed to improve the ADS dynamics investigations by
considering the mitigation effect relevant to the coolant natural-convection dynamics10.



Kinetics and core-dynamics analyses

The activities were focused on:

- Preliminary analysis of some transient situations.

A core-dynamics analysis relevant to some typical current-transient events was carried out for the
EADF. In particular, fuel and coolant temperature trends relevant to Recovered Beam-Trip and Beam-
Jump events were preliminarily investigated n< n.

Beam-trip results showed that the drop in temperature of the core-outlet coolant would be
appropriately reduced if the beam intensity could be recovered within few seconds. Concerning the
current transient "Beam-jump from zero power", it should be recalled that in the EADF design, the
primary-loop coolant flow is assured by natural convection and is enhanced by a particular system of
cover gas injection into the bottom part of the riser13. In the EADF design, the natural convection pull
is about 20% of the pull due to the active system based on cover gas injection. Preliminary results
confirm that while the active system of cover gas injection is working, the impact of the primary
coolant natural convection on Beam-Jump transient behaviors is not significant. On the contrary, the
natural convection mitigation of temperature transients becomes clearly significant if the active system
of cover gas injection is assumed to be unavailable or to fail10.

Moreover, it is well known that ADS respond more benignly than critical systems to reactivity
insertions. This ADS characteristic was further analyzed in the EADF case14'15. In particular, possible
low feedback reactivity-effects, that mitigate critical system transients induced by reductions in coolant
flow, were investigated in the worst hypothetical scenario: i.e. during an unprotected Loss Of Flow
accident. Since ADS dynamics are mainly decided by the external source, a parametric study was
performed to investigate feedback effects in the EADF, by considering not only different values of the
system sub-criticality level, but also different hypotheses on the external-source control-strategy.

- Reactivity monitoring strategies.

The EADF response to harmonic modulation of the external neutron source intensity was analyzed.
The point kinetics approximation was adopted to test the method by numerical simulations. Moreover,
spatial effects were theoretically and numerically investigated16. Results show that, an absolute
"reactimeter" may be conceived.

In addition, a spatial source-jerk approach was compared with the modulated source method . A
numerical simulation of both methods was performed, and results indicated a consistency between the
responses by the two methods, although the modulated source method may be considered an on line
reactivity measurement. Finally, some indications were derived about the most appropriate positions in
the system to monitor the absolute (in dollar units) fundamental reactivity value.
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Thermal-hydraulics

The proposed ADS,concepts present some peculiar aspects, which require the development of new
thermal-hydraulic models, as well as a deep investigation of some fundamental phenomena, at present
far from a complete comprehension. In particular, the use of lead or lead-bismuth alloy as a beam target
and nuclear coolant, as well as heat removal based on natural convection, has to be carefully studied.
Therefore, the activities were focused onb:

- Assessment of the limits of applicability of the turbulence models implemented in CFD
(Computational Fluid Dynamics) codes for the simulation of liquid-metal flows'8. In fact, beyond
the standard limitations of turbulence models, additional problems can arise, essentially due to
the low Prandtl number of liquid metals. A benchmarking activity of CFD codes is in progress, in
collaboration with other European research centers and with CFD companies, based on
experimental measurements in liquid metal flows1 '20. Some important results have been already
obtained.

- Assessment and development of free-surface-flow algorithms to be used in the design of
windowless targets.

- Development of a thermal-hydraulic system codes which can simulate the various reactor
transient21. Two codes have been developed and their validation is in progress: ANTRASS and
RELAP 5. The latter can be used also for 3-D neutronic calculations.

- Structural and thermal-hydraulics analysis of critical components like target, vessel, fuel
assemblies"2. This activity has been performed using through the integrated calculation system
described in 23.

y Beam window technology

Being subjected to heavy operational conditions, concerning irradiation and corrosion, the beam
window is universally considered as a "key" component of a sub-critical system. Advanced materials
and technologies have, thus, to be foreseen and developed for this component. Unfortunately, there is a
general lack of data on the mechanical properties of these new materials under the synergetic
conditions of high neutron and proton fluence and of the interaction with lead or lead-bismuth.

This subprogram aimed to analyze the effects of high fluence proton irradiation, in order to get
reliable data on the mechanical properties of candidate materials vs. the irradiation dose. Furthermore,
new technologies were investigated for demonstrating the feasibility of windows of actual size.

=> In this Meeting: "Analysis of Different Design Options for the Beam Target of the Energy
Amplifier Demonstration Facility", S. Buono, C. Aragonese, G. Fotia, L. Maciocco, V. Moreau,
L. Sorrentino; CRS4, Center for Advanced Studies, Research and Development in Sardinia.
Presented by S. Buono.

For more details see the CRS4 Energy Amplifier Group web page (http://www.crs4,it/Areas/ea). where a description of the
group activities and a list of publications is available.
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> Materials technology and compatibility with Lead and/or Lead-Bismuth alloy

The program was dedicated to experimental investigations aiming at increasing the know-how on
the performance of candidate window materials, structural materials and system components in contact
with lead and lead bismuth eutectic alloy at high temperature in stagnant and flowing conditions.

As far as the experimental activity in stagnant lead24 and lead bismuth25 is concerned, several tests
were done aiming at studying the basic mechanisms and the thermodynamic aspects of the corrosion
process for the ADS candidate materials. In particular, a set of tests in stagnant molten lead at 793 K
and in lead bismuth alloy at 573 and 673 K were carried out on several materials: mod. F82H
martensitic steel, tungsten, mod. F82H martensitic steel hot dip aluminized, MANET II, AISI 316L.

A preliminary experimental investigation in flowing lead bismuth at 573 and 743 K was performed
on austenitic and martensitic steels26 in the framework of a collaboration between ENEA and IPPE-
Obninsk (RF). In these experimental campaigns the oxygen content was fixed at the value of H2-10"6

wt. % and the duration of the exposition of the steels was 3000 hours.
In order to carry out a more extensive experimental investigation under different operative

conditions, two liquid metal loops (LECOR and CHEOPE) have been designed and constructed at the
ENEA site of Brasimone.
CHEOPE is a "multitasking" facility, consisting of three parts:

- Section for thermal hydraulics experiments (CHEOPE-1).
- Section for mass transport and chemistry studies (CHEOPE-2).
- Oxygen control and corrosion section (CHEOPE-3).

In particular, CHEOPE-3 is the part of the facility dedicated to the corrosion tests, equipped with an
oxygen monitoring and control system. The corrosion tests will be performed at relatively high oxygen
content in order to validate the technology of steel protection by in situ oxidation.

The main objective of the experiments to be carried out in LECOR, which is a "figure-of-eight"
configuration loop, is the quantitative study of corrosion phenomena and their effects on the
mechanical behaviour on beam window candidate materials. The main operative conditions that will be
adopted in LECOR can be summarised as follows:

- Temperature range in the test sections: 723-̂ -823 K.
- Velocity range in the test sections: 0.5-*-1 m/s.
- Oxygen content lower than 10"8 wt.%.

The experimental device ORE was developed to support the activities to be carried out in LECOR
and CHEOPE in the field of oxygen monitoring and control and the conditioning of the liquid metal.
For this last aim ORE provided data about the kinetics of lead-bismuth oxides reduction by hydrogen as
well as oxygen extraction.

An up-grade of the ORE device, in order to control the oxygen content in molten lead - bismuth, is
under design, which will be provided with an oxygen probe, developed in ENEA.



3. THE INDUSTRIAL PROGRAM

3.1 Background and considerations

In Europe a strong industrial interest exists for the ADS technology aimed at the construction of a
prototype. Such a interest has been witnessed:

- In the common signature by ANSALDO, FRAMATOME, NNC and SIEMENS of the document
"An European Nuclear Industry Interest for the Accelerator Driven Systems Technology to assess
an European Reference System Configuration" which has been transmitted 1998 to the European
Union.

- By the approval by the EU in the year 2000 of funds for ADS-specific R&D activities.
- By the common application, to be submitted to the EU end this year by leading engineering

companies and R&D organizations, for funding within the 5th R&D Program scoping studies
aimed at the choice between liquid metal or gas-cooled ADS configuration, to be engineered as
Experimental ADS (EADF).

On 1998, the Research Ministers of France, Italy and Spain have established a Technical Working
Group (TWG) including R&D organizations and industrial companies in charge of reactor and
accelerator studies, in order to identify the crucial technical issues for which R&D is needed. The
recommendations of the TWG indicate the needs to design and operate the EADF facility at a
sufficiently large scale to become the precursor of the industrial, practical-scale transmuter.

Based on the recommendations of the TWG, Italian engineers and scientists of ANSALDO
Nucleare, ENEA, CRS4 and INFN, grouped in a team led by ANSALDO, have anticipated the activity
on EADF cooled by Lead-Bismuth Eutectic (LBE). The facility should demonstrate key-features, such
as the successful coupling of the sub-critical reactor with the accelerator and the transmutation
capability of transuranics and selected fission fragments of concern.

With the appropriate selection of main operational parameters, such as a low primary coolant
temperature (choice of LBE instead of lead as the coolant) and speed, a low core power density, a
proven fuel, and the power removal to the atmosphere, the EADF could be engineered for construction
on the basis of information from of a mid-term R&D programme. In particular a large-scale R&D
facility, the CIRCE test rig, is scheduled mid 2001 for completion in Italy. The feedback from the
operation of the EADF and the answers provided by a long-term R&D programme will be the base, in
turn, for the development of the lead-cooled ADS power prototype.

The development activity of the Italian team has already made all basic technological choices,
illustrated by general arrangement drawings, plot plan and elevation studies, main component data
sheets and drawings, Table 1 and Ref. 3. At present, the purpose of the work is to confirm the main
technical features focusing at the following main project topics:

- Overall feasibility.
- Construction materials exposed to LBE and corrosion protection.
- Fuel type(s).
- Accelerator type and power.
- Target System.



- Primary and secondary coolant, heat transfer equipment, pumping and purification systems.
- R&D needs.

3.2 Status of the industrial program

The results obtained so far, though preliminary and not exhaustive, allow to outline a consistent
demonstration prototype configuration, main features of which per plant area are concisely reported in
table 1.

The choice of the power (80 MW,h) is motivated by the fact that 80-100 MWth is the minimum
consistent with a representative core characterized by annular configuration. Moreover, this power
level eases both design and licensing, because the decay heat can be removed passively by the Reactor
Vessel Air Cooling System (RVACS) and the Reactor Vessel always operates at loading conditions of
negligible creep damage, according to the RCC-MR.

Though the process of selection of the accelerator type for the Demonstration Prototype is
continuing at present, the basic scheme assumed is a reasonable extrapolation of the PSI facility and is
based on a three-stage system capable to supply a proton beam of a few mA (up to 5-6mA) at 590
MeV. The first stage, made of the proton source and a small cyclotron, supplies the low energy pre-
injection beam (5-6 MeV). The following accelerator stages are provided by two separated-sectors
cyclotrons. The intermediate-stage cyclotron provides a low-medium acceleration with extraction at
100 MeV. The final stage cyclotron (the so called "ring cyclotron") boosts the proton beam to the final
energy of 590 MeV. The booster is a 8-sector magnets cyclotron with 6 RF cavities operating at 50
MHz- lMV.

The target material is molten LBE separated from the reactor coolant. LBE has good spallation
efficiency, neutronic properties and low melting temperature. Target eutectic is kept separated from the
reactor primary coolant by means of a retrievable target unit. Two target configuration concepts have
been investigated, which differ in the separation barrier adopted at the interface between vacuum pipe
and target lead-bismuth eutectic.

The "window" target configuration features a mechanical barrier of a material transparent to the
largest possible extent to neutron and proton irradiation and engineered to withstand pressure and
thermal loads, the eutectic circulates under natural circulation, cooled in the upper part of the target unit
by the diathermic fluid of an auxiliary system.

In the "windowless" target configuration, the proton beam from the accelerator impinges directly on
the target eutectic, that circulates driven by a stream of cover gas, according to the same gas lifting
principle adopted for the primary system and is cooled by the reactor coolant in the HX located in the
bottom part of the target unit.

Coming now to the sub-critical reactor, the basic fuel assembly is similar to that of SPX and, also,
the fuel pellets have the same geometry and comparable composition (about 20% of Pu) of the higher
enrichment of the SPX core. At the core rated power of 80 MWth, the average fuel power density is 22
W/g-MOX (227 W/cc-MOX), with max radial peaking of 1.32 and axial of 1.13. The core is
surrounded by an outer region of four rows of dummy assemblies, which are empty duct structures.
This offers a continuous fast-to-thermal neutron flux region, useable for test burning MA and LLFF
SA's.
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The core multiplication factor results 0.97 at beginning of life and reduces to 0.94 at end of cycle, at

full power. fCeff = 0.97 is sufficiently low to ensure the safe operation of the reactor without control and
shut-down rods. 12 absorber radially positioned by means of the refuelling machine, operating without
target displacement, can bring the Keff below 0.95 at refuelling conditions (200 °C, zero power, target
vertically displaced).

Molten Pb-Bi eutectic has been chosen as primary coolant. From the neutronics point of view it
behaves like pure lead - which was the first choice of the Energy Amplifier - but it allows lower
operating temperature (300 °C at the core inlet and 400 °C at the core outlet) of the reactor and there is
the important experience on its use made by the Russians with the reactors for submarine propulsion.

The reactor has been designed in the pool-type configuration because of the possibility to contain
within the main vessel all the primary coolant with the highly active polonium, mainly originated by
bismuth, and of the large experience acquired with the design and operation of sodium cooled pool-
type reactors. In the EA concept proposed by CERN, the lead coolant operates in natural circulation,
driven by the density difference between the riser and the down-comer of the primary circuit. For the
Demonstration Prototype the lead-bismuth circulation is enhanced13 by a flow of about 100 Nl/s cover
gas, injected into the bottom part of a circular array of 24 identical pipes (0.2 m ID), which make up the
riser.

The secondary system is constituted by two safety-related loops, that in normal operation dissipates
to the atmosphere the heat generated by the reactor.

The thermal cycle temperatures, 320 °C for the hot leg, and 280 °C for the cold leg, are consistent
with the choice of a synthetic diathermic fluid as the coolant, owing to the low vapour pressure of these
fluids and the insurance of no fast chemical reactions, in case of leak, with the lead-bismuth eutectic or
the air.

Each secondary loop is made up of two Intermediate Heat Exchangers (IHX) arranged in parallel, of
three Air-fin Heat Exchangers (AHX), of a circulation pump, and of the interconnecting piping. The
Air-fin Heat Exchangers (AHX) are arranged in parallel as regard to the air circulation but, on each
loop, they are in series as regard to the circulation of the synthetic diathermic fluid. The system, as it
has been designed, could re-use the six AHX's belonging to the RSR circuit of the PEC reactor.

4. PLANNED FUTURE R&D ACTIVITIES AND COLLABORATIONS

In the short term, the following activities are foreseen:

- Preliminary project of the EADF, core section, spallation module and its coupling with the
accelerator.

- Realization and operation of the experimental plant CIRCE, execution of the first two test
experimental campaigns.

- By means of the experimental facilities at Brasimone (LECOR and CHEOPE), support to the
technological development for CIRCE experimental plant and support tests to MEGAPIE and
MYRRHA programs.

- Participation to the EU Framework Programme on Partitioning and Transmutation in the
following tasks: TECLA (liquid metal technologies), MUSE (physics of the subcritical system),



nTOF (nuclear data), PYROREP (pyrochemical reprocessing), Advanced Fuels for ADS, System
Analysis (on the EADF).

- Participation to the MEGAPIE project.
- Participation to the bilateral agreement among ENEA and different research institutions (CEA,

SCK-CEN, Halden, ITU, ISTC).

In the medium term, the following phases are foreseen:

- Basic researches on accelerator technologies, subcritical system and long-life radioactive species
partitioning.

- Finalized researches devoted to the demonstration of the feasibility and economical convenience
of particular technical solutions, in the frame of the test support program to the EADF project.

- Project and realization of the EADF.

Afterwards, R&D activities will support the ADS industrial development.
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PLANT AREA
Plant power

Target/Window

Core

Fuel
Primary System
Primary coolant
circulation
Secondary System

Thermal cycle
Reactor Roof
Main Vessel and Safety
Vessel
Structural materials

In-Vessel Fuel
Handlina
Secondary Fuel
Handlina
Nuclear Island
Plant Safety

REFERENCE SOLUTION
80 MWth Subcritical System controlled by
a 590MeV, 6mA Proton Beam
Two Options: a) Proton Window

b) Windowless Target
0,97 (at beginning of cycle ) > Keff > 0,94 (at end of cycle),
at full power
U and Pu MOX
Pool configuration with four integrated IHXs
Circulation Enhanced by Gas Injection in a Natural-Circulation
Reactor Configuration
Two Low Vapour Pressure Organic Diathermic Fluid Loops
rejecting heat by means of air coolers
300°C at core inlet, 400 °C at core outlet
Metallic Plate
Hung from a cold annular beam

Vessels and Internals: 316L
Target and fuel SAs: 9Cr IMo
One Rotating Plug, One Fixed Arm, One Rotor Lifting Machine

Flask, Encapsulator, Canister, lifting and translating Equipment,
Water Pool
Common basemat on antiseismic support
Full passive system

TABLE 1, Main EADF Data by Plant Area.
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1. Summary

On 1998, the Research Ministers of France, Italy and Spain have established a Technical
Working Group (TWG) including R&D organisations and industrial companies in charge of
reactor and accelerator studies, in order to identify the crucial technical issues for which R&D
is needed. The recommendations of the TWG indicate the needs to design and operate an
experimental ADS (XADS) facility at a sufficiently large scale to become the precursor of the
industrial, practical-scale transmuter.

This interest is confirmed by the two-years program which has recently started, sponsored by
MURST (the Ministry of the University, Scientific and Technological Research), under the
leadership of INFN for the Accelerator and of ENEA for the subcritical Reactor. This program
is considered of particular relevance for the creation of a well mixed group of competencies,
and it will provide important results in support to any related industrial program.

Since early 1998, the Italian ENEA, INFN, CRS4 and Ansaldo have set up a team, led by
Ansaldo, to design an 80 MWth XADS, a key-step towards the assessment of the feasibility
and operability of an ADS prototype. The results obtained so far, allow to outline a
consistent XADS configuration. The main issues investigated and the associated solutions
adopted are concisely described in the paper.

2. XADS plant description

The main features and associated working principles of the the Reference Configuration of
the XADS are the following:

The Nuclear Island consists of four main elements, viz. a cylindrical reactor building, two
outer buildings contiguous with the reactor building, which are the main room and service
building and the building housing the fuef and active component handling facilities, and the
outer air coolers building. The composite plan outline of the three outer buildings is
rectangular in shape, except for the annular outline contiguous to the reactor building. The
whole of the Nuclear Island rests on a single foundation consisting of upper reinforced
concrete basemat and lower basement separated by seismic support pads.

The Reactor assembly presents a simple flow path of the primary coolant with a Riser and a
Downcomer. The heat source (the Core), located below the Riser, and the heat sink (the



Intermediate Heat Exchangers) at the top of the Downcomer, allow an efficient natural
circulation of the coolant. The additional means provided to enhance the primary coolant
flowrate is not a mechanical pump, but bases on the principle of gas lifting: Argon of the
cover gas plenum is injected into the bottom of the Riser and generates the gas-coolant
mixture that, being lighter than coolant alone in the Downcomer, keeps the coolant circulating
at a higher flowrate, the level of which can be controlled by the amount of gas injected.

Consequent to the elimination of the mechanical pump and to the natural circulation
configuration of the primary circuit, there is assurance of no high speed of the coolant, not
even across the smallest cross sectional areas of the flow path. This technological option
helps to reduce the erosion/corrosion of the structural material brought about by flowing
Lead-Bismuth Eutectic (LBE), and creates a large gas bubbles to primary coolant interface
area for faster reaching the equilibrium dissolution of atomic Oxygen in the LBE.

All primary coolant remains inside the Reactor Vessel, including the coolant that circulates
through the LBE purification unit, that is immersed in the Reactor pool.
The use of LBE as the primary coolant allows a relatively low operating temperature, in order
to eliminate risks of creep damage of the Reactor structures and to reduce their corrosion
rate.

The organic diathermic fluid used as the secondary coolant has a low vapor pressure and is
chemically inert against the primary coolant.

The accelerator design is compatible with the XADS construction timescale.

This Reference Configuration of the XADS embodies features that cope with its
demonstration duties and is flexible enough to cope with requirements that cannot be
precisely specified at present, but are predicted to be focused at a later stage.

Among these duties there is the capability to accommodate different cores, minor actinides
and long-lived fission product sub-assemblies at locations where neutrons have the required
intensity and the appropriate energy level. This capability is ensured by the long, absorber-
free path in the LBE, that has been provided in the reactor vessel for the scattering neutrons,
which thus offer a continuous, isolethargic energy spectrum on their way to gradual
thermalisation. The first core will be U and Pu MOX of the proven SPX1 isotopic composition
or slightly more enriched in Pu, in order not to unnecessarily delay the operational availability
of the XADS, because the development of new fuel is a long-lasting task.

As a second example of flexibility, the primary coolant control system can operate at different
flowrates and pressure losses, in order to cool different-configuration Cores.

The requirement of large operational flexibility can be better achieved if no constraints from
electric energy generation are superimposed to the XADS, and hence the reactor power will
be dissipated to the external atmosphere by means of air coolers.

Table 1-1 summarizes the main engineering choices by plant area, and Figure 1-1 shows the
reactor assembly of the Reference Configuration of the XADS



TABLE 1-1

XADS Main Options by Plant Area

Plant Area

Power

Accelerator

Target Unit

Reference Solution

80 MWth

Two-stage Cyclotron scheme
based on the PS I configuration:

• One source pre-injector Linac
of 3+6 MeV, 2-M3 mA

• One intermediate, separate-
sectors injector cyclotron (100
MeV)

• One booster, separate-sectors
Cyclotron (600 MeV)

Pb-Bi eutectic separated from
primary coolant as the target
material
Two optional concepts of Target
Units:

Hot-Window:

metallic separation between
vacuum pipe and target LBE in
natural circulation. Cooling by
organic diathermic fluid (back-
cooled by water)

Windowless :

protons impinge directly on the
LBE target. Forced circulation.
Cooling by primary coolant.

Rationale for Selection

• 80 MWth is a power consistent with a
representative core characterized by an annular
configuration

• The Accelerator requires a moderate power
upscaling factor with respect to the existing
machines

• The decay heat can be removed by a Reactor
Vessel Air Cooling System in natural circulation,
with negligible creep damage (according to the
RCC-MR French mechanical design rules)

• The Cyclotron is a compact solution in
comparison to a Linac

• The selected solution is based on existing
machines. The required, moderate 2 to 4 power
upscaling factor is possible on the basis of
already identified modifications (e.g., increased
number of cavities from 4 to 6)

• A liquid target is necessary because a solid
target cannot dissipate high-density thermal
power without risk of melting and hence loss of
its capability to be cooled

• Pb and Bi have good nuclear properties
• Pb and Bi have a good spallation neutron yield
• The Pb-Bi eutectic has a low melting point (125

°C)

No selection. Both Target Unit concepts remain
candidate.

Nota: Outline dimensions of the Target Units
defined. The Reactor configuration can
accommodate either Target Unit without major
modifications. The selection of the Target Unit will
be possible as soon as the results of the
experimental campaign will be available.



TABLE 1-1

XADS Main Options by Plant Area (continued)

Plant Area Reference Solution Rationale for Selection

Core sub-critical over lifetime with Keff -
0,97 at BOL decreasing to 0,94 at
EOL, at full power

The Keff at BOL is sufficiently low to ensure
safety without control and shutdown rods.

Fuel U and Pu MOX
The proposed Core is based on a
fuel having the isotopic composi-
tion of the fuel at the higher
enrichment of the second SPX
Core or slightly more enriched in
Pu
The fuel pellets have been
assumed of the same geometry as
for SPX.

Proven technology
Potential use of fuel belonging to the 2nd SPX1
Core

Primary
Coolant
System

Lead-Bismuth Eutectic as
primary coolant.
Thermal cycle: 300 °C at core
inlet, 400 °C at core outlet
Natural-circulation flowrate
enhanced by cover gas
injection, fed by a compressor,
into the bottom part of the
Riser, made of pipes arranged
at the outside periphery if the
Inner Vessel. The bi-phase,
eutectic-gas mixture in the
Riser, being lighter than the
eutectic alone in the
Downcomer by the amount
corresponding to the mean
void fraction in the Riser,
creates the additional driving
force. The lift gas separates at
the interface with the cover gas
plenum, thereby closing the
gas loop.

Free-flow pattern in the
Downcomer with flowrate
distribution dictated by
convection within the IHX.
Stable eutectic thermal
stratification outside the IHX.
The quasi stagnant LBE
plenum inside the Inner Vessel
and the LBE plena outside are
hydraulically connected by
high-friction flow paths in order
to improve the stability of the
primary coolant flowrate.

The hot plenum remains below the creep
temperature of the structural steel
The cold plenum remains far from the freezing
point
The thermal cycle is consistent with the
selection of an organic diathermic fluid as
secondary coolant

This solution is justified by the high pressure
head brought about even by a modest void
fraction in the Riser, owing to the high density of
the lead eutectic
The solution cumulates most of the advantages
of a natural-circulation reactor configuration:

-The Primary System layout is made simpler
-Easier ISI of the Primary System
components
-In case of unavailability of the gas injection
the low pressure loss of the primary circuit
allows decay heat removal through natural
circulation to cope with the safety
requirements of a full-passive plant

The solution cumulates most of the advantages
of a forced-circulation reactor configuration:
- Plant flexibility through control of the primary

coolant flowrate,
-Reduced Vessel height.



TABLE1-1

XADS Main Options by Plant Area (continued)

Plant Area

Secondary
Coolant
System

Normal and
safety-related
Decay Heat
Removal

Reference Solution

• The secondary coolant is a
low-vapor pressure, synthetic
organic Diathermic Fluid.

• The thermal cycle is 280-320
°C at full power.

The Secondary Coolant System is
made of two independent loops.
Each loop consists of two IHX's
immersed in the primary coolant, of
three Air Coolers arranged in
series, of a mechanical pump and
interconnecting piping.
Each loop is capable to remove the
decay heat in natural circulation,
with only one Air Cooler in
operation. This latter configuration
is safety-related.

Both functions performed by the
Secondary Coolant System

Rationale for Selection

• Low pyrolysis at high temperature (up to 340
°C) in continuous operation

• Low radiolysis because of the low radiation level
at the IHX bottom

• Vapour pressure lower than atmospheric
pressure over the selected operating
temperature range

• No chemical reaction with LBE

• Self-ignition point far above the operating
temperature

• No activation (sodium traces below one ppm)
• Low toxicity to humans
• High thermal capacity (about 2 times that of Na

and about 15 times that of Pb-Bi)
• Large experience in the chemical industry
• Low cost

• Air coolers once constructed for the Na-filled
secondary loops of the PEC reactor and made
available for the XADS. The six Air Coolers in
loops filled with diathermic fluid, have a
capability that copes with the design
requirements of the XADS. Their mechanical
design is adequate for the new mechanical and
thermal loads:
- the operating temperature is lower than in the

case of PEC ,
- in operation, the Diathermic Fluid has about

the same density as the Na density.

• The cumulation of but functions is possible
because of the two-loops arrangement and the
natural circulation capability. One loop in natural
circulation with one air cooler is sufficient to
remove the decay heat.



TABLE 1-1

XADS Main Options by Plant Area (continued)

Plant Area

RVACS
(Reactor
Vessel Air
Cooling
System)

In-Vessel Fuel
Handling

Reactor Roof

Reactor Vessel
and
Safety Vessel

Earthquake
Protection

Reference Solution

Circular U-pipe bundle arranged in
the reactor pit, connected to
atmospheric air by ducts and
chimneys. The air flows pipe-side
in natural circulation. The inlet pipe
legs face the pit and are thermally
decoupled from the return legs,
that face the Safety Vessel.
The decay heat transfer route is as
follows :
• Conduction through the

Reactor Vessel
• Radiation and convection from

the Reactor Vessel to the
Safety Vessel

• Conduction through the Safety
Vessel

• Radiation and convection in
the Reactor Pit from the Safety
Vessel to the RVAC return pipe
legs

Rotating Above-Core Structure
(ACS), one Rotating Plug, one
offset-arm Charge Machine and
one Rotor Lift combined with a
Flask as the link to the secondary
fuel handling

Insulated metallic plate

Made of AISI 316 L austenitic
steel,
Hung from a common, cold support
beam anchored to the civil
structure
The bottom head of the Safety
Vessel is insulated to prevent
overheating the concrete below.

Reactor, Auxiliary, Fuel and Air-
Coolers Building resting on a
common basemat supported by
horizontal seismic isolators.

Rationale for Selection

• A full-passive system, that can perform the DHR
function as a backup system, and guarantees
Core cooling in Design Extension Conditions

• It provides via the inlet pipe legs also the
normal, continuous cooling of the reactor pit
concrete

• Proven technology (e.g., SPX1)
• The offset-arm machine is selected to avoid

handling in Pb-Bi with the several kinematic
links of the more complicated machines (e.g.
pantographs)

• The rotating ACS and Plug arrangement allows
ail Sub-Assemblies to be handled by the
Charge Machine

• Easy manufacturing of a relatively small-
diameter component

• Hung arrangement according to Western
countries experience in the LMR's field

• 316 L steel should not present risk of fragility
when used with Pb-Bi

• 316 L steel has the advantage of a great
manufacturing experience

• Reduction of seismic loads on Reactor Vessel,
internals and components

• Horizontal anti-seismic supports are a promising
technology for nuclear plants, also because of
the large experience available in civil
engineering



TABLE 1-1

XADS Main Options by Plant Area (continued)

Plant Area

Hot Standby
Temperature

Fuel Assembly
Monitoring

Pb-Bi
Purification
Unit

Reference Solution

300°C

Thermocouples and Failed Fuel
Pins detection system

In-vessel purification by
gravitational settling of metal
oxides

Rationale for Selection

• 300°C is a temperature well above the primary
coolant freezing point

• 300°C is a temperature sufficiently low for
negligible pyrolysis of diathermic fluids

• 300°C can be easily maintained with the
selected secondary loop thermal cycle

• Normal LMR's design practice

• In-vessel, according to the LMR's practice
• It avoids external primary Pb-Bi loops with

potential Polonium release

3. Safety Analysis

A modified version of the RELAP5/MOD 3 computer program is employed to simulate the
thermalhydraulic behaviour of the XADS primary and secondary System.

The abnormal and accident events have been identified and categorized with a systematic
approach. Then the ones having the potential to challenge the established acceptance
criteria for the physical barriers interposed between the radioactive fission, activation or
spallation products and the external environment or to exceed the maximum allowable
release of radioactivity to the environment have been identified and analysed to assess their
consequences.

Fig 2, 3 and 4 present the behaviour of the XADS under three events selected which well
describe system performances.

Fig 2 presents the predicted evolution of the main vessel temperature in case of complete
loss of the Secondary System (cooling via RVACS only). The main vessel wall temperature
reaches a maximum value of 471 °C at 62.5 hours.

Fig 2 - Main vessel wall temperature (upper, central and lower)
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Fig 3 presents the predicted evolution of the Pb-Bi core inlet and outlet temperatures in case
of Anticipated Transient Without Proton Beam Trip: loss of the air coolers of a secondary
loop. The Pb-Bi core outlet temperature increases steadily, but at 800 s has reached only
450 °C giving to the operators time to stop the accelerator.

Fig 3 -Pb-Bi temperature at core inlet and outlet
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Fig 4 presents the predicted evolution of the Pb-Bi core inlet and outlet temperature in case
of Anticipated Transient Without Proton Beam Trip: total loss of injected argon gas flowrate.
The Pb-Bi core outlet temperature peaks at 630°C, then stabilises

Fig 4 - PB-Bi core inlet and otlet temperature

O
o

2I
a

700

600

500

400

300

200

100

I
iL
I

— Tin j
— T out —

500 1000 1500 2000 2500

Time(s)

3000 3500 4000



4. Supporting R&D activities

During the design phase preliminary simple R&D tests have been carried out on specific
topics where information was lacking. These tests are listed as follows:

R&D by topic

Topic

Axisymmetric
window target

Mixture of
diathermic
fluid and hot
LBE

Radiolysis of
the diathermic
fluid

Pressure loss
through

fuel sub-
assembly

Spike to
diagrid
locking-
unlocking
device

Emissivity of
steels
extracted after
immersion in
the LBE melt

Argon gas lift

Motivation

Flow stability and
prevention of
stagnation

No fouling on steel
or foreign inclusions
in the melt

Assessment of
radiolysis rate in
realistic
environment

Improved accuracy
of thermal-
hydraulical
computer code
predictions

Assessement of
margin to seizure

Assessment of
decay heat removal
by irradiation of
spent fuel during
handling

Determination of
parameters for
subsequent test in
LBE

Test description

Mokeup with
water

Long lasting,
high temperature
testing of
incapsulated
diathermic fluid
and LBE in oven

Micro ampule
irradiation in test
reactor

Water test with
full-size sub-
assembly
mokeup

Repeated testing
at imposed
increased friction

Calorimetric.

Representative
316Land
9Cr1 Mo surfaces
after conditioning
in the LBE melt.

Water test on
full-size mockup

Test results

Stagnation observed
about free-level centreline
Asymmetric configuration
for testing required

No evidence of fouling or
inclusions by pre-tests at
400 °C

Testing in progress

The radiolysis
extrapolated to the XADS
environment is about one
tenth the expected
pyrolysis rate. Predicted
cumulated degradation
few %wt/year

Measured pressure loss
confirms expectations

Test planned for May
2001

Test in progress at
Obninsk. Results by end
of this year

Test rig near completion.

Results by May 2001.

The subject and status of R&D activities related to materials immersed in the LBE melt are
not tabulated because they are the subject of this conference.



The R&D activities will be pursued forward by tests in CIRCE, the large test rig in LBE that
allows a closer simulation of the XADS environment The first test deals with the LBE
circulation by Ar cover gas lifting, with the following goals:

S Performance verification, including the control of the oxygen activity in the melt,
s Instability evaluation,
S Gas carry-under verification,
s Gas injection system optimization,
s Acquisition of T/H data for computer code validation.

The following additional test topics are envisaged, but not yet planned:

s hydraulic behavior of the target unit,
•S performance of a complete secondary loop filled with organic diathermic fluid,
V LBE natural circulation,
s overall plant performance and system interaction in normal operation and accident

conditions,
v actuation of the kinematic links of handling machines in very low-oxygen cover gas and in

the LBE melt,
s ISI technology,
s instrumentation operating in LBE,
s material corrosion in the pool with flowing controlled-low-oxygen LBE,
s performance of different filtering systems for the LBE purification.
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A Review of Fast Reactor Program in Japan
April 2000 - March 2001

Abstract

This report describes the development and activities on fast reactors in Japan thru

April 2000 to March 2001.

During this period, the most important result on Japanese Fast Reactor Project was

the first phase "Feasibility Study on Commercialized Fast Reactor Cycle Systems" has

completed on the end of March 2001, and the second phase study has just started in

order to narrow down the candidate concepts selected in the first phase for next stage.

In the Experimental Fast Reactor "Joyo", the 35th rated power operation was

completed by the end of May 2000. The 13th periodical inspection and reconstruction

works for the Joyo upgrading program (MK-UJ) have been started on the beginning of

June 2000. The modification of the cooling system is under way.

In the Prototype Fast Breeder Reactor "Monju", countermeasures against sodium

leakage have already been drawn up based on "Monju" comprehensive safety review.

The Japan Atomic Energy Commission (JAEC) has issued a new "Long-term

Program for Research, Development and Utilization of Nuclear Energy" on November

2000.

1. General View

In order to clearly show to the Japanese people, the international community, and

all parties involved with nuclear energy, Japan's basic policy and the policy measures it

must take, based on an analysis of changes in conditions since the previous Long-Term

Program (issued 1994) as well as the outlook for the 21st century, the JAEC undertook

to formulate a new Long-Term Program, referring study for the formulation of this

program to the Council for the Formulation of a Long-Term Program for Research,

Development and Utilization of Nuclear Energy in May 1999.



Immediately after the council initiated its discussions, a criticality accident

occurred at a uranium-processing plant operated by JCO co., Ltd., in the village of

Tokai in Ibaraki, serving only to increase the level of public distrust of the Japanese

nuclear power industry. Affirming anew the importance of discussions from the

starting point, the Long-Term Program Council widened its view and continued with its

work.

The Long-Term Program Council was composed not only of parties concerned

with nuclear power, but also of persons of learning and experience from various circles,

including the business community, legal circles, local site communities, and mass media.

Its members were thus from a wider range of fields than those of previous councils were.

The Council submitted the new Long-Term Program to JAEC after endeavor to reflect

the voices of the people in the new Long-Term Program, and then JAEC decided the

new "Long-term Program for Research, Development and Utilization of Nuclear

Energy" on November 24, 2000.

The Long-Term Program consists of two parts. Part I includes messages to the

people and the international community, and Part II includes specific policies on

promoting nuclear research, development and utilization.

Part I concluded "Nuclear energy was discovered in the 20th century. It is the

primary responsibility of the present generation to establish technology and a social

system to safety control and manage it wisely, in a manner socially acceptable in the 21st

century. Research and development must be carried out on the diverse potential of

nuclear energy to the fullest possible extent, in order to achieve a stable, long-term

supply of energy, advance cutting-edge scientific and technologies for using nuclear

energy, and improve the quality of life. The results must then, without fail, be passed

on to the next generation."

The extracts of Part U are as follows.

(1) Basic Policy on Nuclear Power Generation and the Nuclear Fuel Cycle

Nuclear power generation already supplies more than one third of the total

electricity produced in Japan, contributing much to the improvement of the nation's

self-sufficiency rate for energy, stability of supply, and reduction of carbon dioxide

emissions per unit of energy production. Accordingly, Japan's basic policy is to retain

nuclear power as one of its principal power sources, and to maximize its utilization.



Nuclear fuel cycle technologies help improve the characteristics of nuclear power

generation, especially in terms of supply stability, and enable it to continue supplying

energy over a longer period of time. Commercialization of these technologies in Japan

is expected to more firmly secure nuclear power's contribution to the nation's energy

supply system. The basic policy of the government thus calls for effective use of such

materials as plutonium and uranium recovered from spent fuel, while seeking public

acceptance of the nuclear fuel cycle. It is hoped, therefore, that nuclear operators will

continue their activities under this basic policy.

(2) Preferred Course and Future Prospects for Research and Development of FBR

Cycle Technology

(a) Importance of FBR Cycle Technology

It is essential that Japan, exceedingly poor in energy resources among the

major industrialized nations, endeavor to develop resource-saving energy

technologies as a step toward a long-term stable supply of energy, and to secure

technological options in a bid to solve future energy problems for the world

community as well as for itself. FBR cycle technology has some of the greatest

potential among such technological options.

FBR cycle technology can be applied flexibly to diverse fuel types and

compositions, including plutonium and minor actinides. This suggests that the

technology could contribute to a solution to waste problems by reducing the

amounts of trans-uranium materials that remain in high-level radioactive waste and

constitute high potential risks.

(b) Direction of Research and Development Efforts for FBR Cycle Technology

Against the backdrop of the liberalization of the electricity market and other

recent developments, the pursuit of higher economic efficiency has come to be

recognized as a modern societal requirement. It is important, therefore, in the

research and development of FBR cycle technology, to set the ultimate goal for

economic efficiency at the commercialization stage as comparable to that of light

water reactors (LWRs) - in addition to the further pursuit of safety.

Anticipating the diversity of future social needs, the research and development

of FBR technology should be carried out flexibly based on a study of diverse



options, unrestricted as to the size or type of reactor, or the method of spent fuel

reprocessing involved. Efforts will also continue on the research and development

of partitioning and transmutation technology for long-lived radioactive materials,

which is attracting great attention for its potential ability to reduce the

environmental burden and to make more effective use of available resources. In

carrying out these activities, it is important for all interested parties to work jointly

in a competitive climate. In order to make the results of these activities

internationally useful, efforts will be exerted to develop those options that are

technically unlikely to lead to nuclear proliferation.

The most developed of the FBR cycle technology options is one based on

MOX fuel and sodium cooling. This technology should be assessed first because it

provides a reference against which to assess the others.

(c) Future Deployment of Research and Development of FBR Cycle Technology

("Monju")
The prototype fast breeder reactor "Monju", operation of which has been

suspended since 1995 when the sodium leakage occurred, is the only FBR plant in

Japan with a reactor based on the most advanced FBR cycle - i.e., using MOX fuel

with sodium cooling, and with power-generation facilities as well.

The Special Committee on FBRs discussed the significance and role of the

prototype FBR "Monju" . Because attaining Monju's specified objective of

demonstrating reliability as an operational power plant and establishing

sodium-handling techniques will be the basis for evaluation in comparison with

other options, it is particularly important to give priority in technological

development hereafter to the attainment of that objective.

As mentioned above, the reactor is considered the core of research and

development activities for FBR cycle technology, and steps will be taken to

quickly resume its operation.

In this, following strict examinations by safety regulation agencies and the

Nuclear Safety Commission, the Japan Nuclear Cycle Development Institute

should resume operation to carry out research and development, ensuring the

implementation of measures to preventing sodium leakage and to improve safety



at the facility based on the results of its comprehensive safety inspection, in order

to obtain understanding from as grate a portion of society as possible, including

the site area.

In carrying out research and development, recognizing that people's distrust

in and uneasiness about nuclear power as a result of the accident at "Monju", as

well as a series of accidents and mishaps thereafter, have significantly increased,

the institute should do its utmost in securing safety, being aware that "Monju" is a

reactor still under research and development, and should fully disclose and

provide information, paying particular attention to ensuring confidence on the part

of the people both nationally and locally.

"Monju" is a valuable facility internationally as well, for the sake of FBR

development in the future. With this in mind, arrangements will be made to

develop "Monju" and its auxiliary facilities into an international cooperation base

open to researchers from Japan and abroad, with the results of their research and

development efforts widely shared internationally.

From a long-term point of view, it is important to effectively use "Monju" as

an irradiation bed for generating fast neutrons equivalent to those expected under

actual operating conditions. In conjunction with this, fuel production and

reprocessing, including the demonstration of elemental technologies and other

research and development results, toward the commercialization of FBR

technology, will also be pursued.

Another important task of "Monju" is to accumulate extensive data on the

burn-up of minor actinides and the transmutation of long-lived fission products.

(Steps toward Commercialization and Assessment of Research and

Development)

Research and development projects for FBR cycle technology should be

carried out based on a long-term outlook, with an exhaustive survey of the social

situation and the trends of research and development activities in Japan and

abroad. In view of the technical diversity of FBR cycle technology, therefore, it

is important to give these projects sufficient flexibility and to investigate multiple

options.

More specifically, the ongoing "Feasibility Study on a Commercialized Fast

Reactor Cycle Systems" undertaken by the Japan Nuclear Cycle Development



Institute with the cooperation of electric utilities and other interested parties, will

be continued to examine such aspects as reactor type selection, spent fuel

reprocessing methods, and fuel fabrication technologies, with the objective of

presenting an optimal commercialization vision of FBR technology and a research

and development program toward that end.

In addition, the Japan Nuclear Cycle Development Institute, the Japan

Atomic Energy Research Institute (JAERI), the Central Research Institute of

Electric Power Industry (CRIEPI), universities, equipment suppliers and other

interested parties will carry out extensive fundamental research and development

activities for FBR cycle technology, using their various research and development

facilities and inviting expert researchers, both domestically and from abroad.

It is appropriate that a specific program for a demonstration FBR be decided

after full assessment of various results attained in the process of research and

development activities toward the commercialization of FBR cycle

technology. Meanwhile, a development program for that commercialization will

be steadily carried out with flexibility including as to the date of

commercialization.

For this purpose, the government will review methods of carrying out

research and development projects and the degree of their implementation from

time to time, as necessary. In evaluating those projects, efforts are needed not

only to make technical assessments, but also to review the basic research and

development policies, taking into account, whenever necessary, changes in the

social situation, and paying special attention to the efficiency of investments in

research and development.

2 . Experimental Fast Reactor "Joyo"

The Experimental Fast Reactor "Joyo" at O-arai Engineering Center of JNC has

been operated from 1982 to 2000 with the MK-II core, as an irradiation test bed to

develop the fuels and materials for the future fast reactors.

Thirty-five duty cycle operations and thirteen special tests with the MK-II core

were completed by June 2000. The reactor is currently being upgraded to the MK-UI

core.
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(1) General status

The Experimental Fast Reactor "Joyo" has been operated as an irradiation test

facility for fuels and materials. The operation history and the accumulated operation

data are shown in Figure 2.1 and Table 2.1.

The 35th rated power operation was started in March 2000. This is the last

transition core toward the high performance irradiation core (MK-III core) and includes

twenty MK-III core fuel subassemblies. In June 2000, the MK-II core operation was

completed and the 13th periodic inspection and MK-UI construction work were started.

(2) Upgrading program of "Joyo" (MK-III program)

The Joyo upgrading program named MK-III program is planned to improve the

irradiation capability. The main objectives of this program are the increase of neutron

flux in the core, the increase of a plant availability factor and upgrading of irradiation

technologies. An outline of this program is shown in Figure 2.2.

Until the end of March 2000, the fabrication of cooling system components such

as IHXs (Intermediate Heat Exchangers) and DHXs (Dump Heat Exchangers) was

completed. The modification of the cooling system was started in November 2000.

The cooling system components including IHXs and DHXs are being replaced.

The fabrication of shielding subassemblies, which contains pins filled with boron

carbide pellet, are under way. The core modification will be started in the end of

2001. The initial criticality of the MK-JJI core is now scheduled in 2002.

The MK-EI construction work and the approval of operation will be completed

until January 2003. The schedule of the MK-JJI program is shown in Figure 2.3.

3. Prototype Fast Breeder Reactor "Monju"

(1) Present Status of "Monju"

"Monju" is a prototype FBR power-generating plant designed to have an output

of 280 MWe (714 MWth), fueled with mixed oxides of plutonium and uranium and

cooled by 3 sodium loops. The core of "Monju" and its sodium equipment were

designed on the basis of experience at Joyo as well as R&D results which had been

obtained mainly at O-arai Engineering Center(OEC).

The objectives of the development of "Monju" are to demonstrate the performance,

reliability and safety of a power-generating FR plant through experience of design,

fabrication, construction, operation and maintenance of the plant, and to contribute to



future FBR development in Japan and world-wide through supplying these results.

After completion of the fabrication and installation in 1991, "Monju" successfully

achieved its first criticality in April 1994, and supplied electricity to the grid initially in

August 1995. However, the pre-operational test of the plant was abruptly interrupted

by a sodium leak accident in the secondary heat transport system in December 1995

during a 40% power test, causing "Monju" to remain shutdown since the accident still

now.

From technical point of view, a thorough investigation of the cause of the

accident and a comprehensive safety review of the plant were carried out after the

sodium leak accident. The following countermeasures against sodium leakage have

already been drawn up based on these results.

(a) Prevention of sodium leakage

Modification of the thermocouple wells

(b) Early detection of sodium leakage

An additional sodium leakage monitoring system with an enhanced TV

camera network

(c) Reduction of sodium spillage both in its amount and in its duration

Modification of the drain circuits

(d) Rapid extinguishing and prevention of re-ignition

Further subdivision into airtight zones of the building for the secondary

circuits, and application of an additional system to inject nitrogen gas

(e) Suppression of moisture release from the concrete structure

Coverage of the walls and ceilings with insulating material

On the other hand, it should be pointed out that recovery of public confidence,

which was seriously injured by mishandling of information at the accident, is essential

for restart of "Monju". "Monju" has to get agreement by local governors prior to

application for its modification according to the promise with the local governments,

and the recovery of public confidence is one of the most essential indices for the local

governors to agree.

A lot of efforts have been performed, with including extensive promotion of local

explanatory meeting campaign in all of the 35 cities, towns and villages in Fukui

Prefecture, "Come-and-See" campaign, etc. The fact, that the total number of visitors

to "Monju" to observe leakage-spot exceeded 49,000 this April, can be called as a

typical example of the results of these efforts.



Fukui District Court positively ruled in last March, after trial since 1985, that the

governmental safety evaluation of "Monju" was conducted appropriately and lawfully,

and the request by the plaintiffs, to nullify the license and bar the operation of "Monju",

was rejected.

Meanwhile the final report of the deliberation on the revision of "Long-Term

Program for Research, Development and Utilization of Nuclear Energy" by the JAEC

was issued in last November. In this program, it was clarified that "Monju" is the core

of research and development activities for FR cycle technology, and steps will be taken

to resume is operation as soon as possible. Based on the results of the extensive efforts

to recover public confidence and with taking into account these positive circumstantial

features, we, JNC, believe that we can succeed soon to achieve distinct advancement.

(2) Future Outlook of "Monju"

First of all, "Monju" has to make application for governmental safety evaluation on

modification of its design. Here at least 4 years will be necessitated in Japan after

application is issued, for the resumption of operation of "Monju", which includes the

safety licensing examination of the sodium leakage countermeasures, the actual

improvement work such as fabrication/installation/examination, refueling, and startup

checks. A progress after sodium leak accident and future outlook of "Monju" are

shown in Figure 3.1 and Figure 3.2 respectively.

The role of "Monju" after the restart can be classified into the following three

phases, and the detailed plans for the second and third phases will depend on the results

of the feasibility studies on commercialized fast reactor cycle system.

(a) Phase 1 : Demonstration of technologies as an electricity generation plant

The operational data from "Monju" will be used to assess and validate the

design of the core, pumps, heat exchangers and their related equipment and

systems.

(b) Phase 2 : Demonstration of technologies for improved economics

The promising technologies selected through the feasibility study will be

demonstrated at "Monju" as far as possible.

For example, it is already appreciated that fuel discharge burn-up must be

raised in order to improve economic viability; in the future Monju's target

burn-up will therefore be increased to 150,000 MWD/t or more. The plant

facilities may also be used for the technical demonstration of a simplified

cooling system, improved fuel handling and a passive reactor shut-down



system,

(c) Phase 3 : Demonstration of technologies for commercialization of the FR

The role of "Monju" can also be enlarged to demonstrate as far as possible

the technologies, which are considered essential to the widespread use of FR

power plants.

For example, with regard to the reduction of environmental burden, it is

possible, at "Monju", to burn minor actinides and higher isotopes of

plutonium on the scale of the reactor core.

4. Feasibility Study on Commercialized Fast Reactor Cycle Systems

This research program has the following primary aims. One is to clarify the

perspectives for commercialized fast reactor cycle by making the maximum use of its

primary advantages so that the fast reactor cycle can achieve economic competitiveness

comparable to that of LWRs and other base power sources, all with the unyielding

premise of ensuring safety. The other is to establish a technical system that enables the

fast reactor cycle to become as the future primary energy source. This program also

will suggest development strategies that correspond flexibly to diverse future social

needs in 21st century.

In order to achieve the above purposes, this program is being carried out in two

phases. The JNC and Japanese electric utilities jointly started the first phase study

since July 1999 with the participation of CRE3PI and JAERI. During the first phase, a

wide range of technical alternatives incorporating innovative technologies were

reviewed and evaluated, data and materials required for clarifying the

commercialization strategy were collected and developed, and highly feasible candidate

concepts for the fast reactor cycle were selected.

During the second phase (approximately five years), the overall consistency of fast

reactor cycle will be sought based on engineering tests, candidate concepts selected in

first phase will be narrowed down, and essential research themes will be identified.

The objective of these research activities is to make a proposal regarding highly

attractive and competitive fast reactor cycle technology that assures safety by 2015.

The development of this research program is shown in Figure 4.1.



(1) Results of the First Phase Study

The results of the research and investigation activities in the first phase have been

summarized. The results show the prospects for successfully selecting possible FBR,

reprocessing, and fuel fabrication commercialized concepts.

(a) Fast Reactor Systems

Candidate fast reactor concepts that combine of various coolants such as sodium,

heavy metal, gas and water, and core fuels such as oxide, nitride, and metallic fuels

were reviewed. Based on the results of the review, highly feasible candidate

concepts that should be investigated in the second phase were selected for further

detailed review.

Plant concepts were evaluated by indices such as safety, structural integrity,

construction/manufacturing feasibility, operational maintainability, and economic

competitiveness. In addition, core safety, economic competitiveness, efficient

utilization of resources, reduction of environmental burden, and nuclear

nonproliferation were used indices in the evaluation of core design.

Based on these evaluations, the candidate concepts were comprehensively

compared, and the following perspectives were clarified.

Sodium cooled reactors were classified into large-scale and medium-scale

module reactors. Large-scale reactors, loop-type and tank-type reactors were

compared, and both types were found to be technically feasible and to satisfy the

development targets with similar level of economic competitiveness. However, the

loop-type reactor showed higher potentiality because of its superior maintainability

and repair-ability. Large-scale reactors have been reviewed earnestly by specialists

with experience in designing and constructing the "Monju", because a large number

of innovative technologies were incorporated in such large-scale reactors.

At the same time, improvements in the economic performance of

medium-scale module reactors have been pursued through design standardization,

learning effects and so on.

Oxide fuel and metallic fuel have been found particularly feasible. Oxide

fuel generally satisfied the development targets and has only a few developments

such as high burn-up and TRU cycle. Although metallic fuel has a number of

development challenges, it would satisfy the development targets very well if

successfully developed.
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Heavy-metal (Pb or Pb-Bi) cooled reactors with medium-scale modules

were studied. The Pb-Bi cooled reactors were found to have better prospects than

Pb cooled ones because of their better maintainability, anti-corrosion performance.

As a core fuel, oxide fuel was excluded from the study because it did not achieve the

appropriate breeding factor that was one of the development targets. Nitride fuel

and metallic fuel were the most promising alternatives to pursue in the second phase

for Pb-Bi cooled reactors.

Four concepts for gas-cooled reactors were compared: two types of steam

turbine methods using carbon-dioxide gas and helium gas coolants, and two types of

direct helium gas turbine methods using heat-resistant pin-type fuel and coated

particle type fuel. Comparative evaluations indicate that further studies are needed

for facilities for coping with a core melting accident regarding heat-resistant

pin-type fuel and further improvements are needed for coating material and core

performance regarding coated particle type fuel. Therefore, it has been determined

that approximately one additional year of investigation was desirable for both types

of fuel. As a core fuel, oxide fuel and nitride fuel should be selected for

investigation in the second phase in order to secure a higher core exit temperature.

Three types of water-cooled reactors were studied, BWRs with a high

conversion ratio, PWRs with a high conversion ratio, and SCFRs. Low-

decontamination fuel and core performance for MA recycling were the focus of the

study. All three of these water reactors were found to have disadvantages in terms

of efficient utilization of resources because of their breeding ratio of approximately

1.0.

The needs and design requirements of small-scale reactors have been

clarified, and sodium-cooled reactors (metallic or nitride fuel) as well as Pb-Bi

cooled reactors (nitride fuel) have been under conceptual study.

Giving common consideration of the adoption of low-decontamination fuel

and measures for promoting nuclear non-proliferation to each reactor, consistency

between the reactor type and the fuel cycle system has been pursued taking the

contents of FP and MA as parameters.



(b) Fuel Cycle Systems

Studies were carried out on the fuel cycle system (i.e. the reprocessing and

fuel fabrication system) as well as in the case of the fast reactor system discussed

earlier, a wide range of technologies were investigated and analyzed so that the

highly feasible technologies could be selected. The assurance of safety, the highly

economic competitiveness, the efficient utilization of resources, the reduction of

environmental burden and the enhancement of nuclear non-proliferation were taken

into account as development objectives. The general consistency between the fast

reactor system and the fuel cycle system was also set as a target for the development

of the fuel cycle system.

An aqueous-type system using water solution as the processing media and a

non-aqueous-type system using no water solution have been selected as a

reprocessing systems to be studies further. The original type of the aqueous-type

system is the PUREX method, with which we have some experience with

reprocessing LWR fuel. The new type is the advanced aqueous method, which is a

combination of the crystallization method, the simplified solvent extraction method,

and the extensively revised PUREX method, with the addition of TRU recovery

function. In addition, in order to improve the advance aqueous method further, the

ion exchange method, the amine extraction method, and the supercritical fluid

extraction method have been selected for further study.

In addition to the above aqueous method, three non-aqueous methods have

been selected for further study: the oxide electro-winning method, which was

developed by the Russian Institute of Atomic Research (RIAR), the metallic

electro-refining method, which was developed by Argonne National Laboratory in

the United States, and the fluoride volatility method.

Four fuel fabrication systems have been selected in combination with the

selected fuel types: the pelletization method; the vibro-packing method, where

fuel particles in varying diameters are directly filled into vibrating clad tubes; the

casting method, where metallic fuel with a low melting point is cast into molds,

and the coated particles method, where fuel particles are directly coated.

The studies revealed that in principle similar technologies could be applied to

the reprocessing and fabrication of two out of three fuel types, oxide fuel and nitride

fuel. Therefore, it has been decided that studies such as process flow, material



balance, specifications of facilities and equipment, and economic competitiveness

should be conducted at first for the oxide fuel cycle in which we have a great deal of

experience. Based on results of the studies, nitride fuel cycle will be evaluated.

Evaluations have revealed that there are very few significant differences

among these methods in terms of technical feasibility and achievability of the design

objectives. Comprehensive studies for selecting the highly feasible candidate

methods are planned for the future. At that time, the achievement of consistency

with the fast reactor system will be of key importance.

(2) Principles of the Second Phase Study

The second phase objective is to narrow down the candidate concepts and identify

research and developments items required for commercialized fast reactor cycle system.

In the second phase, an in-depth design study will be carried out so that a

quantitative comparative evaluation of the candidate concepts can be made for the fast

reactor system and fuel cycle system selected in the first phase studies. In addition, the

study will focus on the development of elemental technologies required for determining

the most promising concepts (e.g., the implementation tests for acquiring data and the

development of design evaluation techniques).

Each of the technical alternatives will be reviewed to confirm the technical

feasibility required in order to achieve the development targets and determine whether

there are any technical difficulties that cannot be overcome or not.

Based on the results of these studies and evaluations, the candidate concepts will

be narrowed down two or three promising ones with due consideration to consistency

with the fast reactor cycle.

When studying the candidate concepts selected in the first phase, further efforts

will be made to acquire a full understanding of domestic and international technical

development trends, develop more creative and innovative, and work out attractive

concepts.

A three-year period from fiscal 2001 to 2003 is the initial term of this phase.

During this term, research activities will be focused on the design of the candidate

concepts and elemental tests of key technologies. An interim summary of these

activities will be checked and reviewed, and based on the results; the research for fiscal

2004 to 2005 will be conducted in order to narrow down the number of alternatives for

the fast reactor cycle.



The conceptual design of the fast reactor system will be promoted for candidate

concepts selected during the first phase. These include two concepts of sodium-cooled

reactors (studies on large-scale reactor, and medium-scale modular reactor including a

simplified secondary system), one concept for heavy metal cooled reactor (Pb-Bi cooled

medium scale modular reactor), one concept for gas-cooled reactors (helium gas or

carbon-dioxide gas reactor will be selected during 2001), and two concepts for

small-scale reactors (sodium-cooled and Pb-Bi reactor will be studied). In the

development of elemental technologies, improving the economical competitiveness of

sodium-cooled reactors as well as confirming the feasibility of gas-cooled and Pb-Bi

cooled reactor is considered very important.

Conceptual design on the reprocessing will be further promoted for the advanced

aqueous-method and two non-aqueous type methods that will be selected from three

candidates, oxide-electro-winning, metallic-electro-refming, and fluoride volatility

method. Conceptual design on the fuel fabrication will be further pursued for the

simplified pelletizing method, vibro-packing method, and casting method.

Because available design data concerning fuel cycle is generally insufficient, a

priority will be given to the collection of necessary data in order to develop elemental

technologies.

Figure 4.2 shows the framework of the second phase study.
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Table 2.1 "Joyo" Operation Records
(as of April, 2001)
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Fig. 2.1 Operating History of Joyo (as of April, 2001)
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Fig.2.2 Outline of MK-III Program

1997 1998 1999 2000 2001 2002 2003
MK-Il Core Transition Core

30 31 32
MK-III Core

12th periodical
inspection

33 34 35 13th periodical inspection

i Fabrication of Driver Fuel S/A

Y///Y////77////////////////////////////////A Fabrication ofSh elding S/A
TLoad Subassembiies inio Core [j

'/////////////////////////////////////////////////////////A Fabrication of IHX

Y///////////////////////////////////////////////////A Fabrication of DHX

Excha it 1HX.DHX | : . ; :

V7////////////////A Fabrication of Control System

Modificale Control System \\_

Mechanical Function Test

Performance Test
J

Fig. 2.3 Schedule of JOYO MK-III Project
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Fig.3-2 Outline schedule for plant improvements
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1 .General View

"Long-term Program for Research, Development and
Utilization of Nuclear Energy " (issued by JAEC on Nov. 2000)

Basic Policy on Nuclear Power Generation and the
Nuclear Fuel Cycle in JAPAN
> Basic policy is to retain nuclear power as one of its

principal power sources, and to maximize its utilization.

• Nuclear fuel cycle technologies help improve the
characteristics of nuclear power generation, especially
in terms of supply stability, and enable it to continue
supplying energy over a longer period of time.

JNC

(continued)

Commercialization of these technologies in JAPAN is
expected to more firmly secure nuclear power's
contribution to the nation's energy supply system.

The basic policy of the Government thus calls for
effective use of such materials as plutonium and uranium
recovered from spent fuel, while seeking public
acceptance of the nuclear fuel cycle.
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(continued)

Future Prospects for R&D of FBR Cycle Technology

I FBR cycle technology has some of greatest potential
among technological options.

ft "Monju" is considered the core of R&D activities for FBR
cycle technology, and steps will be taken to quickly
resume its operation.

I Demonstrating reliability as an operational power plant
and establishing sodium-handling techniques will be the
basis for evaluation in comparison with other options.

JNC

(continued)

Steps toward Commercialization and Assessment of R&D

i The ongoing "Feasibility Study on a Commercialized Fast
Reactor Cycle Systems" undertaken by JNC with the
cooperation of utilities and other interested parties, will be
continued to examine such aspects as reactor type
selection, spent fuel reprocessing methods, and fuel
fabrication technologies.

i An optimal commercialization vision of Fast Reactor
technology and R&D program toward that end Should be
presented.
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2. Experimental Fast Reactor "Joyo"

The MK-II core operation was completed and the 13th

periodic inspection and MK-III construction work was
started in June 2000.

The modification of the cooling systems was started in Nov.
2000. The cooling system components including IHXs and
DHXs are being replaced.

The initial criticality of the MK-III core is scheduled in 2002.

The MK-III construction work and the approval of operation
will be completed until January 2003.
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Joyo Operation Records
Net Operating time
Total Heat Generation
Irradiated Fuel S/A

60,725 h
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86,900 MWd/t
143,900 MWd/t



Control Rod
Shielding
Subassembly

- Irradiation Rig

1 Fuel Subassembly
Inner Core
Fuel Subassembly •

Outer Core
Fuel Subassembly

MK-ll MK-IH

Standard Core Configuration

Main core parameters of MK-ll and MK-lll

Items
Rector Output(MWt)

Primary Coolant Temp.
Inlet /Outlet (°C)

Max. Cladding Temp.(°C)
Max. No. of Fuel S/A
Max. No. of Test Fuel S/A
Core Diameter(cm)
Core Height(cm)
235U Enrichment(wt%)
Pu Content(wt%)

Pu fissile Content(wt%)
(inner / Outer Core)

MK-ill
140
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18
^30
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370 / 500^^r 4 \J 1 ^ ^ **4 \4
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9
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18
^30
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Max.Fast Neutron Flux

>0.1MeV(n/ • -s)
No. of Fuel Pin per S/A
Diameter of Fuel Pin
Max. Linear Heat Rate

(W/cm)
Max. Burn up(GWd/t)

(Pin Ave.)
Operation Time

(Cycle Xday)
Reflector
Shielding

MK-lll

4.0 X1015

127

5.5

420

90

5X60

sus
B4C

MK-ll
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5.5
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4X70

sus
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Modification Schedule
Year 1999 2000 2001 2002 2003
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3. Feasibility Study on Commercialized FR Cycle Systems

The activities in the first phase have been completed
based on five development targets, such as ensuring
safety, economic competitiveness, efficient utilization of
resources, reduction in environmental burden, and
enhancement of non-proliferation.

The feasible candidate concepts were screened among a
wide variety of technologies.

A plan for the second phase incorporating the
development of innovative technologies was prepared.

/^Innovative
^Technologies

Technologica
Options

Development of Research Program JNC

Phase 1
1 Evaluation of
Various Options

Engineering
Scale Tests

Example
Fasi Reactor

\
\

• Coolant
- Fuel
- Plant Size

Reprocessing
- Advanced Aqueous
- Non-aqueous

Fuel Fabrication
- Simplified Pelletizing
- Vibration Packed

\ - Casting .'

Phase 2
Selection of
Several
Promising
Combinations of
FR and Fuel

V^Cycle Systems

Attractive FR Cycle System
By satisfying development targets

Phase 3
Conceptual
Design Study
Experiments
and Analyses of
Essential
technologies

Phase 4
Detailed Design
Study
Establishment of
Systematized

^Technical Know-how,



Advanced LOOP Sodium Cooled FR JNC
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Studies on Gas-Cooled Fast Rectors JNC
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Construction cost
BR(MN:1.1~1.2)

rejected

Achieving a CDA-free
condition is anticipated

to be difficult

Coating materials
Construction cost
BR
(MOX: approx. 1.0)
(MN: approx. 1.1)

General outlook of
CDA free concept

^

Feasibility of core
catchers.
Feasibility of steel RV
Core performance
Construction cost /-,

Coating materials
Feasibility of the
CDA-free
concept(feasibiliry
ofSASS)
Core performance
Construction cost r

Core
Performance

Technical
Feasibility

J
Core Performance

Technical Feasibility 4-
Cost Comparison

Continuous Research on Promising Concepts

Generator & Gas Turbine Unit

Helium Gas-cooled Fast Reactor

Small-Scale FR JNC

Main Design Targets

Long-term operation core
(more than 10 years)

Decay Heat removal by natural circulation

Fuel packaging

Modularization

Reduction of construction period by
prefabrication

Sodium Cooled FR
Containment Vessel

Reflector Driving (j
Mechanism

Annular
Electromagnetic

Pump

Reactor Core-

Reactor Core-

.Decay Heat Removal Coil

- Annular Intermediate
Heat Exchanger

Neutron Absorbing Rod

Annular Reflector
^(climbing Rate: 1 mm/day)

Pb-Bi Cooled FR

RVACS
ReactarVesselAJr
Cooling System

Reactor Vessel



JNC
Development Targets of the Commercialized FR Cycle

• Ensuring Safety N

# Prevention of Reactor Core Damage

• Economic Competitiveness
• Competitive with Future LWRs and Other Electric Resources

Cost Targets: Reactor Construction Cost
Reprocessing Unit Cost
Fuel Fabrication Unit Cost

0.2 million yen /kWe
0.27 million yen/kgHM
0.16 million yen /kgHM

•Efficient Utilization of Resources
• Burning and Breeding

• Reduction in Environmental Burden
• TRUs Burning and LLFPs Transmutation
• Reduction of Radioactive Waste

• Enhancement of Nuclear Non-Proliferation
• No Existing Pure Plutonium in any FR Cycle Process
• Enhanced Design for Non-proliferation of the Plant

Evaluation Results of the First Phase Study
JNC
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JNC

(continued)

The second phase (five years) has just started in order to
narrow down the candidate concepts and identify R&D
tasks required for commercialized FR cycle system.

During the initial period from 2001 to 2003, activities will be
focused on the design of the candidate concepts and
elemental tests of key technologies. An interim summary
of these activities will be made at the conclusion of this
initial period.

The research for 2004 to 2005 will be conducted in order to
narrow down screened concepts to two or three promising
FR cycle concepts.

I

i
t
I

Framework of the Second Phase Study JNC
JFY2001 JFY2002 \ JFY2003 \ JFY2004 \ JFY2005 I

Research & development of mixed oxide fuel
> Higher burn-up, Feasibility of TRU fuel
> Comparison of vibro-packed fuel and pellet fuel, etc.

Research and development of alternative fuel types

Conceptual design
y Sodium cooled reactors (Large & Medium scale modular reactor)
> Pb-Bi cooled medium scale modular reactor
> Gas cooled reactor (Helium or CO2 cooled)
> Small scale reactor

Research & development of key technologies
> For cost reduction of sodium cooled reactors
> For feasibility of gas cooled & Pb-Bi cooled reactors.

Conceptual design;
[Reprocessing] ^Advanced aqueous reprocessing

> Non-aqueous reprocessing
[Fuel fabrication] > Simplified pelletizing of oxide fuel

> Vibro-packed
> Casting

Research and development of key technologies
> Data acquisition for better-considered design
> Feasibility of innovative technologies

3.

I
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Quantitative
relative

evaluation of
candidate
concepts
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MONJU
Current Status & Proposed Improvements

Takashi NAGATA
Director

International Cooperation & Technology Development Center S



Activities since the Monju accident

1996

• Monju Accident

12/95

Investigation

Science & Technolo
i

1997

2/97

12/96

Comprehciishe Safety Review
(Conceptual Design of

Improvements) ^

gy Agency reports Safety Review

+ V 4 T

(2/96) (5/96) (2/97) (3/98)

Nuclear Safety Commission reports1
T

(9/96)

3/96 9/96Nuclear power
policy round table

conference

(12/97) (3/98)

2/97 12/97

Special Committee on
Fast Breeder Reactors

1998

5/98

>

report

9/98

1999

2/00

Round table conference on /
nuclear power policy /

2000

12/00

Request for
Understanding

Governmt

T

Prior
of Local

Safety Confirmation
Working Group Report

(9/00)

y< Formulation of
/ "Long-term plan for Nuclear Power"

5/99 11/00

JNC



Investigation of sodium leak

> Cause of thermocouple well failure
The thermocouple well failed at the point of step-change in diameter
( stress concentration) due to high-cycle fatigue resulting from flow-induced
vibration.

=> Measures to prevent flow-induced vibration by the
Twin Vortex phenomenon are necessary.

> Damage by sodium combustion
CD This accident did NOT affect the safety of the reactor or the integrity of the

buildings and structures.

In an experiment to simulate the leak, the floor liner was perforated due to
accelerated molten-salt type corrosion, much faster than that seen in Monju.

Additional counter measures are necessary against small- and
medium-scale sodium leaks to terminate an incident at an early
stage (improvements to equipment and operating procedures ) .

JNC



Comprehensive Safety Review of Monju

1. Sodium systems and equipment

© Flow-induced vibration
(2) Sodium boundaries
(3) Rapid sodium leak detection, prevention of accident escalation,

and limitation of damage by leakage

2. Documents from design stage to operation

3. Operating Manuals and Operator Training

4. Application at Monju of the latest R&D results
and technological information

5. Quality assurance system and activities

Replacement of thermocouple wells on the secondary cooling system
• Reduction of temperature differences at piping junctions
• Countermeasures against sodium leakage

(rapid detection, leakage reduction, and extinguishing).

Points for improvement in the operating manual were identified

• Clarification of manual for abnormal conditions and accidents
Improvement of operator training

; • New analysis method for steam generator heat transfer tube failure and
system improvements to increase design margin
Improvement of fuel temperature evaluation method by review of fuel
physical properties
Design of longer-life control rods

; • Countermeasure against
- Primary argon gas system pressure-loss increase
- Fine Control Rod drive-mechanism load increase

i

• Improvement of QA activity (design review and reflection of latest knowledge)
Enhancement of technical ability and preservation of know-how

J

7°
Ot>

I

Improvement measures have been proposed to overcome the problems highlighted by the Comprehensive Safety Review.
Certain of these (secondary system thermocouple well replacement, countermeasures against sodium, leakage, and
improvement of evaporator blow-down performance) have now been submitted, to the local government for prior
understanding before formal licensing is commenced.



Improvement of communication

Incident reporting
• Full-time on-site contact person in charge of incident reporting
• Improvement of information system (simultaneous faxing, teleconferencing, and mobile phones)

Public information
• Overall system improvements

— Guidelines for the release of information
— Creation of public information committee
— Assignment of public information manager

• Publication of plant information
— internet access to environmental radiation data
— creation of "information rooms "

• Encouraging visits to facilities by members of the public

Corporate culture
• Definition of corporate principles and charter of responsibilities
• Greater participation of staff in regional activities
• Encouraging staff to experience work in outside organizations

>JNC



Public communication since the accident

Briefings to local communities,
local assembly and other groups

12,850 people

Public visits to Monju, Fugen,
Atom Plaza, Big Hand and MC Square

283,640 people

"Monitors"

700 people

Since the Monju accident
more than 330,000

have directly received
information from JNC.

Other events

3,000 people

Visits to members of local government
and other representative groups

31,170 people

Regional and international
forums open to the public

6,200 people

(As of January 2001)



Outline schedule for plant improvements

Safety
Examination

Improvement Work

(months from start of on-site work)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Replacement of secondary cooling system thermocouple wells
and other countermeasures against sodium leakage

! Steam generator blow-down improvement
[ i " r~ i i I I i i

JNC



Sodium Leak Countermeasures

42 thermocouple wells will be replaced by a redesigned well
6 will be removed completely

Leakage will be stopped more rapidly to limit the damage to
building and structures by sodium combustion.

- Installation of cell monitor
- Remodeling of drain system

I Secondary cooling svstem I

Containment
building

To detect water leakage from heat
transfer tube more reliably, additional
cover gas pressure monitoring will be
installed.
For more complete and rapid blow-
down of the water-steam system, a
release valve will be added.

Construction period:
17 months

Containment vessel

Primary
pump

Control rod
Drive mechanism

Failed
therm owell

Secondary
main pump

F.Control rods

L f1 '
Core fuel

Water and steam system

Overflow tank Feed water
pumps

JNC



Countermeasures against sodium leakage

1) Prevention of sodium leakage

- Modification of the thermocouple wells

2) Early detection of sodium leakage

- Additional monitoring system with enhanced TV camera network

3) Reduction of sodium spillage (both amount and duration) <»

- Modification of the drain circuits I

4) Rapid extinguishing and prevention of re-ignition

- Subdivision of the building for the secondary circuits

- Additional system to inject nitrogen gas

5) Suppression of moisture release from concrete structures

- Covering the walls and ceilings with insulating material

>JNC



Replacement of thermocouple wells

Existing Design

Leak
Prevention

Leak
Detection

Prevention of
Flow-induced

Vibration

Metallic gasket type seal

Improvement of shape

Confirmed by "Evaluation of flow-
induced vibration of a column
structure in piping" (The Japan
Society of Mechanical Engineers)

Improved
Design

(42)

Stop plug

Thermocouple
wells to be
removed

(6)

JNC



Prevention of flow-induced vibration

High-cycle fatigue
due to flow-induced

vibration

Vibration parallel
to direction of flow

Prevention
of vibration

Reduced the length of the thermocouple
well and increase rigidity

Stress concentration
at step change in

diameter

Elimination of stress
concentration

Redesign to have tapered shape

O

x
CD

CD
^ - »
CO
ft

c
Q.

E
CO

a

100

10

0.1

0.01

Thermocouple well

Broken Thermowell

Reduce
Length

Karman
Vortex

y Parallel vibration area
.

j Karman
I I Vortex

! I
I I
I I
I I
I I

\ |
I I
i |
I I
I I
I I

Parallel vibration area /

—-i '
Perpendicular vibration area

I

| | Area in which vibration will occur

| | Area in which no vibration occurs

2 3 4
Flow Velocity Index Vr

SIK JNC



Secondary system sodium leak accident

Retention of core cooling depends on unaffected loops

Integrity of the building and the structures

Thermal effects of leaking sodium

• Atmospheric pressure and temperature

Floor liner

" Concrete temperature

No damage to the building and structures, and only
partial reduction in thickness of the floor liner.

Perforation of floor liner by accelerated corrosion during
leakage combustion experiment to simulate Monju
accident

Measures to terminate an accident at an early stage in order to prevent
damage to building and structures in the case of small- and medium-scale

sodium leakage

JNC



Safety assessment of leak countermeasures

Installation of cell

monitors

Remodeling of drain

system

Modifications to

ventilation system

Installation of thermal

insulation on walls and

ceiling

Evaluate atmospheric temperature

and pressure, temperature of the

liner, density of hydrogen and

structural concrete temperature.

Confirm integrity of building

Analyze thermal deformation of

liner considering reduction in

thickness by corrosion.

Confirm integrity of liner

There is no effect on

the function of other

loops.

Loop separation is

maintained, and safety

of the reactor is not

affected.

IAK \ / WSV.Vli >JNC



Countermeasures against sodium leakage
Objectives

1
Leak Volume

Reduction

\Damage Prevention

iiiiiiiisiii

Requirements

• Rapid detection of sodium leakage
• Immediate shut-down of the reactor
• Rapid draining of sodium

Improvement plan

Installation of Cell Monitors
(combined smoke and heat detectors)

Remodeling of drain system

Modification to ventilation
system

Airtight zoning of building

JNC

1



New cell monitors (combined smoke & heat detectors)

Fire detectorsCe II monitor
(existing) W

Stop signal to
Ventilation system

IVentilation system

Integrated \eakage ^sionitorinR

monitoring panel

Sodium leakage

( )) Sodium piping /

Relay panel '

Main Control Room

Sodium leakage signal from the cell
monitor triggers alarm in main control
room and automatically shuts down
ventilation system.

Ventilation is shut
off to prevent
further combustion.

Secondary cooling system piping room etc.

To detect the leakage reliably at an early stage, cell monitors (consisting of combined heat and smoke
detectors) will be installed in addition to the existing fire alarms.

The ventilation system will be stopped automatically by the signal from the cell monitor.

I
o

I

JNC



Remodeling of secondary loop drain system
(to reduce drain time)

- Immediate draining following a leak

- Increasing the diameter of piping plus
additional drain lines (piping), and
simplified operation shortens the drain
time from ~50 min. to ~20 min.

- Multiplexed valves improve drain reliability

Air Cooler
= E D 1 Superheater Evaporator

Additional
drain line

Intermediate
Heat Exchanger

Overflow line

Multiplexing of valves
(also other drain valves)

Enlargement of pipe diameter

Increase external diameter
from 9-11cm to 14-17cm.

Overflow Tank

Improvement
of operation

The operation of all
valves can be performed
by a single action in the
Control Room ,

Enlargement of
pipe diameter

Dump Tank

JHC



Reduction of leak duration

Leak Starts
V

Reactor Trip
(manual operation)

W
Drain completed

Before
Improvement

Reactor Shut Dovfan..

o
U
0>
0>
Q

5 mins

<u

3

10 mins

Plant state
confirmation

&
Preparations for

draining

14 mins (approx)

S&ccmdary cooling system drain

50 mins (approx)

Due to cell monitor

Reactor Shut Down

After
Improvement

a»
E
o

•D
3

10 mins

Due to remodeling of drain system
Total Leak Duration

80mins (approx)

Sodium Drain
C (0o c

•<3 O

i 2
.£ ra

§ £

m C

« e
jn Q
a. +

Secondary coDling
system drain

Halve the leakage duration
(80mins—>40mins) by installing the cell

monitors and remodeling the drain system

2 mins 5 mins 20mins (approx)

Reduction of damage to the liner.
Liner thinning by corrosion is reduced to 1/2,
even if molten salt type corrosion is assumed.

Total Leak Duration
40mins (approx)

JNC



Zoning of building & new nitrogen injection system

Main cooling system
zone

Vir cooling
s/stem zone Tank zone

Division of the building
into airtight zones to
control nitrogen injection
and prevent spread of
aerosol.

Air cooler
Nitrogen gas release

Connection to existing
nitrogen system

To primary system etc.

Inside Auxiliary Building

Nitrogen gas
supply tank

Liquid nitrogen storage tank

Evaporator
Nitrogen Gas

Storage

(3200Nm3/vessel)

JNC



New integral leakage monitoring system

Leak information
* Leak detector

Process
Information
- Sodium level

Fire information
• Fire sensor
• Cell Monitor

0)
+->
3
Q.
Eou

co
o

oo TV
Control,
panel ,

(Air atmosphere )
<*•-—- -

' " " "L Monitoring camera • • >»

-. leak detectors
- process information
- fire detectors

- audible alarms
- trend transition display

Sodium leak area images

Image signal

-4'
Terminal Uriit

^̂  ̂ ^
• • •

•

*
•

o
0 °>

o

Main sodium leakage
Monitoring display panel

(in the Main Control Room )

Main sodium leakage monitoring display panel

I

JNC



Sodium-water reaction in steam generator (SG)

Na temperature

Water / Steam temp.

Number of units

No. of heat transfer tubes

Inlet 469°C / Outlet 325°C

Inlet 240°C / Outlet 369°C

3

147

Inlet 505°C/ Outlet 469°C

Inlet 367°C / Outlet 487°C

3

140

Water inlet
Water supply
Inlet chamber

Down-comer tube

Evaporator

Water leakage
at heat

transfer tube

Helical coil heat transfer tube

Sodium outlet

Water
leakage

detection

Water leakage

High temperatun
reaction region

Sodium

Leak jet

Heat transfer tube

Automatic reactor
shut down

Blow down of
water / steam

• Early termination of sodium water reaction
• Decompression of water-side

Prevention of failure propagation at
adjacent heat transfer tubes

JNC



Preventing damage to SG heat transfer tube

O

Steam generator heat
transfer tube

Leak jet

Initial crack

High temperature
reaction region

Wastage type damage

Damage by
sodium water
reaction leak jet

Reduced thickness
of adjoining heat
transfer tube

The objective is the rapid termination of the water leakage from
the steam generator heat transfer tube.
• Reliable detection of water leakage
• Improved blow down of evaporator

High temperature region
produced by reaction

Adjacent heat transfer
tubes are exposed to high

temperature, reducing
mechanical strength

Steam pressure in
adjacent heat

transfer tubes is
high

Possibility of high temperature rupture
(tube deforms to failure due to internal pressure)

According to experiment and analysis, current
design has sufficient mechanical strength

margin that high temperature
rupture will not occur.

BUT
If there is a reduction in flow in the adjacent

tubes, they become vulnerable to failure due to
poor cooling but continuing high pressure.

Solution is rapid pressure blow down.

>JNC



Improvement of evaporator blow down

To detect the heat transfer tube water
leakage:
• Increase number of cover gas pressure

gauges from 2 to 3 per loop
• Change detection logic from 2/2 to 2/3

Atmosphere

From

Evaporator
outlet

discharge
valve

Cover gas
pressure monitor

Evaporator
inlet

discharge valve

Steam generator
outlet stop valve

Evaporator

For rapid water / steam blow down
additional installation of:
• Inlet discharge valve (from 1 to 2 per loop*)
• Outlet discharge valve (from 2 to 3 per loop*)

To Superheater

* Exact number will be
determined in the
course of precise design.

Atmosphere

From Condenser

Water supply
stop valve

' :>' JHC



neutron reactors safety

-f Japanese scientific - research and design enterprises in cooperation with
industrial and power generating corporations implement a project on creating a
fast neutron reactor of the ultimate safety. One of the basic expected results
from such a development is creation of a reactor core structure that is able to
eliminate recriticality occurrence in the course of reactor accident involving
fuel melting.

+ One of the possible ways to solve this problem is to include pipes (meant for
specifying directed (controlled) molten fuel relocation) into fuel assembly
structure.

-f In the course of conduction and subsequent implementation of such a design the
basic issue is to experimentally confirm the operating capacity of FA having
such a structure and that is called FAIDUS.



Tests for reactors safety

Within EAGLE Project on experimental basis of IAE NNC RK there has been started
an activity on preparation and conduction of out-of-pile and in-pile tests. During tests
a sodium coolant will be used.
Studies are conducted by NNC RK in cooperation with Japanese corporation JAPC
and JNC.

Basic objective of out-of-pile tests
Obtaining of preliminary information on fuel relocation behavior under conditions
simulating accident involving melting of core consisting of FAIDUS FA, which will
help to clarify simulation criteria and to develop the most optimum structure of the
experimental channel for reactor experiments conduction.

00

I

Basic objective of in-pile tests
Experimental confirmation of operating capacity of FAIDUS FA model under reactor
conditions. According to the program two tests are planned to perform at IGR reactor
complex.
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n sequence

According to the EAGLE Project program 14 out-of-pile tests are I
planned to perform I

UTDD-2
UTDO-3
UTD04

UTD-2
UTD-3
UTD-4

F -(Development tests] - - - •{Preparation 1 tests^ - - - - -preparation 2 tests] - ~ { Integral tests ) - —'

o
I



Currently, there have been completed a stage of creation of EAGLE stand
complex and experimental facility for conduction the first series of out-of-
pile tests without sodium coolant. Experimental stand is in Kurchatov-city on
IAE NNC RK territory.

Experimental stand building
Opening of EAGLE stand complex

May 12, 2000



1 complex

Argon and
helium ramp

Transforming
substation

Location of experimental stand objects J



Attendant's roomCleaning area and
temporary repository

of non- irradiated
Nuclear Materials

Plenum
installations

Area of after-Water supplySpecial cooling
startup researchesexperiments

u
EH EH r- J .

/ L - - - J - -
Radiation

control
supervisor

Gas analysisExperimental Special drainage S a n i
t
t a7 I I Toilets

contro

}

\

Layout of first floor Test Building |



M«ll temperature 3300K
Initial SotJiUfii tt;m}>oraturo t>/OK
Sodium mass 9Okq

Experimental Facilities I

EAGLE Facility for Out-of-pile Tests | First Modification of "EAGLE" Facility |



Equipment of water cooling system | Operation room |

Nitrogen platform with a control cabinet | Test room area |



Conduction of tests on EAGLE facility I

Series of preparatory and adjustment experiments
has been conducted

Basic objective of conducted experiments

wwfflng capacity of EAGLE faci/Hty untis

study of process of ttwK discirargie into upper trap

study of meMnghihwough process of irww model duct wMfooui sodium'



Conduction of tests on EAGLE facility
Basic parameters

Melted composition: UO2 - 62%; ZrO2 -17%;Ss-21%

Melt mass - 26 kg

Melt temperature - 3300 K

Pressure in EMF - 0,3 MPa

Initial temperature of discharge duct - 673 K

Typical diagram of experiment

1



Results of tests at EAGLE facility

Melt inside EMF crucible (UTD-2 test)

I

09

I

mew-:
Chipped along diametral section
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Results of tests at EAGLE facility
Melt discharged Into trap (test UTD-3/1)

Section of upper trap melt ingot

Samples of trap upper part

Samples of trap lower part

I

Samples of melt from melt ingot



ANNEX X

Kazakhstan



XAO102750
NUCLEAR POWER IN KAZAKHSTAN and

CURRENT STATUS OF THE BN-350 FAST REACTOR

Presented at the 34lh Annual Meeting of the
International Working Group on Fast Reactors

Kazakhstan, Kurchatov, May 14-18, 2001

by S.Krechetov
Atomic Energy Committee

Atomic scientific-industrial complex of Republic of Kazakhstan consist of:

Uranium mining, production and power industry:

Enterprises of uranium ores geological searching and number of natural mines
(using the mining and underground leaching techniques);

Two plants of U3O3 production at Aktau and Stepnogorsk towns;

Metallurgical plant producing uranium fuel pellets for fuel assemblies of RBMK
and VVER reactors types;

Energy plant at Aktau (MAEK) is used for production of heat, electricity and
desalination of water and based on three energy blocks using natural gas and one
nuclear unit with fast breeder reactor BN-350. The fast breeder reactor BN-350 at
Aktau was commissioned in November 1972 and finally stopped in April 1999.

Three different type of the research reactors on the territory of the former
Semipalatinsk Nuclear Test Site and one research reactor and sub critical assembly nearly
Almaty are exploiting for the investigation in field of reactors nuclear safety and other type of
investigations

These are:

VVR-K - light water reactor, power - 10 MW. Reactor was run in 1969,
temporarily stopped in 1988 to perform some steps to improve seismic resistance
level (located near Almaty);

EWG-1M - thermal light water heterogeneous vessel reactor with light water
moderator and coolant, beryllium reflector, maximum thermal power - 35 MW,
period of continuous operation at the power 35 MW is 4 hours;

IGR - impulse homogeneous uranium-graphite thermal neutron reactor with
graphite reflector. Maximum heat release is 5,2 GJ (1 GJ in a pulse), maximum

thermal neutron flux 0,7*10*7 cm'^s"*;

RA - thermal neutron high temperature gas heterogeneous reactor with air coolant,
zirconium hydride moderator, and beryllium reflector. Thermal power is about 0.5
MW.



BN-350 current status:

• Decision of the Government No.456 from April 22 1999 on BN-350 final shutdown and
decommissioning had been taken.

• "Plan of the high-priority nuclear safety measures on decommissioning stage"' (plan
duration up to July 2003) has been approved. The Plan includes measures on three main
directions: overall decommissioning planning, core unloading, sodium drainage and
procession, key safety issues during transition period.

• "Specific Technical Requirements on decommissioning planning" and "Organisational
scheme on the design of decommissioning works" have been approved in January 2000.

• Since February 2000 the program of the core unloading has been started and full
unloading and assemblies packaging have been completed at November 2000 (Pic.l).

• Preparation works for sodium cleaning, drainage, procession and waste management
program are going ahead under Kaz-US, EC, Russia bilateral agreements (technologies
development, documentation...).

• Works on spent fuel management going on under US-Kazakhstan agreement (packaging,
stabilisation, long term storage technologies development, some transportation issues).
Cask for transportation should be delivered by Russia.

Brief description of the project on BN-350 spent fuel

A dry storage in non-deep pits has been chosen for a long-term reactor BN-350 spent fuel
storage. Realizing the method the spent fuel assemblies' storage (SFAS) are placed in sealed cases.
The SFASs are packed into the cases in the plant's repository on reactor BN-350 (Fig. 1, 2). In
conformity with the agreed technology the assemblies, by six items, are, first, installed into the
inner cases, which, in their turn, by six, are loaded in the baskets. The baskets are located in the
pool of the reactor spent fuel repository. The assemblies are stored in such a way for some
period up to the shipping cask arrival to reactor BN-350. After shipping cask arriving the inner
cases with the assemblies are taken away from the baskets, washed, dried and installed into the
outer case. The case is closed with a lid welded to the case's housing providing for sealing and
eliminating an unauthorized access to the fuel. A corresponding calibration is made on the case,
and then a check sealing is made. The sealing allow to control the fuel preservation and
guarantees that any unauthorized try to open the case and to take the fuel away will be detected and
suppressed timely.

The SFAS cases are loaded into the shipping cask and transferred to the «Baikal-l» stand
complex site. Here their conditions are examined. They are unloaded from the shipping cask and
installed into the pits for a long-term storage.

The pit is a vertical drifting into the earth from the ground surface. The drifting's diameter is
630.. .650 mm and 5500 mm in depth. The pit is cased with a carbonic steel tube. The tube diameter is
630 mm, and wall thickness - 10 mm. To prevent the casing tube corrosion every pit is equipped
with a cathode protection system. After the SFAS case installation in the pit the tube is closed with a
welded lid. A concrete plug providing for additional radiation protection and making difficult an
unauthorized access to the pit and to the case with the fuel, is installed on the pit.

The offered technology for the spent fuel storage and the design of the case and the pit are
allowed for the formation of some sequential barriers on the path of the radioactive products release
and scattering of ionizing irradiation. This approach provides a high safety for the repository
complex, personnel, population, and also, with the required reliability rate, eliminates
environmental pollution.

The technology for packaging spent assemblies with unsealed and failed pins somewhat
differs from the described above because each assembly with failed pins is placed into a separate
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sealed cask. The casks with failed pins SFAS are installed into the inner case by four. In other
respects the technology for packaging the assemblies with failed pins is the same as for the
assemblies with un-failed pins. The individual sealed cask is an extra protection barrier instead of
the failed pins' cladding. This approach provides with a presence of three protection barriers on the
radioactive products release path in shipping and storage the reactor BN-350 spent fuel.

Calculations on safety validity during packaging and storage

The neutron & physical calculation (NPC) and the calculation of temperature fields (CTF) of
the spent assembly cases for various loading configurations and external boundary conditions have
been made. The conservative approaches and estimates were used during the statement of calculation
problems and construction of the design models. To raise the reliability and results validity the NPC
was made by two independent expert groups using various calculation codes. The calculations
were made for packaging and interim storage in the reactor repository pool on BN-350 site, because
the package configuration providing for nuclear safety in the specified conditions, will be absolutely
sub critical under fuel storage conditions in non-deep repository pits.
The thermal calculations have been made, on the contrary, for the conditions of the assembly cases
location in the repository pit complex when the worst mode for fuel cooling is taken place.
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The modal approach to developing methods for description of minor actinide

fission product yields.

S. I. Mulgin, S. V. Zhdanov

Institute of Nuclear Physics, National Nuclear Center, 480082 Almaty, Republic of Kazakhstan

The accumulation of minor actinides in thermal and fast reactors is one of the main problems
of modern nuclear power technology. Parallel with the development of long-term storage
technique this problem seems to be solved by the transmutation of these nuclides in fast re-
actors and accelerator-driven intensive neutron sources through fast neutron induced fission.
Calculations of the transmutation effectiveness making with purpose of choosing optimal de-
sign and operation parameters of the nuclear plants need precise data on neutron absorption
and fission cross sections, yields of fission products, as well, in a rather wide range of nucleon
composition of fissile nuclei and incident neutron kinetic energies.

Unfortunately, the up-to-date state of nuclear theory is not able to provide all necessary in-
formation, and presently the nuclear constant provision of practical needs is accomplished on
account of experimental studies, nuclear data systematics and semi-phenomenological mod-
els.

In the experimental studies it is important to take into account that the heavy nucleus fission
passes through the formation of a compound nucleus, and consequently, the mass, charge and
energy distributions (MCED) of fission fragments do not depend on whether neutrons or
protons are used as incident particles in the reaction leading to the formation of a nucleus with
given nucleon composition, excitation energy, and angular momentum. This consideration
gives an additional opportunity to expand the experimental basis of fission research to the
benefit of the nuclear plants from the viewpoint of both the nucleon composition of nuclei
available for investigation of fission products yields and projectile energies that is essential
due to a lack of intensive sources of high energy neutrons. The data on the proton induced fis-
sion of actinides could be used for practical needs either directly after slight adjustment taking
into account the difference in proton and neutron produced excitation energies or as an addi-
tional database for developing the fission product yield semi-phenomenological models and
systematics.

The predictive power of the systematics strongly depend on its correspondence to the basic
physical factors affecting the fission fragment MEDs formation. In other words, the adequate
systematics should be based on the real physical properties of the MEDs. At present it is es-
tablished reliably that the MCEDs from fission of nuclei from pre-actinides to superheavy
elements have a multi-component structure, that is they consist of several independent fission
modes (channels). This property, called as multimodality and demonstrated in fig. 1, consists
in that the experimentally observed fission fragment yields manifest itself as a superposition
of yields of several independent fission modes. The existence of these modes is caused by the
valley structure of the deformation potential energy surface of a fissile nucleus. For actinide
nuclei mainly three fission modes contribute to the experimental MCEDs:
• A symmetric mode (S) is characterised by strongly elongated shapes of a fissioning nu-

cleus in the vicinity of the scission (rupture) point and the lowest values of fission frag-
ment kinetic energies. This mode is predominant in the fission of pre-actinides and hot
actinide nuclei.



• An asymmetric mode (standard 1 or S1) is due to a close-to-sphere shells formed in heavy
fragments with masses close to 132 - 134. Fragments of this mode posses the highest ki-
netic energies.

• An asymmetric mode (standard 2 or S2) is conditioned by shell effects corresponding to
comparatively small deformations of heavy fragments with average mass M « 138-140.
This mode is prevalent in the low energy fission of actinides, and the fragments of this
mode are characterised by middle kinetic energies.

Additionally there exists an asymmetric mode standard 3 (S3) that is due to a spherical neu-
tron shell N = 50 formed in light fragments, but its contribution is less than 3 %, and from the
practical viewpoint the influence of this mode could be neglected.

According to the difference of the modes formation mechanisms one can expect that basic
characteristics of different distinct fission modes (contributions, average fragment masses and
charges, kinetic energies of fragments, variances of masses, charges and energies, etc.) will
essentially differ in their dependencies on a nucleon composition and an excitation energy of
a fissile nucleus that provides all variety of shapes for the experimental MCEDs. On the other
hand, for a given distinct mode the commonality of its formation properties allows to assume
rather clean regularities in the behaviour of the mode characteristics. In other words, we be-
lieve that having studied the regularities in the behaviour of fission modes taken separately,
one would be able to calculate fragment yields in the fission of any desired compound nucleus
with accuracy meeting the requirements of practical needs.

The attempt to apply this modal approach to describing the fission fragment mass yields have
been undertaken in collaboration with scientists from GSI (Darmstadt, Germany) [1]. The
semiempirical model for calculation of fission fragment mass yields has been developed, and
obtained description of the yields for nuclei from Ra to Pu are shown in fig. 2, where one can
note that many of the most prominent features of measured fission fragment mass distribu-
tions are reproduced.

The further development of this model towards increasing the mass yields description accu-
racy and expanding its applicability borders had run into existing lack of detailed information
on behaviour of distinct fission modes main characteristics obtained from experimental data
measured with high statistical and relative accuracy and covered a large range of the nucleon
composition and excitation energy of fissile nuclei. This circumstance made it difficult to re-
veal basic factors influencing on an observable physical picture and defining the parameters
of a required model.

Under this circumstances, we have measured the fragment mass and energy distributions
(MED) of compound nuclei 233Pa, 234'236'237' 239Np, 239°40> 24l> 243Am, and 245Bk formed in re-
actions with protons at proton energies 10.3 - 30.0 MeV. The measurements have been ful-
filled on external proton beams from isochronous cyclotron U-150 belonged to Institute of
Nuclear Physics (Almaty, Kazakhstan) by spectrometry of coincident fragments with silicon
surface barrier detectors. The energy calibration of the detectors has accomplished according
to the procedure outlined in [2].

In fig. 3 a part of the obtained experimental data is compared to those on thermal neutron in-
duced fission fragment mass yields from ref. [3]. One can easily note that although these dis-
tributions looks different that is conditioned by their difference in nucleon composition and
excitation energy, the positions of global maximum and minimum values of mass yield de-
rivatives for neutron and proton induced fission coincide. This point out that these distribu-



tions have a commonality of their internal structure and main features of the distinct mode
formation mechanisms revealed from data on proton induced fission could be applied to de-
scribing the neutron induced fission fragment yields.

Since in experiment only a superposition of modes distributions is observed, the parameters of
a distinct fission mode MED are determined on basis of the multi-component analysis. Re-
cently [4] we have developed a new method for analysing the experimental fission fragment
mass and energy yields that is free from any parameterisation of a distinct fission mode mass
distribution. In the framework of this method the experimental data have been decomposed
into separated modes, and relative contributions Y;, average masses Mi and mass dispersions
c>2M,i of fission modes SI, S2, and S are performed in fig. 4, where some regularities in the
dependence of this characteristics on the compound nucleus masses and incident proton ener-
gies are clearly seen. The contributions of modes SI and S2 into the experimental MDs de-
crease with the proton energy growth in full accordance with notions about shell origin of
these modes. From this viewpoint it is expected that the average masses of heavy fragment
group M; for modes S1 and S2 do not depend on the proton energy that one can observe for
233Pa and 235U.

The energy dependencies of studied characteristics are more complex than energy ones. All
performed quantities demonstrate clearly the isotopic dependencies for all fission modes. In
some cases, for example Y; and cr2M,i, their behaviour inside of the isotopic chains even con-
tradicts in slopes to general trends of these values. This result can not be explained in the as-
sumption that the formation of a distinct asymmetric fission mode (SI or S2) is defined com-
pletely by one either proton or neutron shell closure, and it is necessary to suppose the influ-
ence of more number of shell closures. We believe that careful study of these data in combi-
nation with ones obtained by other author will allow clarifying the asymmetric fission forma-
tion mechanisms in the near future.

The knowledge of these mechanisms seems to be important also from the viewpoint of devel-
oping physically adequate description of the formation of such practically important charac-
teristics as fission cross section. As we mentioned above the contribution of asymmetric fis-
sion modes decreases with the incident particle energy growth, while that of symmetric mode
increases. Therefore, at low energies of incident particles the fission cross sections of acti-
nides are mainly defined by the fission through asymmetric modes, and at high energies the
cross sections are mainly contributed by the fragments of mode S. These different modes are
characteristics of different fission barriers and spectra of excited states that means the charac-
teristics making the fission cross section and angular distribution of fission fragments. The
modal approach, as we hope, could serve as an effective instrument for studying the complex
structure of fission barriers and spectra of excited states.

Summary

The experimental data on the proton induced fission fragment yields should be involved in
developing the nuclear data systematics for the minor actinide transmutation.

The fission fragment mass and energy distributions of compound nuclei 233Pa, 234' 2 ' 2j '
239Np, 239,240,241,243Am̂  a n d 245Bk f o r m e d -m reactions with protons at energies 10.3 - 30.0
MeV have been measured with high relative accuracy.



These data have been analysed in the framework of modal notions about the structure of the
mass and energy yields of fission fragments. The practical independence of average masses of
asymmetric fission modes SI and S2 on incident proton energy has been established. The
isotopic dependencies of relative contributions, average masses and mass variances from fis-
sion of Np and Am have been revealed for all fission modes. Obtained data indicate influence
of more than one shell closure on the formation of each distinct asymmetric fission mode (SI
or S2).

This work was supported in part by the International Atomic Energy Agency under Contract
No 10893.
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Relative mass yields Y from of compound nuclei 213At, 227Ac, and 236Np.
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J.E. Gindler et al. Phys. Rev. C27 (1983) 2058]; (—) - the description according to the modal
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NATIONAL NUCLEAR CENTER OF THE REPUBLIC OF KAZAKHSTAN

Sh.T. Tukhvatulin.

RSE NNC RK Director General

INTRODUCTION

After break-up of the USSR under Decree of President of the Republic of Kazakhstan of May
15, 1992 on the basis of the former Semipalatinsk Test Site and corresponding scientific
organizations and objectives located in the Republic of Kazakhstan there was established the
National Nuclear Center of the Republic of Kazakhstan.

The activity of the National Nuclear Center of the Republic of Kazakhstan (NNC RK) is
based on tasks specified by the Cabinet of Ministers # 55 dated January 21, 1993:

creation of scientific-technical, technological and staff base to develop nuclear
power engineering in Kazakhstan;

icci - elimination of nuclear testing consequences in Kazakhstan;

monitoring of nuclear testing at the world's functioning test sites;

- conversion of the former defense establishment at the Semipalatinsk Test Site
(STS) and use of its scientific-and-technical potential in the interests of the
Republic of Kazakhstan.

To develop President's Decree the Cabinet of Ministers RK passed a number of Resolutions
defining the NNC RK organizational structure and activity directions its institutes.

At present the NNC RK is a Republican State Enterprise (RSE NNC RK) situated in
Kurchatov, East-Kazakhstan Oblast. RSE NNC RK is part of the Ministry of Energy and
Mineral Resources of the Republic of Kazakhstan and incorporates a number of specialized
affiliated enterprises (institutes), where more than 1600 specialists are engaged, to include 24
Doctors and over 110 Candidates of Sciences:

Institute of Atomic Energy (Kurchatov),

Institute of Radiation Safety and Ecology (Kurchatov),

^ - Institute of Geophysical Research (Kurchatov)

Institute of Nuclear Physics in Alatau settl. (Almaty suburb),

Baikal Enterprise (Kurchatov).

REPUBLICAN TARGET SCIENTIFIC-AND-TECHNICAL PROGRAM
"DEVELOPMENT OF NUCLEAR POWER IN KAZAKHSTAN"

The NNC RK research and development activity is based on principal tasks and indices of the
Republican Target Scientific-and-Technical Program (RTSTP) "Development of Nuclear
Power in Kazakhstan" # 875 approved by the Cabinet of Ministers RK on September 14,
1993. The program is fulfilled according to six subject-blocks:

1. Radioecological, biomedical studies, restoration of the environment and population health
in RK regions where nuclear tests were conducted and where nuclear power plants and
facilities are located;

2. Nuclear power and NPP safety.



3. Fundamental and applied studies in the field of nuclear physics, nuclear power and
radiation solid-state physics;

4. Development and practical implementation of nuclear-physical methods and nuclear
technologies in the interests of RK science and economy;

5. Monitoring of nuclear tests and unauthorized nuclear explosions at the test sites of other
countries;

6. Dataware of the RTSTP "Development of Nuclear Power in Kazakhstan". Widening of
population knowledge in the field of nuclear power.

Radioecology of Regions in the Republic of Kazakhstan where Nuclear Tests were
Conducted and where Nuclear Power Plants and Facilities are Located

During the "cold war" period, the Central-Asian region provided for the Soviet nuclear
program on uranium mining and production of weapons-grade material for above- and
underground testing. Kazakhstan is a particularly representative country in this region. The
low density of population, vast areas unsuitable for intensive agricultural activities, and rich
mineral reserves made Kazakhstan convenient for development and testing of military
technologies and weapons.

About 70% of all nuclear tests conducted by the former USSR were carried out on the
territory of Kazakhstan from 1949 to 1989. Most of them, to include 113 atmospheric and
ground and 346 underground explosions, were conducted at the Semipalatinsk test site (STS).
The first atomic bomb in the USSR, 1949, and the first hydrogen bomb in the world, 1953,
were detonated at the STS.

The study of long-term nuclear testing consequences on the STS territory and environmental
protection are most urgent problems for the Republic. For the past 10 years after closure of
the test site there are conducted planned activities aimed to eliminate consequences of the
nuclear testing at the STS. The Degelen tunnels were completely closed, Balapan test holes
were experimentally liquidated. For the first time joint Kazakhstan-Russia-US efforts have
been carried out to perform radioecological measurements, sampling and
spectrometric/radiochemical analyses of the samples. The reliable data were obtained on
radionuclides concentration and distribution in the environment. Every quarter the
radioecological monitoring is performed for the most hazardous and closest to the populated
areas contaminated spots, specific work is carried out on some of the polygon sections to
define either the order and procedure of passing the lands to the economy or their
conservation. In 1998 the creation of Polygon Geological Information System was
commenced (CJJOTO H3 H P B H 3 C

The database on radioecological condition of the former test sites (STS, Azgir, Lira) is filled.

To solve tasks of the radiation monitoring at the Lira Nuclear Test Site there was organized
the INP Aksai branch. In 80s on the territory of the Karachaganak gas-condensate field there
were created 6 underground nuclear cavities to be used as spare gas-condensate repositories.
The increase in industry activity in the region, in particular development of hydrocarbon
production, revealed the necessity to exclude probability of oil product contamination or
radionuclides transfer to the day surface.

On the former Azgir Test Site in the West Kazakhstan where 17 underground nuclear tests
were conducted within 1966-1979 there is operating the INP Azgir Radioecological
Expedition, which performs radiation monitoring at this test site area.

One of the important elements of improving the radiation situation in Kazakhstan is the
Baikal storage facility for spent ionizing radiation ampoule sources created at Baikal Test
Bench Complex. At present this storage facility being the only one in the Republic accepts the
spent sources from the entire territory of Kazakhstan.



Nuclear Power and NPP Safety

The work on creation and development of Kazakhstan nuclear power composed one of the
principal sections of the Republican Target Scientific-and-Technical Program developed in
1992...1993. It became a document defining goals, tasks and directions of the activity for the
National Nuclear Center created and its institutes.

Based on RK Government Action Program and in compliance with RK Law "To Use of
Atomic Energy" # 93-1 dated 04.14.1997 there was developed a national program
"Development of Uranium Industry and Nuclear Power in the Republic of Kazakhstan". The
program covers the period of 2000 - 2030, defines strategy for the first phase of Kazakhstan
national nuclear power creation and development.

One of the first steps in realization of the power program is to develop a feasibility study for
nuclear plant construction. NNC RK specialists carried out an extensive work to prepare
feasibility study for NPP construction in specific regions (South-Kazakhstan NPP), to validate
investments into construction of low power nuclear plants in Leninogorsk and Kurchatov, to
develop technical-and-economical proposals on use of nuclear power sources in order to solve
heat and power supply problems of Almaty. A new approach is the systematic analysis of
NPP economical indices mastered first by NNC RK specialists.

A successful development of the nuclear power is impossible without solving problems of its
safe operation. To create reactors of enhanced safety and systems for localizing design and
out-of-design accidents there is a need for detailed analysis of processes connected with core
melting, fuel, material and nuclear reactor structure behavior in transient and accident modes.
One of the directions to validate nuclear power safety is experimental simulation of processes
accompanying specific phases in evolution of NPP severe accidents that involve reactor core
melting. At present final phases of severe accidents are least examined. This is a combination
of processes occurring when core melt materials (so called corium) fall onto lower head of the
reactor power vessel.

The work in this direction on the Semipalatinsk experimental base was commenced in 1983
and is still continued. The uniqueness of IAE NNC RK experimental base, results obtained
and experience gained through studying the behavior of nuclear reactor fuel, material and
structure in simulating transient and accident operational modes cause interest of specialists
from different countries. The most important studies in recent years are those on two projects:
experimental studies to validate light-water reactor safety (COTELS project) and
experimental studies to validate fast reactors (EAGLE project).

COTELS Project. The project objective is to experimentally study the processes typical of
the final phase in water-cooled reactor accident involving loss of coolant (LOCA type
accident), in particular, the processes related to interaction between core melt materials
(corium) and water/concrete. The experiments are conducted by the NNC RK in cooperation
with NUPEC Japanese Corporation and will be continued within the planned IVR-AM
project. The IVR-AM goal is to study the interaction process between corium and lower head
of reactor power vessel under conditions simulating the phase of reactor severe accident
inside its vessel and at simulating residual heat release in the fuel. To conduct the mentioned
experiments there were created SLAVA, LAVA, LAVA-M and LAVA -B experimental
facilities on the basis of the equipment available at the IAE NNC RK.

EAGLE Project. Within EAGLE project on the IAE NNC RK experimental base the work
was commenced to prepare and perform out-of-pile and in-pile experiments. One of the
directions of this work is the preparation and conduct of experiments aimed to study the ways
of precluding re-criticality involving accident melt in sodium-cooled fast reactor core. The
work is performed by the NNC RK together with Japanese organizations JAPC and JNC.



The principal goal of the out-of-pile tests is to obtain preliminary data on character of fuel
movement under conditions simulating an accident involving melt of the core consisting of
FAIDUS type fuel assemblies. This will allow to specify simulation criteria and develop an
optimal construction of the experimental channel to conduct in-pile experiments.

The goal of the in-pile experiments is to experimentally confirm the operability of FAIDUS
type fuel assembly in in-pile conditions. According to the program there are planned three
experiments at IGR reactor complex.

One of the issues related to construction and operation of nuclear power objectives is the
study of geological and seismo-tectonic conditions of the regions where they are located in
order to validate safety and to work out technical requirements to the design of such facilities
according to geological-and-geophysical parameters. In 1994... 1995 the IGR NNC RK
conducted geological-and-geophysical validation of the WWR-K research reactor that was
shutdown by the decision of the USSR Gosatomenergonadzor (the National Nuclear Power
Supervising Body) in 1998. This was done because the reactor was located in 9-force seismic
zone and no detailed technical safety validation was carried out for it. As a result of measures
performed there was obtained permission to resume reactor operation and in 1997 pursuant to
standard document requirements the reactor was again step-by-step put into operation. At
WWR-K reactor there are conducted fundamental studies in the field of nuclear physics and
materials structure testing, training center for training NPP operators and production of
medical radioisotopes are planned to be arranged.

Within the framework of the Executive Agreement between the U.S. Department of Energy
and RK Ministry of Energy, Industry and Trade Concerning BN-350 Reactor Shutdown the
NNC RK specialists participated in the development of an international reactor
decommissioning plan, technology for BN-350 spent fuel handling, selection of locations for
SNF storage.

Under the contract with the U.S. Defense Threat Reduction Agency (DTRA) there were
performed activities on development and realization of measures to prevent unauthorized
access to the residuals of nuclear activity.

In cooperation with the U.S. laboratories the work is continued on the Program of Nuclear
Material Protection, Control and Accountability including control over nuclear material
export in Kazakhstan.

The NNC RK work on fusion reactors is of interest of foreign specialists. The ITER structural
materials selection validated, the parameters of mass transfer in structural materials under
conditions of in-pile irradiation are studied at Liana Test Bench. To conduct the tests to
examine the interaction between beryllium and water steam there was developed FISMI
facility.

Pursuant to RK Prime Minister Resolution # 143-p dated July 23, 1998 "To Creation of
Kazakhstan Material Structure Testing Tokamak-Reactor" in Kurchatov there is planned to
construct the research test bench complex of KTM Tokamak material testing reactor. At
present the work is commenced to develop feasibility study of the complex construction and
the basic data of KTM building are prepared.

Fundamental and Applied Studies in the Field of Nuclear Physics, Nuclear Power and
Solid-State Radiation Physics

Institute of Nuclear Physics, established in 1957 and incorporated into NNC RK in 1993 is a
leading establishment in the Republic of Kazakhstan for fundamental and applied studies in
the field of nuclear physics, nuclear power and solid-state radiation physics.

Fundamental studies conducted by a large scientific team (more than 14 doctors and 45
candidates of sciences) are acknowledged worldwide.



Existing scientific-technical potential and unique basic nuclear facilities such as U-150M
isochronous cyclotron and heavy ion electrostatic accelerator allow to successfully solve the
following tasks:

experimental study of charged particles with light and heavy nuclei nuclear interaction
mechanisms, study of their structure and nuclear interaction constants;

experimental study of and quasi-fission reactions of heavy and superheavy particles and
model description of these processes;

study of structure and properties of collective and quasi-particle states of many-nucleon
systems to develop sequential theory of nuclei structure;

theoretical study of particles and light nuclei with atomic nuclei interaction processes
accounting for their structure;

theoretical studies of dispersion resonances and threshold anomalies in the nuclear
systems of several particles;

determination of nuclei excited states quantum parameters, lifetimes nuclei levels
population and reaction areas (n, n'y).

Development and Practical Implementation of Nuclear-Physical Methods and Nuclear
Technologies in the Interests of RK Science and National Economy;

One of the RK National Nuclear Center activity priority directions is development of nuclear-
physical methods and high technologies.

Nuclear and radiation technologies stand a stable position in the modern economy.
Development and application of these technologies in Kazakhstan will allow abandoning
many ineffective and labor-consuming traditional developments applied in Kazakhstan
medicine, industry and rural economy.

Isotopes for the national and adjacent regions' needs are produced at the Kazakhstan
cyclotron (INP NNC RK). Regular production of Tl-201, Co-57 is established, Ga-67, Cd-109
will be produced in near future. Other product of cyclotron - tracer used in radioecology, is
not of lesser importance. Particularly, plutonium sources are used as radioactive tracers to
determine plutonium in soil samples.

Tc-99m, 1-131 isotopes production technologies were developed to arrange national
production of reactor isotopes.

INP NNC RK has wide work experience in the field of nuclear analytics. Methods of
environmental objects element composition determination by activation analysis and
roentgenfluorescent analysis are developed. These methods are certified by RK
Standardization, Metrology and Certification Committee for the right of environmental
objects, rocks, ores and minerals control.

High performance figures of from transitional element nitride, noble metals, and materials
with specific physical properties offer the challenges of their use for structural materials
protection from premature failure. Material qualities are substantially determined by the
method of their production. Ionic-plasma technologies provide wide potentialities for
protective covering. The Center specialists have designed, manufactured and assembled
magnetron facility and auxiliary equipment for metallic tape covering with niobium nitride.
Process of thin superconducting layer formation at a metallic substrate is developed and its
technological parameters are determined. Materials are selected and technological regimes of
adhesive interlayer formation are tested.



Control over Nuclear Weapon Tests and Unauthorized Nuclear Explosions at Foreign
Test-Sites

In view of Comprehensive Nuclear Test-Ban Treaty signing the problem of informational-
technical supply of RK liabilities to CTBT member-countries gained special topicality.
Kazakhstan is a unique place for seismic stations location. Seismic arrays near Kurchatov and
Borovoye, and Makanchi and Aktyubinsk seismic stations are located in the regions
characterized by very low level of microseismic background.

Pursuant to Geneva Disarmament Conference decision taken by UN General Assembly on
September 10, 1996 all NNC RK observatories are included into the International Monitoring
System assigned to control Comprehensive Nuclear Test-Ban Treaty observance. NNC RK
seismic net functions in real time and is capable to locate and identify a nuclear explosion in
every spot on the globe in the shortest possible time.

Seismic arrays are equipped with up-to-date seismic instrumentation. This allowed recording
sufficiently weak nuclear explosions conducted at any test-site of the world. In addition,
during the period of seismic arrays existence a great number of non-nuclear explosions and
earthquakes was recorded.

In 1995 - 1996 IGR geophysical observatories recorded underground nuclear explosions
conducted in France at Mururoa test-site and in China at Lop Nur test-site, in 1998 - 2000 -
underground nuclear explosions conducted by India and Pakistan.

Materials obtained and accumulated in the Institute of Geophysical Research of Republic of
Kazakhstan National Nuclear Center are unique and used by international seismic community
via IRIS Global Seismographic Net.

At present IGR seismic net develops and modernizes in cooperation with different CIS and
foreign organization.

In addition to the Cooperation Agreement signed between NNC and IRIS Consortium in
1994, in September 1996 a Memorandum was signed pursuant to which an IRIS Global
seismic net station was installed at Makanchi seismic array. Pursuant to Comprehensive Test-
Ban Treaty Organization Preparatory Commission decision seismic arrays were constructed in
Makanchi and Karatau, Kazakhstan.

May 19, 1997 the Minister of Science - Kazakhstan Academy of Science President V.S.
Shkolnik and IRIS President Mr. Simpson signed a Protocol on intention to create a seismic
data cooperative processing center at the basis of IGR NNC RK.

National center of Kazakhstan monitoring net geophysical data acquisition, transfer and
analysis was established.

Within international groups NNC RK specialists participate in inspections of possible
unauthorized nuclear explosion locations.

A very interesting and important direction emerged in the course of the test-site nuclear
infrastructure elimination. Explosions conducted in Degelen massif tunnels and Balapan site
boreholes were also used to calibrate International Monitoring System stations.

STS NUCLEAR WEAPON TESTING INFRASTRUCTURE ELIMINATION

On December 13, 1993 the Republic of Kazakhstan and the United States of America
concluded an Agreement Concerning the Destruction of Silo Launchers for Intercontinental
Ballistic Missiles, Emergency Response and Prevention of Proliferation of Nuclear Weapons.



October 3 1995, an Agreement was signed between the United Sates of America Department
of Defense and the Republic of Kazakhstan Ministry of Science and New Technologies on
Elimination of Nuclear Infrastructure.

After these Agreements signing the Republic of Kazakhstan National Nuclear Center of the
Republic of Kazakhstan was assigned as an executive agent of all programs aimed at former
Semipalatinsk Test-Site nuclear weapon testing infrastructure elimination.

Several Kazakhstan organizations were enlisted to perform this work. The work was
conducted in close cooperation with Kazakhstan Ministries and departments.

Nuclear Infrastructure Elimination in Degelen Mountain Tunnels

A complex study was conducted to evaluate the coming scope of work. These study results
served as a basis for design-technical documentation development and work organization for
Degelen tunnel closure.

On the whole 181 tunnels were discovered and inspected; of them in 18 tunnels no nuclear
tests were conducted. As a result of surveys the basic data characterizing each tunnel were
obtained. The radiation hazardous tunnels were specifically identified, where additional
measures on personnel protection were to be taken in performing the work.

In spite of sufficiently detailed information characterizing tunnels status and thorough
development of closing technical projects, the specialists faced a series of questions to be
answered by an experiment only. Tunnel #192 was determined as the mostly suitable location
for this experiment conduction; the tunnel was constructed in 1961, 2 nuclear explosions were
performed in it.

As a result of the experiment answers to the questions put were found and tunnel #192
occupied the first place in the row of eliminated tunnels.

Basing on the results of tunnel survey and accounting for maximum safety provision for the
personnel to perform work on tunnels closure, Degelen mountain tunnels closure plans and
methods were developed.

All the projects were through National technical expertise in Department for emergency
national supervision, industry work safety supervision and mining supervision of RK National
Emergency Committee and through ecological expertise in RK Ministry of Energy and
Bioresources.

Every stage of tunnel portal elimination finished with the backfill of trench or crater resulted
from explosion operations to natural surface relief.

In the course of tunnel complex elimination operations a series of scientific and research work
was held in parallel related to nuclear weapon nonproliferation regime maintenance in the first
place. A specific place in this work is occupied by a series of Omega seismic calibration
experiments.

Seismic calibration experiments are a part of operations in support of Comprehensive Nuclear
Test-Ban Treaty (CTBT). In the course of Degelen mountain tunnel complex elimination
operations three similar experiments were conducted with 100 tons yield:

August 22, 1998 - tunnel 214 (Omega-1)

September 25, 1999-tunnel 160B (Omega-2)

July 29, 2000 - tunnel 160C (Omega-3)

As a result of the experiment conducted a number of explosion parameters and characteristics
was received, and tunnels in which the experiments were performed were eliminated.



The main point of Omega series seismic calibration experiments was in recording of several
explosion parameters. Recordings on temporary seismic nets located in the near zone were
arranged and performed for all experiments during and after the explosion, as well as on NNC
RK seismologic net for infrasound radiation during the explosion.

In Omega-2 experiment conduction air blast wave parameters were recorded in the near zone.
And in Omega-3 experiment - profile recordings in the tunnel 160 - Makanchi seismic station
direction during the explosion and profile recordings in the tunnel 160 - Bystrov SD RAS
vibroseismic test-site (Novosibirsk, Russia) prior to, during and after the explosion. Doppler
ionosphere radio sounding was performed during the explosion.

As a result of 1996 - 2000 works 181 Degelen mountain tunnel portals were eliminated and
sealed completely. In addition three seismic calibration experiments were conducted using
power of chemical explosives. The tunnel elimination program is completed.

Nuclear Infrastructure Elimination in Balapan Site Boreholes

Under contract DSWA01-97-C-0015, National Nuclear Center of the Republic of Kazakhstan
performed examination of unused holes and silo launchers SS-18 subject to closure at
Balapan Site. On the whole 13 unused boreholes were located and inspected at different parts
of the testing area of 30x12 km size.

Information obtained in the course of examination helped to develop and recommend methods
for sealing each unused hole and elaborate measures of safe operation.

Basing on the conducted survey of unused boreholes a principal method of borehole closure
was elaborated. The method consists of filling the inner borehole cavity with natural material
and solid concrete plug construction with following relief surfacing. Borehole filling with
natural material will cause water displacement to flow into surrounding relief lowerings. This
did not affect ecology as water contained no contaminating radionuclides, and its chemistry
corresponded to Balapan site underground water.

The work on unused test holes elimination at Balapan site have been performed by National
Nuclear Center together with Kazakh State Center for Blasting Operations and Degelen Ltd.

The first and principal task of this work was to close and seal completely unused boreholes,
the second task was to conduct calibration experiments on explosion of 25 explosive tons in
the four holes to be eliminated.

Work was performed pursuant to Design on Test Explosions for Test Hole Closure at
Balapan Testing Field of the Semipalatinsk Test Site and Explosion Conduction Design for
the Closure of the Remaining Test Holes at Balapan Testing Field. The designs of
explosions were approved by the Department for State Emergency Control, Control over Safe
Work Performance in Industry and Mining Control of the National Emergency Committee
and passed the ecological expertise. Industrial explosives allowed to use in the Republic of
Kazakhstan were used for holes elimination.

Prior to boreholes elimination work on seismic velocities near surface grounds study was
conducted to better understand boreholes closure work effect on seismic waves.

Taking into account that world experience does not include explosions with industrial
explosive materials (HE) in large diameter (more than 0.8m) at depths of more than 600m at
water column pressure of more than 6.0 MPa, Statement of work and the contract allowed for
laboratory and experimental work on study of industrial HE working capacity under given
conditions. Selection of explosive materials for conduction of experimental and test
explosions in holes based on HE ability of loosing no working capacity under hydrostatic
pressure conditions (up to 6.0MPa) during 7 days.

The following work sequence on calibration experiments was adopted:



1. Test explosion in hole Nsl 311 at depth of 50 meters.

2. Test explosion in hole N°1381 300 meters.

3. Test explosion in hole Nal349 at depth of 550 meters.

4. Test explosion in hole 1071-bis at depth of 28 meters.

As a result of this work 13 unused testing holes were eliminated and sealed at the former
Semipalatinsk Test-Site Balapan testing area.

Seismic waves resulting from hole liquidation explosions were recorded by a network of
specially arranged temporary seismic stations at Balapan site and by RK National Nuclear
Center seismic arrays and observatories.

No worsening of ecological situation including radioecological one took place after the
operations to eliminate three experimental holes were comleted.
In parallel with this work NNC RK specialists conducted radioecological maintenance of silo
launchers elimination operations at Balapan area at the STS territory.

Results of Work on Degelen Mountain Tunnel Complex and Balapan Testing Field Hole
Elimination

• The program of work on STS nuclear weapon test infrastructure elimination was fully
implemented within scheduled time.

• Together with main work there were developed methods of nuclear test conduction
seismic monitoring (calibration experiments and CTBT Organization on-site Inspection
training)

• Kazakhstan and USA specialist cooperation was established and experience of
international project performance including third country participation (Russia) was gained.

Influence of Nuclear Weapon Test Infrastructure Elimination on Radioecological
Situation of the Former STS Region

As a result of work conducted from 1996 to 2001 relating to STS nuclear weapon test
infrastructure elimination there were eliminated 181 tunnels at Degelen site, 13 unused holes
and a complex of 12 silo-launchers (SL) at Balapan test site. Also there was performed
conservation of Kolba containers and STE were liquidated. All operations were performed
together with radioecological maintenance and according to projects that went through
technical and ecological expertise at the Ministry of Ecology and State Committee on
Emergency Situations. In the course of tunnel elimination there was no access of people and
animals to tunnels cavities.

After radioecological research there was obtained a large amount of data helping to rather
impartially evaluate the consequence of elimination work impact on Balapan and Degelen test
sites environment. Comparison of the results of radioecological examination prior to and after
tunnel, holes and silo launchers elimination showed that in general it improved radiation
situation at the test sites.

For example, due to tunnel portal backfill radiation parameter values generally decreased. At
the same time radiation parameter values at most of the tunnels exceed the level of global
contamination for midlatitudes of northern hemisphere.

On one hand elimination of tunnels with water flows reduces radioactivity outflow onto the
day surface and on the other hand creates conditions for radionuclides scattering to adjoining
territories from dry bed mirror due to wind transfer. In future water flows are also possible. At
extreme meteorological conditions water flow functioning can restore since the mountain
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hydromode depends on precipitation quantity and, thus, radionuclide migration from tunnels
cavities can recommence. To control such a situation National Nuclear Center performs
continuous water monitoring of this territory.

Stoppage of the man-made activity at Degelen mountain complex caused increase of some
animal and bird populations and their habitation area expansion. Animals and birds included
into the RK Red Book appeared in the mountains.

CONVERSION of the STS

Semipalatinsk Test Site activity stoppage, elimination of nuclear weapon test infrastructure
should not mean that scientific and technical capacities accumulated during many years will
not be used in the interests of the State. Unique scientific-research basis and creative potential
accumulated at STS are to provide with peaceful and forward development as of the former
test site region so of the Republic on the whole. That is why one the important approaches of
NNC RK activity is the former STS scientific and technical potential conversion. Such
activity is divided into the following interrelated approaches:

Development of the atomic power engineering in Kazakhstan

- Mineral exploration and extraction

New technology involvement

New productions establishment

Mineral Exploration and Extraction

One of the main approaches in the test site conversion is mineral exploration and extraction.
Various geology of the test site territory determined formation of several mineralization types:

- Primary deposits of gold, quartz-gold-ore formations;

Gold deposits, relating to metasomatic deposits of polymetals;

Deposits of copper-molybdenum-porphyry ores;

Volcanogenic deposits of massive sulphides of lead, zinc, copper and precious
metals;

Greisen deposits of tin and tungsten;

Coal deposits.

Research of mineral reserves of the test site started before the revolution. Coal, tungsten,
copper-porphyry and coppersulphur-polymetal ores attracted people even in the 19th century.
At deposits Shakhta, Andreev mine, Medny mine, Petrov mine, Yubileynoye, Bescheku,
Kyzylcheku, Markov mine there are traces of old mine workings.

At the test site territory there is good concentration of promising deposits, first of all of gold
and copper and there are also considerable reserves of non-ore raw materials. Infrastructure
created at the test site can considerably facilitate and reduce the price of mining operations.

In 1994 development of Karazhyra (Yubileynoye) coal deposit was started. Other deposits of
fuel minerals have low thickness of coal beds and steep attitude of beds. The latter were
developed at the beginning of XX century with shallow excavations. Use of such deposits is
possible with the help of underground gasification of coal beds.

Involvement of New Technologies

In 1997 AMPS project was successfully implemented on the territory of Kazakhstan. That
was a cooperative Kazakhstan-American project that involved use of the remote multisensor
air photography technology developed by National Laboratories of USA Department of



Energy. This technology is a conversion one and it was applied outside the US for the first
time.

The mission based at Almaty and Semipalatinsk airports and covered mostly two regions of
Kazakhstan. This is Almaty region including some regions near Balkhash lake. Here tasks
relating to issues of bowels-use, botany and space exploration were solved. The second region
was the former Semipalatinsk Test Site and Semipalatinsk-city. Experiments in this region
related to geology, ecology, urban planning, communication network design, and
nonproliferation issues.

Technical teams (including the team that was on board a plane) consisting of RK and USA
representatives implemented the program (flights, measurements, data processing, marketing,
technical maintenance etc.) during a month. All data obtained during project implementation
was delivered to Kazakhstan part free of charge.

The program of the mission in Kazakhstan solved some interrelating tasks. Its main objective
was to demonstrate capacities of multisensor survey technology for subsequent commercial
use in the interests of both countries.

Project participants were:

The USA:

• Pacific Ocean North-West Laboratory (PNL) as a leading DOE laboratory that was the
program principal coordinator;

• Remote Survey Laboratory (RSL) and Sandia National Laboratories (SNL) that provided
technical and operational support;

• Naval Research Labs (NRL) providing with naval plane "Orion" R-3 modified for
installation of given equipment;

• Corporation Earth - Search - Science (ESSI) developed methods to process data as
applied to tasks of ecology, natural resource exploration, cartography, urban planning, service
and consulting. As commercial technology and replenishment to the set of the available
sensor system ESSI developed a hyper-spectral air scanner Probe-1. This device is a small
size light-weight infrared aero-spectrometer;

Republic of Kazakhstan:

• Ministry of Science - Academy of Science of the Republic of Kazakhstan;

• National Nuclear Center of the Republic of Kazakhstan;

• SEMTECH Joint Kazakhstan - American Enterprise;

• A number of other enterprises and organizations of the Republic of Kazakhstan.

This project was one of the results of cooperation between the Republic of Kazakhstan and
the USA basing on Intergovernmental Agreement relating to science and technology
development of 14 February 1994 and Agreement between the Department of Energy of the
USA and Ministry of Science - Academy of Science of the Republic of Kazakhstan regarding
programs on scientific research and engineering development and programs on technology
exchange of 12 July 1996.

The project is of high political value. AMPS project implementation in Kazakhstan
demonstrated free will and openness of the Republic's policy. Experiments conducted in the
course of work go well with the existing projects. In particular, with the work on elimination
of nuclear weapon infrastructure and geological research at the test site. Data obtained are of
great scientific and commercial importance. There is no doubt that this technology will be
much in demand at Euro-Asian region.



During preparation and implementation of AMPS project joint Kazakhstan and American
enterprise SEMTECH took an active part. This enterprise was established in 1995 for
conversion of scientific-technical capacities of the Test site. Being an enterprise participating
in project preparation, SEMTECH intends to use this technology on commercial and scientific
purposes to support exploration activity, to conduct radiation survey of territories, solve
ecological tasks and design routes for railway and auto-roads, piping and oil-pipe line.

Establishment of New Productions

In March 1995 project between NNC RK and KRAS CORPORATION (USA) enterprise
started. It dealt with manufacture of printed circuit boards (PCB) in Kurchatov. The project
was financed by Nunn-Lugar fund. The work under this project resulted in building of a
modern factory complex for PCB production. The complex consisted of areas with controlled
environment and clean halls equipped with state-of-the-art facilities.

December 12 1996 at KK Interconnect there were obtained the first samples of PCBs. In May
1997 the enterprise released the first electronic products - universal remote controls for TV-
sets and video tape recorder of various models and an electronic adapter allowing connection
of a computer modem to telephone networks of different countries. By the end of 1997, in
cooperation with other companies, production of more than ten types of electronic devices
was commercialized. These included heat energy counter (DASU company, Almaty), dispatch
system of creeping line type (Bailanys Company, Almaty-city), a set of units for regulating
thermal turbine work parameters (Turboremenergo, Karaganda). Also production of a set of
Double-Speech Accompanying Equipment meant for different forums and meetings was
developed and commercialized. In 1998 the company started assemblage of BARYS
computers. Together with imported parts in these computers domestic PCBs are used.

Organization of refractory and electric insulation article production basing on clay deposits is
very attractive.

Besides, the test site bowels are certainly promising for semi-precious stones, facing and
building materials. Currently at Degelen Ltd there is production on processing of industrial
stone.

CONCLUSION

XX century that become a thing of the past was important for Kazakhstan from the view of
territory and state establishment. This year the Republic of Kazakhstan celebrates 10 years of
Independence.

After the USSR breakup in 1991 Kazakh SSR became sovereign state that inherited the
unique test complex - Semipalatinsk Nuclear Test Site - the pride of the entire Soviet people
in the past.

For the first time in the history of nuclear weapon (one of mass destruction types) creation,
development and partial elimination the test site created for testing such weapon was
eliminated.

The Republic of Kazakhstan declaring itself a non-nuclear state started solving such a
complicated problem as the possibility to use the territory of the former nuclear test site in the
national economy. For this it was necessary to start work on nuclear test infrastructure
elimination and this work commenced. Great assistance in conduction of such work has been
and is rendered by the specialists from the USA, different international organizations, for
example, IAEA, NATO etc.

In order to determine whether it's possible to transfer the test site territory to national
economy it is necessary not only to eliminate tests infrastructure but also to obtain reliable
data on the dimensions and degree of radioactive contamination of the territory within the



Test site borders and outside it. National Nuclear Center specialists working in close
cooperation with many Kazakhstan and International Organizations contributed much to
studies on radioecological situation at the former STS territory and regions adjoining to it, as
well as to radiation parameter data obtaining process.

The problems of Semipalatinsk test site are in focus of the State. At the 52nd UNO General
Assembly N.A. Nazarbaev, President of Kazakhstan, pointed out this problem and appealed to
the International Community to solve it in cooperation. In order to implement Resolution
52/169M of UNO General Assembly "on international cooperation and coordination of
activity for population and ecology rehabilitation and for economical development of
Semipalatinsk Region in Kazakhstan" there was arranged work of the mission on UNO
Development Program (DPUNO).

A large number of Kazakhstan Government Decrees is dedicated to solution of the test site
problems and transfer of its territory to national economy. This is one of the principal tasks of
the National Nuclear Center.

Due to such policy the Republic of Kazakhstan managed to retain the unique scientific-
technical complex and highly qualified staff in the field of atomic energy application and also
created fundamental basis for its further development in peaceful direction. Currently, the
National Nuclear Center of the Republic of Kazakhstan - assignee of the Semipalatinsk Test
Site - became virtually an international research center comprising the entire complex of
ecological problems, problems of non-proliferation control, mining engineering, nuclear
power safety, medicine, etc.
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ABSTRACT

The LMR Design Technology Development Project was approved as a national long-term R&D
program in 1992 by the Korea Atomic Energy Commission (KAEC). KAEC decided to develop and
construct an LMR with the goal of developing an LMR that can serve as a long term power supplier
with competitive economics and enhanced safety. Based upon the KAEC decision, the Korea Atomic
Energy Research Institute (KAERI) has been developing KALIMER (Korea Advanced Liquid Metal
Reactor). According to the revised National Nuclear Energy Promotion Plan of June, 1997, the basic
design of KALIMER is to be completed by 2006 and feasibility of the construction is to be examined
sometime during the mid 2010s. Phase 1 of three years of the LMR Design Technology Development
Project was completed in March, 2000 and a preliminary conceptual design report has been issued.
The conceptual design of KALIMER will be finalized during Phase 2 of the project, which has been
started in April, 2000 and will take two years.

KAERI is also carrying out research and development on an accelerator driven system, called HYPER,
for the transmutation of nuclear waste and energy production through the transmutation process. The
HYPER program is being performed within the framework of the national mid- and long-term nuclear
research plan. KAERI aims to develop a system concept and type of roadmap by the year 2001, and to
complete conceptual design of the HYPER system by the year 2007.

1. Introduction

In Korea, currently nuclear power plants generate about 34 % of the total electricity and the role of
nuclear power plants in electricity generation is expected to become more important in the years to
come due to poor natural resources. The significance of nuclear power will become even greater,
considering its practical potential in coping with the emission control against the green house gas
effects. This heavy dependence on nuclear power eventually raises the issues of efficient utilization of
uranium resources, which Korea imports from abroad, and of spent fuel storage.

From the viewpoint that liquid metal reactors (LMRs) have the potential of enhanced safety utilizing
inherent safety characteristics, transuranics (TRU) reduction and resolving the spent fuel storage
problems through proliferation-resistant actinide recycling, LMRs will be the most promising nuclear
power option. The LMR Design Technology Development Project was approved as a national long-
term R&D program in 1992 by the Korea Atomic Energy Commission (KAEC). KAEC decided to
develop and construct an LMR with the goal of developing an LMR, which can serve as a long-term
power supplier with competitive economics and enhanced safety. Based upon the KAEC decision, the
Korea Atomic Energy Research Institute (KAERI) has been developing KALIMER (Korea Advanced
Liquid Metal Reactor). According to the revised National Nuclear Energy Promotion Plan of June,



1997, the basic design of KALIMER is to be completed by 2006 and feasibility of the construction is
to be examined sometime during the mid 2010s.

The objective of the LMR Design Technology Development Project is to develop design technologies
necessary for an economically competitive, inherently safe, environmentally friendly, and
proliferation-resistant fast reactor concept. Before launching the Phase 1 study, basic methods for
design, computer codes and sodium technology were developed by 1997, and an initial design concept
was set up through a feasibility study of various innovative design features. During Phase 1, however,
the work scope of the LMR Design Technology Development Project was modified in January, 1999
to focus its efforts on the development of LMR design technology rather than to emphasize
development of design itself for construction with a tight schedule due to domestic economic
difficulties and the influence of the reduced international LMR development efforts

The LMR. Design Technology Development Project is being carried out in three distinctive phases as
follows.

D Phase 1 (July, 1997 - March, 2000) .
- Development of Basic Technology and Preliminary Conceptual Design

In Phase 1, the basic computer codes and methods necessary for design and analyses have been
developed or updated, and an effort has been made to establish a self-consistent conceptual design of
the system configuration, arrangement and key features satisfying the design requirements. Efforts
have also been made to develop basic sodium technologies, such as a measurement or detection
technique, as well as an investigation on thermal-hydraulics and sodium fires. A preliminary
conceptual design report has been issued.

• Phase 2 (April, 2000 - March, 2002)
- Development of Advanced Basic Technologies and Conceptual Design

During Phase 2, the conceptual design of KALIMER will be completed. The basic computer codes
and methodologies developed during Phase 1 will be improved, and additional ones will be developed
if necessary. These codes and methodologies will be utilized for the development of a conceptual
design starting from the preliminary conceptual design developed during Phase 1. Before entering into
Phase 3, the current plan for Phase 3 will be reviewed thoroughly and a detailed plan will be
established based upon studies on the objectives, workscopes, and a new trend on the development of
fast reactor design concepts.

• Phase 3 (April, 2002 - March, 2006)
- Validation of Basic Technologies and Development of the Basic Design

Phase 3 covers a five-year period from 2002 to 2006. The focus of the KALIMER basic design is to
produce the specific information required m the preliminary safety analysis report (PSAR).
Engineering and design tasks to be included arc a system performance analysis under normal, transient,
and faulted conditions, specifications of major components and equipment, safety margin analysis, and
a probabilistic safety assessment (PSA), among others. Supporting R&Ds will be earned out to
validate the design codes and methods.
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An accelerator driven subcritical system named HYPER (HYbrid Power Extraction Reactor) is being
developed also within the framework of the national long-term nuclear research plan. Many types of
transmutation systems were investigated in terms of transmutation capability, safety, and the
proliferation resistance of the related fuel cycles.

The whole development schedule for the HYPER system is divided into three phases. The basic
concept of the system is developed and the key technical issues are identified in Phase I (1997 - 2000).
In Phase II (2001-2003), core design optimization will be performed to maximize the HYPER
economics. Also, some experiments will be conducted to confirm key technical issues in Phase II. A
thermal hydraulic test for Pb-Bi coolant, an irradiation test for the fuel and a spallation target test are
the major experiments that KAERI is considering. In Phase III (2004-2007), a conceptual design for
the HYPER system will be finished by completing the development of design tools based on the
experiments.

2. Conceptual Design of KALIMER

The key design parameters of KALIMER, which is a sodium cooled pool type fast breeder reactor, is
summarized in Table 1.

Table 1. KALIMER Key Design Parameters

OVERALL
Net plant Power, MWe
Core Power, MWt
Gross Plant Efficiency, %
Net Plant Efficiency, %
Reactor
Number of IHTS Loops
Safety Shutdown Heat Removal

150
392.2
41.5
38.2

Pool Type
2

PSDRS
Seismic Design Seismic Isolation Bearing

CORE
Core Configuration
Core Height, mm
Axial Blanket Thickness, mm
Maximum Core Diameter, mm
Fuel Form
Feed Driver Fuel TRU Enrichment for
Equilibrium Core, %
Assembly Pitch, mm
Fuel/Blanket Pins per Assembly
Cladding Material
Refueling Interval, months

Heterogeneous
1000

0
3373

U-Pu-10%Zr Alloy
30.0

161.0
271 /127

HT9
18

PHTS
Reactor Core I/O Temp., °C
Total PHTS Flow Rate, kg/s
Primary Pump Type
Number of Primary Pumps

IHTS
IHX I/O temp., °C
IHTS Total Flow Rate, kg/s
IHTS Pump Type
Number of IHXs
Number of SGs

Steam System
Steam Flow Rate, kg/s
Steam Temperature., °C
Steam Pressure, MPa

386.2/530.0
2143.1

Electromagnetic
4

339.7/511.0
1803.6

Electromagnetic
4
2

175.45
483.2

15.5

The work for the KALIMER design and technology development was carried out in five areas and the
major works earned out in the Project year 2000 are as follows.

2.1 Core Design

The following is the list of activities to be performed during Phase 2 of the Project for core design and
analysis:

a Development of a Conceptual Design
- Breakeven Core Design and Analysis

D Development of Computer Codes for



- Nuclear Design
- Core T/H Design
- Core Kinetics Analysis
- Fuel Design

During the first Project year of the Phase 2, the breakeven core configuration (Figure 1) was
developed with the pursuit of no need of an external source of fissile material in a steady-state fuel
cycle, based on the equilibrium cycle mode calculations. The core configuration for the breakeven
core design was defined as a heterogeneous core fueled with single enriched U-Pu-Zr ternary alloy
fuel.

In order to explore optimal core configuration and geometry specifications, various core
configurations with different fuel assembly loadings and active core heights were devised. Possible
arrangements of fuel assembly loadings, especially of driver fuel assembly loadings and variable range
of active core heights were determined by taking into account of desired average linear power and
maximum power density limit.

The KALIMER breakeven core has an average breeding ratio of 1.05 and maximum discharge burnup
of 120.7 MWD/kg. The neutronics performance analysis based on the equilibrium cycle calculations
shows that the KALIMER breakeven core is satisfactorily designed to achieve the design goal of
breeding ratio under the design criteria. During the second Project year of the Phase 2, design and
analysis on the initial and transition cores will be performed.

*
*
*

<•)
0
*
0
$

Driver Fuel
Internal Blanket
Radial Blanket
Contra! Rod
USS
GEM
Reflector
B4C Shield
IVS
Shield

54
24
48

6
1
6

48
54
54
72

Total 367

Figure KALIMHR Breakeven Core Layout

2.2 Fluid System Design

The bases of the preliminary conceptual design were enhanced qualitatively through design analysis
and the system design requirements were revised reflecting the findings for revision necessity
identified in the preliminary conceptual design process. The system design was deepened and
expanded by developing design concepls of auxiliary systems essential for NSSS performance and
checking the system design for the interface of NSSS and auxiliary systems. Plant operation logic was
setup in detail and the logic was implemented lo the system performance code. The code was applied
for representative system transients. From this, ihe operability of the plant and performance of the
control logic were assessed and the design leaiurcs of further consideration for optimization were



Containment

identified and system transient temperature data were generated for thermal load effects analysis.

For the containment dome space cooling,
various cooling methods were devised and
evaluation was made for each of the methods.
Based on the evaluation results, a best cooling
system design for KALIMER was chosen. The
SG design of which major features were
developed in the preliminary design phase was
re-evaluated and its design conservatism was
made realistic by reducing its length by 20%
and the overall mass by 10 ton. The new
design for enhancing the PSDRS heat removal
capacity using radiation structures was
registered to Japan for patent. Also another
new design concept for PSDRS of Figure 2
that improves the heat removal capacity
substantially by using thermosyphon was
developed and application for patent was filed
to foreign countries. In the plant protection
system design, the operation range of the
system was analyzed and reliable software trip
logic was devised and implemented to the
system design. Logics for set point calculation,
comparison and operation bypass were Figure 2. New PSDRS Design with Thermosyphon

developed for the bi-stable logic module design. In the design of the coincidence logic module, voting
logic for 2 out of 4 and channel trip bypass logic were developed.

For the support of the system design work, various computer codes for analysis and design were
developed and improved. An analysis code for steam generator operation stability was developed and
the operation stability of the KALIMER was preliminarily confirmed. Models for turbulence effects
for analysis of a thermal striping phenomenon were comparatively assessed and the direction for the
turbulence model revision was set up. Major revision work was made to the system transient analysis
code LSYS and the basic structure of the revised code LSYS2 that has the features of fast calculation,
numerically stable calculation; easiness of implementing various control logics was developed. The
developed code LSYS2 was applied to the KALIMER system design and dynamic characteristics of
the system design was preliminary evaluated.

2.3 Mechanical Structure Design

The main activities during Phase 2 of the Project for mechanical structure design and analysis are
described. The main features of the mechanical structure design in KALIMER are the seismically
isolated reactor building, the optimal piping layout of the IHTS, the improved reactor support system,
and the thermal load resistible reactor internal structures. The overall configuration of the KALIMER
reactor building, system, and components is shown in Figure 3.
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Figure 3. Arrangement of KALIMER Reactor Building, Systems and Components

As for the reactor internals, a case study for a simple skirt and a detached type of core support
structure has been performed, integrated cylinder type of support barrel and core shield support
structure are conceptually designed, and the design of the inlet pipe has been modified. From the
structural evaluations of the conceptually designed baffle annulus structure subjected to the elevated
temperature for normal operations, the service limits of the stresses, accumulated inelastic strains
during the total service lifetime, and creep-fatigue damages satisfy the ASME design rules for elevated
temperature structures. The improved seismic analysis model is developed for the structural evaluation
of reactor internals. Time history seismic response analysis has been performed for OBE(0.15g) and
SSE(0.3g ). The seismic relative displacement responses of main components and between UIS and
core are calculated and compared with allowable limit.

The seal design of the reactor head considering the components in contact with the reactor head has
been carried out. The design temperature of the reactor head sets as 150°C considering the endurance
temperature limit of seal. The preliminary evaluation results for the reactor head satisfy the maximum
allowable deflection and stress limits. The conceptual design of the refueling system, the rotating plug,
and CRDM are reviewed and the preliminary arrangement and dimensioning for those equipments are
established. The accessibility and maintainability for reactor systems and components are evaluated.
From the improved seismic model of the reactor building and the arrangement of the seismic isolators
(0*1.2m) between the ground and lower basemat in the KALIMER reactor building (W53m x D39m x
H52m), a total of 176 seismic isolators were determined to have seismic isolation functions.

In mechanical design and analysis for KALIMER, main computer programs are ANSYS and
ABAQUS for structural analysis, IDEAS for design and solid modeling. Computer programs such as
NONSTA-OW and NONSTA-VP are developed to perform inelastic stress analyses of the high
temperature structures. Using SAC-CORE program simulating the core seismic behavior, a seismic
analysis model for KALIMER is developed and a seismic response analysis is performed. Buckling
evaluation program of BUCKLE-LOAD is verified based upon the fundamental buckling test results
for a cylindrical shell. Ratcheting tests for a reduced scale cylindrical shell are performed to get
deformation of reactor baffle subjected to repeat high temperature loads. The test results are used in
developing the analysis procedure of ratcheting behavior of some components by ABAQUS program.

2.4 Safety Analysis

For the deveopment of safety analysis technology, the computer codes and methodologies for flow
blockage within an assembly, system-wide transient, containment performance, and HCDA have been



developed. The preliminary safety analyses for key design features of KALIMER also have been
performed.

The system-wide transient and safety analysis code, SSC-K, has been developed by modifying the
SSC-L code which was originally developed by the Brookhaven National Laboratory. The models for
reactivity feedback effects, pool thermal hydraulics including multi-dimensional hot poo] and the
passive residual heat removal system have been developed and implemented into the code. The simple
model for long term cooling of residual heat by the passive system has also been developed. The
models for the reactor protection systems and sodium boiling are now being developed in order to
expand the applicability of the code. Efforts will also be made to verify and validate the safety analysis
code through code-to-code comparison runs.

The preliminary analysis of unprotected events such as UTOP, ULOF and ULOHS has been performed
using SSC-K code and the results for an unprotected transient overpower accident are represented in
Figures 4 and 5. The power reaches the peak of 1.23 times of the rated power at 15 seconds, and
eventually stabilizes at 1.04 times of the rated power after 7 minutes, as shown in Figure 4. The core
mass flow rate is maintained at foil power condition throughout the entire transient. The changes in
reactivity are shown in Figure 5. The net reactivity starts out positive because of the reactivity from
the control rods being removed, but turns downward once the negative reactivity feedback increases
enough to counter positive insertion. The equilibrium temperatures reestablished after the initial phase
of UTOP, where the core remains hotter indefinitely to offset the increased reactivity, limits the
maximum reactivity insertion during the event.
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es
, c

e
n

ja
ct

iv
it

< * •

30-

20-

10-

0-

-10-

-20-

j
I
|

! • . _ _

5.

1 • 1 • 1 ' t

^ inserted

CRDL sodium

- ^ \ ^ ^ ^ ^OODD

axial

1

-

-

^ total

er

^ radial

100 200 30O 400

Time, sec

500 600

Figure 5. Reactivities during a 30 cent
UTOP

The analysis results for the various unprotected events are summarized in Table 2 which shows the
inherent safety characteristics of KALIMER based on passive reactivity feedback, the residual heat
removal system and the pool type reactor. The gas expansion module (GEM) appears to be highly
effective during loss of flow events.

Table 2. Summary of the Preliminary Safety Analysis for KALIMER

Limit
Event
UTOP

Peak core outlet
temperature (°C)
Short
Term
760
556

Long
Term
700

Peak cladding
temperature (°C)
Short
Term
790

Long
Term
704

584 |

Peak coolant
temperature (°C)
Pump

On
1070
579

Pump
1 Off

960

Peak fuel
temperature (°C)

1070

845



ULOF
ULOHS

575
579

313 609
590

568
583

603 791
780

2.5 Experimental Works

The experiment wokrs were carried out maninly for generation of experimental data for system design
compuer code verification and basic sodium technology development.

Several experimental facilities for the code verification were construcetd and they are as follows,
measuring flow characteristics in IIIX
using water
measuirng flow and heat transfer
characteristics in PSDRS (Passive Safety
Decay Heat Removal System) focusing
at the air side as the first step of the
whole experiment plan
measuring the characteristiccs of a coast
down inertia device and its coupling
effects with an electro-magnetic pump

F : Flow Meter
I. : Level Gage
P : Pressure Transducer
i ? \ DP Meter
S : Accelerometer
T : Thermocouple

Also some basic experimental work was
performed for MHD flow, measurement of heat
flux in sodium flow, sodium fire sensing and
sodium-water reaction.

Schematic Diagram of IHX
Experiment Facility

3. R&D Activities for HYPER

Table 3 represents the design parameters of the HYPER core. The minimum required subcriticality of
the HYPER core is set to k-eff=0.98 and the rated power is 1000 MWth. Pb-Bi is used as the coolant
due to its benign chemical characteristic. A proton current of 1 GeV impinges on a Pb-Bi target in the
core center and generates about 29.26 spallation neutrons per proton.

Table 3. Design Parameters
Parameter [unilj

System
- Core Thermal Power [MW]
- Active Core Height [m]
- Effective Core Diameter [m]
- Total Fuel Mass [TRU-KgJ
- System Multiplication Factor
- Accelerator Beam Power [MW]
- Ave. Discharge Burnup [%at]
- Transmutation Capability [Kg/yrj
- Number of Fuel Assemblies
- Ave. Linear Power Density [KW/m|
- Ave. Neutron Energy [keV]
- Ave. Neutron Flux [nVsec-crrr|

Assembly
- Ass. Pitch (cm)

of the HYPER Core
Values

1,000
1.2
3.8

2,961
0.97
~ 6
- 2 5
380
183
13.5
600

6xlO15

19.96



- Flow Tube Outer Surface Flat-
to-Flat Distance (cm)

- Tube Thickness (cm)
- Tube Material
- Rods per Assembly

19.52

0.3556
HT-9
331

Transmutation of the radioactive nuclides, in general, is based on a closed fuel cycle. Consequently,
the related fuel cycle should have a high proliferation-resistance as much as possible. In HYPER, a
simple fuel cycle is assumed, where spent fuels from commercial reactors are processed with a highly
proliferation-resistant pyroprocess such as electro-refining and TRU fuels contaminated with a
significant fraction of lanthanides are burned in the HYPER core. The spent fuel of HYPER is also
recycled after a similar proliferation-resistant processing, where fission products are only removed. It
is believed that the fuel cycle for the HYPER system has a good compatibility with the non-
proliferation issue.

Currently, R&D activities are mainly focused on the core and beam window designs. The HYPER
core adopts a hexagonal type fuel array to render the core compact and to achieve a hard neutron
energy spectrum. Unlike the conventional Na-cooled fast reactor, however, the fuel lattice is quite
open (P/D =1.48) because the maximum coolant velocity is limited to about 2 m/sec. In order to keep
the radial power peaking within the design target value of 1.55, the blanket region is divided into three
TRU enrichment zones. A low TRU fraction fuel is loaded in the innermost zone and a high TRU
fraction fuel in the outermost region. The refueling is to be performed based on the scattered reloading
with 7-8 batches for each zone. Target cycle length is 140 days with about 80% capacity factor. In
order to minimize the reactivity swing of the HYPER core loaded with TRU fuels, two types of
burnable absorbers are under investigation, one is B4C-coated cladding and the other one a mixture of
B4C and ZrH2. Preliminary studies show that B-10 can be effectively used as a burner absorber with a
little compromise of the fuel burnup.

An important research area is the maximization of the spallation neutron multiplication, in other words,
minimization of the proton current. The overall optimization of the core is in progress such that the
source multiplication can be maximized. A Height-to-Diameter ratio optimization reveals that the
source multiplication highly depends on the core height and a relatively high H/D core, e.g., 0.6-0.8,
is much better than the conventional pancake type core in terms of the multiplication of the spallation
neutron source and also the fuel inventory.

A feature of HYPER is the transmutation of Tc-99 and 1-129 in a locally thermalized neutron spectrum.
FP assemblies are loaded in the middle ring of the core in order to make the support ratio of the fission
products similar to that of TRU (4 ~ 5). In the FP target region, metallic Tc-99 is loaded as a plate
form in the periphery and Nal or CaI2 rods are placed in a staggered manner with CaH2 or ZrH2
moderator rods, inside the Tc plate. Are also being considered burning these FPs in the reflector zone.

Either TRU-Zr metal alloy or (TRU-Zr)-Zr dispersion fuel is being considered as a blanket fuel for the
HYPER system. In spite of the successful application of the metal fuel in the conventional LMRs, it is
not easy to control the vaporization of americium nuclides in the fabrication process of an alloy type
fuel rod. In the case of the dispersion fuel, the particles of TRU-Zr metal alloy are dispersed in the Zr
matrix. The cladding material is ferntic-martensitic steel, HT-9. It is expected that the dispersion fuel
will generally withstand significantly higher bumup than the alloy fuel.

The proton beam is delivered into the core central region through a beam tube and the target zone is
separated by a 2mm-thickness window of 9Cr-2WVTa. Related researches are focused on the lifetime



analysis of the window. The target lifetime of window is at least 6 months. Preliminary results indicate
that, as far as the mechanical and thermal integrity is concerned, the window seems to withstand up to
13 mA of I GeV protons when the coolant inlet temperature is 340 °C. Currently, design improvement
arc being performed to increased the maximum allowable proton current on the beam window.

In IIYP1:R, a 3-loop heat transportation is adopted in order to keep the coolant speed below a
maximum value, 2m/sec. The P/D (Pitch-to-Diameter) ratio of the HYPER core is 1.48 and the
corresponding Pb-Bi velocity is about 1.5-1.6 m/s. Instead of wire spacer commonly used for tight
lattice, grid spacers are suitable to ensure proper separation of the fuel rod. Thermal-hydraulic
analyses are being performed with a modified SSC code and CFX. In Phase II of R&D, the research is
tuned to the core thermal hydraulic analysis including the target area.

4. Conclusions

During the three-year preliminary conceptual design phase (1997-1999) of the LMR Design
Technology Development Project, efforts have been made i) to develop computer codes and design
methodologies essential for the conceptual design, ii) to perform basic sodium experiments necessary
for the validation of the computer code models, and iii) to develop the preliminary conceptual design
ofKALIMER.

During Phase 2 of the Project, which will take two years, the conceptual design ofKALIMER will be
finalized through the feedback of safety and performance analysis results to the system design.
Improvements of computer codes and experiments for computer model validation will be performed as
well.

Basic concepts of the HYPER system have been finalized and key technical issues related to TRU-Zr
fuel and Pb-Bi coolant/target have been identified in Phase I. The experiments to solve the key
technical issues will be performed from 2001 to 2003 and the conceptual design will be completed by
2007.
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Nuclear Power Program in Korea

Operating Plants

- First Commercial operation: Kori Unit 1 in 1978

- 11 PWRs and 3 CANDU-PHWRs

- Nuclear Power Share:

25.1% in Total Installed Capacity

34.4% in Total Electricity Generation

XT

Plants Under Construction
- 5 PWRs : Ulchin 4, 5 & 6, Yonggwang 5 & 6

- 1 CANDU-PHWR : Wolsong 4

Plan
- Additional 10 Nuclear Power Plants by 2015

£)? Korea Atomic Energy Research Institute



Nuclear Power Plant Construction Schedule

Capacity (GWe)
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Long-Term Nuclear R&D Program

• 1992: Establishment of Long-Term Nuclear R&D Program ('92-'01)

• 1997: Revision of the Long-Term Program ('97 - '06)

1 Major Goals

- Development of Indigenous Nuclear Power Technology

- Development of Advanced Nuclear Technologies

. Reactor and Nuclear Fuels

. Nuclear Safety

. Radioactive Waste Management

. Radioisotope Applications

. Basic Research

•Financial Support

- Ministry of Science and Technology

- Nuclear R&D Fund : Sales of Electricity from Nuclear Power

Korea Atomic Energy Research Institute



LMR Design Technology Development Project

LMR Project was launched in 1992 as part of the National Nuclear
Long-Term R&D Program

KALIMER Design Concept was established in 1997, along with Development of
Basic Design Methods and Computer Codes

I
1st Phase of LMR Design Technology Development Project started in 1997 -£
with the Goal of Developing LMR Design Technologies for Efficient Use "**

of Energy Resources and Reduction of Nuclear Wastes for Storage '

Basic Design of KALIMER will be completed by 2006

Construction of KALIMER will be considered during mid-2010s

Emphasis on LMR Technology Development Through Design Option Studies

<«]? Korea Atomic Energy Research Institute



Development Project

HYPER Project was launched in 1997 as part of the National Nuclear
Long-Term R&D Program with the Goal of Developing an ADS for the
Safe and Efficient Disposal of the Commercial Spent Nuclear Fuel.

Basic Concept of HYPER and Key Technical Issues have been identified
during Phase I

Core Design Optimization and Some Experiments for the Confirmation of
the Key Technical Issues will be conducted by 2003

Conceptual Design of HYPER will be completed by 2007

/A
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LMR Design Technology Development Schedule

Phase 1 (1997-1999)
Development of Basic Technology

/ Preliminary Conceptual Design

Phase 2 (2000-2001)
Development of Advanced Basic
Technology / Conceptual Design

Phase 3 (2002-2006)
Validation of Basic Technologies

I Basic design

Development of
Conceptual Design

- Design requirements
- Core and System
Configurations

- Preliminary Safety
Analysis

Development of
Computer Codes

Preliminary
Conceptual

Design
Report

Basic Experiments

Establishment of
Conceptual Design

- Design Specification
- Performance Analysis
- Safety Analysis

i

r

Improvement of
Computer Codes

i

r

Experiments for
Model Validation

Conceptual
Design
Report

Basic Design

- Specifications and
Drawings of Major
Components

- Safety Analysis

k

r

Validation of
Computer Codes

i k

r

Experiments for
Code Validation

\

I
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HYPER System Development Schedule

Phase 1 (1997-2000) Phase 2 (2001-2003) Phase 3 (2004-2007)

System Requirements

Subsystem
Configuration Setup

Basic System
Concept

Key Tech. Tests

Key
Tech.
For

Each
Subsys.

Update Integral
System

System Integration

Integrated System
Analysis

Derive
Interface
Problem

Dev. Simulation Codes for
Fuel, Cooling System Code Benchmarking

System Performance
Analysis

Confirm Design
Requirement

Complete Program
Development

Complete
Conceptual

Design

\

-H<07
'98 '99 '00 '01 '02 '03 '04 '05 '06

Jj7 Korea Atomic Energy Research Institute
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KALIMER - Key Design Features

OVERALL
Net Plant Power, Mwe
Core Power, MWt
Gross Plant Efficiency, %
Net Plant Efficiency, %
Reactor
Number of IHTS Loops
Safety Shutdown Heat Removal
Seismic Design Seismic

CORE
Core Configuration
Core Height, mm
Axial Blanket Thickness, mm
Core Diameter, mm
Fuel Form
Feed Fuel TRU Enrichments for
Equilibrium Core, %
Assembly Pitch, mm
Fuel/Blanket Pins per Assembly
Cladding Material
Refueling Interval, months

150
392.2

41.5
38.2

Pool Type
2

PSDRS
Isolation Design

Heterogeneous
1000

0
3373

U-Pu-10% Zr
30.0

161

271 /127
HT9

18

PHTS
Reactor Core I/O Temp., °C
Total PHTS Flow Rate, kg/s
Primary Pump Type
Number of Primary Pumps

IHTS
IHX I/O Temp., °C
IHTS Total Flow Rate, kg/s
IHTS Pump Type
Number of IHXs
Number of SGs

STEAM SYSTEM
Steam Flow Rate, kg/s
Steam Temperature, °C
Steam Pressure, MPa

386.2 / 530.0
2143.1

Electromagnetic
4

339.7/511.0
1803.6

Electromagnetic
4
2

175.5
483.2
15.50
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KALIMER - Conceptual Design of Reactor System

SGACS
PSDRS Stacks (4ea) Unit: mm

Pedestal.

Electric Power
Nuclear Fuel
System Loop
Steam Cycle
Passive Safety

: 150MWe
: Metal Fuel
: 2 Loop
: Superheated Steam
: PSDRS, Metal Fuel

Seismic Isolation Design

I

Korea Atomic Energy Research Institute



KALIMER - Core Design and Analysis

• Development of Conceptual Design for
- Breakeven Core

• Development of Computer Codes for
- Nuclear Design
- Core T/H Design '
- Core Kinetics Analysis
- Fuel Design

• Supplement of Database for the Validation of Computer Codes

Korea Atomic Energy Research Institute



KALIMER - Fuel Assembly

= 8

[IM

Number of Pins/ Assembly

Fuel Type

Smeared Density(%)

Cladding Thickness (mm)
Pin Diameter (mm)

Active Length (mm)

Plenum Length (mm)

Pin Pitch (mm)

Wire Diameter (mm)

Duct Inside Flat-to-Flat (mm)

Duct Wall Thickness (mm)

Gap Distance between Ducts (mm)

Assembly Lattice Pitch (mm)

Assembly Length (mm)

Driver

Fuel

271

U-Pu-lOZr

75

0.55
7.40

1000

1565

8.90

1.40

149.6

3.7

4.0

161

4755.7

Blanket

127

U-lOZr
85

0.55

12.0
1000

1565

13.0

1.10

149.6

3.7-

4.0

161

4755.7

Driver Fuel Assembly Driver Fuel Pin Blanket Pin

0 Korea Atomic Energy Research Institute



KALIMER - Breakeven Core Design

0
*
0
*
(-•3

$

0
0
0

Driver Fuel
Internal Blanket
Radial Blanket
Control Rod
USS
GEM
Reflector
B4C Shield
IVS

Shield

54
24
48

6
1
6

48
54
54

72

Total 367

Thermal Output (MW)
Core Inlet/Outlet Temp.(°C)
Active Core Height (cm)
Core Diameter (cm)

Average Breeding Ratio
Refueling Intervals (month)
Feed Fuel Enrichment (Total TRU) (%)

Burnup Reactivity Swing (pern)
Average Driver Fuel Burnup (MWD/kg)
Peak Fuel Discharge Burnup (MWD/kg)
Peak Linear Power (W/cm)
Peak Neutron Flux (1015 n/cm2.sec)
Sodium Void Reactivity(BOEC/EOEC) (pem)

392.2
386.2/530.0

100
337

1.05
18

30.0

896
87.6
120.7
287.1
3.01

454/723

• considering (DF+IB+RB+GEM) voiding

Korea Atomic Energv Research Institute



KALIMER - Fluid System Design

Conceptual Design of Fluid System
- Revision of System Design Requirements
- Development of NSSS Auxiliary Systems Design Concept

- Design of Containment Dome Cooling System

- Detailed Analysis of the Reactor Pool Characteristics

- Preliminary Analysis of SG Operation Stability

- Design of Plant Operation and Control Logic

- Analysis of System Transient Operation Characteristics in

Representative Cases

Development of Computer Codes

- Setup of an Analysis Model for Later Phase of a Sodium-Water

Reaction Event
- Revision of Performance Analysis Code for Electromagnetic Pump

- Major Revision of the System Performance Analysis Code

Korea Atomic Energy Research Institute



KALIMER - Design of the Containment Cooling System
14m 14m

Open type cooling design and
velocity/temp distribution

Closed type cooling design and 3-
D velocity distribution

I

I

Korea Atomic Energy Research Institute



KALIMER - New PSDRS Design with Thermosyphon

PSDRS with
Thermosyphon

Containment

Condenser
Section

Adiabatic
Section

Evaporator
Section

Insulator

Rx Support
Wall

Containment
Vessel
Reactor
Vessel

Structure of the new design

Rx Suppo
Wall

Thetmosyphon „ , .
r t HeatinoPart Containment

v. Vessel

EJ
Cold Air Hoi Air

fi&°>\J
"I

Insulator

Heat transfer mechanism

5 3

D current design
• "new design

Q rad Qconvt Q total

Improvement of the cooling capacity

00

I
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KALIMER - Mechanical System Design and Analysis

Conceptual Design of Reactor Structure System
- Update of Design Requirements and Structural Design Bases
- Feasibility Evaluation of the Fabrication and In-Service Inspection for

Reactor Vessel, Reactor Head and Reactor Internals
- Thermal Stress Analysis for Reactor Head and IHTS Piping System
- Seismic Response Analysis for Reactor Structures and Seismic Isolation I

System
Development and Improvement of Computer Codes for

- Structural Design and Analysis
- Core Seismic Analysis
- High Temperature Structure Analysis

Tests for Computer Code Verification
- Ratcheting Tests for Reduced Scale Reactor Baffle
- Seismic Buckling Tests for Cylindrical Shell

Korea Atomic Energy Research Institute



KALIMER - Reactor System, Components and Equipments

Arrangement of Reactor System
- Reactor Vessel and Containment
- Reactor Internal Structures
- Core, IHX, Primary EM Pump
- Reactor Support Type
- S/G and Secondary EM Pump Locations

Structural Design

- Check of Structural Interference

- Production of Design Data Such As

Sodium Volume, Structural Weight, and

Mass Center

S/G Containment Dome

RV Support Wall

IHX
EM Pump

Secondary EM Pump

Reactor Core

IHTS
Piping

RVand
Containement

Korea Atomic Energy Research Institute



KALIMER Safety Analysis: SSC-K Code Development

System-wide Transient Analysis Code: SSC-K:

• Pool version of the SSC-L that developed by BNL for CRBRP

• Modified SSC-L version has been used for Joyo, Monju and BN-350 analyses

• A principal tool for the safety analyses of KALIMER design

• New models developed by KAERI for KALIMER:

- Pool thermal hydraulics ^

- 2-dimensional hot pool, pipe breaks *•

- Reactivity feedback for metallic fuel
- Gas expansion module (GEM) and EMP

- PSDRS, long-term cooling

- Protection and control system

• Utilized for computational engine for interactive simulation of KALIMER

Korea Atomic Energy Research Institute



KALIMER Safety Analysis: Two-Dimensional Hot Pool Model

80s 100 s 150 s 200 s 300 s 500 s

Fig. Temperature distribution in the hot pool for UTOP

I
J

Korea Atomic Energy Research Institute



KALIMER Safety Analysis: UTOP

100 200

Time, sec

30-

20-

10-

Fig. Power and Flow during a 30 cent UTOP

-10-

-2a

CRDL

\ ^inserted

sodium

total

^ Doppler

axial radial

o 100 200 300

Time, sec

i
400 500 600

Fig. Reactivities during a 30 cent UTOP
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KALIMER - Experimental Activities (1/2)

Experiments for Verification of Computer Codes
- PSDRS(Passive Safety Decay Heat Removal System)
- Pressure Drop in the Intermediate Heat Exchanger Shell Side
- Performance of the Cost-down Inertia Device of EM Pump

Experiments for Development of the Basic Technology of Sodium
- Thermal Fluid Characteristics of Sodium
- Development of Basic Technology on Measuring and Analyzing
Instruments, and Elemental Devices

Experiments on Safety Characteristics of Sodium
- Sodium Fire Detection and Extinguishment
- Sodium-Water Reaction

Korea Atomic Energy Research Institute



KALIMER - Experimental Activities (2/2)

PSDRS Test Facility

Th*fmoooupt*«ioupt*« x

Section Drawing of
the Test Reactor

Photo-view of IHX Pressure
Drop Test Facility

F :FlowM«ter
L : Levri Gagt
P : Pressun Transducer
JP: DP Meter
S :Acc«l«rom«t»r
T : Thsrmocoupte

Schematic Diagram of IHX
Test Facility
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HYPER - System Configuration

• Beam Window

-TRU-Zr
Fuel

eactor Vessel

System power is 1000 Mwth (-400 Mwe)

Beam power requirement Smaller than -20MW
(lGeV, 20mA)

Fast neutrons are used for the transmutation

TRU-Zr metal or dispersion fuel

Pb-Bi is used for system cooling

3 loops are used for heat transportation

Core coolant is also used as spallation target

\

I

Korea Atomic Energy Research Institute



HYPER - Fuel Cycle Concept

U Natural

Enrichment

UOx
Fabrication

UOx
Irradiation

inLWR

U Depleted

Waste
1-129, Tc-99

SLFP

HYPER
Fuel Fab.

Hlgh-Level Waste

R-Waste
I-129, Tc-99

Pyro-
Process

SLFP

Waste consists of TRU, Uranium, Lanthanide
R-Waste means Recycled Waste

^J? Korea Atomic Energy Research Institute



HYPER - Core Configuration/Characteristics

Low TRU Fuel

Medium TRU Fuel

High TRU Fuel

Buffer Zone

FP Assembly

Safety Zone

Reflector

Shield

• Fast Neutron (Avg. Energy -100 KeV)

• System Subcriticality : k-eff=0.98

• TRU Burning Capability 288 kg/yr

(Support Ratio : 4 ~ 5 )

• Active Core Height/Diameter : 1.6/2.7 m

• Three Emergency Safety Assemblies

• 231 Fuel Assemblies (217 rods/Assembly)

• Three Zone with 7-8 batch

• Cycle Length : 140 days

• Negative Doppler and Void coefficients

• B-10 Burnable Absorber

I

to

Korea Atomic Energy Research Institute



HYPER - Fuel Design

TRU-Zr

NaGap

(TRU-Zr)-Zr

Alloy Type Dispersion Type

TcpW

WngTrte

I

I
FueiEijg

Alloy Dispersion

S? Korea Atomic Energy Research Institute



HYPER - Cooling System Configuration

Accelerator Beam

To Two other Identical
Pb-Bi Loops

From Two other
Identical Pb-Bi Loops

510°C

15523.0 kg/s

340° C

Superheater

| y Steam To Turbine

440° C, 10.25MPa

15523.0 kg/s

! Steam Drum

Feed Water - f= "

219°C, 440kg/s Q

I
941.2kg/s

Recircutation Pump

Reacor Coolant Pump

SSC-H(Super System Code for HYPER) is being developed for cooling analysis

Coolant flow velocity in the core is about 1.5 m/sec

Qgj? Korea Atomic Energy Research Institute



HYPER - Target System

Parameter

Beam Window
- Material
- Structure
- Diameter/thickness(cm)

Beam
- Incoming Beam
- Neutron Production
- Average Neutron Energy

Radiation Damage
- Radioactive Material Production
- Damage
- He production

Thermal Damage
- Static pressure on window
- Maximum Stress on window
- Maximum Temperature in window

Characteristics

9Cr-2WVTa
Cylinder with circular shape end (Single window)
40/0.2

lGeV, 13mA Proton with 35 cm diameter
2.44xlO18/sec
14MeV

5xl05 Ci
76 dpa/yr
3,598appm/yr

16atm
104 MPa
534 °C

Korea Atomic Energy Research Institute



Summary (1/2)

• LMR Design Technology Development Project

Main Products of Preliminary Conceptual Design Phase ('97 - '99):

• KALIMER Preliminary Conceptual Design Report

- Design Requirements

- Core and System Configurations

- Bounding Events Analysis

• Computer Code Systems and Design Methodologies

• Basic Sodium Experimental Results

Conceptual Design Phase COO-'Ol) :

• Establishment of Conceptual Design with Feedback of Safety and

Performance Analysis Results To System Design

• Improvements of Computer Codes

• Experiments for Model Validation

• Development of Detailed Plan for the Next Phase

Korea Atomic Energy Research Institute



Summary (2/2)

•> HYPER System Development Project

Main Products of Conceptual Design Phase ('97 - '00):

• HYPER Preliminary Conceptual Design Report

- Design Requirements

- Core and System Configurations |

- Target System Analysis

- Trade-Off Study Between Metal and Dispersion Fuels |

Establishment of Computer Code Systems and Design Methodologies

- MONO (MCNP+ORIGEN); MCNAP (SNU); (REBUS-3)

- FLUENT, CFX

Korea Atomic Energy Research Institute
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1. NUCLEAR POWER IN RUSSIA

1.1. NUCLEAR POWER OF RUSSIA IN 2000-2001 PERIOD

The number and types of NPP power units in operation in Russia as of May 2001 are

presented in Table 1.

The first criticality of Rostov NPP first power unit with VVER-1000 reactor on 23

February 2001 is an event of special importance, since this is the first nuclear power unit

start-up in the last 8 years in Russia. Reaching of the rated power level of this reactor on

Rostovskaya site will give 4.7% increase in the total NPP power of Russia.

In 2000, 128.87 billion kW-hours of energy was produced by the NPPs in Russia, that

is -107 % of that in the previous year. Last year, electricity production by the Russian NPPs

exceeded for the first time maximum values registered in the Soviet period

(-128 billion kW-hours in 1989).

Load factor (LF) value averaged over all NPPs in 2000 was equal to 69.07 % as

compared to 64.5 % in 1999 (scheduled reactor shutdowns were also taken into account in

LF evaluation by subtracting downtime from the total time of NPP operation.

During 2000, there were 68 cases of abnormal NPP operation including 4 safety-

related events. All these safety related events fell in the first level of international scale INES.

Figs. 1 and 2 show dynamics of abnormal NPP operation events during the previous

8 years including safety related cases classified according to the INES scale.

1.2. PROSPECTS OF NUCLEAR POWER DEVELOPMENT

According to the "Program of Nuclear Power Development in the Russian Federation

for 1998-2005 period and up to 2010", several NPP power units will be constructed.

Three power units will be put into operation until 2005:

- first power unit of Rostov NPP with WER-1000 reactor that got critical on 23

February 2001;

- fifth power unit with RBMK-1000 reactor on Kursk NPP site;

- third power unit with WER-1000 reactor of Kalinin NPP.

The number of power units planned for putting into operation till 2010 is from 7 to 9

their total power being within 6.08-7.72 GW range (including BN-800 reactor power unit on

the BNPP site).

Studies are currently under way on the extension of power unit lifetime by 10 years,

and first of all - for the first generation power units.



Nuclear power relates to high technology area, thus requiring considerable, both

material and intellectual, resources. Therefore, great attention is paid in Russia to

coordination and integration of international efforts in the development of nuclear

technologies.

At the UN Millennium Summit on September 6, 2000, the President of the Russian

Federation Vladimir Putin announced the Initiative on organization within the framework of

international project with IAEA participation development of innovative reactor technology

and nuclear fuel cycle with natural safety eliminating proliferation of nuclear weapons and

providing incineration of plutonium and other long lived radioactive elements.

Establishment of special IAEA group on the innovative nuclear reactors and fuel

cycles aimed at the analysis, choosing and development of advanced nuclear technology is

the first step in this direction. Fast neutron reactor technology is most promising from the

standpoint of meeting imposed requirements. Undoubtedly, new advanced nuclear

technologies will be chosen on the basis of results achieved in the existing technologies.

Therefore, it is important to involve experts from other IAEA working groups including

TWGFR in discussions and examination of advanced options.



Table 1.
List of operating nuclear power units in Russia

(as of May 2001)

N°

1
2
3
4

5
6

7

8
9
10
11

12
13

14

15
16
17
18

19
20
21
22

23
24
25

26
27
28
29

30

NPP

Kola NPP

Novovoronezh NPP

N°of
power
unit

1
2
3
4

NPP
3
4

TOTAL FOR WER-440

Novovoronezh NPP

Balakovo NPP

Kalinin NPP

Rostov NPP

5
NPP

1
2
3
4

NPP
1
2

NPP
1

TOTAL FOR WER-1000

Kursk NPP

Leningrad NPP

Smolensk NPP

1
2
3
4

NPP
1
2
3
4

NPP
1

C
M

 
C

O

NPP

TOTAL FOR RBMK

Biiibino NPP

Beloyarskaya NPP (BN)

TOTAL NUCLEAR POWER

1
2
3
4

NPP

Reactor type

WER-440
WER-440
VVER-440
VVER-440

VVER-440
VVER-440

WER-1000

WER-1000
WER-1000
VVER-1000
WER-1000

WER-1000
WER-1000

VVER-1000

RBMK-1000
RBMK-1000
RBMK-1000

L RBMK-1000

RBMK-1000
RBMK-1000
RBMK-1000
RBMK-1000

RBMK-1000
RBMK-1000
RBMK-1000

EGP-6
EGP-6
EGP-6
EGP-6

BN-600

Year of putting
into operation

1973
1974
1981
1984

1971
1972

1980

1985
1987
1988
1993

1984
1986

2001

1976
1979
1983
1985

1973
1975
1979
1981

1982
1985
1990

1974
1974
1975
1976

1980

Installed electric
power, MW

440
440
440
440
1760
417
417

2594
1000
1834
1000
1000
1000
1000
4000
1000
1000
2000
1000

8000
1000
1000
1000
1000
4000
1000
1000
1000
1000
4000
1000
1000
1000
3000

11000
12
12
12
12
48
600

22242

2. FAST REACTORS: STATE-OF-THE-ART



2.1. FAST REACTORS OPERATION IN 2000

During 2000, three fast reactors were in operation in Russia:

- test reactor BR-10 (IPPE, Obninsk);

- experimental reactor BOR-60 (RIAR, Dimitrovgrad);

- BN-600 prototype reactor (BNPP, Zarechny).

2.1.1. NPP WITH BN-600 REACTOR

From the beginning of 2000 till now, the power unit with the BN-600 reactor has been

operated in the base mode at the rated power using three heat removal loops.

Installed and permitted thermal and electric power of the reactor in 2000 were in

agreement with the design values, namely: 1470 MW and 600 MW respectively.

As it was agreed upon with the power system demands, during this period, as well as

in the previous years, BN-600 power unit was not used for carrying peak loads and

controlling parameters of the grid.

During the winter, in addition to electricity generation, power unit produces heat to

cover needs of both NPP site and Zarechny.

Chart showing the load of the power unit during 2000 is presented in Fig.3.

Table 2 presents the main indices of power unit efficient operation in 2000.

In 2000, electricity production of the power unit was 3859.5 million kW-hours, and

also 342,800 Gkal of heat was supplied to the consumers on-site and in the town.

Load factor (LF) value in 2000 was 73.23%. Change of LF value during the period of power

unit commercial operation, i.e. from 1983, when reactor reached 100% power, is shown in

Fig. 4. LF value reached in 2000 is equal to the average values over the previous period, but

it is iower than the best values shown in 1992 and 1993 (respectively 88.53% and 80.65%)

and somewhat lower than that of previous 1999 (76.43%) because of longer preventive

repairs performed in 2000.

Results of analysis of load factor in 2000 with factors causing its decrease are

presented in Table 3. These data show that the main contribution (23.78%) to LF value

decrease is made by the power unit downtime for preventive repairs which in 2000 took 61

days in the spring (18.03-18.05.2000) and 18.22 days in the autumn (03.11-21.11.2000).

Decrease of LF value caused by necessity of providing local heating of the town in 2000 was

1.67% (during the previous period of power unit operation this parameter was within the

range of -1.5-^1.8%). In 2000, LF decrease caused by unscheduled shutdowns or low-power

operation was 1.12%.

Table 2



Effectiveness of BN-600 reactor power unit operation in 2000

Nos.

1.

2.

3.

4.

5.

6.

Indices

Electricity generation,
million kW-hour

Load factor, %

Duration of reactor
criticality, hours

Time of power unit
operation, hours

Number of power unit
shutdowns

Including unscheduled
shutdowns

Number of unscheduled
loop shutdowns

2000

3859.5

73.23

7089

6820

3

1

1

In quarters

I

1061.3

81.03

1879

1866

1

-

1

II

520.0

39.68

1185

1039

-

-

-

Ill

1254.2

94.67

2178

2143

1

1

-

IV

1024

77.29

1847

1772

1

-

-

As it is shown in Table 2 and Hg. 3 the following shutdowns took place in 2000:

- 2 scheduled power unit shutdowns for preventive repair (Fig. 3, stages 3 and 5):

Downtime - 79.22 days, electricity underproduction - 1253.07 million kW-hr;

- 1 unscheduled loop shutdown (Fig. 3, stage 1V.

On 24.01.00, unscheduled shutdown of No. 4 loop occurred in the course of work

on elimination of defect in the electric circuits of No. 4 turbo-generator protection

system. Underproduction - 12.4 million kW-hr;

- 1 unscheduled power unit shutdown (Fig. 3, stage 4):

On 09.09.00, unscheduled shutdown of the power unit occurred because of

power grid failure with reactor scram system operating by the design algorithm;

downtime - 65 hours, underproduction - 46.47 million kW-hr.

Besides, during 2001, there was unscheduled loop shutdown:

On 30.01.01, unscheduled shutdown of No. 5 loop occurred because of

operation of No.5 turbo-generator relaying system in the course of reactive

power control. Underproduction of electricity caused by the loop shutdown was

32.2 million kW-hr.



Table 3

Analysis of load factor of power unit with BN-600 reactor in 2000

Nos.

1.

2.

3.

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

3.7.

Indices

Electricity production with LF=100%

Actual electricity production

Total underproduction of electricity

including the following contributions:

Preventive repair

Tests of components

Design and technological limitations

Heat supply

Dispatcher's limitations

Low vacuum in the low pressure turbine

Unscheduled shutdowns and defects

Including those caused by personnel faults

Including those because of loop shutdown

Including those because of power unit
shutdown

Power unit No. 3
million kW-hr

5270.40

3859.50

1410.90

1253.07

0

0

87.87

0

11.09

58.87

12.40

12.40

46.47

%
100.0

73.23

26.77

23.78

0

0

1.67

0

0.21

1.12

0.24

0.24

0.88

In both cases of unscheduled loop shutdown mentioned above (on 24.01.00. and

30.01.01), after the cause of its shutdown had been ascertained, the loop was returned into

service by the standard algorithm with power unit in operation after power decrease down to

-33% No and its further increase (upon the loop returning to service) up to the rated level

(Fig. 1, stage 2).

From the beginning of 2000 till now, no violations of safe operation design limits and

conditions have occurred even in the cases of unscheduled power unit and loop shutdowns.

All cases of abnormal operation of the power unit are classified as "off the INES

scale" events, i.e. zero level. No safety system failures have occurred.

Design lifetime of Beloyarsk NPP No.3 power unit (30 years) expires in 2010.

Development of the Program of preparation of the BNPP No.3 power unit with BN-600

reactor for its lifetime extension till 2020 will start in 2001.



2.1.2. EXPERIMENTAL REACTOR BOR-60

In 2000, BOR-60 reactor facility operated at the power levels up to 52 MW. Chart

showing reactor operation during 2000 is presented in Fig. 5.

The principle indices of BOR-60 reactor facility operation in 2000 and from the date of

its start-up are presented in Table 4.

Table 4

Indices

Time of reactor
operation on power
exceeding minimum
controllable level
Reactor availability

Maximum reactor
power
Output:
Heat
Electricity
Steam generator
operation time:
SG-1
SG-2
Heat supply to the
consumers

Unit

h

MW

MW-h

h

Gcal

1 qtr

1342

0.614
47.5

53994
5976

1289
L 1289

24496

2 qtr

1143

0.523
49

50296
6016.8

1104
3054

3 qtr

1976

0.894
48

87065
11594.4

744
1962
3712

4 qtr

1240

0.561
52

61400
8920.8

1235
1235

21237

2000

5701

0.6484
52

252755
32508

3268
5590

52499

From the
start to

31.12.2000r

172677

7168242
1153768.4

102679
57970

516651

During 2000, there were six reactor shutdowns including two unscheduled shutdowns

(one caused by personnel error and the other because of loss of the grid power supply).

In 2000, the following experimental studies were carried out on the reactor:

1. Material studies:

Irradiation of structural materials (WER reactor vessel and ferritic-martensitic

steels) at low temperatures;

Irradiation of samples of zirconium alloys, steels and B4C absorber materials;

2. Tests of fuel subassemblies (SA) with advanced fuel elements:

Mixed fuel (pellets and vipac fuel), including that with high Pu content in the

standard and advanced claddings

3. Build-up of Sr89 and Gd 153 isotopes on the basis of Y2O^ and europium oxide

respectively.

4. Tests of control rods made of refabricated BX.

Design lifetime of BOR-60 reactor was 20 years and expired in 1989.

By now, BOR-60 lifetime has been extended until 2002, and the "Program of

extending lifetime of the components and systems for assuring safe operation of BOR-60
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reactor facility until 2010" has been developed and its fulfillment has started (results of this

Program implementation will be used for extending lifetime of BN reactors).

2.1.3. TEST REACTOR BR-10

In 2000, the BR-10 reactor operated at different power levels up to 6 MW during 3995

hours (in terms of 8 MW rated power it is 116.8 eff. days):

- 81 hours at power level within 1 MW;

- 2107 hours at power level from 1 MW to 6 MW;

1807 hours at power level 6 MW.

Chart showing reactor operation during 2000 is presented in Fig. 6.

During 2000, there were twenty four reactor shutdowns including thirteen scheduled

shutdowns (for preventive repair, reactor refueling and isotope assembly replacement),

eleven unscheduled shutdowns (including 2 cases of reactor scram, 6 cases of shutdown by

low speed safety system and 3 times the reactor was shut down by the operator).

The unscheduled shutdowns took place for the following reasons:

- 4 cases of reactor scram because of the personnel errors;

2 cases of reactor scram as a result of control and measurement system failure;

2 unscheduled shutdowns because of electric system failures

1 unscheduled shutdown because of failure of experimental device;

- 2 cases of reactor scram because of voltage fluctuations in the power grid.

During 2000, there were two cases of the fuel element failures with gas release,

detected by the increase of activity of gaseous fission products in the cover gas of the

primary pumps. No increase of activity of delay neutron predecessors in the coolant was

observed. Subassemblies containing failed fuel elements were unloaded from the reactor.

Maximum fuel burn-up in the uranium mononitride fuel subassemblies was as high as

8.7 % h.a.

Fast neutron fluence (En>0.1 MeV) on the reactor vessel by the end of 2000 was

6.02-1022 n/cm2 (86 % of design value).

The following studies were conducted on the reactor:

- irradiation of 32S, 33S, 35CI and Y2O3 targets for producing 32P, 33P, 35S and 89Sr

isotopes by (n-p) reaction;

- irradiation of ampoules with 235U for producing Mo" isotope by (n-f) reaction;

- irradiation of containers with 124Xe, 126Xe and 130Te for obtaining respectively 1 2 5 I ,
127Xeand131 l;

irradiation of lavsan film by fission products in thermal neutron beam in order to

obtain track membranes with sterilizing properties (diameter of pores is within 0.5

to 5 )im range, their density being from 106 to 109 pores/cm2), which can be used



for the final water purification, separation of form elements from blood plasma

and high selective micro filtering of liquids and gases.

Work on treatment of oncological patients by fast neutron beam was continued on

the BR-10 reactor in co-operation with Medical Radiology Center of the Russian Academy of

Sciences. During 2000, over 40 patients were treated. The total number of patients treated

during 15 years is over 400.

Development of neutron capture therapy has been initiated. This method is used for

treatment of the tumors that cannot be healed in any other way. As a result of these efforts,

clinical tests of neutron capture based intensification method of remote neutron therapy were

started in 2000 for the first time in Russia.

Last year, the primary cold trap was replaced upon expiration of its lifetime.

In the 4th quarter of 2000, Commission of the RF Minatom completed inspection of

the BR-10 reactor facility to evaluate the possibility of its further operation. Based on the

Commission's conclusion, decision has been approved on continuing the BR-10 test reactor

operation at 6 MWth power level up to December 31, 2002.

Now preparatory work is under way for the BR-10 reactor decommissioning.

2.2. CURRENT STATUS OF THE BN-800 REACTOR NPP
CONSTRUCTION

According to the "Program of Nuclear Power Development in the Russian Federation

for 1998-2005 period and up to 2010", construction of the power unit with the BN-800 reactor

is to be completed by 2010 on BNPP site.

Certain funds have been allocated in this year for construction work on site.

Local administration renders its support to the construction of the BNPP 4th power

unit.

Currently, modification of the BN-800 reactor design is carried out in order to

decrease its cost.

2.3. PARTICIPATION IN THE WORK ON THE BN-350 REACTOR
DECOMMISSIONING

Now the work on the BN-350 reactor decommissioning is going on in the Republic of

Kazakhstan. This NPP was constructed in the past with the joint efforts of many

organizations and plants of the USSR. Therefore it would be reasonable to involve into this

work organizations of the Russian Federation which participated at that time in its design

development, construction and operation support (SSC RF IPPE, OKBM, VNIPIET, etc.).



Specialists of these organizations now take part in the development of basic design

of the BN-350 reactor decommissioning.

2.4. BASIC AREAS OF DESIGN STUDIES ON FAST REACTORS

In the field of fast reactors, the main studies currently performed in Russia are as

follows:

• development of hybrid core design for the BN-600 reactor;

• justification of lifetime extension for the reactors now in operation (BR-10, BOR-

60 and BN-600);

• studies on the advanced, high safety fast reactor designs, including the following

items:

- organization of development of concept of the large size sodium cooled

fast reactor (about 1600 MWe power) assuring high safety level;

development of high safety fast reactor designs with alternative coolants.

Lead is studied as one of the alternative coolants for fast reactors.

Development of basic design of lead cooled BREST-300 demonstration fast reactor

with closed fuel cycle facilities located on the reactor site and its experimental justification

are currently carried out in Russia. Also, design studies are performed on the large size

reactor BREST-1200.

BNPP is considered as a candidate site for BREST-300 reactor construction.

Along with justification of the hybrid core design of the BN-600 reactor with partial

MOX fuel loading, now preparation is going on for development of 100% MOX fuel core

design for this reactor.

The following two technologies are studied as applied to MOX fuel element

fabrication:

- traditional method of pellet fuel fabrication;

- vibropacked fuel technology developed at the RIAR.

Irradiation of experimental MOX fuel subassemblies (with both pellet and vipac fuel)

is planned to be carried out in the BN-600 reactor.

2.5. ACCELERATOR DRIVEN SYSTEMS

In Russia, several research institutes are involved in the studies and development of

accelerator driven systems (ADS), namely: Institute of Theoretical and Experimental Physics

(ITEF), Institute for Physics and Power Engineering (IPPE), All-Russian Scientific Research

Institute of Experimental Physics (VNIIEF), Joint Institute of Nuclear Research (JINR),



Institute of Nuclear Energy (IAE), Institute of Nuclear Research of the Russian Academy of

Sciences (INR RAS), Experimental Design Bureau GIDROPRESS (OKB GP), Petersburg

Nuclear Physics Institute (PNPi), etc.

These studies are now mainly on the level of theoretical research, accumulation of

experimental data for justification of physical processes in ADS and design studies on ADS

elements and subsystems. The final goal of this work that will be achieved on the next stage

is to create demonstration accelerator driven plant.

The following activities related directly to the studies on characteristics of blankets

and targets are planned or fulfilled in this area:

1. Experimental studies of accelerator driven system parameters:

• High precision measurements of neutronics and kinetics parameters of subcritical

multiplication systems driven by pulsed neutron D-T generator - to be carried out

on zero-power reactor MAKET (ITEF);

• Studies on parameters of fast/thermal sectionalized blankets on BFS-1 facility

and induction accelerator (IPPE);

• Experimental studies of mechanisms of nuclear reactions with proton and neutron

energy up to 30 MeV using EGP-15 accelerator (iPPE);

• Studies on the JINR accelerators of electric nuclear processes in the thick and

thin targets of heavy elements irradiated by protons and ions with energy ranging

from several hundreds of MeV to 9 GeV per nucleon;

• Studies on neutronics, kinetic and dynamic parameters of ABV-F facility with

double-cascade fast/thermal blanket and electronic linear accelerator LU-50

(VNIIEF);

• Studies on parameters of transuranium elements fission in the proton and

neutron beams using PNPI synchrocyclotron and reactor, as well as fast neutron

pulse reactor lBR-30 (JINR);

• Studies on fluctuations of neutron multiplication coefficient Keff in the lattices of

IBR-30 reactor driven by the electron accelerator (JINR);

2. Analytical studies and computer code development:

• Development of nuclear data library for evaluation of blanket neutronics and

coolant radiation characteristics for energy in 150-300 MeV range;

• Development of codes for ADS neutronics and thermohydraulics analysis;

• Development of computer codes for studying neutron yield and spectra in targets

of various structure and configuration irradiated by protons and ions of energy up

to several GeV.

3. Optimization of design approaches and experimental model tests:



• Development of key elements of demonstration accelerator driven system

including Pb-Bi liquid metal target;

• Studies on thermohydraulics and physical chemistry of molten Pb-Bi and Pb and

issues of mass transfer and corrosion of materials in heavy liquid metal coolants

(IPPE);

• Studies on natural flow thermohydraulics of heavy liquid metal coolant (IPPE);

• Development of the concept of subcritical cascade molten salt reactor in the

closed nuclear fuel cycle (IAE).

Russian specialists are actively participating in the international co-operation on the

ADS issues.

Some studies in this area have been performed within the framework of projects

using foreign funding provided through the International Science and Technology Center

(ISTC). The following activities performed with the IPPE participation should be mentioned:

Designing, manufacturing and "pre-beam" testing of target complex MK-1

intended for its further operation with 800 kW proton beam of LANL accelerator

(U.S.A.);

Development in co-operation with OKB GP of conceptual design of target

complex to be coupled with 200 kW proton beam under the contract with MES

Co, LTD (Japan);

Participation in analytical and experimental justification of design of

demonstration accelerator driven system EAP-80 designed by Ansaldo (Italy).

Protocol on co-operation with SCK-CEN research center (Belgium) on MYRRHA

accelerator driven system designed by SCK-CEN has been signed by the SSC RF IPPE.

As regards heavy liquid metal coolant technology as applied for ADS application, it

should be noted that the experience on studies on heavy metal coolants for over 40 years

has been gained in Russia (by the SSC RF IPPE), as well as unique experience on

designing, constructing and operating nuclear power plants with lead-bismuth coolant. Also,

necessary experimental basis is available (critical facilities, material test facilities and

thermohydraulic rigs). This experience can be applied to considerable extent to the area of

development of accelerator driven systems with heavy liquid metal coolant using

experimental basis available. In this area, there is good co-operation of SSC RF IPPE with

the research centers in France, Japan, Germany, South Korea and the LJ.S.A on the issues

of heavy metal coolant technology, justification of structural materials corrosion resistance

and optimization of thermohydraulic characteristics of the circuits of facilities and their

operating modes, as applied to the operating conditions of accelerator driven systems

designed in these countries.



Fig. 1. Change of frequency of NPP abnormal operation
events in Russia during 1993-2000 period
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Fig. 2. Change of frequency erf safety related abnormal
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Quarter 1 Quarter 2 Quarter 3 Quarter 4

Fig. 3. Cartogram of No 3 power unit operation in 2000

1-decrease of reactor power because of shutdown of No 4 loop in the process of

scheduled inspection of technological safety system

2- decrease of reactor power upon permission for putting No 4 loop into operation

3- scheduled shutdown of power unit for preventive maintenance

4- power unit shutdown caused by the grid accident

5- scheduled shutdown of power unit for preventive maintenance

* SPM - scheduled preventive maintenance
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Fig. 4. Load factor changes during BN-600 power unit operation
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ANNEX XIII

Sweden



"Accelerator-driven Transmutation
Projects in Sweden

i

in a European Perspective" f

Waclaw Gudowski in collaboration with
J. Wallenius, K. Tucek, M. Ericsson, J. Carlsson and J. Cetnar

Royal Institute of Technology
Stockholm, Sweden

X

en
en

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Program

"

Nuclear Power in Sweden
Swedish Incentives for ADS
ADS activities at RIT and Sweden

- Conceptual design of Sing-Sing core (heavily "poisoned
nitride fueled ADS)

- Development of nitride fuel (in a EU-frame) I
- transients of ADS «>
- Managing nuclear data and stimulating development of ATW- |

dedicated data libraries
- Development of Monte-Carlo burnup
- Design of RVACS for ADS

Projects in 4th Framework Programme of European Union
5 th Framework Programme of EU
Experiments related to ADS

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Nuclear Power in Sweden
X^-1 \rcxc Oman

V'fJnrth Europe
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TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Nuclear Power in Sweden
TWh
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Fuel Consumption for Different Nuclear
Power Scenarios Sweden & USA

Operation up to and included 2010

Operation 25 years of all reactors

Operation 40 years of all reactors

2010
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6530

0890

54890 + 2 500 DOE
I

t
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\

70 000 at voar 2020

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Radioactive waste
from NPP

CLAB 1F

Central storage
for spent fuel

1985-2040
T

Encupsulation plant
for spent fuel

2007-2011
2020-2040

Swedish Nuclear Fuel Cycle

Accelerator-Driven System
-juacluding.sDmaform.Qfi P/T
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tot eneaps lud loi lon«>li\evl h»'\ |
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''(Pi) :042

SFR1

Repositoi-y for
operational

wastes
1988-2012

SFR2;

Repository for
decommis. waste

2012-2022

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Future costs of the radioactive waste handling for
the different alternatives (MSEK)

n \\\
rncapsulalion plant

Deep Reposiioi> - Aho\e
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Deep Repository - Spent
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1 mal Repository lor
OpcicitiiiL* tiiul Deiomru
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(TOTAL

(1$ -9.5 - 10 SEK.)

Operation
throu^2010

^5586 "

7908

6957

8661

780

779

30671

25 years of
operation

5143

6880

6433

7508

748

891

27603

I 40 years of
operation

6360

9658

7486

10662

934

920

36020 :
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Swedish law says:

^ t i n g e n för utarbeta konstruktionsritmngar, beräkna kostnader, beställa utrustning eller vidta andra sådana
«wperedande åtgärder i syfte att mom landet uppföra en kärnkraftsreaktor. Lag 1987:3. {Se vid 5 §.}

1
-Cg§§ Till böter eîîcr fängelse i högst två är döms den som

|. bedriver kärnteknisk verksamhet utan tillstånd enligt 5 § eller bryter moi 6 §. eller >
*2. åsidosätter villkor elfer föreskrifter som meddelats med stöd av derma lag. |

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Radiotoxic inventory of spent
Light Water Reactor fuel

100
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*^ t l lNsRadiotoxic inventory [Sv/g]
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\ \

\ Uranium in nature j w ^

\ ^
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10' 102

Specific radiotoxic inventory of spent

LWR fuel in the repository is dominated
by transuranic elements (TRU).

The fission product (FP) contribution to the
radiotoxic inventory vanishes with

decay of Sr-90 and Cs-137.

Equilibrium radiotoxic inventory of
uranium in nature ** 20 mSv/g.

t [year] 300 000 years of storage required
j Q6 for spent fuel to return to

"natural" inventory"



Radiotoxic inventory of spent
Light Water Reactor fuel
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—7|\ Why sub-criHcality?

Pu may be recycled indefinitely in fast critical reactors

Am lacks Doppler feedback, increases void coefficient

Am fraction in (fast) critical reactors limited to < 5%

Excess Am & Cm must be burned in "dedicated" cores

No Doppler feedback & small [3eff requires sub-criticality



Accelerator Driven Systems

Proton accelerator: 20 -40MW LINAC

Spoliation target: Liquid PbBi (25 n/p)

Core power: 800 MW

Sub-criticality: k < 0.97

Coolant:

Fuel:

Liquid PbBi or He gas

(Pu,MA) oxide or nitride



MA

The double strata approach

About 30% of electricity
produced in the nuclear park
provided by transmutation,

less than 8% by ADS

However

Additional MA production in FR
High rate of He production

(Equal to that of Xe)

Very high rate of (a,n) reactions
in irradiated ADS fuel



f 1* ^ i £ A Swedish scenario for
Pu & Am transmutationt

30 GWth 300 ton
spent fuel

2.3 ton Pu
Oxide reprocessing

TRU losses: 0 .1%

1.8 ton Pu 0.3 ton Am

12 ton TRU Nitride reprocessing

TRU losses: 0 .1%

7 GWth

4 kg TRU

12tonFP

12 kg TRU

2.1 tonFP



—-£~ Secondary waste stream

M
TRU losses: a

Reprocessing &

Fuel fabrication

aM

i
M(l-a)

Burnup: T)

Total loss fraction: L/M = 2 a(l-a)n(l-ri)n ^ a/r]

s
I



j£ Consequenses of performing
/ j \ partitioning & transmutation

Losses of Pu in PUREX process: 0 .1% mature technology
Losses of Am & Cm at each recycle 0.1 % goal

LWR and FR plutonium burnup 20% proven for (U,Pu)O2

ADS core averaged Am & Cm burnup 20% goal

Secondary waste stream: 0.5% goal
Radiotoxic inventory reduction factor: 100 - 150

Time required for P& T waste stream to reach radiotoxic inventory of
uranium in nature depends on character of process waste.

Storage times of a few thousand years appear feasible.



Economic consequenses of
partitioning and transmutation

Spent fuel separation combined with TRU fuel fabrication
~ 10 times more expensive than LWR fuel cost (per kg)

Cost of electricity from Fast Reactor: 1.8 x LWR cost °
Cost of electricity from ADS: 1.4 x FR cost

Cost of nuclear generated electricity in

Double Strata scheme: 1.26 x LWR only cost
Two-component scheme: 1.30 x LWR only cost

Break-even electricity price: ~ 25 6re/kWh



Problematic issues related to
introduction of ADS

Double strata approach

Gas production in fuel doubled due to a-decay of Cm-242
Cm-244 fraction in TRU fuel increases up to 10% *

No existing fabrication facility handles more than 5 g of Cm-244 £
<

Two-component approach

High reactivity loss as fissile Pu is burnt away:
Beam power increase by factor of 4 for 10% burnup

No Doppler: dumping of full beam margin at BOL results in fuel failure



Sing Sing Core (SSC) concept
Use of burnable absorbers:
- Boron carbide was chosen as a reference material especially due

to the good thermal and irradiation stability in fast spectrum.
- The burnability of boron is superior in comparison to other

candidates (Hf, Eu).
- The purpose of boron carbide (enriched up to 90% in order to -^

avoid moderation on nB) in the system is: *•
• it mitigates reactivity loss due to the bumout of fissile plutonium nuclides,
• effectively suppresses capture rates of slow-downed neutrons in minor

actinides, limiting thus production of helium source term in fuel pins
(242Cm, 238Pu),

• dilutes highly reactive fuel enabling to achieve flat power distribution
similar to that attainable in critical systems.

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Nitride fuel and Pb/Bi coolant

Nitrides offer good combination of thermal
stability together with high thermal conductivity
and heavy-metal density allowing a factor of
two higher linear power ratings than those
typical for oxides and metallic cores.

Pb/B eutectics has been adopted as a coolant
material. Pb/Bi has low chemically activity with
outer environments (water) excluding possibility
for fire or explosions

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kttrchatov, Kazakhstan, 14-18 May 2001



Disadvantages of Pb/Bi coolant

Thermal physical properties of Pb/Bi are inferior to those of
sodium - 30% lower mass flow, and significantly lower heat
transfer coefficients - eventuating in high pitch-to-diameter
ratios and temperature gradients in-between outer cladding and
coolant bulk.

Pb/Bi eutectics is also highly corrosive in the contact with
cladding and structural materials at higher temperatures. This
drawback can be to some extent (for temperatures lower than
625°C and velocities less than 3.0 m/s) mitigated by the on-line
control of oxygen content in the coolant. Steel specially
designed for use in Russian Pb/Bi cooled reactors was chosen as
a material for cladding and structural components.

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kwchatov, Kazakhstan, 14 - 18 May 2001



"Ranking" of target technologies

Pb-Bi

Pb

Na-cooled
tungsten

He-cooled
tungsten

Hg

Nuclear

Most favourable
neutronics with a
compact target

Favourable neutronics
with a larger than Pb-
Bi target

Less favourable
neutronics

Favourable neutronics
but larger target

Favourable neutronics
with fast spectrum

Thermal

Good heat transfer,
direct energy
deposition in Pb-Bi

High melting point
results in larger
target

Highest heat
transfer

Low heat transfer

Liquid at room
temperature

Structural

Very corrosive, requires
oxygen control and/or
special alloys.

Window challengies

Very corrosive, requires
oxygen control and/or
special alloys. Window
challengies

Spallation effects on
corrosion

Requires high pressure
for cooling

Moderately corrosive,
synergy with SNS/ESS
projects

Chemistry & Waste form

Pb-Bi recycling after retargetting.
Po - problems

Probably non-compatibility with
Na-cooling (exothermic reactions -
forget Na- cooling ??)

Pb recycling after retargetting.

Much lower Po-production (3 order
of magnitude)

Less serious non-compatibility with
Na-cooling

Tungsten waste (high
radiotoxicity). Highly reactive with
water and air.

Tungsten waste.

Very hazardeous chemically but
recycling after retargetting.
Compatibility with Pb and Pb/Bi??

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



"Ranking" of coolant technologies:
___ (for fast spectrum systems)

Coolant

Pb-Bi

Very limited western
experience

Pb

Very limited western
experience

Na

Considerable
western experiences

Helium

Only paper studies
for fast spectrum

Nuclear

Most favourable
neutronics.

Favourable
neutronics with a
larger than Pb-Bi
target

Less favourable
neutronics

Good neutronics

Thermal

Good heat
transfer.

High melting
point but good
heat transfer.

Lower working
temperature range

Highest heat
transfer

Low heat transfer

Structural

Very corrosive, requires
oxygen control and/or
special alloys. Fuel
compatibilty problems.

Very corrosive, requires
oxygen control and/or
special alloys. Fuel
compatibilty problems.

Liquid metal
embrittlement (under
control)

Requires high pressure
for cooling

Chemistry & Waste
form

Mixed waste but deeply
recyclable!!

Po-problems.

Mixed waste but deeply
recyclable!!

Highly reactive with water and
air. Accelartor beam presence
makes this problem even more
serious. Final disposal issues.

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Sing-Sing Core

The system design refers to a
scenario of ADS start-up and
introduction into the nuclear
reactor parks (first cycle strategy),
assuming therefore the
composition of TRU vector being
that of unrecycled PWR spent fuel
(burnup 40 GWd/tHM) after 30
years of decay.

I

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Sing-Sing Core

84 hexagonal fuel assemblies with duct flat-to-flat distances of 22.0 cm
are configured in four fuel zones containing variable concentrations of
TRU together with depleted uranium (yellow zones) and boron carbide
(blue zones). Technetium pins are present in zone two, sub-assemblies in
the outermost zone indicates steel reflector. The first two fuel zones are
conceived as a multiplication buffer of spallation neutrons while outer
fuel zones containing burnable absorber pins serve to transmutation
purposes.

-P
0O

I
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Sing-Sing Core -parameters
Reactor power [MWt]
k-eigenvalue at BOL
Target outer radius [cm]

1. Sub-assembly design
Pitch-to-diameter ratio (zone I/zone 2-4)
Fuel pins in S/A (zone 1/2/3/4)
Absorber pins in S/A (zone 1/2/3/4)
Technetium pins in S/A (zone 1/2/3/4)

2. Neutronic characteristics
Coolant void worth [pcm]
Doppler constant [pcm]
Delayed neutron fraction [pcm]
Effective delayed neutron fraction [pcm]

3. Burnup parameters
Cycle length [days]
Reactivity loss [pcm/cycle]
Average net TRU consumption [%h.a.]
Peak net TRU consumption [%h.a.]
Target power (BOL/EOL) [MW]
Radial power peaking in zone 1 (BOL/EOL)
Average linear power [kW/m]
Peak linear power [kW/m]

1200
0.972
24.9

1.950/1.785
331/317/251/319
0/0/146/78
0/80/0/0

3500
-13
270
160

300
5600
8.7
11.5
20.5/75.1
1.08/1.70
48
80

1
-G
Oo
a
|
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Sing-Sing Fuel

The fuel pin and pellet design is similar to that of CAPRA reactor
assuming 15% fuel porosity allowing release of all produced helium
and fission gases into the plenum. The pitch-to-diameter ratios in core
zones were optimized accounting for increasing power peaking during
burnup. After 300 days, the maximum linear rating of 80 kW/m is
attained in zone 1 when burnup of SSC has to be interrupted due to the
limitation in maximum cladding temperatures. A significant
improvement of fission-to-absorption probabilities on even neutron
nuclides in zones 3-4 is manifested by their 2.5-fold increase for 241Am
in comparison to the CAPRA and Energy Amplifier figures, reducing
such an equilibrium amount of He-producing nuclides (242Cm) in the
fuel.

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Sing-Sing Fuel

The introduction of boron carbide into the core yields adverse effects
on core safety parameters, particularly fuel temperature and coolant
void coefficients. Due to the extremely hard neutron spectrum, the
Doppler coefficient virtually disappears as hardly any neutrons reach
the resonances. With respect to the core voiding reactivity being +3500
pcm, the initial level of sub-criticality should actually be set below
keff=0.965, while a value of 0.972, corresponding to the target thermal
power of 20 MW, has been used for preconceptual design. The burnup
calculations have been accomplished by the MCB (Monte Carlo
Burnup) code, irradiating the fuel for 300 days at the constant thermal
power of 1200 MWt. The reactivity loss of 5600 pcm has to be
compensated by an increase of accelerator power from 20 to 75 MW.

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Burnable absorbers and source
multiplication

A disadvantage of introducing absorbers into accelerator driven
systems is larger capture probability of spallation source neutrons,
having consequently adverse effect on source efficiency. The source
efficiency can be also influenced by target dimensions (diameter) or a
choice of a diluent material and fuel matrix.
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241 Am fission probability

0.7

0.6

0.5

241Am fission probability

0.2

0.1
W

0.0 0.2

10 B enrichment

0.4 0.6 0.8 1.<

0.68

0.66

64

0.62

0.60

241
Am fission probability

Pitch to diameter ratio (b)

1.3 1.5 1.7

The probability of direct fission of 241Am as function of (a) 10B
enrichment in B4C pins and (b) pin pitch-to-diameter ratios.
Sodium (red point) yields slightly harder spectrum than Pb/Bi.
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Profiles of the Pb/Bi coolant channel of the SSC

Temperature Velocity

PROSTAR3.10

13-Jan-OO
TEMPERATURE
ABSOLUTE
KELVIN
ITER- 22100
LOCAL MX- 859.0
LOCAL MN- 573.0

8S3.0
838.6
818.2
797.7
777.3
756.9
736.4
716.0
695.6
675.1
654.7
634.3
613.9
593.4
573.0

STA'FT*

PROSTAR3.10

1B-Jan-00
COMPONENT W
M/S
ITER= 22100
LOCAL MX= 2.968
LOCAL M N - 0.0O00E-

2.988
2.775
2.561
2.348
2.135
1.921
1.708
1494
1.281
1.067

0.6538
0.6404
0.4269
0.2135
O.OOOOE.OO

Y

Results:
A linear rating of 75kW/m per fuel pin can be cooled.

• A relatively strong radial temperature profile in the coolant channel with
Pb/Bi temperatures in the centre 80K below those near the fuel cladding.
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Development of Monte-Carlo burnup

EQUILIBRIUM CALCULATION
(no explicit time behaviour)
Monte-Carlo simulations

High and Medium Energy
Particle Transport Monte
Carlo Codes for Spallation
Calculation

Low Energy Particle
Transport Monte Carlo
Codes for Neutronics
Calculation

TIME-DEPENDENT CALCULATION.
Deterministic methods

Long-Time Neutronics
Calculations. Burnup and

Short-Time Neutronics Decay Calculation using
Calculations. Kinetics and Deterministic Codes.
Dynamics Calculation using Discharged Fuel
Deterministic Codes Radiotoxicity Calculation

•FLUKA

•LAHET

•HETC

• FRITIOF +
DUBNA-CE

• MCNP4C

• MORSE

- • etc

• Simmer

• SASSYS-
DIF3DK

• Cinder, Citation

• Mutations of
Origen
(KORIGEN),
ScaleV

LAHET + MCNP -> MCNPX MCNP + Burnup (TTA) -> MCB

Under preparations: MCNPX + Burnup (TTA) -> MCBX
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Monte-Carlo Continuous Energy
Burnup (MCB) Code

Features. An extension of MCNP capabilities to calculate
transmutations of nuclides and nuclide density evolution with time
through the integration with the transmutation trajectory analysis
(TTA) code that is based on Bateman's equations solutions. The \
method makes an usage of the analytical solution of the Bateman's ^
equations to calculate transmutation passages from nuclide to nuclide ,
over possible trajectories that are obtained in the resolving process of
the nonlinear transmutation chain.
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MCNP

EXEMS

IMCN

XACT

STEPRUN

PASS1

SETDAS

RDPROB

STUFF

FASTD

GETXST

SETPROC

DENPRO

SETRCT

SAVE

PREPARE

TPEFIL

MCRUN

PROCEED \-

SUMBP

CKCMR

MCB code

IXSDIR

RHODEN

EXPUNG

Initialization

RESETS J
RESTORE

SETKOT

ACETOTB

RATES

HEATR

SUMMARY

HEATING

PASSAGE

I

SETCON

STEPDEN

SETMIX

SAVE

RESTORE

FLRATES

MATPROC

J-L FLOW

Burnup
steps

I
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Cross Section and Data Library

Cross Section and Data Library consist of
- Continuous energy transport and dosimetric cross section library for MCNP

transport calculations which are also used for reaction rate calculations for
the TTA modules. Temperature dependent data based on ENDFB/6.5 and
6.6, JENDL3.2, JEF 2.2 (30096009900?1200?1500?1800 K)

- Transmutation data from EAF3.1 (Temperature dependent)

- Data library for energy up to 150 MeV - updated LANL-file - over 50
isotopes including Th, U, Pu

- Decay data file and radiotoxicity data containing the list of over 2400 ("The
Table of Isotopes 8E" and Basic Safety Standards of IAEA)

- Energy dependent fission product yield file for actinides.
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Energy dependent fission product yield file for actinides
Collaboration with Grashin et al.
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Benchmarking of MCB - IAEA benchmark

0.99

0.98

0.97 -

0.96 -

0.95 -

0.94 -

0.93 -

k-eff (t=0) ~ 0.98

0.92

-IPPE,
diffusion

-PSI,
JEF2.2

-ENEA

•JAERI

-KTH-MCB
JEF

-KTH-MCB
JENDL

•IRPCP,
diffusion

•PSI,
JENDL 3.2

FZK

•CEA-Cad.

CERN-Ksrc

•KTH-MCB
ENDFB

i
o
O

Days
TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



IAEA-benchmark participants
Table I. Participants of the benchmark - stage 1, tools and figure designation.
Participants
IPPE

IPPE

PSI

PSI

ENEA

CEA-Cadarache

FZK

NRG

JAERI

IRPCP-Sosny

KTH
KTH
KTH
KTH
KTH
KAERI
CERN

CERN
CERN
CERN

Codes
Diffusion code

Monte Carlo

Monte Carlo

Data basis Figure designation

JEF-2.2

JENDL-3.3 X-

—0-

MCB
MCB

MCB

MCB

MCNP/ORIGEN
MCNP/ORIGEN

EA

JEF-2.2
JENDL-3.2

ENDFB6.5

ENDFB6.5+DN

JEF-2.2

JENDL-3.2

ENDFB6

JAR

—o—

m
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Benchmarking of MCB - IAEA benchmark
0.99

0.98

0.97 -

0.96 -

0.95 -

0.94 -

0.93 -

0.92

k-eff (t=0) - 0.98

•KTH-MCB
JEF

•KTH-MCB
ENDFB

KTH-MCB
JENDL

Days
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IAEA benchmark - source multiplication

k-eff!(t=O)~ 0.9(3

-B-IPPE,
diffusion

IRPCP,
diffusion

JEF 2.2

•ENEA

• CEA-Cadarache

•KTH-MCB,
JEF

JENDL3.2

-&-JAERI

- © - KTH - ORIGEN
ENDFB/JEF

- + - KTH - MCB
JENDL

r£> <•.£>

Days
TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kwchatov, Kazakhstan, 14 - 18 May 2001



IAEA benchmark - Pa-effect

Protactinium effect - k-eff=0,94; 0,96; 0,98

2500

2000

1500

1000

500-I

0 -

• k-eff^0,94

• k-eff=0,96

Dk-eff=0,98
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TRANSIENTS OF ADS
SAS-DIF3DK

1.15 Critical system
Subcritical system, initial k_eff=0.9995
Subcritical system, initial k_eff=0.995

"Subcritical system, initial k_eff=0.95
[3=0.0020

A=1*1CT6s

Ap=+0.1 $

H-H-H—i i i ii mi—i i i i inn -—i i 11 IIin—'

1.00
1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03

Log time [s]

Transient response of an ADS subject to a reactivity insertion of 10 cents.
Notice the very small response in the deeply subcritical system (keff=0.95).

s
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Accident analysis of ADS

.2
• r—i

O

O

o

0.10

0.08

0.06

0.04

0.02

0.00

1E-02

Decay heat following
beam shut-off

i i i 1 1 1 1 1 i i 1 1 1 1 1

1E-01 1E+00 1E+01
Log time [s]
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Total reactor power of SSC following beam shut-off
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Accident analysis of ADS

LOO

0.80

•B 0.60
• P -H

2 0.40

0.20

0.00

Beam on (Unprotected LOF)

Beam off (Protected LOF)

-30% flow in ULOF (equilibrium condition)

i i i i i i t i i i i i i i t I i i i i i i i i I i i i i i i t

0.1 1.0 10.0
Log time [s]

100.0 1000.0
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Design of RVACS for ADS

Efficiency of decay heat removal from a reactor vessel by natural air
circulation and decay heat removal during Loss-of-Heat-Sink (LOHS)
accidents for two different sizes of ADSs, i.e. 80MWth and 800MWth .

Collaboration with Ispra & FZK

PR0STAR3 10

25-NIW-93
CCMPOfCMTV.1

TME - S.?33DD
ICCAIMX- J633
LCCALMM-

2.033
t.MS

COM
1.8S1

1.1C1
DS4O5

Validation of a numerical model
The temperature profile at outlet of the
PASCO channel calculated with
STAR-CD

Pasco test channel at FZK - Karlsruhe

\

o

I
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Design of RVACS for ADS

•PR'

ES-Nnw-33
TEMPERATURE

KELVIN
HER - 203
LOCAL MX. 42W
LOCAL MN- saao

The velocity profile at channel
outlet calculated with STAR-CD
using the heat transfer correlation
ofANL

Conclusions from the Validation Calculation
The comparison of the STAR-CD calculations with the Pasco
results has two important aspects. First the STAR-CD code
can properly simulate this experiment with its detailed two -
layer model for the mass and heat transfer in the
hydrodynamic and heat transfer boundary layers. However, for
the practical application of a CFD code such as STAR-CD, it
is of key importance to use coarse meshes together with
appropriate heat transfer correlations. The ANL correlation
showed very good agreement with the PASCO experiment,
which is not surprising since it was developed for natural air
circulation at high temperatures within the ALMR program.
The heat and mass flow was overpredicted by 1.5% compared
to the PASCO experiment.

n
o
I
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Design of RVACS for ADS
Secondary cooiaril For

UnM power
atim

. i "~i Argon I y
_ ^ circulation I /

i * — i — • ' * • i / .•

i- - J Lt / ./.

I represents the Pb/Bi
coolant

argon filled gas plenum
Yellow color represents the
gap between the reactor and
guard vessel, which is filled
with air
Rf^flRqwl represents the
RVACS air circuit
(downcomer and riser)
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The coolant velocities and temperatures in the riser and downcomer of the RVACS air
channel of the modified Ansaldo design (800MWth) for LOHS accident with gap filled
and water spray cooling

PROSTAR3.10

06-Feb-00
TEMPERATURE
ABSOLUTE
KELVIN
TIME= 146000.
LOCAL MX= 340.7
LOCAL MN= 289.3

340.7
336.4
332.1
327.8
323.6
319.3
315.0
310.7
306.4
302.2
297.9
293.6
289.3

en

I
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Conclusions of RVACS studies

80MWth ADS reactor can easily be cooled by natural air
circulation, provided that the proton beam is switched off within
30 minutes after accident initiation. When the proton beam stop
is delayed for 30 minutes the coolant temperatures reach about
1068K , still below 1173K limit (creep limit)

800MWth reactor of same geometry (and no fins or high surface
emissivity to increase the heat removal) revealed that air
cooling by RVACS is not sufficient anymore. Even when the
proton beam was shut off immediately, the coolant reached
temperatures of about 1353K.
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Conclusions of RVACS studies

To reduce the coolant temperature for the 800MWth ADS
reactor, the guard vessel was externally sprayed with water
droplets and the gap between the reactor and the guard vessel
was filled with liquid metal coolant. Separately, these measures
are not lowering the maximum coolant temperature more than
100-200K. However, employed together, the decay heat
removal will exceeded the decay heat generation already 25
minutes after beam-stop. Thus, a beam stop 10 seconds after a
loss of heat sink and loss of forced convection will result in a
maximum coolant temperature of only 773K .
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Target studies

Some simple tests of neutron yields, optimal
target size and radiotoxicity studies: Fluka,
MCNPX, MCB i

Very close collaboration with ISTC #559 - 1 *
MW spallation target. Collaborative project
IPPE, LANL, RIT, CEA.
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Pb/Bi cylindrical target studies

5!
I

1 GeV protons 1.6 GeV protons

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Spectrum of spallation neutrons
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1 MW spallation target

ISTC #559 - 1 MW Pb-Bi spallation target

gg^;/.T;aWH'J--"1&:SRSS?«^^

I

I

A Active part of thc\avts«t -1
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ISTC #559 - 1 MW Pb-Bi spallation target
IFPE - Spallation target - 15TC #559

Dlftuser plate

IFPE - Spallation target - ISTC #559
Components of the target body

IPPE - ftpaliation target - ISTC #359
The window and the roropwients for: Hs Jasks?Jpjjj;.: 2J

0O

\
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ISTC #559 -1 MW Pb-Bi spallation target

MK-1
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ISTC #559 - 1 MW Pb-Bi spallation target
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ISTC #559 -1 MW Pb-Bi spallation target

D)

Radiactivity of the spallation target
after irradiation in 1 MW beam for 6 months
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Final tests of #559 target
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Accelerator reliability studies

Reliability and availability in focus.
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European perspective

A very dynamic development in last 4-5 years

In 4th European program - only 2 projects
related to ADS:
- IABAT
-TARC
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Some highlights of IABAT results

Topics:
- SYSTEM AND FUEL CYCLE STUDIES
- NUCLEAR AND MATERIAL DATA

DEVELOPMENT
- ASSESSMENT OF ACCELERATOR ^

TECHNOLOGY §
i
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IABAT - Liquid Pb(/Bi) cooled, solid fuel ADS

ADS would not be a decisive advantage with respect to
the sodium cooled fast breeder, if it could not be
utilized for transmutation purposes in practice. There
are several possible means of doing this, like:
- Transmutation of the long-lived fission products "Tc, 129I

and 135Cs.
- Capture in burnable poisons for flattening of reactivity

changes.
- Low-energy capture in absorbers in order to block capture in

fuel nuclides and 209Bi (for Pb/Bi cooled systems)
- Allow for fission product capture in fuel element in order to

facilitate extended burnup (up to 20%).
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IABAT -Investigation of (multiple source) ADS
cores.

10"

10"

Power distribution in an ADS core
with 3 proton beams
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Energy dependent neutron flux in the Pb-spallation target (IAEA
benchmark)
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IABAT - Proliferation Aspects of ADS

Uranium target / blanket.
Equilibrium concentration of 239Np
and time x required to reach this
value.
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1014

1015

10 1 6

101 7

101 8

X

(days)

3.4

3.4

3.3

3.2

2.0

239Np(oo)/238U

(%)

0.0009

0.009

0.09

0.8

5.4

Thorium target / blanket. Equilibrium
concentration of 233Pa and time x required
to reach this value.
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it IABAT - Proliferation Aspects of ADS

The safeguards concept for an accelerator driven
system could rely on the following basic elements:

• verification of the design information

• verification of fuel receipts and shipments

• verification of the physical inventory

• containment and surveillance measures to maintain -»

• continuity of knowledge

• verification of nuclear material accountancy system

• monitoring of essential system parameters
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IABAT - a coordinated data library-creation activity for energy range
0-150 MeV - ENDF for n and p for 204,206,207,208Pb? a n d f o r 232Th; 2 3 ^ 239Pu
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IABAT - Costing accelerators, examples
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ADS-related projects in 5th FP

PARTITIONING
PYROREP
PARTNEW
CALIXPART

TRANSMUTATION
Basic Studies

MUSE
HINDAS

N-TOF-ND-ADS

TRANSMUTATION
Technological Support

SPIRE
TECLA

CONFIRM
THORIUM CYCLE
^ FUTURE

/ * MEGAPIE

GO

TRANSMUTATION

XADS Demonstrator
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5th FP - approved ADS-related projects

Partitioning - chemical separation:
- PYROREP: Pyrometallurgical Processing Research

Programme (13 MEuro)

- PARTNEW: Partitioning: New Solvent Extarction
Process for Minor Actinides (2.3 MEuro)

- CALIXPART: Selective Extraction of Long Life
Nuclides from High Activity Liquid Waste by
Organized Matrices: Removal of Minor Actinides
and a Process for Cesium Extraction (1.3 MEuro)
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• Transmutation Technology
- CONFIRM: Uranium Free Fuel for ADS:

Collaboration on Oxide and Nitride Fuel Irradiation
and Modelling (1 MEuro)

- SPIRE: Irradiation Effects in Martensitic Steels
under Neutron and Proton Mixed Spectrum (2.3
MEuro)

- TECLA: Technologies, Materials and
Thermalhydraulics for Lead Alloys (2.3 MEuro)

- FUTURE - Uranium Free Oxide Fuel

- MEGAPIE
TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Transmutation - Basic Studies

- MUSE: The Muse Experiment for Subcrtical
Neutronic Validation (2MEuro)

- HIND AS: High and Intermediate Energy Nuclear
Data for ADS (2.1 MEuro)

- N-TOF: Nuclear Data for ADS (3MEuro) l

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Participation in European ADS experiments

X-section experiments in Uppsala + other HINDAS
experiments
Participation in N-TOFF

MUSE (Multiplication of an External Source) is an
experimental program exploring Accelerator Driven Systems
(ADS)

YALINA - Minsk

SAD - Dubna

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



A MUSE - experiments, project manager - R.
Soule

J

74.2 cm 63.6 cm
_/

• Lead

WL /0NA2PIT - Na

I I Experimental tube

(OEN'EPi)

• I Target (Tritium or

Deuterium)

' ^ ^ Experimental radial
nassace

_ . ^-—79.S cm

GENEPI characteristics

Peak current- 50 mA

Mean current < 200 \iA

Pulse length 1 jis

Deuteron energy 240 keV

Frequency 10-5000 Hz

Beam diameter 20 mm (half max)

Target Tritium + titanium (TiD2)

Activity of target 12 Ci (4.4* 10 n Bq)

Neutron energy 14 MeV

Neutron production (peak) ~ 25* 106 n/pulse

\

I

Neutron production (mean) ~ 109-10Mn/sec

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 1 8 May 2001



Program of MUSE

Experimental characterisation of important neutronic properties
of a multiplying sub-critical media driven by an external source.
The properties can be described in terms of reactivity, external
source worth, flux and power distributions and neutron spectra !

etc. of

Development of sub-criticality measurements and monitoring. *
Obtaining a database to validate the predictions of the
computing codes.
Identifying possible deficiencies in the data or the methods.
Comparing different experimental techniques for incineration of
long-lived fission products

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Yalina-experiment

Project B70 (Minsk-Sosny), subcritical system driven by a
neutron generator -project managers: A. Kieyvitskaja, S.
Chigrinov

The subcritical facility "Yalina": 1 - neutron generator, 2 - Ti-3H target
system, 3 - subcritical assembly, 4 - movable platform, 5 - collimator.

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Yalina set-up

1 - graphite block
2 - cadmium screen
3 - covering
4 - neutron source channel
5 - polyethylene block
6 - block of control and protection
system
7 - neutron sensor
8 - lead target block
9 - fastener
10 - exsperimental channel
11 - rabbit system pipe
12 - compensation rods
13 - servo-motor of neutron source
14 - container with netron source
15 - neutron source
16 - damper
17 - servo-motor damper

Uranium-polyethylene assembly

o

I

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Yalina set-up

Subcritical assembly is uranium-polyethylene multiplying system with
maximal multiplication factor ksrc < 0,98 in a well of a stack composed of
graphite bricks (high purity graphite 1000*1000*1000 mm) serving as a
lateral reflector.
The assembly is mounted on the movable platform which allows to shift the
assembly in two directions with respect to the ion beam axis.
A rectangular lattice with pitch equal to 20 mm.
Fuel pins - 10% enrichment in 235U. Average content of 235U equals
approximately to 7,7 g.

Neutron generator: flux of neutrons (2.0 MeV < En < 3.0 MeV)
equals approximately to 2-1010 n/s at deuteron current and energy
equal to 10 mA and 250 keV resp.
The duration of the neutron pulse r can be changed from 5jusec to
100/isec and the pulse repetition can be changed from 1 to 1 000 Hz.

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Proposed ADS-experiment in Dubna

Planned parameters for SAD, project manager - V. Shvetsov

MOX fuel elements

Proton beam energy 660 MeV

Beam power 1 kW
k 0 95

Energetic gain 20

Fission power 20 kW

Neutron flux density 1012 cm2 s"1

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



Schernatical layout of the SAD installation
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Basics of the Project
Top View

- Outside accelerator hall

- Vertically positioned

- Cassetteless core with

experimental channels

- FE based on standard BN-600

type

s
I



Basics of

Fuel (MOX): plutonium dioxide

(27%) and uranium dioxide (73%)

Fuel Density: 10.20 g/cm3

Enrichment with Pu239 - 95%

Uranium: U238 - 99%, U235- 1%

Reflector: Pb, maybe Be

Lead biological shielding

Gaseous cooling systems

Experimental channels



SAD - experimental program:

Studies of the coupling between a spallation
target and a subcritical assembly including:

- Different target materials (Pb, W, Pb-Bi)
- Different target sizes
- Different shapes of a target interface surface and

optimization of the target shape

Studies of the effects of different beam size (shape)
and a spot position on the target.
Implementation of on-line keff monitoring
methodology
Validation of the codes and nuclear data
supporting development of ADS

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), Almaty/Kurchatov, Kazakhstan, 14 - 18 May 2001



SAD - experimental program:

Specific properties of systems using fuels
that include Pu with very large fraction of
239Pu.
Neutron shielding measurements, with a
special attention to a "forward" direction i,
(behind the target area) "!*
Post-mortem analysis of the spallation target
and special samples (transuranic isotopes)
including radiochemical analysis

TECHNICAL WORKING GROUP ON FAST REACTORS (TWG-FR), AlmatylKurchatov, Kazakhstan, 14 - IS May2001
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BNFL
Country Report for the UK

Kevin Hesketh

TWG-FR - 14-18 May 2001
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UK Nuclear Industry - main
organisations BNFL

AEATECHNOLOGY
TH E JMNOVATION BUSINESS <

A/M
Adding value through knowledge

BNFL

MUKAEA

• Private company
• Largest UK generator
• Growing overseas investments (esp. USA & Canada)
• No fast reactor involvement

Privately-owned Technology Consultancy and Research organisation
Now < 50% nuclear-related business
Nuclear business presently for sale
Small fast reactor team supports BNFL programmes

Engineering and Technology Consultancy
Divested from Genera] Electric Co, now owned by 3i Group, NNC staff, and BNFL.
Significant reactor design expertise, including fast reactor systems
Fast reactor team supports BNFL programmes

Government-owned international nuclear business, involved in enrichment, fuel
manufacture, reactor construction and services, spent fuel services, and decommissioning
and waste management. Recent acquisition of ABB nuclear operations (Combustion
Engineering, ABB-Atom, ABB-Reaktor.
Maintains small UK involvement in fast reactor.
Government-owned organisation responsible for managing historical UK nuclear liabilities
(including the Dounreay site), and for fusion research.
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Other
nuclear

7%
BE nuclear ^

19%
r

la H V. W u

. * :
* '.' ..

HydroOther
- 1O/o 6%

n
***>^_ • .j?-5<1»^!j- ;. l j "'••V'1">l;i,'!7!Sr>-'1''•

' :"--° ' ' ' - 'vyf1"- i---- . :-;" 'V. ;^

^ • • L V - ; - ' ' 1 " . " - ' - " 1 - • ' • .

Gas
37%

Coal
29%

|H Oil
1%

i
w-i
2
i



Nuclear generation statistics

British Energy reactors
-7 AGRs and 1 PWR
-capacity 9.6 GW i
-output: 98/99 •=> 69.1 TWh (record year) S

99/00 "=> 63 TWh '
00/01 t=Z> on target for around 63 TWh

BNFL reactors
-7 Magnox
-capacity 2.9 GW
-output: 00/01 •=> on target for around 13 TWh



Status of UK Nuclear Power Stations BNFL

Station

Colder Hall

Chapelcross

Berkeley
Bradwell
Hunterston 'A'
Trawsfynydd
Hinkley Point 'A'
Dungeness 'A'
Sizewell 'A'
Oldbury-on-Severn
Wylfa
Hinkley Point 'B'
Hunterston 'B'
Hartlepool
Heysham 1
Dungeness 'B'
Heysham 2
Torness
Sizewell 'B'

Type

Magnox

Magnox

Magnox
Magnox
Magnox
Magnox
Magnox
Magnox
Magnox
Magnox
Magnox

AGR

AGR
AGR

AGR
AGR

AGR
AGR
PWR

Owner

BNFL

BNFL

BNFL
BNFL
BNFL
BNFL
BNFL
BNFL
BNFL
BNFL
BNFL

British Energy
British Energy
British Energy
British Energy
British Energy
British Energy
British Energy
British Energy

Construction date
(Closure Date)

1956-1959 (2006-
2008)

1959-1960 (2008-
2010)

1962 (1988/89)
1962 (2002)
1964 (1990)
1965 (1993)
1965 (2000)
1965 (2006)
1966(2006)
1968 (2013)
1971(2016)

1976
1977
1984
1984
1985
1988
1989
1995

Design Output,
MWe
200

200

276

246
300

390
470
440
420

434

950

1220
1190
1210
1150
1110
1250
1250
1188

f
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Status of UK Nuclear Power Stations HBNFL

closure dates of Magnox stations are now definite
plans for a possible lifetime extension of Oldbury and
Wylfa with the use of oxide fuel are now definitely
abandoned

I



Update on other issues in the UK fflBNFL

Sellafield site regulatory issues
-MDF

SMP commissioning '
BNFL acquires ABB/restructure of fuel business
privatisation of BNFL I



MOX Demonstration Facility (MDF) f§BNFL

report on data falsification incident formally closed out by
the HSE (Health and Safety Executive) -
recommendations and action plan implemented
MDF currently closed, but is hoped to re-open soon as a •
support facility to SMP, not a production unit S



SMP (Sellafield MOX Plant)
commissioning

plant is currently undergoing uranium commissioning
working towards getting licence to introduce plutonium
into the plant by summer 2001
recent Government announcement that there will be a
fourth period of public consultation ,
independent consultants appointed to review economic
case for SMP



ABB acquisition fpBNFL

commercial nuclear power business of ABB acquired in
May 2000 now integrated under Westinghouse arm of the
Company
Business Group now comprises four business units :
Nuclear Fuel, Nuclear Services, Nuclear Systems and
Nuclear Automation
Springfields fuel fabrication plant in Preston now part of
Westinghouse Nuclear Fuel and using Westinghouse
name
BNFL now has access to four different advanced thermal
reactor platforms : AP600/1000, BWR90+, PBMR and
IRIS



Privatisation of BNFL ©BNFL

proposed Public Private Partnership (PPP) of BNFL
delayed until "the latter part of 2002"
restoring customer confidence now a major pre-requisite
before this can happen in



Fast reactor research & development SBNFL

no government sponsored programme, except for UKAEA
decommissioning work at Dounreay
small BNFL-funded programme involves BNFL/NNC/AEA
Technology in fast reactor research and development in A
several fields : ©

-knowledge preservation
-CAPRA-CADRA European collaboration
-EU 5th Framework activities
-collaborations with Japanese research organisations



CADRA-CADRA collaboration filBNFL

collaboration with France, Germany, Belgium
scope covers reactor systems for plutonium and minor
actinide management



CADRA-CADRA historic activities : ®BNFL

analysis of plutonium burning of sodium cooled fast
reactors
analysis of MA burning in sodium cooled fast reactors,
homogeneous and heterogeneous targets
UK contribution involved :

-core analysis
-fuel performance analysis, including fuel performance
code development and materials properties

-fuel cycle scenario analyses



CAPRA-CADRA current activities raBNFL

recent change of emphasis to :
-gas cooled fast reactors (avoids operational difficulties
of Na)

-accelerator driven system (ADS) analysis
UK contributing to core design, thermal-hydraulics design
and fuel design and performance of:

-Existing Technology Gas Cooled Fast Reactor
(ETGCFR) -based on AGR technology, including
transmutation of MAs in homogeneous and
heterogeneous targets

-High Temperature Gas Cooled Fast Reactor
(HTGCFR) based on particle core



CAPRA-CADRA current activities ©BNFL

AEA-T fuel performance work includes :
-assessment of chemical/physical properties of nitride
fuels i

-further development of nitride fuels version of TRAFIC J!
fuel performance code (NITRAF) »

-analysis of experimental results from advanced fuel
irradiation programmes

-maintenance, development and validation of TRAFIC
for conventional oxide fuels



EU 5th Framework Activities ©BNFL

NNC leading a 5th Framework Programme review of
previous studies and relevant gas reactor experience
UK involved in a proposal to study of ADS
support for MUSE experimental mock-up in MASURCA of «*i
a accelerator driven sub-critical core '
support for CAPRIX experiment in PHENIX



Other activities ©BNFL

NNC maintaining and adding to a archive database of
historical fast reactor papers

-aim is to assure future retention/accessibility of fast
reactor historical information



r

Status of PFR decommissioning fpBNFL

Sodium Removal Plant
• plant now in in-active commissioning phase, with 41 of

inactive Na processed
• expect to demonstrate full throughput in by June 2001
Caesium Removal Plant
• now in late stage of commissioning



International collaboration SBNFL

IAEA activities:
-TWG-FR, China fast reactor safety reviews, ad hoc TCMs

and AGMs

EdF-BNFL-Japanese Utilities (FEPC) fast reactor
exchange meetings ^
UK participates in Europe-Japan R&D exchange ,
NNC-BNFL-Fuji Electric collaboration on gas-cooled fast
reactor development
Collaboration agreements with Japanese organisations

-JNC



ANNEX XV

United States of America
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U.S. Activities Related to Fast Reactors and ADS

Nuclear Generation

The U.S. nuclear power industry achieved its second straight year of record power generation
levels during 2000. According to information released by the Energy Information
Administration, total power generated was 753.9 billion kWh, 3.5 percent above the previous
record of 728.1 billion kWh set in 1999. This represents continued growth in power production
for the nuclear power industry that had produced only 577.0 billion kWh as recently as 1990.
The record year 2000 output was achieved despite the fact that the industry now has only 103
operating reactors compared to 111 operating reactors as recently as 1990. Record output was
attained through an annual net capacity factor of 89.1 percent during 2000 compared to 85.5
percent in 1999 and 70.2 percent in 1990.

Recent years of reliable service and declining production costs have led to increased industry
interest in nuclear power plant license renewal. The Nuclear Regulatory Commission approved
the license renewal applications for five U.S. nuclear power plants in 2000. Five additional
applications were received and 28 more are planned to be submitted by 2004.

Generation IV Nuclear Energy Systems Initiative

Concerns over energy resource availability, climate change, air quality, and energy security
suggest an important role for nuclear power in future energy supplies. While the current
Generation II and III nuclear power plant designs provide an economically, technically, and
publicly acceptable electricity supply in many markets, further advances in nuclear energy
system design can broaden the opportunities for the use of nuclear energy. To explore these
opportunities, the U. S. Department of Energy's Office of Nuclear Energy, Science and
Technology has engaged governments, industry, and the research community worldwide in a
wide-ranging discussion on the development of next-generation nuclear energy systems known
as "Generation IV".

The technology goals for Generation IV nuclear energy systems were developed by a
subcommittee of the Department's independent Nuclear Energy Research Advisory Committee
(NERAC) in cooperation with the international research community. After multiple reviews by
U.S. and international experts, the goals are now widely endorsed as an appropriate basis for
deciding on a future, multinational R&D plan for developing advanced nuclear energy
technologies.

Technical Working Groups will collect information on and evaluate four broad classes of nuclear
energy system concepts by reactor coolant type: water, gas, liquid metal, and nonclassical. The
Technical Working Groups will be assisted by our Evaluation Methods Group and other
crosscutting groups that will conduct comparative assessments of alternative fuel cycles and
specific technology area.



US DOE Nuclear Energy Research Initiative (NERI)

In January 1997 the President's Committee of Advisors on Science and Technology (PCAST)
was tasked to evaluate the current national energy research and development (R&D) portfolio
and provide a strategy to ensure the U.S. has a program to address the nation's energy and
environmental needs for the next century.

In its November 1997 report, the PCAST Panel on Energy Research and Development
determined that establishing nuclear energy as a viable and expandable option was important and
that properly focused R&D was needed to address the potential long-term barriers to expand the
use of nuclear power (e.g., nuclear waste, proliferation, safety, and economics). The PCAST
panel recommended that the Department of Energy (DOE) reinvigorate its nuclear energy
research and development activities in an R&D effort to address these potential barriers with a
new Nuclear Energy Research Initiative (NERI). This new initiative would fund research based
on competitive selection of proposals from the national laboratories, universities and industry.

These recommendations were followed by the 1999 PCAST report on International Cooperation
on Energy Innovation which recommended that an international component to NERI be created
to promote "bilateral and multilateral research focused on advanced technologies for improving
the cost, safety, waste management, and proliferation resistance of nuclear fission energy
systems."

The Department and Congress endorsed the PCAST and established the NERI program in fiscal
year (FY) 1999 to sponsor innovative scientific and engineering R&D to address the key issues
affecting the future use of nuclear energy and to preserve our nation's nuclear science and
technology leadership. In FY 2001, the Department will launch a new initiative within NERI,
the International Nuclear Energy Research Initiative (I-NERI) to further leverage U.S. R&D
funding through bilateral and multilateral nuclear energy research.

International Nuclear Energy Research Initiative (I-NERI)

The I-NERI program has the following objectives:

• Develop advanced concepts and scientific breakthroughs in nuclear fission and reactor
technology to address and overcome the principal technical and scientific obstacles to the
expanded use of nuclear energy worldwide;

• Promote bilateral and multilateral collaboration with international agencies and research
organizations to improve development of nuclear energy; and

• Promote and maintain nuclear science and engineering infrastructure to meet future
technical challenges.

I-NERI will sponsor innovative research and development in the following areas:

• Next-generation nuclear energy (i.e., Generation IV) and fuel cycle technology concepts;



• Next-generation nuclear energy plant designs with higher efficiency, lower cost, and
improved safety and proliferation resistance;

• Innovative nuclear plant design, manufacturing, construction, operation, maintenance,
and decommissioning technologies;

• Advanced nuclear fuels; and

• Relevant areas of fundamental science.

Fast Reactor Program

In 2000, the US Fast Reactor and ADS programs include the EBR-II Electrometallurgical
Treatment program, FFTF activities in view of a decision whether to restart or deactivate the
facility, several NERI awards, and the Advanced Accelerators Applications program.

EBR-II fuel treatment

Further development of electrometallurgical fuel processing technology was assured by several
favorable events in 2000. First, in April the National Research Council issued their final report,
which endorsed the technology as a viable option for processing sodium-bonded spent fuel. Then
in August the Department of Energy completed their Environmental Impact Statement on the
treatment of sodium-bonded fuel. Finally, in September DOE issued a record of decision
approving the treatment of some 25 tonnes of EBR-II spent fuel. Fuel processing commenced
later that same month. Several years of additional R&D will be required in order to achieve
practical throughput rates and to qualify the waste forms for repository acceptance. The
treatment project is currently scheduled to be completed within 10-13 years.

FFTF

In December 2000, the final Programmatic EIS (Environmental Impact Statement) was issued.
The EIS (i.e. Preferred Alternative) recommended that the FFTF facility be shutdown and
permanently deactivated. Secretary Richardson on January 26, 2001 issued the Record of
Decision (ROD) which reaffirmed the EIS recommendation that the FFTF facility be shutdown
and permanently deactivated. Under the requirements of the Tri-party Agreement, DOE had 90
days to construct a revised cost estimate and deactivation schedule. Fluor Hanford Company
delivered to DOE the revised deactivation plan in April 2001. In May 2001, Secretary Abraham
requested a 90 day review of the FFTF. The purpose of this review is to provide the Secretary
with the information required to make a final decision as to the future of the FFTF. This review
is underway.



Advanced Accelerators Applications (AAA)

In 2000 Congress merged two previously existing programs, the Accelerator Transmutation of
Waste, and the Accelerator Production of Tritium. The program has three major components:

> A 10 year R&D plan concentrated on defining the key technologies to be used for
transmutation of nuclear waste (plutonium, minor actinides and long lived fission
products). This activity includes fuels development and performance testing,
development and testing of dedicated separation technologies, design of transmutation
systems, and materials and physics research. It is expected that after 10 years, suitable
technologies will have been demonstrated for practical waste transmutation
demonstration.

> The Accelerator Driven Test Facility (ADTF) will be built over 10 years. It will consist
of a large proton linear accelerator (600MeV, 13mA), coupled to two testing stations; the
Target and Multiplier Test Station will consist of a large (8MW) spallation target
surrounded by test loops for materials and small amounts of fuels; the Sub Critical
Multiplier (SCM) will consist of a 100MW subcritical fast reactor driven by a 4MW
spallation target and will be used to demonstrate the safe and efficient operations of
accelerator driven systems, and will serve to irradiate experimental fuels.

> The ADTF will serve as the principal test station for a Proof of Performance series of
tests, to demonstrate the safety and operations of Accelerator Driven Systems, and to
demonstrate efficient transmutation and recycling of minor actinides and long lived
fission products.
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Background

U.S. Energy Policy
-Landscape is changing

EBR-II
FFTF
Existing Programs
-Generation IV
-NERI/INERI

I



Advanced Accelerator Applications
Program (AAA)

Phillip J. Finck $
Argonne National Laboratory '

International Working Group on Fast Reactors

May 2, 2001



AAA Program Background

PROGRAM CONCEPT: Use APT design and technology base,
coupled with ATW technology development, to

-Jump start transmutation technology development
- Help reinvigorate the national nuclear science infrastructure by

creating a new class of nuclear engineering test facility
- Produce credible accelerator-based backup tritium

production capabilities

FY01 funding - $68M

Participants
- Los Alamos, Argonne, Savannah River
- Burns and Roe, General Atomics
- Universities (UNLV, U Texas, UC Berkeley, Michigan)
- Other DOE labs (LLNL, BNL, ORNL)



Goals - Advanced Nuclear Fuel Cycle
With Partitioning and Transmutation

Reduce the toxicity of spent fuel in geological
storage to that of originating uranium ore after
1000 years storage (>99% removal of Pu)
Remove long-term biosphere dose contributors
as a concern for repository storage (Np, Tc, I) i

Reduce, to unattractive levels, long-term 4;
proliferation risks associated with disposal of 1
large plutonium inventories
Contribute to nuclear energy sustainability

- efficient utilization of fuel resource material
- revitalization of the nuclear infrastructure



AAA Program Objectives

Demonstrate proof-performance (practicality) POP of transmutation as a
meaningful approach to long-term nuclear materials management

- Transmutation technology base development
- Fuels
- Separations
- High power accelerator and neutron target \

- Systems performance (economics, proliferation risks and impacts) v\
- Material balance o
- Coupling of an accelerator to a multiplying assembly (safe and *

reliable operation)

Build the Accelerator Driven Test Facility and use it
- for the POP
- as a major means to help strengthen the domestic nuclear infra -
structure (people and facilities)



Nuclear Materials Strategy -
Principles and Building Blocks

Enhanced proliferation resistance and waste management attributes
- Plutonium is secured via high radiation environments and/or secure storage
- Shipment of radiation-barrier protected material only
- Discharge of piutonium (other actinides) to geologic disposal minimized

Minimal impact on the nuclear energy production system
- Continue to improve LWRs and other reactor types (economics, safety) \
- Improved economics for material recycle ^
- Management strategies built around minimization of the numbers <*
of special purpose systems (dual tier) \

Commonality in technologies developed for nuclear materials
management and those applicable to meet future nuclear energy
requirements

- Technology investments to protect and preserve options

AAA Development Based on These Principles



Major Transmutation System Issue Areas

1) Technological feasibility
Is transmutation feasible at (industrial) implementation scale?

2) Environmental performance
Will the operation of a transmutation system at practical scales achieve required reduction in the
amounts of problem materials? How much new waste will be created?

3) Safety and Licensing
Transmutation systems will include certain materials and processes different from current nuclear I
reactor operating parameters. The use of particle accelerators coupled to other nuclear systems is (^
presently outside the base of regulatory system experience. £ j

4) Economics
Transmutation necessarily involves processes, systems, and facilities beyond those operating today.
Will the cost of new facilities and operations impact the competitiveness of nuclear-generated
electricity?.

5) Proliferation
What is the proliferation risk of the overall implementation strategy compared to LWR/OT?

AAA will provide quantitative information for 1), 2), 3) and
more robust information basis for 4) and 5)



ATW Plant Sized to Process 10,155 Tonnes of Spent Fuel
(based on average composition of Reference Scenario spent fuel)

US Spent Fuel Inventory
1999 40,000 tn
2015 72,000 tn
End? 86,317 tn
{ATW Reference Scenario)

10,155 tn
(169 tn/yr for 60 years)

Spent Fuel from Current Reactors

ATW Subcritical Waste
Burners

45 MW Proton Beam

45 MW Proton Beam

Technetium: 8.1 tn

Iodine: 2.3 tn

8 targets
@840
MWt each

Fissions
1.76 tn/yr

@37% -->
2490 MWe

A ,
380 MWe

Fresh fuel
5.87 tn/yr

Used fuel
30% burned

355 tn stable or short-lived
fission products

0.43 tn Tc-99
0.12 tn 1-127 & 129

Uranium - Recycle or
Class C Low Level Waste

TRU (Pu, Np, Am, Cm)
.106 tn

ATW Fuel

Fission
products-
stable or
short-lived

-116
tn

j ^
2110 MWe net

\
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Up to Four Stages of Nuclear Fuel Cycle can be Envisioned

Stage 1: Once-through:

Enriched
uranium

HIMMIilliinilmlilllllllNI

Stockpile
spent fuel

HiiinmiiiininminiiHiiiiiniii

Option: terminate
via geologic ;
repository

Separations

Stage 2: Transition -
TRU & LLFP transmuted

Uranium
feedstock

••'-

Pu*(1-x)
MA
LLFP

TRU and LLFP to Multi-tier
transmutation system

Stage 3: Breeders

Separations

Breeders/
Converters

TRU, LLFP, U
Equilibrium blend

TRU, LLFP, U
-•Equilibrium blend

Stage 4: Close-Out

Residual
subcritical mass

ADS Burners

Residuals, if no
ADS in Stage 2

TRU and LLFP
toATW
(Roadmap I)



Suggested Repository Metrics for Initial ATW Screening - Working Draft

Component
"What is the metric"

Pu-239
Inventory Reduction

Np-237(Am-241)
Reduction

Total TRU
Reduction

Tc-99 Reduction

1-129 Reduction

DOE-Owned SNF
Transmutation

DOE-Owned SNF
Transmutation

WF, WP, Volume&
Thermal Options

Repository Capacity

HLW
Transmutation

Rationale
"Why are we

interested in the
metric

Proliferation/
Criticality

Peak
Dose

Proliferation/
Criticality

Dose
Compliance

Dose
Compliance

Proliferation/
Criticality

Dose

Design Flex.
Lie. Confid.

Cost, Second
Repository

Dose

Scale
"How to measure

the metric"

Log Inventory

Linear EBS
Release Rate

Log Inventory

Linear EBS
Release Rate

Linear EBS
Release Rate

Log Inventory
Reduction

Linear EBS
Release Rate

Qualitative
Judgement

Waste volume,
Heat load

Inventory
Reduction

Setpoint
"Improvement

needed for
repository benefit"

90%

80%

90%

50%

50%

90%

80%

N/A

Less volume

90%

Breakpoint
"Other limits to
further benefit

(What)"

90%
(HEU)

95%
(Tc)

90%
(HEU)

80%

(I)

90%
(C, DSNF)

90%
(W-Pu)

90%
(HLW)

N/A

Law,
Regulation

N/A

Goal
"Suggested ATW

'stretch' goal"

99+%

99+%

90-99%

90-99%

80-99%

90-99%

90-99%

Design
Evaluation

Less volume

90-99%

s
to

I

"Based on YMP Viability Assessment Design Features and Performance Assessment



AAA Major Program Focus and
Top-Level Timeline

Yeari R&D Program
Transmutation
Technology
Development

Fuels
Front end
Separations
Backend
Separations
ATW facility
Preconceptual
design

Year 10

Year?

Transmutation
Technology
Demonstration

• Existing facilities
•ADT POP

ADT Facility

NEPA
Preconceptual
Design
Accelerator tech
development
LEDA tests
Accelerator, target,
BOF design
Subcritical system
Design
Siting
Approvals
Construction
Testing
Operation

Tritium

Integrated Proof of
Performance Test

Possible tritium
production

ATW Prototype
Successful
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AAA Reference Technologies

Accelerator

Fuels

Coolant

Separations

Spallation Target

First Tier

TRISO
Or

LWR Fertile Free

Gas or Water

TBD (UREX)

Second Tier

Linac

Metallic; Nitride; Oxyde

Sodium (LBE?)

Pyroprocessing

LBE or Tungsten



AAA Sets New Accelerator Challenges

Understanding and predicting beam halo creation, propagation, effects

Reliability

LEDA will be used to examine both classes of issues

38
t



Materials Research - PbBi

Motor

V
Transfer It

Valve

Loop

m-

Sump

Materials Test Loop

- structural materials
- oxide layer creation
- oxygen control
- sensors
- model development
and benchmarking o

I

A national resource
Applicable to AAA and
Advanced Reactor
Technology development



Accelerator Research Facilities

LANSCE: See physics &
materials

LEDA: Injector 6.7 MeV
RFQ HEBT, Beamstop
Planned program

- Beam - halo code validation
- Validate/confirm major

components
- Improve accelerator

operational reliability

- Safety class beam shutdown

I

_£>

I



Blue Room Experiments

120 Hz
_rrm_

Area A

Pulsed
magnet

iiniini

20 Hz

-*Target-2

_A_A_A_

100 Hz
_JTTTL_

MLNSC

Target-4
120 Macropulses/sec

- 20 Hz unchopped beam to MLNSC
- Up to 100 Hz chopped beam to WNR

MLNSC

- 20 pulses/sec
- 250 ns wide pulse

4 1013 protons/pulse
Taraet2iB|ueRoom)

- -200 nA depending on radiation levels

Target-4
- ~35,000 pulses/sec

< 1 ns wide pulses
- ~8108protons/|ip

Proton energy: 800 Mev

1. Spallation target parametrics
• Material
• Size

2. Buffer parametrics
• Material

• Size

3. Propagation in uranium
• High energy protons

4. Multiplication
• Highk

• Static and dynamics

NOTE: Materials Testing

\

JO



Area-A and "Blue Room" provide the
tests locations for LANSCE irradiation

800 MeV, 1 mA
Proton Beam

Irradiation of a prototypic
APT tungsten neutron
source, lead aluminum
blanket, 3He filled
aluminum capsules

In-situ corrosion results
' in a proton beam

Irradiation of candidate APT
structural materials (316L,
304L.AI6061-T6, Alloy 718,
Mod-9Cr-1 Mo and AI5052-O)
at 50-164C to a maximum
dose of 13 dpa.

In-situ measurement of
power deposition, decay
heat in
tungsten.radioisotopes
made in He loop, water
purification tests

1Smalller-scale, simpler and less expensive tests are possible in the "blue room" with
a 800-MeV, -1-u.A beam.



AAA Nuclear Fuel Development

Nonfertile fuel
"Deep burn" ,no Pu breeding in U-238

PuO2-ZrO2-CaO oxide example

Metallic non-fertile fuels

Nitride non-fertile fuels

R&D Issues

- Higher actinide volatility and fabrication

- Burnup

f

i

- Fission gas buildup



ZPPR Experiments

Objective is to realize
coupled acceleration -
target - subcritical system,
with:
- Cyclotron up to 250 MeV
- Core configuration with large

Pu zone

Measurements would be
similar to MUSE
Experimental plan still to be
developed
Last phase is ADTF
(feedbacks)



Proof-of-Performance Demonstration

Objective 1 - Demonstrate material balance of ATW system

- Key radionuclide reduction factors
- Secondary waste generation
- Secondary long-lived radionuclide production
- Waste form robustness

2
Objective 2 - Demonstrate safe operation of accelerator-driven t

subcritical multiplier using non fertile fuels

- Accelerator control
- Accelerator reliability
- Dynamic behavior understanding
- Transient behavior understanding
- Accelerator- multiplier control system
- Transmuter and fuel component robustness level



Accelerator-Driven Test Facility
Major Elements of the ADTF

Klystron Gallery

Beam Stop

Injector Accelerator
Tunnel

~ 600 Million
Electron Volts

(1) The continuous
wave accelerator
which provides a
powerful proton beam
to a spallation target.

Potential Materials R&D
Facility and Tritium

Demonstration Facility

High Energy
Beam Transport

~ 100 Megawatts

ADTF Fence

(2) The target
for the
accelerator
beam, which is
inside (3) a
sub-critical
multiplier.

Potential
International
User Facility

Provides fuels and materials test capabilities
Demonstrates accelerator reliability
Demonstrates accelerator-multiplier coupling and control
Demonstrates ATW fuels performance portion of POP

I

2



ADTF Test Stations

1) Target and materials test station
- 8 MW neutron source
- Closed loops for materials and fuel bundle-coolant

combinations irradiation
- Thermal, epithermal, fast spectrum
- Flux: 1-2 e15 n/cm2/s (fast)
- 5 MW fission power

2) Subcritical Multiplier
-100 MW capability
- Fast spectrum multiplier coupled to a spallation source
- Capacity for irradiation of tens of kg of fuel
- Control and safe operation demonstration
- Scalable to full-core operation with ATW fuels



Characteristics of Sodium-Cooled ADTF Concept

Pool-type multiplier system using standard U-10%Zr metal fuel, with
gradual changeover to prototypic ATW fuel.
Two primary Na pumps with intermediate heat exchanger to
secondary Na system.
Proven fuel handling using a rotating plug and a rotating offset
gripper with transfer to in-vessel storage basket.
Multiplier 48-in.-dia (including reflectors) with space for accelerator
spallation target/buffer.
Control rods at periphery or in interior of multiplier fuel region.
Three semi-permanently installed loops for developmental testing of
ATW fuels under prototypic thermalhydraulic and neutronic
conditions with Na, He, and Pb-Bi coolants.
Irradiation assemblies may be placed anywhere in and around the
multiplier region and handled same as fuel assemblies, and
instrumented assemblies may be included as well, if provisions are
initially made for them (i.e., access holes through rotating plug and
multiplier vessel cover.)



ADTF Concept with Inclined Entry of
Accelerator/Target Tube

Bending Magnet

Accelerator

O
O
I

Multiplier



Vertical Section of Inclined-Entry
Pool-Type ADTF

-37.

TEST MODULE' '

Rotating Plug —j__j j jj

4TT

Test Loop

Multiplier

k..D£.CDPE

Accelerator Tube

Spallation Target
and Buffer

\

O
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Conclusions

• A multiyear plan exists that will demonstrate transmutation
technology and provide robust information to address
transmutation issues

• A proposed 10 year program would create and begin operation of
an ADTF to demonstrate proof-of-performance (if budget profiles
are consistent with schedule goal) £

AAA will provide quantitative information for
-Technical feasibility
-Environmental performance (material balance)
-Safety and licensing

and a more definitive basis for
- economics
- proliferation



Electrometalurgical Treatment
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May, 2001



Spent Fuel Treatment Program History

In 1994, DOE requested that the National
Research Council (NRC) assess
electrometallurgical treatment for spent
nuclear fuel. ,
The NRC subcommittee concluded that S
electrometallurgical techniques i
represented a promising technology for
treating a variety of DOE spent fuels.
They supported a development and
demonstration program to establish the
viability of the technology.



Spent Fuel Treatment Program
History (Contd.)

• In 1996, DOE prepared an environmental
assessment for a limited demonstration of the
technology.

-100 EBR-II driver fuel assemblies and up to 25 EBR-
II blanket assemblies

• The demonstration occurred between June
1996 and August 1999.

• The program was reviewed throughout the
demonstration by the NRC subcommittee.

• Success criteria were proposed by ANL and
approved by the NRC and DOE.



Development of Separations
Technologies for Irradiated Transmuter Fuel

Most of the initial process development is performed
with simulated fuel at ANL-E; variety of fuel types being
considered at present

- Metal dispersion of TRU in metal matrix
- TRU oxide dispersion in metal or oxide matrix
- TRU nitride dispersion in nitride matrix o

- Emphasis on industrial-scale processes \

Once irradiated fuel is available, process
demonstrations will be conducted with such fuels at
various laboratories

- ANL-E and ANL-W
- Oak Ridge National Laboratory
- Los Alamos National Laboratory

- Savannah River site



Materials Separations and Waste Forms

Novel uranium
TRU separation

Spent LWR
Fuel

Chop-Leach
Process

High radiation
pyroprocessing

Separate U from
TRU and FP

(UREX process)

TRU.FP Separate TRU
f FP
p
from FP
(Pyro)

Waste
(Including Zr)

Prepare U for
Disposal

TRU

Waste

TRU

> Waste
, Treatment

(metal and
ceramic . ,

HLWfor
Repository |
Disposal

TRU

ATW Fuel
Preparation

(Pyro following
aqueous step)

FP Extraction
(Pyro)

:uel Fabrication

(Metal)

Transmutation
Assembly

Fabrication

Fuel Assy

Spent ATW Fuel
Cooling

ATW

Core/Blanket

Tc Targets

1 Targets

Tc,l

Novel waste

forms
Fission Product

Tc, I separation

I

O
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Cathode Processor Separates Salt-Uranium
From Both Electrorefiner Products

TEMfTRATUKr
SENSORS

SPLATTER.
SHIELO

THERMAL
RADIATION •
SHIELD



Advanced Eleotrorefiner Concepts Could
Increase Throughput to 10 MTHM per Year

This proposed concept
would be compatible with
existing vessels.
Development plan would
address operations
concerns that are
identified in initial
production operations.

Laboratory work would
be completed in parallel
with technical support
activities.

PCR HTER
(Outer Cathode Removed)

Stripper
Mandrel

Scraper
Assembly

Inner
Cathode

Outer
Basket

o
I



Mark-V Electrorefiner Treats Blanket
Fuel Up to 5 MTHM Per Year

STIRRER
ASSEMBLY

ANODE/CATHODE
MODULES

VESSEL
HEATERS

SALT
(ELECTROLYTE)

SUPPORT
STRUCTURE

ROTATING CONTACTOR
(ANODE)

FIXED CONTACTS
(CATHODE)

CATHODE
CYLINDERS

FUEL
DISSOLUTION

BASKETS

PRODUCT
BUCKET

Fuel
Dissolution
Baskets
Scrapers

Cathode

.Product
/Col lector

Cun-ent Bus
and Scraper
Mount

Concentric Anode Cathode Details
(4 units per electrorefiner)

Scraper

r



Mark-IV Electrorefiner
Treats Driver Fuel

Mark-IV Electrorefiner Anode

ELECTRODE
ASSEMBLY
HOUSING

VALVE
ACTUATORS

HEAT SHIELD
REFLECTORS

SALT BATH

CATHODE

SIDESCRAPEK

BOTTOM
SCRAPER

VESSEL HEATERS

STIRRER
ASSEMBLY

NODE LOWER
ASSEMBLY

JUKI.
DISSOLUTION
BASKETS

CADMIUM
BATH

i SLTi'ORI
A l R U C T U R E

Mark-IV Electrorefiner Cathode



Fission Products are Partitioned According
to Free Energy of Formation of Chlorides

-10

-20

-30

-40

-50

-60

-70

-80

-90

(Kcal per equivalent)

Fe
Cd

Zr

U

Pu

Hg
Mo
w
Ni
H

Zn, Cr

V

Mn, Be

, Am

Ca, Na
Sr
Li
K
Ba, Cs, Rb

fid
Ce
Pr.La

Metal Waste

-• Uranium Product

-> Ceramic Waste



Driver Element
Chopper

Driver
Fuel

Mk-lV Electrorefiner

Casting
Furnace

Element
Segments

Driver and Blanket Fuel
are Treated in Parallel

Blanket
Fuel

Element
Segments

Blanket Element
Chopper

Cathode
Processor

Cathode -
Products

Mk-V Electrorefiner Storage X - -'•



ent Nuclear Fuel Treaimm

Mk-IV
Electrorefincr

Element

Vertical Assembler-Disassembler
(VAD)

Fuel-?
Assembly
Transfer

Port

Cathode
Processor

1J53 ) Casting
•Furnace

Fuel Assembly
Storage Racks

Mk-V
Electrorefiner

Argon Cell



Electrometallurgical Treatment at Argonne

Treatment Operations resumed September 2000 and will
process the following fuel.
Formal Implementation Plan has been approved by
Argonne, DOE-CH and DOE-NE.

Fuel Type

Driver
Fuel

Blanket
Fuel

Total

EBR-II
Driver at

ANL-West
(kg)

700

21,800

22,500

EBR-II
Driver at
INTEC

(kg)

2,000

0

2,000

FFTF
Fuel
(kg)

250

0

250

Total

(kg)

2,950

21,800

24,750



DOE Sodium-Bonded Fuel Inventory

Fuel Type

Driver Fuel

Blanket Fuel

Total

Spent Fuel
Treatment

Demonstration

(kg)

400

600

1000

Spent Fuel
Treatment

Project

(kg)

2950

21,800

24,750

Miscellaneous
Fuels

(kg)

84

0

84

Fermi-1
Blanket

(kg)

0

34,200

34,200

Total

(kg)

3434

56,600

60,034



NRC Final Report Supported EMT

Final report was issued April 2000.
- Finding: The committee finds that ANL has

met all of the criteria developed for judging the
success of its electrometallurgical
demonstration project. '

- Finding: The committee finds no technical *
barriers to the use of electrometallurgical '
technology to process the remainder of the
EBR-II fuel.

- Recommendation: If the DOE wants an
additional option besides PUREX for treating
uranium oxide spent nuclear fuel, it should
seriously consider continued development and
implementation of the lithium reduction step as
a head-end process to EMT.



Four Success Criteria

Demonstration that 100 driver and up to 25 blanket EBR-II
assemblies can be treated in the Fuel Conditioning Facility
(FCF) within three years, with a throughput rate of 16
kg/month for driver assemblies sustained for a minimum
of three months and a blanket throughput rate of 150 kg
per month sustained for one month.
Quantification (for both composition and mass) of recycle,
waste, and product streams that demonstrate projected
material balance with no significant deviations.
Demonstration of overall dependable and predictable
process, considering uptime, repair and maintenance, and
operability of linked process steps.

Demonstration that safety risks, environmental impacts,
and nuclear materials accountancy are quantified and
acceptable within regulatory limits.
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•"Cladding

,,Gas
Plenum

.Sodium
Bond

,Fuel
Rod

EBR-II Spent Fuel
Treatment Background
• EBR-II used a sodium bonded metallic

fuel.
- Reactive materials (sodium and uranium

metal).
- Highly enriched uranium in driver fuel (63-75%

U-235).
- Blanket fuel contains ~ 1 % plutonium.

• Electrometallurgical treatment
recovers uranium and neutralizes
reactive components into high-level
waste.
- Basic process development started in the early

1980's.
- Integrated demonstration was completed

August 1999 in the Fuel Conditioning Facility
(FCF) and Hot Fuel Examination Facility
(HFEF).

Schematic Drawing of
EBR-II Fuel Element
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EXECUTIVE SUMMARY

Background

In 1998 the Research Ministers of France, Italy
and Spain, set up a Ministers' Advisors Group on the
use of accelerator driven systems (ADS) for nuclear
waste transmutation. This led to the establishing of a
technical working group under the chairmanship of
Prof. Carlo Rubbia to identify the critical technical
issues and to prepare a "Roadmap" for a demonstra-
tion programme to be performed within 12 years.

In the following Roadmap, the technical work-
ing group (consisting of representatives from Aus-
tria, Belgium, Finland, France, Germany, Italy, Por-
tugal, Spain, Sweden and the JRC) has identified the
steps necessary to start the construction of an experi-
mental accelerator driven system towards the end of
the decade. This is considered as an essential prereq-
uisite to assess the safe and efficient behaviour of
such systems for a large- scale deployment for trans-
mutation purposes in the first half of this century.

Audience, Goals and Scope of the
Roadmap

Since this Roadmap is a result of a mandate
given to the technical working group, the report is
directed, in the first instance, to the Ministers' Advi-
sors Group. The document is of interest, however, to
policy makers throughout Europe, in particular to
research ministries in the Member States of die Eu-
ropean Union, to members of the European Parlia-
ment, and to the relevant Directorates General of
the European Union.

In addition, the report will be of interest to par-
ties involved with ADS research and development
within the EU and worldwide. It is also of general
interest to the public since it concerns the disposal of

nuclear waste - an issue which strongly dominates
public opinion.

The first goal of this Roadmap is to propose a
technological route to reduce the risks associated
with nuclear waste, based on the transmutation of
nuclear waste in accelerator driven systems (ADS);
and to assess the impact of this approach in the
reduction of the radiotoxicity of nuclear waste. The
report reviews historical developments and identifies
and assesses the status of current activities and facili-
ties related to ADS research in the EU and world-
wide. A decision to go ahead with the project will
require a detailed planning of the technical aspects, a
substantially increased budget, together with close
synchronisation with the 6th and 7 th Framework Pro-
grammes of the EU.

The second and main goal of the Roadmap is to
prepare a detailed technical programme, with cost
estimates, which will lead to the realisation of an
experimental ADS within 12 years, covering the 6th

and 7th Framework Programmes. The programme as
described in the Roadmap will lead to the develop-
ment of innovative fuels and reprocessing technol-
ogy, a co-ordination of human resources and experi-
mental facilities, a training ground for young re-
searchers, spin-offs in the fields of accelerators, spal-
lation sources, liquid metal technology, radioisotope
production and actinide physics and chemistry.

A final goal of the present Roadmap is to iden-
tify possible synergies that this programme could
have within the scientific community, indicate po-
tential spin-offs, show how competence can be main-
tained in the currently stagnating field of nuclear
energy research. This is also consistent with the Eu-
ropean Research Area policy for synergism among
research programmes and activities in the EU.



A EUROPEAN ROADMAP FOR DEVELOPING ACCELERATOR DRIVEN SYSTEMS (ADS) FOR NUCLEAR WASTE INCINERATION

Nuclear Energy in the EU and
Spent Fuel Disposal

The recent European Commission's GREEN
PAPER: Towards a European strategy for the security of

energy supply clearly points out the importance of
nuclear energy in Europe. With 145 operating reac-
tors with a total power of 125 GWe, the resulting
energy generation of about 850 TWh per year pro-
vides 35% of the total electricity consumption of the
European Union. The GREEN PAPER also points
out that the nuclear industry has mastery of the
entire nuclear fuel cycle, with the exception of waste
management. For this reason, research "focusing on
waste management has to be continued'.

The spent fuel discharged from nuclear power
plants constitutes the main contribution to nuclear
waste. Most of the hazard from the spent fuel stems
from only a few chemical elements — plutonium,
neptunium, americium, curium, and some long-lived
fission products such as iodine and technetium at
concentration levels of grams per ton. At present
approximately 2500 tons of spent fuel are produced
annually in the EU, containing about 25 tons of
plutonium and 3.5 tons of the "minor actinides"
neptunium, americium, and curium and 3 tons of
long-lived fission products.

These radioactive by-products, although present
at relatively low concentrations in the spent fuel, are
a hazard to life forms when released into the envi-
ronment. As such, their disposal requires isolation
from the biosphere in stable deep geological forma-
tions for long periods of time.

A measure of the hazard of these elements is
provided by the toxicity and in particular the
radiotoxicity arising from their radioactive nature
rather than their chemical form. Some general fea-
tures of the radiotoxicity of spent fuel are shown in
figure 1. A reference point is the radiotoxicity associ-
ated with the raw material used to fabricate 1 ton of
enriched uranium, including not only the uranium
isotopes but also all their radioactive progenies. The
radiotoxicity of the fission products dominates the
total radiotoxicity during the first 100 years. There-
after, their radiotoxicity decreases and reaches the
reference level after about 300 years. The long-term
radiotoxiciry is solely dominated by the actinides,
mainly by the plutonium and americium isotopes.

The reference radiotoxicity level is reached by spent
nuclear fuel only after periods of more than 100,000
years.

This is the basis of the motivation for partition-
ing and transmutation programmes worldwide, and
for the development of dedicated burner reactors
such as ADS.

Partitioning and Transmutation

Different concepts have been proposed and re-
flect national policies on nuclear energy.

For example, both countries such as France and
Japan consider plutonium as a valuable resource for
energy production. Therefore, the uranium fuel irra-
diated in light water reactors is reprocessed, to sepa-
rate plutonium. This recovered plutonium is used
together with uranium to fabricate mixed oxide fuel
for thermal reactors. The remaining waste contain-
ing minor actinides and fission products will be dis-
posed of in a repository or transmuted.

In other countries, for example in Sweden, plu-
tonium for various reasons is not separated. The
spent fuel is considered as waste, which either has to
be disposed of in geological repositories or will be
transmuted.

In the transmutation scenario there are two op-
tions. The waste can either be recycled and trans-
muted in available conventional critical reactors (ho-
mogenous fuel recycle option, with no separation of
plutonium and minor actinides), or in dedicated
burner reactors. In the double strata fuel cycle op-
tion, plutonium is kept separated from the minor
actinides and 5 to 20% of dedicated burner reactors
in the reactor "park" would be required. If pluto-
nium and the minor actinides are kept together, the
fraction of dedicated burner reactors would be ap-
proximately 20%.

Accelerator Driven Systems

In contrast to conventional nuclear reactors in
which there are enough neutrons to sustain a chain
reaction, sub-critical systems used in accelerator
driven systems need an external source of neutrons
to sustain the chain reaction.

These "extra" neutrons are provided by the accel-
erator.



Executive Summary

100,000

10,000

0.1

0.01

• spent fuel before
• and after transmutation

uranium ore

10 1,000 10,000 100,000 1,000,000

Time (years)

Fig. 1 - Ingestion radio-toxicity of 1 ton of spent
nuclear fuel. With a separation efficiency of
99.9% of the long-lived by-products from the
waste, followed by transmutation, reference radio-
toxicity levels can be reached within 700 years

More exactly, the accelerator produces high-en-
ergy protons which produce neutrons via a spallation
source.

But why build such a sub-critical system when
critical reactors already work? The answer to this lies
in the fact that one has more control and flexibility
in the design and operation of the sub-critical reac-
tor. This is required when the reactor is being used
to transmute large amounts of nuclear waste in the
form of minor actinides (MAs). Today it appears
that ADS has great potential for waste transmutation
and that such systems may go a long way in reducing
the amounts of waste and thereby reducing the bur-
den to underground repositories. Figure 1 shows how
the radiotoxicity of spent nuclear fuel can be re-
duced through partitioning and transmutation.

With a separation efficiency of 99.9% of the
long-lived by-products from the waste, followed by
their complete transmutation in a dedicated burner
reactor, the radiotoxicity reaches the reference levels

of the original ore, used to feed the power park, in
about 500-700 years.

Accelerator driven systems therefore open the
possibility of "burning" or incinerating waste mate-
rial from existing light water reactors in dedicated
actinide burners.

These actinide burners can burn safely large quan-
tities of minor actinides per unit (in contrast to critical
reactors), and generate heat and electricity in doing so.
In addition, schemes have been proposed, in which the
long-lived fission products are also destroyed. An ad-
vantage of accelerator driven systems is that, since there
is no criticality condition to fulfil, almost any fuel com-
position can be used in the system.

It must be emphasised, however, that there are
safety issues, which are common to both critical and
sub-critical reactors, e. g. appropriate cooling during
normal operation or decay heat removal.

Development and Deployment of
Accelerator Driven Systems in Europe

The development and deployment of accelerator
driven systems requires three steps:

• a comprehensive mid- and long term R&D pro-
gram, to develop the single elements and compo-
nents of the system. This includes development of
new fuels and fuel cycle systems;

• planning, design, construction and operation of an
Experimental Accelerator Driven System for the
demonstration of the concept;

• planning, design, construction and operation of a
large size prototype accelerator driven systems with
subsequent large-scale deployment.

Following a first phase of R&D focused on the
understanding of the basic principles of ADS (al-
ready partly underway), the programmes should be
streamlined and focused on a practical demonstra-
tion of the key issues. These demonstrations should
cover high intensity proton accelerators (beam cur-
rents in the range 1-20 mA), spallation targets of
high power (of power in excess of 1 megawatt), and
their effective coupling with a sub-critical core.

In the field of fuels1 and materials, the realisa-

This Roadmap covers only solid fuel systems. An alternative approach to transmutation is through the use of molten salts in which solid fuels are not
required. Such an approach, which merits detailed consideration, is not within the scope of the present study.
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Table 1 - Time schedule and milestones; Jor;the development of an experimental -Accelerator driven system (ADS)
and accelerator driven transmutation {ADTJ technology itfEy rope

Year 2000+

ADS (Phase 1]

Basic & Supporting R&D

Choices of Options

Design & Licensing

Construction

Low power testing

Full power testing

Operation

ADT {Phase 2}

Conversion

Operation

Prototype

Industrial Deployment

01 02

5 th FWP

03 04 05 06

6*>FWP

"i" -• ' , . : > ' . /

07 08 | 09 | 10

7*FWP

•„ . - ' " . - • • '

11 12 13 14 15 20 1 30 45

tion of representative MA-based fuels and targets,
the assessment of their physico-chemical properties
and behaviour under irradiation, together with the
assessment of the related processing methods, be-
comes a priority for a credible waste transmutation
programme. The time schedule and milestones for
the development of ADS technology in Europe are
shown in table 1.

In the next few years (2-3 years), a broad system
analysis will be performed on the two concepts un-
der consideration: the Pb-Bi cooled system and the
He cooled concept. After a decision on the most
suitable concept, to be made prior to 2004 a detailed
design of the ADS could be started. For the first five
to seven years, the R&D shall concentrate on a) the
development of high intensity accelerators and mega-
watt spallation sources, and their integration in a
fissile facility and b) the development of advanced
fuel fabrication and reprocessing technology.

Start of construction of an ADS could be 2008
and start of operation 2013-

The fuel to be used in the first phase of opera-
tion will be conventional mixed oxide fuel. Use of
existing fuel stemming from SNR-300 or Super-
phenix can be envisaged. Innovative and dedicated
minor actinide fuel will be tested in the accelerator
driven system and will replace the mixed oxide fuel

in a second phase of operation (XADT). This mode
of operation is envisaged for 2025.

Around 2030 construction of a prototype could
be started. This prototype has to have all features of
the ADS to be deployed at a later stage (power,
coolant, fuel etc.). After successful operation of the
prototype, it could be deployed on a large and in-
dustrial scale starting around 2040.

Cost Estimates

At present (March 2001), the total manpower com-
mitment in different member states in the EU is esti-
mated to be approximately 300-400 my/y (man-years
per year). Most of this effort is concentrated on basic
R&D support for partitioning and transmutation.

The projects launched (or to be launched) within
the 5 European Framework Programme, will allow
a better visibility of activities directly related to ac-
celerator driven systems. The total budget for related
projects is 50 M-£ over 3 years, of which 50% will be
financed by the EU.

A considerable part, however, of the national
efforts, e.g. the R&D on high-power accelerators,
ate not funded by the EU.

Following the first call for proposals for the 5th

Framework Programme, seven ADS related projects
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were selected for funding. The projects have been
grouped into three clusters: partitioning (chemical
separation), transmutation-technological support
and acquisition of basic data.

Recently three new projects have been proposed
to the EU (still within the 5th Framework Pro-
gramme): the system analysis of two possible ADS
configurations, the megawatt pilot experiment for
spallation studies and the project for development of
appropriate dedicated fuels.

The estimated costs for the development of an
experimental accelerator driven system (as opposed
to partitioning and transmutation in general) are
given in table 2. The total costs covering R&D,
engineering design, construction, and fuel is esti-
mated at 980 M-fe over a twelve year period until
2012. The estimated costs are grouped within the
respective Framework Programmes covering the 5C\
6th, 7th Framework Programmes and beyond.

Basic & Support R&D: at present, approximately
30 M € are devoted to basic R&D until 2002. This
effort (of 15 M-fe/y) should be increased during the
4 years period of the 6th Framework Programme for
which a total of 90 M-£ is required.

In the 7th Framework programme, some of the
R&D will be terminated (e.g. for the accelerator and
prototype target — by this time construction should
have started). The costs during this period should
decrease to 70 M/€-, followed by 10 M€, for the
period 2011-2012.

Engineering Design Studies: for the detailed de-
sign phase a total of at least 1000 man years for

engineering design is expected, with total costs
amounting to 150 M/€-. These studies will start in
2003 at the beginning of the 6th Framework Pro-
gramme and extend through the 7th Framework Pro-
gramme. In the first phase up to 2006, priority will
be given to the accelerator and the prototypical tar-
get; thereafter, the main emphasis will be on the
reactor and system integration.

Construction: a detailed assessment of the con-
struction costs must await the results of the engi-
neering design studies. As a first indication 450 tv£€.
can be assumed, contingencies and fuel excluded.
The site and infrastructure preparation, estimated at
the level of 80 M-6-, would start within the 6th Frame-
work Programme, the next phase contains the essen-
tial construction effort, with the accelerator and the
prototypical target terminated during this phase,
while the complete system is ready by 2012.

Fuel: from the numbers known from SPX or
SNR300 fuels it is expected that the preparation/
fabrication cost of an ADS fuel by conversion of
such existing fuels is in the order of 180 M'fe. The
effort for this task is essentially concentrated within
the 7th Framework Programme.

Dedicated Fuel for Transmutation: though not ab-
solutely necessary for the first phase of operation
of the accelerator driven system, the long-term de-
velopment of dedicated fuel and related fabrication
and reprocessing facilities must be started. For this a
constant effort during the next 12 years with a total
of about 180 M€- is anticipated. This effort needs to
be maintained beyond 2012.
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ADS Activities in Japan and US

In Japan, the Government has approved a new
project for a high intensity proton accelerator for
construction.

The first phase of the project has been approved
with a budget of 133.5 billion yen (1335 M-S) for a
six-year period. This will lead to the development of
a 400 MeV linear accelerator, a 3 GeV proton syn-
chrotron with a power rating of 1 MW, a 50 GeV
proton synchrotron with a power rating of 0.75 MW,
and a 1 MW spallation neutron source facility.
Thereafter, a second phase with a budget of 65.5
billion yen is foreseen in which an accelerator driven
system will be constructed.

In the USA, the Advanced Accelerator Applica-
tions program is underway to develop a technology
base for transmutation, to demonstrate this as an
approach to long-term nuclear materials manage-
ment, to build an accelerator driven test facility, and
to strengthen the domestic nuclear infrastructure.

An accelerator driven transmutation facility with
a power rating in excess of 20 MWth, driven by a
high power proton linear accelerator with a beam
power of approximately 8 MW, is planned to start
operation in 2010. The level of funding for the year
2001 is $68M. The foreseen cost of the 10-year
programme leading to the construction of the facil-
ity will be 1.5 billion dollars.


