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PROGRESS IN THE WORK ON THE RECONSTRUCTION OF 
THE IRT RESEARCH REACTOR IN SOFIA 

 
 

T.G. APOSTOLOV 
Institute for Nuclear Research and Nuclear Energy, BAS 
72 Tzarigradsko chaussee Blvd., 1784 Sofia - Bulgaria 

 
 

 
ABSTRACT 

 
The research reactor IRT-2000 is in process of reconstruction into a reactor of low power 
200 kW according to the decision of the Council of Ministers of July 2001. The Program 
for utilization of the reconstructed reactor IRT-200 for education and training, and for 
different applications, like BNCT, neutron activation analysis, etc. is presented in the paper. 
The Technical Assignment requirements, as well as the contractors of the Technical 
Project, the Safety Analysis Report and the Detailed Design are shown. The reconstruction 
is being fulfilled with the financial support of the Bulgarian Government, EU PHARE 
Program, and IAEA, Vienna. The fuel replacement is financed by the US Department of 
Energy in the frame of the RERTR and RRRFR programs. The use of low-enriched 
uranium fuel IRT-4M is in accordance with the current norms on the security of transport 
and storage of nuclear and other radioactive materials which are vulnerable to theft by 
terrorists. 

 
 
1.  Introduction 
 
The reactor IRT-2000 is a heterogeneous water-water pool-type reactor with a maximal thermal power 
of 2000 kW, operating on thermal neutrons. Distilled water under atmospheric pressure is used as 
neutron moderator, coolant, and shielding over the reactor core. The reactor was designed in the 
former Soviet Union and was commissioned in 1961. 
 
The research and applied activities at IRT are versatile and fruitful. After 28 years of operation with no 
accidents, the reactor was temporarily stopped in July 1989, following the regulatory authority 
directive for meeting modern nuclear safety and radiation protection requirements.  
 
In May 1999, the Council of Ministers took the decision to terminate the IRT operation on power until 
taking a final decision for the further utilization of the site,  the available fresh fuel, and the IRT-2000 
facilities and equipment.  
 
In July 2001, the Council of Ministers took the decision for reconstruction of the research reactor IRT-
2000 into a reactor of low power - 200 kW. The decision was based on a detailed technical and 
economic analysis of the need of existence of such a reactor and justification of the possibilities to use 
the available IRT-2M fresh nuclear fuel.  
 
In the view of the growing worth and significance of the reactor reconstruction project for the national 
security and the nuclear science, the Council of Ministers issued in July 2005 the decision for the 
identification of IRT-2000 as an object with national significance. The Council of Ministers defined a 
special statute of IRT and imposed qualified system for physical protection and security. 
 
The research reactor along with its laboratories forms a national base for scientific and applied 
research in the field of nuclear science and technology. The acquired scientific experience and 
qualification in reactor operation are a precondition for the country’s equal-in-rights participation in 
the international cooperation. 
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2.  Program for utilization of the research reactor IRT-200 
 
The reactor utilization program, elaborated and accepted by a wide range of specialists has served in 
the decision making concerning the IRT reconstruction. 
 
The channels of IRT-200 will be suitable for carrying out different kinds of experiments, irradiation of 
material and biological samples. Different equipments will be provided for measurement of neutron 
and gamma fluxes and doses. Fundamental and applied research, technological and commercial 
applications, education and training underlie the business program of the reactor. 
 
2.1  Training and education 
 
For education of students in nuclear energy, reactor-physics experiments for measurement of the static 
and kinetic reactor parameters will be carried out on the research reactor. Experiments aiming at 
acquiring experience in reactor reactivity and temperature changes by the prospective nuclear 
engineers and reactor operators are also planned. 
 
The reconstructed reactor will provide an opportunity for increasing the public understanding, 
confidence, and support for nuclear energy through lectures and demonstrations to high-school and 
university students as well as to the general public. 
 
2.2  Applications 
 
The reactor offers a possibility to continue the neutron activation analysis of full value.  
 
The available hot cells and production line of the Radiochemical Laboratory I grade permit the 
organization of a radioisotope production of some basic radioisotopes for medical application.  
 
The reconstruction of the research reactor foresees development of Boron Neutron Capture Therapy 
(BNCT). For this purpose, additional equipment is planned for creating a facility with a well-filtered 
and collimated neutron beam, which is a guarantee of future utilization of the reactor for treatment of 
malignant melanomas and brain tumours. 
 
Development of a metrological system for testing and calibration of instruments needed for 
measurements of neutron/gamma fluxes as well as of radiation field monitors for measurements of 
actual dose received is planned. Such a metrological system will guarantee uniformity of the neutron 
measurements in the country. 
 
The research reactor can also be used as a base for development of radiation technologies. 
 
Neutron radiography could be used as an effective method of nondestructive testing that allows 
imaging of defects in a variety of objects, including electronic, mechanical, and military parts and 
assemblies.  
 
 
3.  Technical assignment 
 
On the basis of an already prepared Technical Assignment, in December 2002 the Bulgarian Nuclear 
Regulatory Agency (NRA) issued permission to the INRNE for the elaboration of corresponding 
Technical Project and the needed licensing documentation. In order to achieve effective regulatory 
control of the design process, some safety conditions were specified in accordance with the 
requirements of the Act on Safe Use of Nuclear Energy, including timely notification in the event of 
taking new technical decisions. 
 
The Technical Assignment approved by the NRA was prepared on the basis of the following 
requirements for the reactor facilities exchange:  
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 Reactor core – subject to full exchange and will be designed with the new fuel (low enrichment 
20% 235U) of type IRT-4M; 

 
 Reactor safety and control system - full exchange of cables and facilities; 

 
 System for radiation monitoring and dosimetry – full exchange of measurement lines and 

equipment; 
 
 Primary cooling loop system – full exchange of the reactor aluminum tank with a stainless steel 

tank; 
 
 Secondary cooling loop – partial exchange of pipelines and equipment as well as reconstruction 

of the spray pond; 
 
 Horizontal experimental channels - reduction of their number from 11 to 7 and installation of a 

new channel for medical purposes (Boron Neutron Capture Therapy) are envisaged; 
 
 Spent fuel storage facility – exchange of the aluminum tank with a stainless steel tank; 

 
 Power supply system – full exchange of cables and facilities; 

 
 Ventilation systems – subject to partial reconstruction and exchange of the special ventilation 

filters; 
 
 Construction part – new premises are going to be built in the Main Reactor Hall (reactor control 

room, dosimetry stand, etc.). 
 
 
4.  Main contractors  
 
4.1  Contractors of the Technical Project, the Safety Analysis Report, and the Detailed 

Design 
The elaboration of the Technical Project [1] and Detailed Design for reconstruction of the reactor as 
well as of all of the documents needed for the Safety Analysis Report is done by the INTERATOM 
Consortium, which consists of: 
 
 Chief designer – Atomenergoproekt Ltd. Bulgaria 
 Chief constructor – Skoda JS a.s. Czech Republic 
 Scientific supervisor – RRC“Kurchatov Institute”, Russian Federation 

 
The elaboration of the Technical Project started in December 2002 and has already been completed. 
The Safety Analysis Report, edition 1 (completed in 2002), the Safety Analysis Report, edition 2 
(2004), and the Safety Analysis Report, edition 3 (2005) have been prepared. The reason for the 
preparation of edition 3 was the exchange of the highly-enriched fresh fuel (IRT-2M, 36% t) with low 
enriched one (IRT-4M, 20%).  The elaboration of the Detailed Design is expected to be completed in 
October 2006. 
 
 
4.2  Consultants of the Project 
The Belgian company “BELGATOM” (Belgonucleaire, Brussels and SCK.CEN, Mol),   “EQE  
Bulgaria” and IAEA experts provide consulting services in the harmonization of the norms and 
approaches with those adopted in the European countries.  
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4.3  Contractors of the Physical Protection System 
The first stage of construction of the Physical Protection System has been fulfilled by the company 
“Glavbolgarstroy”. The final stage of the construction is implemented by the Joint Venture 
“Construction and Montage of Systems for Technical Security”. 
 
 
5.  Project financing 
 
The IRT reconstruction project financing is provided not only through the state budget but also 
through supplementary subsidies: with the strong support of EU PHARE Program and IAEA, Vienna.  
 
For instance, a contract under the PHARE Program has been signed with the company MGP-France, 
for delivery of a new Radiation Monitoring System (RMS) with term of delivery August 2007. The 
new RMS will be able: 

- to meet the new requirements of the International Convention Radiation Protection;  
- to solve the problems of Radiation Protection and Safeguards; 
- to ensure fulfilling the ALARA principles. 
 

The installation and putting into operation of the new RMS are planned to be performed in 2007 with 
the support of the PHARE Program. 

Through the IAEA’s substantial assistance under the project BUL/4/014, we have obtained essential 
financial support not only for equipment purposes but also for training of young specialists. For 
instance, five young specialists were sent for education to the training reactor VR-1 VRABEC at the 
Technical University, Prague in 2005. A second-level training course for operators, specialists in 
Safety Control System and the I&C (Instrumentation and Control) system, and for dosimetrists will be 
carried out at the Technical University, Prague and in the NRI Rez this year. Under this project, we 
obtain valuable expert assistance in the assessment of licensing documents of the reconstructed reactor 
(Safety Analysis Report, General Plan for Partial Dismantling [2]). The IAEA’s financial support is 
planned to continue in the next few years. 
 
The fuel replacement is financed by the US Department of Energy (DOE) in the frame of two 
programs: RERTR (Reduced Enrichment of Research and Test Reactors) and RRRFR (Russian 
Research Reactor Fuel Return).The program RERTR is implemented for: 

 
- return of highly enriched fresh fuel IRT-2M (HEU, 36% 235U) to Russia. This has been done in 

December 2003;  
- joint studies at Argonne National Laboratory [3,4] aiming at the conversion from the use of fuel 

containing highly-enriched uranium IRT-2M to low-enriched uranium fuel IRT-4M (LEU, 20% 
235U), which has been chosen for the reconstructed reactor IRT-200; 

- delivery of fresh fuel IRT-4M from Russia, needed for the reactor start-up in 2008.  
 

Under the RRRFR program and a contract between INRNE and DOE signed in April 2005, an 
intensive work has been carried out for the IRT spent nuclear fuel shipment to Russia. According to 
the work schedule, this fuel is expected to be shipped by the end of 2007. 
 
The term of the spent fuel shipment is crucial and determining, as far as the first, preparatory stage of 
the reactor reconstruction is completing by it and the second one, the construction and assembling, is 
beginning. 
 
 
6. Conclusions 
 
The research reactor IRT-2000 is in process of reconstruction into a reactor of low power 200 kW 
according to the decision of the Council of Ministers of July 2001. The reconstruction is being 
fulfilled with the financial support of the Bulgarian Government, EU PHARE Program, IAEA, Vienna 
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and DOE, USA. The research reactor along with its laboratories forms a national base for scientific 
and applied research in the field of nuclear science and technology. The use of low enriched uranium 
fuel, with uranium-235 enrichment below 20%, is in accordance with the current norms on the security 
of transport and storage of nuclear and other radioactive materials which are vulnerable to theft by 
terrorists. Some important results of the IRT safety analyses, needed for the Safety Analysis Report, 
are presented at the RRFM 2006 Conference [5,6,7,8].  
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UPDATE ON GTRI: STATUS, PROGRESS AND PLANS  
FOR THE U.S. DEPARTMENT OF ENERGY' S  
GLOBAL THREAT REDUCTION INITIATIVE 

 
 

A. BIENIAWSKI 
Office of Global Threat Reduction, National Nuclear Security Administration 

Department of Energy, Washington DC - USA 
 
 

1. Introduction 
 
Thank you for this opportunity to discuss with you our efforts under the U.S. Department of 
Energy/National Nuclear Security Administration's Global Threat Reduction Initiative, also known as 
GTRI. My goal is to update you an the current status of GTRI, highlight the positive impact it has 
already made an international security, and discuss the direction we plan to take the initiative in the 
future. 
 
Traditionally, nuclear non-proliferation programs focused an preventing non-nuclear weapon states 
from acquiring such weapons. This is still important, and well reflected in our national security 
strategy, but in a post September 11 environment, we also now recognize the pressing security concern 
of keeping nuclear materials out of the hands of terrorists as well. Of particular concern are special 
nuclear materials at civil nuclear sites - sites which may be less well protected than defence facilities, 
yet which possess sufficient quantities of materials for use in improvised nuclear devices and 
radiological dispersion devices, or `dirty bombs'. Our concern about these materials - particularly 
highly enriched uranium (HEU) and plutonium - is with good reason. lf terrorists were to acquire 
plutonium or HEU, they would have overcome the most significant hurdle in the pathway to a full 
weapon. 
 
The scope of the threat is vast - with over 150 civil research reactors around the world still operating 
an HEU, and with many metric tons of weapons-useable uranium and plutonium located in dozens of 
countries around the world, it has become clear that a comprehensive and urgently focused effort is 
needed to respond to emerging and evolving threats. 
 
In response to this new threat environment, an May 26, 2004, former Secretary of Energy Spencer 
Abraham established the Global Threat Reduction Initiative. As many of you know, the GTRI is a 
cooperative program designed to support countries' national programs to identify, secure, recover or 
facilitate the disposition of vulnerable nuclear and radiological materials around the world that pose a 
potential threat to the international community. The initiative consolidated a number of 
non-proliferation programs you may already be familiar with, which work together to minimize and, to 
the extent possible, eliminate the use of highly enriched uranium (HEU) in civil nuclear applications 
worldwide. The Office of Global Threat Reduction, which was set up to implement the initiative, 
oversees the Reduced Enrichment for Research and Test Reactors (RERTR) program, the Foreign 
Research Reactor Spent Nuclear Fuel (FRR SNF) Acceptance program, the Russian Research Reactor 
Fuel Return (RRRFR) program, the Global Research Reactor Security (GRRS) program, and the Gap 
Materials program. These five programs undertake complementary efforts to address the proliferation 
concerns of research reactor materials. In my speech to you today, I would like to highlight the work 
these programs have undertaken in cooperation with the global research reactor community. In 
addition, I would like to highlight the importance we place an fuel development and domestic research 
reactor conversion under the RERTR program and provide an update an the work we have done and 
will be doing to support the Joint Statement an Nuclear Security Cooperation by the Presidents of the 
United States and the Russian Federation adopted at their meeting in Bratislava in February 2005. 
Over the course of this conference, you will hear more in-depth overviews of the RERTR, FRR SNF 
and Gap Material program efforts. 
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As we seek to ensure a secure path for civil nuclear research, free from the proliferation risks posed by 
HEU and plutonium in particular, it is important to highlight that at its very core, GTRI is a 
cooperative program. Without our close cooperation with you, we would not be able to implement a 
program that is beneficial to all of us. 
 
 
2. Global Threat Reduction Programs 
2.1 RERTR 
 
The Reduced Enrichment for Research and Test Reactors program, also known as the RERTR 
program, works to convert research reactors and radioisotope production processes to the use of low 
enriched uranium (LEU) fuel and targets. The RERTR program has identified 106 research reactors 
around the globe, including in the United States, which the program will cooperate with reactor 
operators to convert. To accomplish this objective, the RERTR program supports the development of 
the high-density LEU fuels necessary for conversion, assists reactor operators with conversion 
analyses, and provides incentives for operators to convert to LEU fuel. The RERTR program also 
assists medical isotope production facilities in converting their molybdenum-99 production processes 
from the use of HEU to LEU targets. The program works to ensure that reactors can be converted 
safely, without major modifications to the reactor structure or equipment, without increasing the 
operating costs of the reactor, and without altering the scientific mission and function of the reactor. 
 
Within the past year, the reactor community has witnessed a number of successes, all aided in some 
way by the RERTR program, including the first ever conversion of a Russian-supplied research 
reactor, the VR-1 Sparrow reactor at the Czech Technical University, as well conversion of the High 
Flux Reactor in the Netherlands, and the IRT-1 critical assembly at the Tajoura Centre in Libya. 
 
A very important element to many of the programs under GTRI is the technological development of 
higher-density fuels that will enable additional reactors to convert to LEU fuel, thereby removing 
HEU material from civil applications. It is hoped that through continued interaction, the development 
of these fuels and the repatriation of HEU material from converted reactors, more weapons usable 
nuclear material will be protected against falling into the hands of those with malicious intent. This 
effort is the cornerstone of our non-proliferation objectives and the mission of GTRI. 
 
I would like to stress that the United States recognizes that we cannot ask others to do what we are not 
prepared to do ourselves. Therefore, the RERTR program has taken the lead role in the conversion of 
research reactors in the United States. We plan an converting research reactors at the University of 
Florida (UFTR) and Texas A&M University (NSCR) by the end of this fiscal year, and are actively 
working to convert by 2009 five additional domestic research reactors, which can convert with 
existing LEU fuel. The conversion of these U.S. university research reactors is a critical milestone in 
our effort to reduce the utilization of weapons-useable nuclear material and highlights the high priority 
we place an this important non-proliferation objective. In addition to our efforts to convert U.S. 
university reactors, we also are working to convert the U.S. high power research reactors. We recently 
formed the U.S. High Power Reactor Working Group with reactor operators to jointly assess and 
pursue the conversions of the Advanced Test Reactor (and its critical assembly) at Idaho National 
Laboratory, the High Flux Isotope Reactor at Oak Ridge National Laboratory, the MITR-11 reactor at 
the Massachusetts Institute of Technology, the NBSR reactor at the National Institute of Standards and 
Technology, and the MURR reactor at the University of Missouri. To enable the conversion of these 
reactors, the RERTR program has developed an aggressive, achievable schedule to develop the 
necessary U-Moly fuel by 2010. 
 
We have set an aggressive goal to complete conversion of all 106 research reactors identified as 
feasible for conversion to LEU fuel by 2014 and I look to you, the international community of 
research reactor operators, for your continued support and collaboration. 
 
In the RERTR program's efforts to convert medical isotope production processes to an LEU-based 
process, it has joined the IAEA-led Coordinated Research Project (CRP) entitled "Developing 
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techniques for Small scale indigenous Molybdenum 99 production using Low Enriched Uranium 
(LEU) fission or neutron activation." This past March, RERTR prograin experts attended a CRP 
workshop in Indonesia, where they performed a successful demonstration of LEU-based Moly-99 
target production. 
 
Additionally, DOE is supporting a study, in accordance with the U.S. Energy Policy Act of 2005, to be 
performed by the National Academy of Sciences to assess the feasibility of converting large-scale 
medical isotope, production facilities to LEU-based processes. The RERTR program hopes to continue 
working with the radioisotope production community to ensure that we maintain the scientific and 
economic benefits of Moly-99 production, while at the same time enabling us to address our mutual 
non-proliferation objectives. 
 
We are currently evaluating the possibility to address other reactors not previously included in the list 
of 106. This study is currently underway and we are examining the possibility of including some large 
pulse reactors and critical facilities. We will keep you informed about this and let you know when our 
study is completed. 
 
 
2.2 RRRFR 
The second non-proliferation program consolidated under the GTRI, the Russian Research Reactor 
Fuel Return (RRRFR) program, works to repatriate fresh and irradiated Russian-origin fuel from over 
20 Soviet-/Russian-supplied research reactors in 17 countries. This trilateral initiative among the 
United States, the Russian Federation, and the International Atomic Energy Agency (IAEA) works 
band-in-hand with the RERTR program to ensure that eligible facilities that make their HEU fuel 
available for repatriation and agree to convert to LEU fuel may receive the necessary assistance. We 
plan to complete the repatriation of all remaining eligible materials that are currently outside of 
research reactor cores by 2010 and Look to some of you for your continued interaction and 
involvement in this program for the coming year. 
 
I am pleased to report to you that the RRRFR program has had another successful year in 2005 and I 
would like to compliment our Russian colleagues for their efforts under this program. To date, we 
have successfully completed 8 shipments of Russian-origin fresh HEU fuel to Russia, the last of which 
returned roughly 14 kg of HEU from the Czech Technical University to the Russian Federation in 
September 2005. Additionally, the RRRFR program, in close cooperation with Uzbekistan, Russia and 
Kazakhstan, has recently conducted the successful completion of the first Russian-origin spent HEU 
repatriation project. This Pilot project removed approximately 62 kg of HEU over four consecutive 
spent fuel shipments from the WWR-SM reactor at the Institute of Nuclear Physics in Uzbekistan, 
through Kazakhstan, to its ultimate destination in Russia. This accomplishment eliminates the 
non-Proliferation risk posed by these vulnerable materials in Uzbekistan, and paves the way for future 
spent HEU repatriations under the RRRFR program. 
 
To ensure the success of future spent HEU shipments to Russia under the program, GTRI and 
Rosatom have formed and recently held the first meeting of the Technical Working Group an Spent 
Fuel Return, under the auspices of the Joint Coordinating Committee established by the U.S.-Russian 
Agreement an the Transfer of Russian-Produced Research Reactor Nuclear Fuel to the Russian 
Federation. It is my hope that we will continue to gain international support and cooperation in our 
efforts to repatriate Russian-origin HEU. Looking ahead, we have several upcoming shipments to 
repatriate Russian-origin fresh HEU from such countries as Poland and Germany by the end of 2006. 
 
 
2.3 FRR SNF Acceptance 
The Foreign Research Reactor Spent Nuclear Fuel (FRR SNF) Acceptance program is the third 
research reactor program working to achieve the non-proliferation mission of GTRI. The FRR SNF 
Acceptance program supports U.S. HEU minimization policy by accepting certain types of U.S.-origin 
HEU and LEU spent nuclear fuel and HEU target material. The United States will accept eligible 
spent fuel that is irradiated prior to May 2016 and returned to the United States by May 2019. The 
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FRR SNF Acceptance program provides assistance where necessary to implement shipments to the 
United States. Over the past year, we have repatriated 406 spent nuclear fuel assemblies from Austria, 
Greece, the Netherlands and Sweden. 
 
 
2.4 GRRS 
The Global Research Reactor Security (GRRS) program is the fourth pre-existing program folded into 
the GTRI. This effort has been providing security upgrades at nuclear facilities around the world for 
over a decade. The GRRS program works to improve the security of nuclear materials outside of the 
Former Soviet Union (FSU) until such time as they can be removed, repatriated, blended-down or 
otherwise disposed of under other programs. To date, GRRS has provided security upgrades at eight 
(8) research reactors outside of the FSU and is currently providing security upgrades at ten (10) 
additional research reactors in five (5) countries. 
 
 
2.5 Gap Materials Program 
The RERTR, RRRFR, FRR SNF Acceptance and GRRS programs comprise DOE's pre-existing 
research reactor non-proliferation efforts. However, in order to more comprehensively address 
additional quantities of nuclear material under the GTRI, DOE developed a program to address 
material not covered by previous threat reduction efforts; in essence, filling the `gaps' of these 
programs. Under this program, GTRI works to develop partnerships with government agencies, 
facility operators, and commercial entities to identify, remove and facilitate the final disposition of gap 
material. This material could potentially include: U.S.-origin HEU not covered by the FRR SNF 
Acceptance program; separated plutonium and plutonium-bearing material; and HEU material of 
non-U.S.- and non-Russian-origin. Your participation and support of this effort is of critical 
importance. As with all our efforts under GTRI, we welcome, and in fact rely on, your continued 
support for and participation in this program. You will hear more about the gap materials program 
later today. I would briefly note that GTRI recently completed its first shipment to return gap 
U.S.-origin HEU fresh material from Canada. In addition, 1 would like to highlight an example of our 
cooperation with AREVA-CERCA. With the support of GTRI, AREVA-CERCA recently signed 
contracts for the recovery of more than 85 kilograms of HEU from facilities in Europe. 
 
 
3. Conclusion 
 
As GTRI nears the end of its second year, we continue to build new successes an the foundations of 
our past accomplishments, and have gained an increasing amount of international support to achieve 
our mutual goals. In the future, we look forward to continuing and expanding our cooperation with 
you to further our non-proliferation efforts. 
 
In closing, I would like to thank you for this opportunity to discuss these programs with you. 1 
welcome the chance to highlight the steps the U.S. Department of Energy is taking in cooperation with 
our international partners to address the threat of nuclear proliferation. We look forward to working 
closely with you to continue this important work. 
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1.  Introduction: GTRI and Gap Material program objectives 
 
In response to the growing need to comprehensively and internationally address the potential threat 
posed by high-risk nuclear material, the U.S. Department of Energy established the Global Threat 
Reduction Initiative (GTRI). The mission of GTRI is to foster international support for national 
programs to identify, secure, remove and/or facilitate the disposition of vulnerable, high-risk nuclear 
and other radioactive materials around the world, as quickly and expeditiously as possible, that pose a 
potential threat to the international community. Specifically, GTRI was tasked with establishing 
international partnership to address this global issue. 
 
The international community continues to face numerous challenges with regard to our joint efforts to 
prevent the proliferation of high-risk nuclear and radioactive material. The issue of the security and 
use of high-risk nuclear material for malicious purposes is a global concern and as such, we need a 
global response. We need to work together to collaborate on a government-to-government basis, a 
government to-industry/commercial basis, and on an industry-to-industry basis. It cannot, and should 
not, be the responsibility of any one entity or any one government to solve this global issue. Our 
objectives can only be accomplished through the establishment of regional and global partnerships that 
take advantage of every possible option to solve this issue in the most expeditious manner. 
 
In order to achieve these objectives, GTRI works with international, regional, and domestic partners 
to:  

(1)  minimize and, to the extent possible, eliminate the use of highly enriched uranium (HEU) in 
civil nuclear applications worldwide;  

(2)  accelerate the removal or final disposition of vulnerable nuclear material throughout the world;  
(3)  accelerate securing and/or removing vulnerable high-risk radiological materials throughout the 

world; and  
(4)  address the "gaps" of other programs by identifying, recovering and facilitating permanent 

disposition of high-risk nuclear material throughout the world not previously addressed by other 
threat reduction programs.  

 
GTRI, however, is only one example of the effort to establish such partnerships and collaborations. 
The international community continues to provide significant support to prevent the theft or diversion 
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of high-risk nuclear and radioactive material. Working in cooperation with the International Atomic 
Energy Agency and several key donor States under GTRI, the U.S. Government has been working 
with more than forty countries around the world to recover, secure and disposition nuclear and other 
radioactive materials that could pose a security risk. GTRI’s success, in large part, has resulted from 
the outstanding support and cooperation we have obtained from some key international partners, such 
as AREVA and you, our global partners. 
 
This paper will explore the collaboration developed between GTRI and AREVA to address a 
disposition option for nuclear material through reprocessing at AREVA facilities in France. This is 
just one example of a government-to-industry partnership that GTRI supports and is seeking to foster. 
We hope that we can work with more partners, from both governmental and industry, to develop other 
options for the disposal of high-risk nuclear material in the most expeditious manner.  
 
The Gap Material Program 
 
The objective of the Gap Material program is to address vulnerable, high-risk, nuclear materials that 
could be of terrorist concern but have not been previously addressed by various non-proliferation 
programs. GTRI hopes to more comprehensively address the safety and security of all nuclear 
materials of concern through the Gap Material program. This program will work to identify, recover 
and/or facilitate the disposition of materials that could include:  

• U.S.-origin HEU not covered by the U.S. Foreign Research Reactor Spent Nuclear Fuel 
(FRR SNF) Acceptance program  

• Separated plutonium and plutonium-bearings materials  
• HEU materials of non-U.S.- and non-Russian-origin 

As an example of the success that can be achieved by combining the assets, capabilities, and 
objectives of industrial and commercial entities with governmental and political nonproliferation 
objectives, NNSA and AREVA are pleased to announce that they have joined efforts in order to assess 
possible options for recovering and recycling nuclear and other radioactive materials. These common 
efforts are focused on addressing HEU, separated plutonium and spent nuclear fuels located at 
facilities where operators have determined them to no longer be necessary for their intended purpose. 
This collaboration represents a broadening of the extensive partnership that already exists between 
GTRI programs and AREVA. During a meeting this past December among representatives from 
NNSA, French Authorities, and reactor/facility operators, readiness to pursue and strengthen the 
cooperation with the GTRI and AREVA was fully reasserted. 
 
 
2.  Part I: HEU recovering for fuel fabrication – CERCA’s cooperation with GTRI  
 
AREVA-CERCA recently signed contracts with the European Commission, with NNSA’s support, for 
the recovery of more than 85 Kg of HEU from facilities within Europe. Through this first step in this 
expanded international collaboration between NNSA and AREVA, CERCA has been able to remove 
and will now recycle these unused materials from several European sites. 
 
CERCA has recognized expertise and long-term experience in dealing with HEU handling and 
processing for research and medical applications. CERCA has been a longtime industrial partner of 
GTRI through its participation in the conversion of research reactors from HEU to low enriched 
uranium (LEU) fuel and its participation in the development of the U-Mo fuel in cooperation with the 
Reduced Enrichment for Research and Test Reactors program under GTRI. The removal of these 
additional materials from European facilities was a natural step in the continued cooperation between 
GTRI and CERCA.  
 
We hope that this effort will be one of many new partnerships developed under GTRI with industrial 
and commercial partners as well as facility operators to offer additional incentives to reduce the 
potential threat posed by excess and unwanted high-risk nuclear material. Ultimately, facility operators 
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must choose the best option for transfer and disposition of material at their facility based on financial, 
political, and other considerations. GTRI seeks to offer more expeditious and expanded options than 
were previously available. As an example, this partnership with CERCA provides a particularly 
appealing solution for facilities within Europe. This is because of it is relatively easy to transfer 
material within EURATOM facilities, there is potentially a tremendous cost savings on shipping 
material within Europe compared with other non-European options, and the possibility of further 
treating and reprocessing the material so that it can be used for other peaceful purpose rather than 
directly storage. Additionally, activities under this partnership are being undertaken within the context 
of existing legal, environmental, regulatory, and political authority within the respective governments. 
As such, these efforts can proceed more expeditiously than other possible options under consideration.  
 
GTRI is ready to further develop and expand these types of activities with other facilities and 
industrial partners. These early successes are a very positive sign of the fruitful collaboration 
established with NNSA, other governments and facility operators around the world. We hope to 
continue and increase this cooperation with other global partners. 
 
 
3.  Part II: Plutonium disposition through recycling into MOX fuel 
 
In addition to recovery of HEU materials, AREVA and GTRI have been working with host 
governments and relevant facility operators to develop and implement opportunities and technical 
solutions to facilitate the disposition of excess quantities of separated plutonium. This type of 
cooperation includes transporting plutonium to AREVA facilities in France, where it will be 
conditioned and used in the production of mixed oxide (MOX) fuel. This MOX fuel can then be used 
in civil power reactors, either in the country where the material was originally stored or in another 
country. As part of this initiative, we have been approached by and have begun discussions with a 
number of European governments and nuclear facilities. For security reasons, we cannot, at this time, 
provide the list of these operators with whom we are currently collaborating. 
 
Any material imported to France under the collaborative effort between AREVA and GTRI will be 
managed in compliance with all relevant French laws and regulations. Additionally, these shipments 
will meet both the technical and legal constraints of all parties involved, including international 
safeguards, and will require appropriate arrangement between concerned states.  

 
AREVA, with its associates, produced more than 2,000 tons of MOX fuel in 2005. More than 30 years 
of successful experience in PWR as well as BWR reactors has been cumulated in demonstrating the 
high quality and performances of MOX fuel. With 1,000 tHM of high quality MOX fuel produced 
over the last 10 years, MELOX is the major contributor to the current global MOX supply. MOX users 
are located worldwide in France, Germany, UK, Belgium, Japan, Switzerland and the United States 
(through recent manufacturing of Lead Test Assemblies in the frame of the DOE/NNSA Weapons 
Disposition Program). 
 
For MOX fuel, the main components used for uranium fuel assemblies like grids, guide thimbles, 
nozzles, end-fittings and cladding tubes are almost identical to that of conventional UOX fuel. This is 
to guarantee the in-reactor mechanical compatibility between MOX and UOX fuel assemblies. The 
fabrication process principles for the mixed oxide ceramic pellets are also basically identical to those 
of UOX. However, some differences in the detailed operations result from specific features in the 
UO2-PuO2 mixture, such as, handling and blending of the powders and dry grinding of the pellets. In 
addition, plutonium requires special-purpose factories with features such as radiation protection 
shielding and the need for high efficiency containment due to plutonium radio-toxicity.  
 
 
4.  Part III: Used RTR Nuclear Fuel recovery through Treatment and Recycling 

 
A final item of the Gap Material program is to develop disposition pathways for HEU research and 
test reactor (RTR) fuel not covered by the U.S. FRR SNF Acceptance program. In cooperation with 

17



other research reactor fuel programs, AREVA and GTRI are working to provide additional disposition 
options for spent HEU fuel. The treatment of spent RTR fuel, together with LWR fuel, in a regional 
facility under international safeguards is one possible solution to proliferation and terrorist concerns 
represented by spent HEU fuel.  
 
The RTR fuel treatment process was developed several decades ago by AREVA and has now been 
utilized on an industrial scale for thirty years. The RTR treatment process consists of dissolving the 
whole fuel assembly (including the Al cladding) in nitric acid and then diluting it with standard 
Uranium Oxide fuel dissolution liquor prior to treatment with the nominal TryButylPhosphate solvent 
extraction process. The RTR dissolution process is different from the continuous LWR fuel dissolution 
process and is done in batches. The resulting UOX/RTR solution complies with the requirements for 
backend operations, including vitrification of the fission products and residual waste at the vitrification 
facility. A wide range of spent RTR fuel has already been treated in the AREVA facilities.  
 
Current RTR treatment activities are undertaken at the La Hague plant where used fuel from Australia, 
Belgium and France are aligned for treatment. These activities are carried out according to French and 
international regulations, especially concerning the management of radioactive wastes.  
 
Treating spent RTR fuel allows for the separation of recyclable materials from other nonusable 
residues and waste. In addition to the nonproliferation benefits of reducing the enrichment to a level 
less attractive for weapons use, this option offers many advantages as compared to direct disposal. 
Benefits include the retrieval of valuable fissile material that can be reused for peaceful purposes, the 
reduction of radio-toxicity of the final waste, and a very significant reduction of the volume of the 
ultimate waste package (reduction factor between 30 and 50). In addition, the vitrification of the 
residues provides a package that has been specifically designed to ensure excellent durability for long 
term interim storage as well as final disposal (99% of the activity is encapsulated into a stable matrix).  
 
 
5.  Conclusion  
 
The collaboration of global partners, of which the joint efforts illustrated in this paper between 
AREVA and GTRI, is an essential element of our shared nonproliferation and nuclear security 
objectives. It is through these efforts that the risk of diversion or theft of nuclear weapons usable 
material has been decreased by reducing the proliferation or terrorist attractiveness of the material, 
redirecting the material towards peaceful uses. 
 
No one party can achieve our lofty objectives alone; it is only through joint, cooperative efforts that 
we can work towards ensuring the rightful place of peaceful nuclear energy as a central component of 
our scientific, energy, medical, and economic needs. The Gap Material program is working to develop 
and implement effective solutions to the problem of disposing of high-risk nuclear material. The 
consequences of the theft or diversion of nuclear material would affect us all. Therefore, we must 
develop global solutions. 
 
We are pleased that our joint efforts have been rewarded with concrete outcomes, and we encourage 
other parties to join us in this truly international initiative. We believe that it is of critical importance 
to the eventual success of our joint mission to live in a world free of the fears of nuclear proliferation 
and nuclear terrorism. 
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ABSTRACT 
 

During the past 50 years worldwide, 70 TRIGA reactors have been commissioned, 
including those constructed by General Atomics and those converted into TRIGA reactors. 
This is actually the best selling low-to-medium power reactor based on a simple and 
inherently safe concept. Therefore these reactor types were mainly installed at universities 
and hospitals. This paper presents a review of TRIGA performances and utilizations 
worldwide as replied to the sent questionnaire and shows the broad range of research 
activities. 

 
 
1. The TRIGA Concept /1/ 
 
The basic TRIGA reactor has been developed and offered to users in several standard designs. The 
below-ground TRIGA Mark I reactor is extremely simple in its physical construction. It has a 
graphite-reflected core installed near the bottom of an aluminium tank and typically operates at power 
levels up to 1 MW with pulsing capability. Surrounding earth and demineralized water provide most 
of the required radial and vertical shielding. No special containment or confinement building is 
necessary, and installation in an existing building has often been possible. Core cooling is achieved 
through natural convection. Each Mark I reactor is equipped with various irradiation facilities  
including a central thimble for high-flux irradiation, pneumatic rabbit with in-core terminus, and a 
rotary specimen rack for uniform irradiations of up to 80 sample containers. The above-ground 
TRIGA Mark II reactor has a core that is identical to that of the Mark I but is located in a pool 
surrounded by a concrete biological shield that is above the reactor room floor level. The pool water 
provides natural convection cooling for operation up to 2 MW, or up to 3 MW with forced cooling. In 
addition to the Mark I’s irradiation facilities, the Mark II includes four horizontal beam ports 
extending through the concrete shield to the surface of the reflector, and a graphite thermal column 
providing a source of well-thermalized neutrons suitable for physical research or biological 
irradiations.  
 
In the early TRIGA Mark II reactors, a separate thermalizing column was included together with an 
associated water-filled pool for shielding studies. In recent times, users have converted these for other 
applications, such as dry neutron radiography facilities with built-in shielding.  More recent versions 
of the Mark II TRIGA reactor have not included the thermalizing column and pool. 
 
A later design option, the TRIGA Mark III provided a movable reactor core, supporting both steady-
state (up to 2 MW) and pulsing operations, but with greatly increased operational flexibility. The core 
can be moved to one end of the pool for experiments in an adjacent dry, walk-in exposure room, or to 
the opposite end for experiments involving the thermal columns and beam ports, or used in the centre 
of the pool for isotope production and other applications. 
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Instrumentation and control (I&C) systems for all new TRIGA reactors have now evolved into 
compact, microprocessor-driven systems. As with previous generations of the I&C systems, they are 
designed to enable inexperienced students and non-technical personnel to operate the reactor with a 
minimum of training, with simplicity afforded as a result of the inherently safe characteristics derived 
from the physical properties of the UZrH fuel. Four operating modes are typically available: manual, 
automatic, pulsing, and “square wave,” the latter being a one-button start-up sequence for bringing the 
reactor up quickly (a few seconds) to its operating steady-state power level. TRIGA reactors have also 
been licensed to operate in unattended mode, again as a result of the protection afforded by the safety 
characteristics of the UZrH fuel.  
 
 
2. U-Zr-H Fuel Manufacturing Status 
 
Since 1995 and the engagement of CERCA and GENERAL ATOMICS in a common joint venture: 
TRIGA INTERNATIONAL. TRIGA fuel elements are manufactured in CERCA workshops at 
Romans (France). At that time, the main equipments were transferred from GA workshop (San Diego) 
to CERCA workshop (Romans), giving to TRIGA INTERNATIONAL the capability to manufacture 
the TRIGA fuel elements in a new building, fully dedicated to TRIGA fuel manufacturing. The current 
manufacturing capacity allows TRIGA INTERNATIONAL to provide more than 200 fuel elements 
per year, corresponding to 2 TRIGA fuel cores, using an UZrErH alloy up to 45 wt% uranium with 
20% U235 enrichment. 
 
During the past 10 years, TRIGA INTERNATIONAL has manufactured LEU fuel elements for many 
TRIGA reactors around the world, such as: 

MNRC University of California-Davis (USA) 
ARRR Aerotest Operations (USA) 
TRIGA CORNELL Cornell University (USA) 
DOW TRIGA REACTOR Dow Chemical (USA) 
KSU TRIGA MKII Kansas State University (USA) 
PSBR Pennsylvania State University (USA) 
TRIGA University of Utah (USA) 
LENA, TRIGA II University of Pavia (Italy) 
TRIGA-RC1 ENEA (Italy) 

 
Since 2003, TRIGA INTERNATIONAL has manufactured the 400 fuel elements for the conversion to 
LEU fuel of the TRIGA II PITESTI Reactor in Romania (through an IAEA contract): 
 

 
Fig 1: Final inspection of the Romanian TRIGA Fuel elements in March 2006 

From left to right: Mr. Zsombori (CNCAN), Dr. Biro (CNCAN),  
Mrs. Grama (CNCAN), Mr. Ciocanescu (ICN Pitesti), Mr. Adelfang (IAEA) 
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TRIGA International is now working on the conversion of the following reactors: 

NSCR Texas A&M University (USA) 
WSUR Washington State University (USA) 

 
Next TRIGA reactors to be converted: 

OSTR Oregon State University (USA) 
UWNR University of Wisconsin (USA) 
NRAD Idaho National Laboratory (USA) 
TRIGA MARK III ININ (Mexico) 

 
 
3. World-wide TRIGA Situation 
 
A total of 70 TRIGA reactors of all types has been constructed or converted to a TRIGA core. From 
these 70 reactors, 42 reactors are still in operation as of Jan.1st 2006 while 12 reactors are shut down, 
11 have been decommissioned, 3 reactors have been suspended and 2 are under construction. 
(Morocco, Thailand). The most widely used TRIGA model is the above-ground Mark II reactor which 
offers a wide range of steady state power levels (from 100 kW to 3 MW), pulsing capabilities up to 
16,500 MW and a broad area of applications. 
 
The fabrication of the TRIGA Mark II reactor in Morocco is nearly complete (see photos hereunder) 
and the cold commissioning is nearing completion. The TRIGA fuel will be delivered to Morocco in 
March 2006. The hot commissioning is planned to occur in April 2006. 
 

   
 

Fig 2:  CNESTEN’s reactor – Rabat, Morocco – March 2006 
 
 
4. Areas of utilization /2/ 
 
In the steady-state mode of operation, TRIGA reactors provide much the same research and training 
capabilities as other types of research reactors. These include neutron activation analysis, radioisotope 
production, neutron transmutation doping of silicon, and a variety of neutron-beam applications, 
including neutron radiography and BNCT. In addition, however, TRIGA reactors offer the unique and 
added capabilities to produce pulsed bursts of neutrons. This capability has provided scientists and 
researchers a wide variety of additional areas of research applications. These have included: studies of 
biomedical effects in pulsed radiation fields, transient radiation effects in electronic components, tests 
of power reactor fuel under simulated accident conditions, and the production of very short-lived 
radionuclides for radiochemistry and nuclear physics studies using 250 to 2000 MW pulses and pulses 
as high as 20,000 MW in specialized TRIGA reactors. More recently, the precision in reactor control 
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afforded through the use of digital electronics has allowed pulsing TRIGA reactor designs to offer 
“continuous pulsing” at power levels reaching 50 MW. The latter would serve in lieu of a pulsed 
spallation accelerator system as a neutron source for neutron beam applications. The prototype TRIGA 
reactor at General Atomics in San Diego was shut down permanently in 1997 and has been designated 
by the American Nuclear Society in 1986 as a Nuclear Historic Landmark. The citation highlighted its 
role in pioneering the use of unique, inherently safe capabilities in nuclear reactors. 
 
 
4.1. Education and Training 

 
Every research reactor facility is capable of being used for education and training purposes. When 
reviewing the potential uses of existing reactors, this application should not be omitted as being a 
trivial or unworthy mission. Conversely, it should be thoroughly explored and utilized to the benefit of 
the facility. Therefore, educating a knowledgeable public usually means less opposition and more 
support. Similarly, educating and training the scientific community is the equivalent of planting the 
seeds for future customers and users. 
 
TRIGA reactors, due to their simple construction, are excellent facilities for this purpose and 
practically all TRIGA reactors use this opportunity. Climbing one step further up to students education 
and training students in scientific disciplines such as  

• nuclear physics 
• radiochemistry 
• nuclear technology  
• radiation protection and dosimetry 
• geology  
• biology 
• and many others 

can often be attracted to more sophisticated utilization of a research reactor when their initial contact is 
used to reveal the utilization opportunities available. In this instance, students are educated in the use 
of the reactor for application in many disciplines discussed below. 
 
 
4.2. Neutron Activation Analysis (NAA) 
 
Next to education and training, NAA is the most simple and widely used application of research 
reactors, therefore practically all TRIGA reactors perform some sort of NAA. 

The NAA technique can be broadly classified into two categories based on whether chemical 
separations are employed in the analytical procedure. Under favourable conditions, the experimental 
parameters such as irradiation, decay and counting times can be optimized so that the elements of 
interest can be determined without the need of physical destruction of the sample by chemical 
treatments. This process is called non-destructive NAA. However, it is more commonly referred to as 
instrumental NAA (INAA) and is the most widely used form of NAA. 

NAA at TRIGA reactors may use a variety of standard irradiation facilities such as the rotary 
specimen rack (RSR) or pneumatic transfer systems (PTS) with a large range of transfer times (down 
to 20 ms). In many cases these systems have been developed at the facility by their own staff.  Some 
of these PTS may also be coupled with the pulsing capability of TRIGA reactors thus allowing the 
production of very short lived radio-nuclides. [See Photo] 
 
 
4.3. Radioisotope Production 
 
The production of significant quantities of isotopes for commercial utilization typically requires a 
reactor power equal or above 2 MW and a major investment in hot cell equipment for processing. 

42



A number of TRIGA reactors operating at that power level are capable of irradiating materials to 
produce certain isotopes in small or medium quantities for research and medical applications. In this 
way, they can supply the needs of their more local users such a hospitals or university. Especially  
TRIGA reactors in Asia  use this option as some of these countries have no access to high flux reactors 
and are limited therefore to their “one and only TRIGA reactor” such as Bangladesh. 
 
 
4.4. Geochronology 
 
Only very few TRIGA reactors are involved in geochronology as this is a very specialised application 
and there are very few users mainly in industrialized countries. Further, this belongs more to academic 
research and only little financial support can be raised through this application. However, in 
combination with INAA, TRIGA reactors can be applied in comparative age determination 
(“Chemical fingerprinting”). One example is the chronological use of the volcanic ash layer of the 
Thera (Santorini) eruption some 3500 years ago in the Eastern Mediterranean /3-6/. 
 
 
4.5. Transmutation Research 
 
This category of applications includes all those uses where the neutrons and/or gamma radiations are 
used to cause a change in the material properties. Because transmutation effects usually require 
significant fluences to induce the effect within a reasonable time period, intermediate and higher 
powered reactors are needed. Additionally, to produce sufficient quantities of material fairly large, 
uniform flux irradiation positions are often required. The 2 MW Mark II at University of California – 
Davis has performed specialized transmutation for the military.  Transmutation doping has been 
performed commercially using the 14 MW Romanian TRIGA reactor.  
 
There is however one application in this field which is called Gemstone colorisation. Gemstones may 
be irradiated with neutrons to improve their properties (e.g., change to a more desirable colour) in 
order to increase their demand and monetary value. The most common neutron irradiation being 
performed at research reactors is for topaz. Like NTD of silicon, there is potential for the generation of 
significant income through gemstone irradiations. In some countries there are however some legal 
restriction associated with this application, and this special application is usually not widely diffused, 
but it is known that some TRIGA reactors in the USA and Asia have at least worked with this method. 
 
 
4.6. Neutron Radiography and Neutron Tomography 
 
Static- and real-time neutron radiography as well as neutron tomography are fields which are applied 
at many TRIGA reactors both in developed as well as in developing countries. In addition, this type of 
application may also contribute to considerable income for the reactor laboratory if routinely applied. 
In fact, in the USA, one TRIGA Reactor was specially designed for large scale NR of aircraft wings. 
Some typical applications can be found in /7-10/.  The Aerotest TRIGA was designed specifically for 
commercial NR of small components and has been used in this fashion for more than 30 years. 
 
 
4.7. Material Structure Studies 
 
Material structure studies are performed using TRIGA Mark II type reactors in all power levels. 
Reactor-produced neutrons that are extracted from the reactor core through various beam ports such as 
radial-, tangential- or piercing-beam ports. The type of port selected depends on the special 
experiment. The energy of the emerging neutrons covers a range from below thermal to several MeV. 
Using various techniques, neutrons within a small energy band can be selected for use in experiments 
such as neutron scattering, neutron diffraction and even neutron interferometry. In several cases also, 
cold neutron sources have been installed at TRIGA reactors 
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4.8. Prompt Gamma Neutron Activation Analysis 
 
Prompt gamma neutron activation analysis is a process similar to INAA that was discussed in Section 
4.2. While INAA uses the radioactivity emitted by the activation products for analysis, PGNAA uses 
the prompt gamma rays emitted during the neutron capture. PGNAA enjoys limited use because of the 
scarcity of suitable neutron beams.  
 
Typical applications are analysis of samples in geological and atmospheric sciences. The technique is 
useful for analysing for the following elements: H, B, C, N, P, S, Cd, Pb, Sm, and Gd. PGNAA 
requires a neutron beam with a well-collimated flux greater than 108 n cm-2 s-1 which illuminates a 
representative part of the sample (about 2 cm in diameter). The tangential beam tube of the TRIGA 
reactor is one option for PGNAA, but the most effective PGNAA systems are operated with neutrons 
provided by a cold neutron source. PGNAA is not frequently carried out at TRIGA reactors but there 
are a few applications going on as shown in Table 1,2. 
 

Research Area 
TRIGA Reactors in Mainz

Hel-
sinki

Pavia Roma Ljubl-
jana Istanbul Pitesti Vienna

University Training and Education X X X X X X X X 

Neutron and Solid State Physics X  X X   X X 

Radiation Protection X X X X X X X X 

Nuclear Engineering  X X    X  

NPP Operators Training  X   X  X X 

Neutron Activation Analysis X X X X X X X X 

Radioisotope Production X X X X   X  

Geochronology         

Transmutation Effects         

Neutron Radiography    X X X X X 

Material Sciences    X X  X X 

Prompt Gamma NAA X (1)      X  

Positron Research         

Neutron Capture Therapy X (2) X X    X  

Supporting ADS Development    X     

Computer Code Development  X   X  X  

Reactor Dosimetry X X       

Decommissioning planning  X       

Experiments using pulsing X      X X 

Irradiation Devices (Loops) X      X  

Others X (3)        

 (1) Device for PG-NAA currently under construction 

 
(2) Feasibility study on the application of BNCT at the  
TRIGA Mainz currently going on 

Table 1: European TRIGA Activities 
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Research Area 
TRIGA Reactors in Irvine Kansas Dhaka Band-

ung PUSPATI Utexas Colom
-bia AFRRI Ore-

gon 

University Training and 
Education X X X X X X X X X 

Neutron and Solid State 
Physics   X      X 

Radiation Protection X X X X X X  X X 

Nuclear Engineering  X  X  X   X 

NPP Operators Training  X      X X 

Neutron Activation 
Analysis X X X X X X X X X 

Radioisotope Production X X X X X X X  X 

Geochronology X        X 

Transmutation Effects          

Neutron Radiography  X X X X X   X 

Material Sciences     X (SANS) X   X 

Prompt Gamma NAA      X    

Positron Research      X    

Neutron Capture Therapy          

Accelerator Driven 
Subcritical Assembly      X    

Radiation Detector 
Develop &Testing  X        

Computer Code Develop.          

Radiobiology        X  

Table 2: International TRIGA Activities 

 
4.9. Boron Neutron Capture Therapy (BNCT) 
 
When 10B absorbs a neutron, it emits an alpha particle and a lithium ion, both of which are highly 
ionizing and have a range in tissue about equal to the diameter of a cell. Therefore, the methodology in 
boron neutron capture therapy (BNCT) is to load a tumour with a borated compound, and irradiate 
with neutrons. If the conditions are right, then the tumour dose is much higher than in the rest of the 
surrounding tissue, resulting in subsequent preferential killing of tumour cells. 
 
Thermal neutrons are desired at the tumour location because the 10B interaction probability is much 
higher with slower neutrons. Therefore, surface or shallow tumours can be irradiated with thermal 
neutrons, while those at a depth of a few centimetres can be irradiated with epithermal neutrons which 
then become thermalized by the overlying tissue. Thermal neutrons are also useful for research 
involving cell cultures or small animal irradiations. Most neutron capture therapy research has focused 
on malignant melanomas and brain tumours, particularly glioblastoma multiforme (GBM). While the 
incidence of GBM is quite low (about 20 per million population per year), its median survival is only 
about 8.6 months and it is unaffected by other types of treatment.  
 
BNCT has been tested in many TRIGA reactors around the world and some TRIGA’s have even been 
modified for routine BNCT. /11, 12/. Due to the flexibility and the simple design of TRIGA reactors, 
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TRIGA’s have many advantages compared to more powerful reactors offering BNCT. In one case, the 
installation of a BNCT station helped to prevent early decommissioning of a TRIGA reactor. 
 
 
4.10. Testing of Instruments 
 
Practically every TRIGA reactor is used to do some instrument testing and calibrations, even if it is 
just for low level radiation protection instruments. Typically the work involves neutron and/or gamma 
ray detection instruments that need to be tested to ensure that they have the appropriate characteristics 
and need to be calibrated to ensure accurate readings. At TRIGA reactors, a very useful installation is 
the thermal column where the radiation composition and radiation level can be adjusted by the reactor 
power and by beam filters. Further even, the spent fuel element radiation can be used for instrument 
testing and/or calibration /13/.Another application is the testing of individual electronic components 
(LEDs, IC) or complete electronic boards used in safeguards surveillance under given radiation 
conditions. 
 
 
4.11. Various other applications 
 
As mentioned before, TRIGA reactors enjoy a large variety of research possibilities therefore each 
individual TRIGA user has developed specific application in the past which can be optimally reviewed 
through the proceedings of the TRIGA Users Conferences taking place every second year (14). These 
applications range from: 

• ADS research, 
• Transmutation research, 
• Software development, 
• In-service inspection methods, 
• Loop design, 
• Reactor dosimetry, 
• NPP Operators training. 

 
 

5. Conclusion  
 
Although most of the TRIGA reactors are now of  “senior age”, many of them are still “going strong”. 
Evidently they can hardly be compared with complicated high flux reactors, however it should be 
mentioned here that many experiments around high flux reactors have their roots at one of the TRIGA 
reactors around the world. In many cases these roots cannot be traced back clearly but two typical 
examples are the following: 
 

• The first successful neutron interferometer which operated in 1974 at the TRIGA reactor 
Vienna and was later transferred to the High Flux Reactor in Grenoble /15/ and more recently 

• The demonstration that ultra-cold neutrons can be produced very efficiently during transient 
operation of the TRIGA  reactor Mainz /16/. 
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ABSTRACT 
 

TRIGA Mark II reactor of ENEA’s Casaccia research Center (in Italy named RC-1) 
reached first criticality in 1960 and it is still running at 1 MW power level, mainly for short 
mean life time radioisotopes production (for medical purposes) and neutron radiography. 
Since 2001, plant personnel and other national/international scientist, were involved in the 
TRADE (TRiga Accelerator Driven Experiment) project. TRADE experiment, that consists 
in the coupling of an external proton accelerator to a target to be installed in the central 
channel of the TRIGA core scrammed to sub-criticality, was based on an original idea of 
Prof. Carlo Rubbia, presented at CEA in October 2000 and was aimed at a global 
demonstration of the ADS concept. The TRADE layout, the studies about Target, Target 
Cooling System, Shielding and other matters that were investigated will be described in 
order to evidence their impact on the Triga reactor and reactor activity. 

 
1.  Introduction 
 
The objective of the experiment is to demonstrate the coupling between proton accelerator, spallation 
target and subcritical blanket at sizeable power (some hundred kWs) in presence of thermal reactor 
feedback effects. The expected outcomes of this experiment – in terms of proof of stable operability, 
dynamic behaviour and definition of licensing issues of an ADS - are crucial for and give input to the 
future realisation of the European Transmutation Demonstrator-ETD. This paper describes the main 
TRADE facility characteristics, the main components and systems. The work plan of the TRADE 
project was addressed to the following main issues:  
• Design, construction and commissioning of accelerator and its ancillary systems; 
• Design, construction and commissioning of modifications to the existing TRIGA reactor; 
• Target design, realisation and qualification; 
• Design, realisation and commissioning of the Beam Transport Line and of the Test Station for 

out-of-pile tests and final target qualification under irradiation; 
• Shielding, dose and radiation damage analysis of the whole system; 
• Preliminary in-pile experiments for sub-critical core characterisation. 
Most of these issues have been preliminary investigated during the feasibility study phase, carried out 
in the last years by an “International TRADE Collaboration”. The studies performed so far have 
indicated that no technical show-stoppers exist in the way of the TRADE realisation. 
 
2. General  Lay-Out and main parameters 
 
In Fig. 1 the reference layout of the TRADE facility is shown. Close to the TRIGA building  a bunker 
with 3 m thick concrete wall is erected to house the cyclotron. This layout has been actually selected 
as reference solution, after a quite comprehensive comparison among several others. The cyclotron is 
mounted on a tall steel/concrete and the injection occurs from the bottom. The beam is transferred 
from one building to the other via a section of the transfer line that is particularly simple, since the 
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cyclotron is at the same level of the top of the reactor. The beam transport line is protected by a 
massive shielded tunnel which extends into the TRIGA building up to the reactor top. 
The tunnel hosts also diagnostics and ancillary systems. It is supported by a steel frame that distributes 
the load on a large area of the building floor. This system allows a maximum concrete thickness of 1.4 
m which guarantees the respect of the maximum allowable dose rate of 50 µSv/h in the reactor room 
and of 0.5 µSv/h in the control room and outside the TRIGA building. 

 
Fig. 1. Reference lay-out of the TRADE facility (vertical section) 

 
If  necessary, an additional shielding of about 1.5 m of concrete will be added around the existing 
TRIGA building (Fig. 1). Through the straight section of the transport line, the beam is transferred to 
the final bending section composed of two magnetic dipoles and three magnetic quadrupoles (Fig.2), 
which direct the beam, with the correct size, to the target placed in the central thimble of the reactor. 
Fig. 3 shows a mid-plane horizontal section of the TRIGA core in the subcritical configuration: the 
central highlighted area evidences the fuel elements that will be removed and spallation target 
installed. 
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Fig. 2. BTL final section  Fig. 3. TRIGA subcritical core configuration 

The main reference parameters of the TRADE subcritical core are reported in Tab. 1. 

Global Parameters Symbol Reference case 
Initial fuel mixture LEU UZrH 
Initial U concentration mU/mfuel (wt.%) 8.5 
Initial Fissile enrichment U235/U (at.%) 20.0 
Thermal Power Output Pth (kWatt) 200 
Spallation target   Tantalum 
Proton Beam Energy Ep (MeV) 140 
Multiplication Coefficient k=(M-1)/M 0.94 - 0.99 
Beam Power Pbeam (kWatt) 30 - 50 

Core Power Distributions 
Av. Fuel power density Pth/Vfuel (W/cm3) 4.9 
Max. heat flux Ph (W/cm2) 6.0 

Tab. 1. TRADE main reference parameters 
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3. Accelerator 
 
Several configurations of the cyclotron were studied for a suitable proton energy (140-300 MeV) 
beam and with a beam current in the range 100-300 µA: 

• Compact H- Cyclotron (Ep = 115 – 140 MeV) 
• Compact H2

+ Superconducting Cyclotron (Ep = 115 – 140 MeV) ,  
• Separated Sectors Cyclotron (Ep = 215 – 300 MeV) 

 
Taking into account the constraints related to the cost and the relatively short time scale for the 
implementation of the TRADE experiment, the H- machine is considered the most affordable solution. 
The main cyclotron parameters for TRADE experiment should be close to the ones listed in Tab. 2. 

Parameter Reference Value 
Output energy 120-140 MeV 
Max Current 0.3 mA 
Injected particles H- 
Number of sectors 4 
Extraction radius 2.2 m 
Cyclotron outside diameter 6.5 m 
Cyclotron magnet vertical size 2.0 m 
Total weight 350-400 tons 
Total power in main coils ~150 KW 

Tab. 2. Parameters set for TRADE cyclotron 
 
4. Beam Transport Line (BTL) 
 
The BTL (Fig. 4) is characterized by a low losses straight line with few quadrupoles, followed by a 
90° achromatic bend (Final Bending, FB) composed of 2 dipoles and 3 quadrupoles. The last magnet 
M4 and the three QP in the FB are immersed in the water of the reactor pool. The dipole M4 could be 
immersed in the pool water in order to shield the neutron back-streaming from the core through the 
beam pipe (50 mm diameter), by about 2 meters of water. In the following Tab. 3 the main BTL 
parameters are reported. 

 

Number of QP 9 
Numero di DP 2 

DP Curvature Radium 1362 mm 
DP Curvature angle 45° 

DP Edge angle -22.5°  
Fig. 4. Beam Transport Line lay-out Tab. 3. BTL Parameters 

The BTL is able to adjust the beam size, as well beam ellipticity, on the target. In particular the zoom 
capability is in adjusting the beam diameter between 10 and 40 mm, keeping the beam shape round. 
This is achieved by setting only the Q1-Q6 QPs, and keeping constants all the values of the final 
bending elements (these are pre-set to have a “Point to Point” Transport between the centers of M3 
and M4 and a minimum of the beam dimension at the centre of the two dipoles M3 and M4 in order to 
minimize the beam size in the dipoles’ gaps). 
 
Developing a good diagnostics for the beam transport line is crucial for the TRADE experiment, both 
for the capability of delivering the correct beam to the target and for a very low loss transport in the 
BTL part sited in the TRIGA building, where shielding cannot be as huge as for the cyclotron bunker.  
In the following a survey of the possible diagnostics for TRIGA: 
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• Beam Position Monitors.  
• Beam Current monitors. 
• Beam loss monitors.  
• Infra-red Thermometry.  
• Intercepting Beam Monitors.  

 
5.  Spallation Target and Cooling Circuit 
 
The target system is composed of three metallic concentric elements - Body, Flow Guide, Container 
(Fig. 5)- and the Cooling Circuit (Figs. 6 and 7). 
 
The target body is the element where the spallation neutrons are 
produced. It is machined from massive tantalum. The target shape 
and, in particular, the target thickness, has been defined in order to 
stop as much as possible the protons inside the target material. The 
upper part of the target body is connected to the beam line. The flow 
guide has the aim to direct the water flow around the body in order to 
assure an efficient and effective cooling of this critical component. 
The flow guide – made of stainless steel or aluminium - is fixed to the 
upper grid of the TRIGA reactor. It also acts as the ultimate protons 
barrier. The container – made of stainless steel or aluminium and 
connected to the lower grid of TRIGA core - ensures the hydraulic 
separation between the target cooling flow and the primary cooling 
system of the TRIGA core. Fig. 6 and Fig. 7 show the target cooling 
loop and the coolant flow through the target system.   
    Fig. 5. Target 
The water enters from the top of the target system and flows between the target container and the 
shroud. At the bottom of the target the water reverses and flows back up to the top through the gap 
between the shroud and the target body. The water is then released in the hottest part of the reactor 
pool. The water temperature through the target increases of about 5 °C. 
 

       
 
 Fig. 6. Cooling Loop Fig. 7. Coolant flow through the Target. 
 
The following issues (Tab. 4) were considered in defining the target conceptual design:   

Parameter Reference Value 
Material Tantalum 
Thermal Flux One third of the Critical Thermal Flux 
Target Cooling Mode Forced Circulation with Triga pool water 
Target Cladding No Target Cladding 

Tab. 4. Target system main parameters 
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Maximum power in the target has been determined on the basis of the existing data for tantalum and 
the following evaluations and considerations. The stress calculations, performed at 40 kW target 
power, show values largely higher than the elastic limit of the material at the average operating 
temperature; as a consequence, the resistance at progressive plastic deformation (ratchetting) has to be 
verified.  
 
6.  Conclusions 
 
The TRADE experiment, in the TRIGA reactor at the ENEA Casaccia Centre, would have been able 
to represent a major demonstration step of the ADS concept, in relatively short time frame and at a 
cost which is more than an order of magnitude lower with respect to, e.g., the XADS demonstration 
plant discussed in the European Roadmap for ADS development. Of course, this experiment will not 
provide a demonstration of actinide fuel transmutation, and in that respect, the ETD foreseen in IP 
EUROTRANS of the VI EURATOM Framework Programme is an essential step forward. On the 
other hand, the ETD could benefit from the early demonstration of the ADS concept, which will 
provide the essential elements in order to assume the decision of the ETD realization. 
The TRADE experiment is a logical and significant further step with respect to the MUSE and 
MEGAPIE experiments, and can be run in parallel with the development of transmutation dedicated 
fuels and high intensity proton accelerators. 
The major benefits of the TRADE experience was mainly from a technical point of view: the analysis 
of the major issues (neutronics, thermal-hydraulics, shielding, overall plant lay-out, accelerator, beam 
transport line, and safety/accident analysis) has shown that no technical evident “show-stoppers” exist 
for an implementation of the TRADE experiment. 
The TRADE international working group has faced and resolved several new technical and scientific 
problems and this surely can constitute a solid base of departure for the future development of the 
ADS. 
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ABSTRACT 

Initial irradiation testing of U-Mo dispersions beginning in the late 1990’s established the 
promising irradiation behavior of these fuels.  Subsequent experiments abroad and in the 
U.S. established shortcomings in fuel behavior at high power and temperature.  Detailed 
postirradiation examinations indicate that fuel performance issues arise not from the poor 
performance of the U-Mo fuel particles, but from the swelling behavior of the reaction 
layer that forms between the fuel and the aluminum matrix during irradiation.    
 
The continued development of very-high-density, low-enrichment fuels requires a detailed 
program of fuel fabrication development, out-of-pile characterization, irradiation testing, 
postirradiation examination, and fuel performance evaluation and modeling.  Several 
potential remedies are available to correct the known fuel performance problems; these 
range from relatively minor changes to the fuel and matrix chemistry, to replacement of the 
aluminum matrix with another material, or to eliminate the matrix altogether.  All of these 
variations are currently being investigated as part of a fuel development collaboration 
involving six nations (Argentina, Canada, France, Republic of Korea, Russia, and the 
United States).  Current test results from the RERTR-6 irradiation test and supporting 
experiments will be reviewed, and the path forward for qualification of low-enrichment, 
high-density fuel(s) by the end of 2010 will be discussed.   

 
 
1. Introduction 
 
As a consequence of U-Mo fuel failures during irradiation testing in several countries, plans in the 
U.S. for fuel qualification were postponed in 2003 and fuel development efforts shifted toward 
understanding the fuel failure mechanism and mitigating its effects through modification of U-Mo 
dispersion fuels and development of alternatives to these fuels.   In May of 2004, then U.S. Energy 
Secretary Spencer Abraham established the Global Threat Reduction Initiative (GTRI), which includes 
the RERTR program.  This program set goals for conversion of many of the world’s research reactors 
to low-enrichment, including those for which suitable fuels are currently not available.  The RERTR 
very-high density fuel development program thus continues with renewed vigor. Several technology 
paths are being pursued in conjunction with strong international partnerships with the target of 
qualification of a low-enriched, high-density fuel(s) suitable for utilization in most of the world’s 
research reactors by the end of 2010.   
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2. Fuel Technology 
 
In order to balance development risks with resources, four primary fuel technology paths are being 
pursued by the RERTR program.   These include modifications to fuel matrix and particle chemistry, 
monolithic fuel, magnesium matrix fuel, and zirconium-clad fuel.  All technology paths are designed 
to alleviate the breakaway swelling associated with the high aluminum content (U-Mo)Alx interaction 
layer that forms during irradiation and are briefly described here. 
 

Modifications to fuel matrix and particle chemistry – Based on atomistic modeling, alloy theory, 
and observation of the irradiation behavior of fuel in contact with aluminum alloys containing 
silicon, several potential solutions to U-Mo/Al dispersion fuel problems based on modifications to 
the fuel matrix and/or the U-Mo fuel particles have been identified.  These include adding silicon 
to the aluminum matrix and small amounts of third element additions (Ti or Zr) to the fuel 
particles to stabilize the formation of stoichiometric lower aluminide phases.  
 
Magnesium matrix fuel – Magnesium and uranium are mutually insoluble and do not form 
intermetallic compounds or alloys.  Using magnesium as a matrix material eliminates the 
irradiation behaviour issues associated with formation of the aluminide interaction layer.  Early 
irradiation test results from the RERTR-3 experiment indicate that this fuel performs well under 
irradiation at high temperature to intermediate burnup.  Potential issues associated with 
implementation of this fuel type are fuel fabrication technology and unknown in-core corrosion 
resistance of the fuel matrix.  
 
Monolithic fuel – Monolithic fuel consists of a uranium alloy foil sandwiched between aluminum 
cladding.  This configuration, in effect, removes the fuel matrix entirely.  This results in 
minimization of the area available for reaction of fuel with aluminum, and moves the reaction 
interface to a cold region of the fuel.  Irradiation test results from the RERTR-4 and RERTR-6 
irradiation experiments indicate that this fuel performs acceptably under moderate irradiation 
conditions. 
 
Zirconium clad fuel – Zirconium clad fuel uses zirconium or zirconium alloy in place of the 
typical aluminum matrix and cladding.  Currently, monolithic zirconium fuel is being investigated 
in collaboration with CNEA and is included in the RERTR-7 irradiation experiment.   
 
 

3. Fabrication Development 
 
During the past year, considerable progress has been made in scaling up the process for fabrication of 
monolithic fuel plates by friction stir welding from miniplates to MTR size fuel plates [1]. Scale up of 
foil-production processes by both cold and hot rolling has resulted in MTR-sized U-Mo foils.  These 
foils will be incorporated into test plates to be irradiated in the IRIS-5 irradiation test in the French 
OSIRIS reactor and the AFIP irradiation tests in the ATR.  Investigation of the HIP (Hot-Isostatic 
Pressing) process continues on the miniplate scale, while the TLPB (Transient Liquid Phase Bonding) 
process is held as a backup option.   
 
Magnesium matrix fuel development has also progressed to the miniplate scale after solution of initial 
difficulties obtaining consistent bonding.  These difficulties resulted from the low-temperature 
processes required to avoid formation of Al-Mg reaction product during fabrication and has prevented 
insertion of test plates into experiments to date.  Magnesium matrix miniplates will be included in to 
the RERTR-8 experiment scheduled for insertion in the ATR in the fall of 2006. 
 
 
4. Irradiation Testing 
 
RERTR-6 - The RERTR-6 miniplate irradiation test is a moderate power test that has been irradiated 
over three long ATR operating cycles (April – November 2005) at a peak surface heat flux of ~160 
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W/cm2 to a peak burnup of approximately 45% 235U.  The test was designed as the first scoping test of 
potential fixes to U-Mo fuel performance problems, and includes both monolithic and modified 
dispersion fuel types.  The monolithic fuel meats consist of U-7Mo, U-10Mo with fuel loadings of up 
to 16.3 g-U/cm3 and foil thicknesses of 0.25 and 0.5 mm (0.01 and 0.02-in.). All monolithic test 
specimens were fabricated using friction stir welding (FSW).  In an effort to reduce the extent of 
fuel/matrix interactions in dispersion fuels observed in previous fuel studies and to stabilize the 
intermetallic interaction product that forms, an aluminum alloy (either 6061, 4043, Al-2Si, or Al-
0.5Si) matrix was used in place of the pure aluminum alloy used in earlier experiments.   U-10Mo 
dispersion fuel plates using an unalloyed aluminum matrix were included as a benchmark fuel form. 
The fuel plate size and the irradiation rig are based on those used for RERTR-4 and -5.  At the time of 
submittal of this paper, non-destructive PIE (postirradiation examination) including visual 
examination, gamma scanning, plate thickness measurement, and oxide layer thickness measurement 
had been nearly completed.  Photographs of typical monolithic fuel plates are shown in Figure 1; note 
that the monolithic fuel plates appear normal externally, neither do measured increases in fuel plate 
thickness show evidence of unusual swelling phenomenon under the irradiation conditions of this test.  
The results of this test to date thus provide a preliminary indication that monolithic fuel exhibits 
acceptable irradiation performance under conditions of moderate power, temperature, and burnup.  
 

 

 

Fig. 1. Photographs of RERTR-6 experiment capsules (end on) containing dispersion and 
monolithic fuels and the exterior of U-Mo monolithic miniplates from the RERTR-6 
irradiation experiment.  There are no indications of gross swelling unusual behavior. 
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RERTR-7 - The RERTR-7 irradiation experiment is the second in the series of miniplate scoping 
experiments that test the performance of ‘second generation’ U-Mo fuels.  RERTR-7 is composed of 
29 test fuel plates irradiated at a higher fission rate than RERTR-6 to varying levels of burnup.  The 
basic test matrix is similar to RERTR-6, although expanded to include both zirconium clad monolithic 
fuels supplied by CNEA and dispersions containing ternary U-Mo-Ti and U-Mo-Zr alloys.  The latter 
ternary alloy additions were selected on the hypothesis that they will work in concert with silicon 
additions to the fuel matrix to enhance formation of lower aluminide phases such as (U-Mo)Al3 over 
higher aluminide phases (such as (U-Mo)Al7) that have been observed to form on irradiation of  U-
Mo/Al fuels.  The RERTR-7 experiment also includes U-10Mo and U-12Mo monolithic fuels of 0.25 
mm and 0.5 mm thickness fabricated by both FSW and TLPB, and U-7Mo and U-10Mo dispersion 
fuels with Al-0.5Si, Al-6061, Al-2Si, and Al-4043 matrices as well as standard aluminum matrix fuel 
as a reference.   
 
RERTR-8 – The RERTR-8 irradiation test will use the same miniplate test rig as in the 4 previous 
experiments, and will continue testing new U-Mo fuels under moderate to high-powered irradiation 
conditions.  In particular, RERTR-8 will contain magnesium matrix plates fabricated in the U.S. and 
zirconium-clad monolithic fuel fabricated by CNEA.   
 
AFIP-1 - Design of a test rig for irradiation of ‘full-size’ plates in the ATR is well under way.  The 
AFIP-1 experiment is intended to uncover fuel performance issues related to scaling up of fuel plate 
size.  The test is scheduled for insertion into the ATR in the fall of 2006, and will contain dispersion 
and monolithic fuel plates, the composition of which will depend on the results of postirradiation 
analysis of the RERTR-6 and RERTR-7 experiments in the spring of 2006.    
 
 
5. Out-of-pile Experiments and Analysis 
 
Out-of-pile experimentation has been focused in two areas: 1) supporting theoretical calculations of 
the effect of modifying fuel chemistry to include silicon in the matrix and ternary element additions to 
fuel particles and 2) characterizing the microstructures of fuels fabricated by the methods under 
development.  Figure 2 shows an image of the microstructure of a U-7Mo fuel with a silicon matrix 
after annealing.  Selection of fuel and matrix alloying elements for dispersion fuel irradiation testing is 
guided by both alloy theory and BFS calculations. [2]  As shown in Figure 2, out-of-pile diffusion 
behaviour in the U-Mo/Al-Si system is consistent with predictions from these methods. 

 
Fig. 2. Scanning electron microscope images of a U-Mo fuel particle in an aluminum alloy 

matrix containing approximately 5 wt.% silicon (Al4043).  The fuel/matrix interface has 
become enriched in silicon as can be seen in the compositional image at right.  This 
behavior is consistent with predictions from alloy theory and BFS models. 
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Fig. 3.  RERTR fuel development schedule. 

 
 
6. Fuel Development Schedule 
 
Fuel behavior under irradiation is extremely complex due to factors such as enhanced interdiffusion, 
compositional changes due to depletion of uranium, fission fragment recoil damage, and extreme 
temperature gradients.  It is impossible to accurately simulate the fuel irradiation environment through 
out-of-pile testing; although this type of testing can provide some supporting data, fuel development 
can only proceed through a program focused on irradiation testing.  Because fuel irradiation behavior 
cannot be predicted ex-reactor, testing under a wide range of irradiation conditions is required prior to 
making a pronouncement on the adequacy of a fuel for widespread conversion of reactors.  A series of 
irradiation tests are planned.  These plans are adjusted as reactor operating cycles are changed and as 
data becomes available.  Figure 3 provides an overview of planned testing in support of very-high-
density fuel development and qualification.  Reports on irradiation behavior will be made available 
periodically to the research reactor community beginning in the summer of 2007; of note is the 
planned irradiation of fuel elements in 2008 and the requirement for selection of fuel technology for 
these irradiations in 2007. 
 
 
7. Conclusion 
 
After the limitations in U-Mo fuel performance became apparent, an international effort was launched 
to share data and to develop advancements in technology targeted at preventing formation of 
intermetallic phases that are unstable under irradiation.  This effort is well under way in Argentina, 
Canada, France, S. Korea, Russia, and the U.S.  During the past year, two scoping miniplate 
irradiation experiments have been irradiated in the ATR and will undergo postirradiation examination 
during the first half of 2006.  Nondestructive examinations of 10 U-7Mo and U-10Mo monolithic 
miniplates and modified matrix fuel plates irradiated to moderate burnup at moderate temperature 
allow cautious optimism about the potential for these fuels.  Fuel irradiation behavior data from 
miniplate experiments and from the French IRIS-3 experiment provide a basis for technology choices 
regarding the continued development and scale up of U-Mo fuel technology.     
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ABSTRACT 
 

The irradiation of U-Mo fuel dispersed in a matrix of aluminum results in the formation of an 
interaction product that coats the fuel particle surface. In some instances pores form at the 
interface between the interaction product and the aluminum matrix. Depending on the 
irradiation conditions, the pores may grow, linkup to form larger pores, or in severe cases 
form a continuous network that results in unacceptable pillowing of the fuel plate. Such 
observations have been made in the US and in other international irradiation experiments. 
Analysis of post irradiation data suggests that the unstable behavior of the reaction product is 
related to the presence of Mo, which allows high and varying Al concentrations to exist in the 
interaction product. These high Al concentrations, as well as the accompanying instability, 
have not been observed in the interaction product of previously tested dispersion fuel 
systems such as UAlx-Al and UxSiy-Al. Metallurgical and thermodynamic analysis suggests 
that the interaction product occurring in U-Mo/Al dispersion fuel may be rendered stable 
through the addition of Si to the Al matrix, and Zr or Ti to the U-Mo fuel alloy. The initial 
results of irradiation tests with Si additions are presented; irradiation tests including Zr and Ti 
additions are in progress.  
 
 

1.  Introduction  
The gross porosity formation in the interaction phase of U-Mo/Al dispersion fuel that resulted in 
pillowing in higher power test plates has, by now, been well documented[1]. Presently no consensus as 
to the underlying mechanism has been reached primarily because of incomplete detailed post irradiation 
examinations. The present authors have proposed the following explanation for the fission-induced 
porosity formation [2]. The apparently viscous nature of the material (the fuel-Al interaction product) in 
which the pores grow resembles a behavior previously found in U3Si and U6Fe. In the case of these 
uranium compounds, this fluid-like behavior was attributed to fission-induced amorphization (i.e. 
transformation to a metallic glass) of these compounds with a subsequent large decrease in viscosity and 
increase in gas mobility. Amorphization of a crystalline material is usually accompanied by an increase 
in volume, a quantity called ‘free-volume’, which facilitates atomic mobility and shear deformation 
analogous to the liquid state. The interaction product formed in U-Mo/Al dispersion fuel has a variable 
composition depending on irradiation conditions, as shown in the ternary phase diagram (see Fig. 1), 
corresponding to a stoichiometry range of x=4~7 in (U,Mo)Alx. At these compositions the equilibrium 
phases should belong to the Al-Mo system, since no Al-U phase higher in Al than UAl4 exists.  
However, the microstructure of the interaction phase is devoid of any multiphase, or other, 
microstructural features.  
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Fig. 1. Partial combined ternary diagram showing interaction product compositions and Si effect. 
 
This can be explained if the material is a non-equilibrium amorphous phase with variable Al content. 
Unless proven otherwise (by planned neutron diffraction) we shall assume that the (U,Mo)Alx 
interaction product is indeed amorphous with a high fraction of free-volume at a particular Al 
concentration, and that this condition leads, at a combination of burnup, fission rate, composition, and 
temperature, to the observed porosity formation. Extensive research on metallic glasses has shown that 
the amount of free volume, and thereby the fluidity of glasses, is very sensitive to composition. A 
possible solution to the large pore formation may be obtained by altering the composition of the 
interaction phase that forms in the U-Mo/Al dispersion.  
 
Metallurgical and thermodynamic analyses, recently presented by Kim, et al.[3], identified several 
elements as having potential stabilizing effects on the interaction phase when added to either Al matrix 
or U-Mo fuel alloy. Silicon, when added to Al, appears to be the most promising element. There is 
experimental evidence to support this. One early study showed that the addition of 3 wt% Si eliminated 
formation of UAl4 during solidification of U-Al alloys[4].  
 
Figure 2(a) shows the minimum amount of Si to be added to the matrix Al in a 6-gU/cm3 U-Mo/Al 
dispersion fuel to maintain the (U-Mo)(Al-Si)3 phase in equilibrium with the matrix Al. This amount 
depends on the interaction layer thickness (the volume fraction of interaction phase formed) and 
assumes that all Si diffuses into the interaction phase. As shown in Fig. 2(b), the present study of 
much-higher-U-content alloys indicates that a minimum Si content of 5 wt% is needed to avoid the 
formation of UAl4 in the U/Al system, or we hope in the case of U-Mo/Al, the formation of the 
problematic high-Al composition that gives rise to the unstable behavior.  
 
Because of the presence of Mo in U-Mo/Al dispersion fuel, the result would not necessarily be identical 
to that of the U-Al alloy study cited above. However, several independent out-of-reactor diffusion 
studies have shown that indeed (U,Mo)(Al,Si)3 forms, as shown in Fig. 1. These results are consistent 
with the experimental observation coming out of the earlier RERTR silicide fuel program. In the case of 
U3Si2/Al dispersion, the interaction phase consists of U(Al,Si)3 and was found to be very stable under the 
most severe irradiation temperature and fission rate conditions. Although this compound was 
amorphized in pile, the extra Si bonds evidently reduced the free volume in the amorphous interaction 
product. Irradiation tests, RERTR-6 and -7 contain, therefore; several U-Mo dispersions with a range of 
Al-Si alloy matrix compositions to test the efficacy of Si in stabilizing the interaction product against 
large pore formation.  
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Fig. 2.  (a) Minimum Si content in the Al matrix needed to avoid formation of (U,Mo)Al4-7, 
assuming Si is preferentially collected in the interaction layer (for 6 gU/cm3), lower 
curve. For the interaction layer compositions defined in out-of-pile diffusion tests where 
Si was unlimited, upper curve. (b) Ternary diagram illustrating the range of minimum Si 
content to stabilize UAl3 in the U-Al system. 

 
 
2. Irradiation Test Results 
RERTR-6 was irradiated in the Advanced Test Reactor for 135 days to a calculated peak burnup of 
~50% U-235. At the time of this writing, preliminary non-destructive PIE of RERTR-6 is being 
performed at the Hot Fuel Examination Facility (HFEF) at Idaho National Laboratory. The initial results 
include miniplate thickness measurement shown in Fig. 3 for U-7Mo miniplates with various amount of 
Si added to the Al matrix. These preliminary data indicate lower swelling in the 2%Si and 5%Si (4043 
matrix) miniplates, presumably because of the higher density of the interaction product formed as a 
result of the Si additions. The data are consistent with reported thickness measurements from CEA 
full-size-plate test of IRIS-3[5] also shown in Fig. 3.  
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Fig. 3.  Comparison of average thickness changes of U-Mo/Al miniplates with Si 

additions from RERTR-6 and IRIS-3 tests. 
 
A more detailed picture of the initial data is shown in Fig. 4, where the average thickness changes along 
with the variation in fuel plate thickness change are plotted. The low-Si plates, in addition to exhibiting 
the highest swelling, have the largest variation in plate swelling. This is more clearly shown in the axial 
thickness profiles in Fig. 5. The low-Si plate exhibits a considerably higher rate of thickness increase on 
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the higher flux side (the side of the plate toward the core center) than the high-Si plate. This might 
indicate that porosity formation is occurring, similar to that found in RERTR-4 and -5 plates at the 
higher flux positions.  
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Fig. 4.  Average thickness and variation in thickness changes of U-7Mo dispersion fuel 

miniplates irradiated in RERTR-6. The individual miniplates were located at 
various axial distances from the ATR core midplane. Maximum calculated 
burnup at location B and C is ~50% U-235 with a peak heat flux of 150 W/cm2.  

 
In contrast, the high-Si plate shown in Fig. 5 appears to be swelling in a uniform manner. Although 
further PIE is needed to confirm or refute the effects of Si additions, the data thus far are reason for 
cautious optimism that a solution for the porosity formation problem of U-Mo/Al dispersion fuel may be 
attainable.  
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(a)                                                             (b) 

Fig. 5.  Axial thickness profiles of two RERTR-6 miniplates at 50% U-235 burnup, with low and 
high Si additions to the Al matrix. (a) U-7Mo/Al-0.3Si; (b) U-7Mo/Al-2Si. 
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ABSTRACT 
 

In the frame of the collaboration agreement recently signed between CEA, TUM and 
CERCA aiming to evaluate the behaviour of monolithic UMo full size prototype plates in 
the OSIRIS reactor, this paper states the manufacturing development program which is 
being carried out. Technical aspects as UMo ingot manufacturing, thin UMo foils 
elaboration and plates production are presented. 
 
 

1. Introduction 
 
With an intrinsically good behaviour observed under irradiation, UMo alloy fuel is still considered as a 
promising candidate in the frame of the worldwide reactor conversion program. However, 
uncontrolled (UMo,Al)x interaction product formation occurring during irradiation appears as the 
Achilles' heel of dispersed UMo fuel [1].  
 
Changing the aluminium matrix or either using coated UMo particles appear as some potential 
remedies which are under evaluation [2].  
 
Specifically, plates with a density up to 8 gU/cc, manufactured through the CEA/CERCA 
collaboration agreement, were irradiated in 2005 by CEA in the French OSIRIS reactor for testing the 
benefits of 0,3% and 2% Si addition in the aluminium matrix [3].  
 
Moreover, four dispersed UMo plates using grinded UMo particles and Si/Al matrix are being 
irradiated in the frame of TUM (FRM II) international working group program [4].  
 
Led by CEA through a collaboration program with CERCA, dispersed UMo fuel is being further 
investigated by means of out of pile studies [5]. Alternative solutions will be then identified and tested 
at OSIRIS through IRIS 4 experiment scheduled in 2006.  
 
As proposed and tested by INL/DOE in 2002 [6], monolithic UMo fuel seems, by suppressing the 
aluminium matrix, to be a promising alternative solution for challenging UMo issues. In form of a 
single UMo foil, an ultimate fuel density which is closed to 16 gU/cc could be also reached – see 
figure 1. 
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Figure 1: Full size UMo prototype plate for monolithic concept validation 

 
For sharing their technical knowledge as well as the development cost, CEA, TUM and CERCA 
signed in 2005 a collaboration agreement aiming to evaluate the UMo monolithic plate concept by 
irradiating two full size plate prototypes. After manufacturing, prototype plates will be irradiated in the 
French OSIRIS reactor. Irradiation and PIE (Post Irradiation Examination) will be conjointly 
supported and carried out by CEA & TUM. In a frame of a specific agreement between CEA and INL, 
two sister prototype plates from INL/DOE will be irradiated with the European ones.  
 
As preliminary evaluated on samples by INL/DOE [7][8], conventional rolling is selected for making 
UMo foils and friction stir welding is chosen for plates manufacturing. These choices are motivated by 
the tight time development schedule.  
 
Moreover taking into account the time, these mechanical techniques are quite easy for dealing with all 
workshop safety aspects. In developing completely new manufacturing processes the development 
time would be certainly out of the irradiation windows in 2006. 
 
Thus, considering the plates production, the main concern which must be faced up is to scale up the 
manufacture from sample to full size. Whatever the demonstration already achieved within samples, 
numerous issues identified have to be solved and are discussed hereafter. Indeed, full size prototype 
plates need to be used for obtaining fruitful and faithful information on monolithic UMo fuel 
behaviour under irradiation.  
 
Even if the aim is to produce monolithic plates without considering an industrial production way, 
many industrially connected aspects have to be anticipated. Product handling, product storage as well 
as safety are some practical issues which have to be addressed accordingly. This first global 
manufacturing experience will help to identify sensitive processing steps. In analysing results from the 
product/processes interlink relation we will be more efficient for proposing either technical or 
industrial answers to each question mark in case of a monolithic concept validation. 
 
Our developments were split down in some specific sub programs from ingot plate production. Steps, 
where uranium is ultimately involved, are being preliminary carried out on surrogate material, as 
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stainless steel, following by using depleted UMo for validation. Low enriched UMo will be used, 
although it is clear, that TUM (FRM II) has to use medium enriched UMo finally elaboration to  
 
 
2. UMo ingot casting and coupon manufacturing 
 
For foils rolling investigation a preliminary depleted U8wt%Mo ingot was elaborated by CEA using a 
high capacity induction furnace. After casting, UMo ingot was annealed at high temperature for 
avoiding any Molybdenum micro segregation. UMo coupons were finally machined from the ingot to 
a thickness of 2.5 mm.  
 
The coupon size was selected for achieving the desired UMo foil length, width and thickness after 
rolling.  
 
For securing UMo coupons delivery as well as for investigating Mo concentration effect on the roll 
processing, smallest UMo coupons are being elaborated at CERCA. These coupons are being 
manufactured in using a conventional arc melting furnace.  
 
 
3. UMo foils manufacturing 
Cold and hot roll processing were investigated at CERCA using a conventional twin roll mill. Taking 
into account the limited UMo coupon number our investigations are being done using a trial and error 
test method. After having cold rolled successfully lateral small part of UMo coupon, full size coupons 
were rolled with a similar process. Indeed, foils were annealed at high temperature in order to relax the 
as rolled material by restoring the metallurgical structure  

 

 
Figure 2: UMo foil manufactured by hot and cold roll processing - 350 µm-  

With this preliminary cold roll processing UMo foils with a thickness down to 0.27 mm were 
produced. Although some foils met the required criteria (thickness and foil integrity) the quality 
observed was never perfectly stabilized (cracking phenomena). 
 
In order to improve the foils quality, two orientations were considered: 
First, by means of dynamic recrystallization, as achieved through some preliminary hot rolling pass, 
the grain was refined allowing to cold roll advantageously thin foils. Second, in analysing the foil 
cracking phenomena propagation after hot and cold rolling, a surface conditioning step was introduced 
for eliminating the cracking initiation risk. Two coupons were manufactured in using this optimised 
processing. Full size foils down to 350µm were easily produced –Figure 2-. As already challenged, a 
cold roll processing will be performed for rolling down the foil to 250µm. 
 
 
4. UMo plate prototype manufacturing by means of FSW 
 
Among the welding techniques evaluated by INL/DOE for producing monolithic plate prototypes, 
Friction Stir Welding (FSW) appears as an interesting way to clad the UMo foils. Originally 
developed by The Welding Institute, FSW tool design and processing parameters have to be 
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respectively adapted and defined for each specific application. In our case the plate thickness down to 
1.27 mm as well as the welding protocol is the critical aspects that have to be addressed.  
 
The first investigations for defining the FSW tool design (pin and shoulder as well as the FSW 
processing parameters like tool rotation speed, dwell time, translation speed) were carried out on 
surrogate material. This step was performed in 2005 for defining properly the FSW parameters set for 
welding two aluminium plates together as well as for welding a stainless steel foil encased in between 
two aluminium cladding plates. A perfect junction in between aluminium cladding was achieved. 
Meanwhile, progress has been made in understanding the complex thermal phenomena which plays a 
key role for having a good diffused junction. Surrogate full size plates were unsuccessfully welded 
with the preliminary parameters found. This was owned to a modification of the thermal environment 
induced by the full size plate griping system. Sensitive to thermal heat transfer new FSW parameters 
are being searched taking into account the real full size plate processing condition. 
 
 
5. Conclusions 
 
The UMo monolithic concept proposed by INL/DOE is being evaluated throughout a European 
collaboration agreement signed between CEA, TUM and CERCA. This evaluation takes into account 
the plate prototype manufacturing as well as the irradiation behaviour of the UMo monolithic concept. 
The manufacturing development program is being divided into two different activities. The first 
activity is dedicated to thin UMo foil production and the second activity is dedicated to full size UMo 
plate prototypes manufacturing. Both programs have been launched. 
 
UMo thin foils down to 250µm thickness were produced by means of rolling. The foil quality was 
stabilized in defining the proper processing adjustment: Hot roll processing for refining the grain size 
as well as taking care of UMo surface prior each rolling pass. 
 
Friction stir welding technique was selected as an interesting solution for producing the monolithic 
plate prototypes. The FSW tool design was defined and FSW parameters are being further 
investigated. The monolithic plate irradiation will take place in the CEA OSIRIS Reactor in 2006. 
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ABSTRACT 
 

The pursuit of a high uranium density research reactor fuel plate has led to monolithic fuel, 
which possesses the greatest possible uranium density in the fuel region.  Process 
developments in fabrication development include friction stir welding tool geometry and 
cooling improvements and a reduction in the length of time required to complete the 
transient liquid phase bonding process.  Annealing effects on the microstructures of the U-
10Mo foil and friction stir welded aluminum 6061 cladding are also examined. 
 

 
1.  Introduction 
 
The Reduced Enrichment for Research and Test Reactors (RERTR) advanced fuel development 
program was reinitiated by the United States Department of Energy in the mid 1990’s with the goal of 
developing fuel that will allow conversion to low enriched uranium (LEU) of the remaining research 
reactors which have fissile atom density requirements too high to be met by existing fuel types [1]. 
 
The primary focus of the RERTR US development effort has been shifted from the standard dispersion 
fuel to monolithic fuel, where the fuel meat is composed of a single piece of fuel in the form of a thin 
foil.  Monolithic fuel is currently being tested in the Advance Test Reactor (ATR) in Idaho [2]. Due to 
the radical departure from the traditional fuel plate bonding methods used for dispersion fuel plates 
[3], a large-scale effort has been initiated to develop the fabrication techniques to achieve both a 
successful fuel type and obtain a commercially viable fabrication process.  Greater understanding of 
the material behavior during processing is also being investigated.  
 
 
2.  Foil Microstructure  
 
The monolithic fuel foil being tested for the US RERTR program is composed of a binary uranium-
molybdenum alloy.  Three different nominal compositions have been inserted into reactor: U-7Mo, U-
10Mo and U-12Mo (unless noted all compositions are given in weight %).  This foil is produced by 
alloying and casting a coupon by a modified arc melting process and cold rolling to final thickness [4].  
The typical (for the RERTR tests) foil thickness (0.25 mm) requires a thickness reduction of over 90% 
from the standard coupon casting thickness (3.2 mm).   
 
Figure 1 shows optical micrographs of the U-Mo foil in the ass-rolled state.  The foil exhibits the 
classic elongated grain structure found in rolled metals.  An annealing step is performed on the foil 
immediately following rolling, the annealing is done by the resistance annealing process where the foil 
temperature is briefly brought to 925ºC (as measured by an optical pyrometer) and cooled to ambient 
temperature within a minute. Because of the brief duration of this annealing step, the as-annealed foil 
shows little, if any, grain coarsening.  The grains clearly retain the elongated microstructure obtained 
from rolling.  Relief of internal stress is evident by the lack of cracking that is endemic in non-
annealed foil.     
                                                 
* Prepared for the U.S. Department of Energy Office of Nuclear Nonproliferation and Security Affairs (NNSA) 
Under DOE-NE Idaho Operations Office Contract  E-AC07-05ID14517 
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Fig 1.  U-10Mo foil.  (left) as-rolled (>90% reduction via cold work); (right) annealed. 

 

 
Fig 2. Heat Treatment Effects on U-10Mo Foil.  (Top left) as rolled and annealed, (top right) as 

clad by friction stir welding, (bottom left) annealed 385ºC 3 min, (bottom right) annealed 
500ºC 30 min.  Differences in microstructure between the annealed foil (top left) and the 
annealed foil in figure 1 (left) are due to the greater cold work imparted during rolling. 

 
Figure 2 shows the effects of friction stir welding (FSW) and post FSW annealing steps on the U-
10Mo foil microstructure. It is seen that the foil retains an as-rolled appearance despite the FSW 
process (which subjects the material to a temperature <450ºC for a few seconds).  Upon longer heating 
times the microstructure begins to change.  A three minute dwell time at 385ºC (this heat treatment has 
been used (as needed) to flatten the as-FSW plates) shows two distinct grain morphologies.  
Substantially finer, equiaxed grains are evident in the center of the foil, evidently having recrystallized 
by this heat treatment. An interrupted grain morphology boundary is also seen in the center of the 
micrograph.  The larger grain size is seen nearer the edges of the foil (and closer to the externally 
supplied heat source).  A more complete transformation is evident after 30 min at 500ºC (analogous to 
the common ‘blister anneal’ historically used on dispersion fuel clad in aluminum 6061).  This 
microstructure shows equiaxed grains ~10µm in size. 
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3.  Friction Stir Welding Process Development 
 
Friction stir welding (FSW), a solid state joining process modified by the US RERTR program [5] to 
fabricate monolithic fuel plates, has undergone continued development.  This process has been used to 
produce monolithic miniplates for irradiation experiments in the Advance Test Reactor (ATR) in 
Idaho.  To date, two experiments have been inserted containing FSW monolithic fuel plates.  Initial 
post irradiation examination shows no indication of problems with the irradiated fuel plates. 
 
-Tool Development 
The development work for the FSW process was focused primarily on modifications to the tool.  
When compared to standard butt welding, the FSW tool used for RERTR monolithic fuel plate 
fabrication requires a different geometry.  This geometry has evolved to achieve better and faster 
bonding of the fuel plates.  Originally a simple 6.35 mm diameter pin and a flat tool shoulder were 
used.  This evolved to incorporate a beveled edge on the shoulder (figure left) to aide in warp 
reduction.  This tool was used to fabricate the monolithic fuel plates in the RERTR-6 experiment.   
 

Beveled Edge

Pin
Shoulder

Beveled Edge U-Mo FoilAnvil

Shoulder

Concave Shoulder

Pin

Coolant Channels

Thermocouple

Tool Offset

Pin

Shoulder

Al Cladding
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Fig 3.  Friction stir welding tool design (cutaway).  (left) Early geometry pin used to fabricate 

RERTR-6. (center) Current tool design incorporating internal cooling, concave 
shoulder and larger pin diameter. (right) In-process schematic of current tool design 
showing aluminum flow and tool offset from foil. 

 
As the tool pin diameter dictates the rate of area coverage, a larger pin provides an inherent advantage 
in welding speed.  Larger tool pin diameters were tested—up to 22.22 mm before a diameter of 12.7 
mm was adopted.  This diameter increase (and the faster feed rate that the larger tool permits) has 
allowed weld area coverage to be increased from 4 mm2/s to over 18 mm2/s.  These parameters are 
being used to fabricate the IRIS-5 irradiation test. 
 
It was also found that the FSW process gives better welds and more stable processing conditions if a 
concave shoulder design is used (figure 3–center).  The annular region surrounding the tool pin allows 
the material displaced from the plunge of the pin into the aluminum surface to be retained locally 
instead of migrating out from under the shoulder (which would result in a locally thin area in the as-
FSWed plate). 
 
-Process Cooling 
The thin cross section of the material being welded (1.4 mm) and the raster pattern used to obtain an 
area welded fuel plate result in thermally sensitive welding conditions.  This thickness facilitates rapid 
heat transfer through the plate and exacerbates any temperature excursions.  High process temperature 
can result in buckling of the assembly (aided by the thin plate geometry) or an excessive plunge of the 
tool into the assembly—which results in disruption of the fuel foil and a failed plate. 
 
During initial scoping tests, the process was controlled by visually watching the quality and width of 
the weld.  If the processing temperature gets too high, the tool shoulder sinks into the surface of the 
weld.  Too low a temperature results in an excessively narrow shoulder weld, a ‘frosty’ surface 
appearance and substandard bonding.  To compensate for the temperature variances, the operator was 
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required to slow down the horizontal feed or repeat a pass to heat up the weld and speed up the 
horizontal feed or stop the weld and allow the equipment to sit idle to cool down the tool and welding 
assembly. 
 
To mitigate processing temperature excursions, two methods have been employed, cooling the backing 
anvil and cooling the FSW tool.  While it was found that cooling the anvil resulted in improved weld 
stability, the tool still had a tendency to overheat during processing, resulting in detrimental 
temperature excursions. 
 
Cooling the tool itself has proven to be far more beneficial in stabilizing the FSW process.  This is 
done by means of a liquid cooled tool holder jacketing the tool shank.  Initially, only the tool shank 
exterior was cooled but this arrangement proved to have insufficient thermal transfer away from the 
welding face.  To improve the cooling, the tool itself was modified to allow coolant flow through the 
interior of the tool (including a plenum behind the tool face).  A thermocouple (TC), fed into the 
cooling plenum is used to monitor the process temperature—as the TC is immersed in the coolant 
flow, the reading is not an accurate indication of the welding temperature but does serve as an 
effective empirical gauge (figure 3-center). 
 
-Pin length 
A tool pin length study has been undertaken in an attempt to further enhance the FSW process.  When 
the FSW process was first being developed, the optimal gap between the fuel foil and the end of the 
tool pin was established at ~125µm (Figure 3-right).  A larger offset resulted in insufficient bonding 
while a smaller gap allowed the pin to contact the foil.  When the process shifted to the larger diameter 
pin and a higher applied down force, it was noted that the resulting bonding was improved and the 
bonding extended further from the tool pin (both radially and in depth).  Since maintaining the 
optimum tool depth is a difficult, operator intensive process, a shorter tool pin that still achieves the 
required bonding makes the process more robust.  
 
Bonding studies were made with three tool offsets: 125 µm, 230 µm and 330 µm.  Four aluminum 
plate sets (without foil) were stir welded using each of the tool geometries.  Each of the geometry 
configurations was welded, using the same basic process parameters.  Changes in the process were 
made, as needed, to form a better weld—based on the visual scrutiny of the operator. 
 
The 125 µm and the 230 µm tool offsets welded with nominally identical processing parameters.  Both 
gave visually acceptable welds over the entire welded area of the plate.  The 330 µm pin offset 
required a noticeably higher downward force to achieve a visually acceptable weld.  
 
The resulting welds were examined using ultrasonic debond testing.  These scans showed full bonding 
in the weld region for all of the specimens.  Samples of the plates were also destructively bend tested 
(a sample is bent 90º over a small radius mandrel, straightened to the original position and again bent 
90º in the other direction before being straightened and examined for delamination) at various regions 
and orientations in the welded area.  No delaminations were noted in any of the samples for any of the 
pin configurations.  This initial testing indicates that the tool pin offset can be increased with no 
detrimental effect on plate bonding so long as the FSW process maintains the needed stability.  
 
-FSW Microstructure 
Microstructural examination of a standard aluminum FSW shows several discrete zones created during 
processing.  Moving into the weld, these areas are defined as Parent Material where the material is 
unaffected, the Heat Affected Zone (HAZ) where the material is mechanically unaffected but altered 
due to the heat generated during welding, the Thermo-Mechanically Affected Zone (TMAZ) where the 
material is influenced both by plastic deformation of the rotating tool and the process heat and the 
Weld Nugget which is the central region where a distinct recrystalization of the stirred material has 
taken place.  All of these regions are present in a cross section of a linear butt weld in most aluminum 
alloys.  The weld nugget is not found near the surface of the weld as the shoulder drives the adjacent 
material into the TMAZ regime [6]. 
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Fig 4. Heat Treatment Effects on Aluminum 6061.  (Top left) unprocessed material, (top right) as 

friction stir welded, (bottom left) annealed 385ºC 3 min, (bottom right) annealed 500ºC 30 
min. 

 
Unlike the standard FSW process where the weld region joins two areas of unaffected parent material, 
the process being employed to bond fuel plates is a full-area weld—all of the unwelded regions 
outside the final fuel plate outline are removed.  The resulting microstructure is comprised of a 
homogenous area that is identified as a TMAZ region.  The fine grain structure shows no signs of the 
recrystalization characteristic of the weld nugget and shows grain refinement beyond which is typical 
for the HAZ. 
 
Heat treatment of the bonded plates shows coarsening both in the grains and in the precipitate phase.  
Specimens heat treated for 3 minutes at 385ºC shows a clear increase in grain size from ~ 1 µm to >5 
µm.  The amount and size of the precipitate phase has also increased (precipitate dissolution in 
aluminum alloys during FSW is a known phenomenon [7]).  Following further heat treatment (30 
minutes at 500ºC) the grains have increased dramatically in size to ~ 20 µm.   
 
 
4.  Transient Liquid Phase Bonding Process Development 
 
Transient liquid phase bonding (TLPB), is another monolithic fuel plate bonding method [4].  TLPB 
fuel plates are fabricated by placing two plates together (with silicon applied at the interface) in a hot 
press.  The samples are pressed and heated to a temperature above the Al-Si eutectic (577ºC) and held 
for a dwell time.  The plates are then cooled to below the eutectic and removed from the press.  This 
process has been used to fabricate three fuel plates included in the RERTR-7A irradiation experiment. 
A major potential problem with the TLPB process is the formation of a reaction layer formed between 
the U-Mo foil and the aluminum cladding.  This is caused by the presence of the liquid phase and by 
the time-at-temperature required to bond the plates.     

A study was undertaken to determine the shortest dwell time which would result in bonding between 
the aluminum plates.  Plates were produced with dwell times of 25, 20, 15, 10, 5 and 3 minutes.  
Ultrasonic debond testing and metallography were used to determine the quality of the resulting 
bonds. 
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It was found that the dwell time could be reduced from the previous standard 30 minutes to 15 
minutes, with no detrimental effect on the bond quality as measured by UT, microscopy and bend 
testing. 

 

 
Fig 5.  Transient Liquid Phase Bonding Dwell Time Test Results. (Left) 15 minutes (right) 10 

minutes.  Note the remaining interface line in the shorter dwell time, indicating 
incomplete bonding. 

 
 
5.  Future Work 
 
The monolithic fabrication methods outlined here and elsewhere [8] will be used to fabricate the first 
full size monolithic fuel plate test.  This test, designated IRIS-5, will be irradiated in the OSIRIS 
reactor in Saclay, France.  This test is a joint effort between the French U-Mo development group and 
the US RERTR program.  A total of 4 monolithic fuel plates will be irradiated; two plates will be 
fabricated by INL and two by CERCA.  All of the plates will be fabricated by FSW.  This test is 
scheduled to begin irradiation in the summer of 2006.  Additional testing is also scheduled for the 
ATR in Idaho.  These tests, designated as AFIP, will test larger (though not ATR driver fuel size) fuel 
plates at a higher fuel surface temperature and heat flux.  AFIP-1 is scheduled for ATR insertion in the 
fall of 2006. 
 
 
6.  Summary 
 

• Microstructural examination of the U-10Mo foils shows a fine grained rolled microstructure 
even after the resistance annealing process.  This microstructure begins to coarsen during 
longer, lower temperature annealing.   

• The friction stir welding tool design has undergone numerous changes to better stabilize the 
FSW process: 

o Larger pin diameter 
o Concave shoulder 
o Internal cooling 

• The FSW microstructure shows uniform fine grained constitution across the entire fuel plate.  
The grains and the precipitates coarsen during heat treatment 

• The dwell time used for transient liquid phase bonding has been further refined to reduce the 
time at process temperature from 30 to 15 minutes. 

• The monolithic fabrication methods developed by the  US RERTR program are being used to 
fabricate full sized monolithic fuel plate tests to begin irradiation in 2006. 
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ABSTRACT 
 

Since last RRFM meeting, CNEA has continued on new LEU fuel and target development 
activities. Main goals are the plan to convert our RA-6 reactor from HEU to a new LEU 
core, to get a comprehensive understanding of U-Mo/Al compounds phase formation in 
dispersed and monolithic fuels, to develop possible solutions to VHD dispersed and 
monolithic fuels technical problems, to optimize techniques to recover U from silicide 
scrap samples as cold test for radiowaste separation for final conditioning of silicide spent 
fuels. and to improve the diffusion of LEU target and radiochemical technology for 
radioisotope production. Future plans include  
o Completion of the RA-6 reactor conversion to LEU 
o Improvement on fuel development and production facilities to implement new 

technologies, including NDT techniques to assess bonding quality. 
o Irradiation of miniplates and full scale fuel assembly at RA-3 and plans to perform 

irradiation on higher power and temperature regime reactors  
o Optimization of LEU target and radiochemical techniques for radioisotope 

production. 
 
 
1. Introduction  
 
Since last RRFM meeting LEU fuel and target R&D activities in CNEA were focused on the decision 
to convert the RA-6 reactor from its HEU core to a new LEU one,  

• to get a deeper and comprehensive understanding of U-Mo/Al alloys interaction zone formation in 
dispersed fuels,  

• to develop promissory solutions to VHD monolithic and dispersed fuels technical problems,  

• to optimize cold test for radwaste separation for final conditioning of silicide spent fuels by 
recovering U from silicide fabrication scrap samples 

• to improve the diffusion of LEU target and radiochemical technology for radioisotope production. 
 
 
2. RA-6 conversion 
 
It is a pool-type 0.5MW reactor sited in Bariloche Atomic Centre, Provincia de Rio Negro. At present 
and since its inauguration in1983 it is working with a HEU core. The conversion project and the 
adhesion to the SNFFRR Acceptance Program is the result of an agreement between US NNSA DOE 
and CNEA. Respective contracts have been signed. The project covers different tasks: 

• Argentina as a partner of the GTR Initiative has decided to minimize the HEU inventory through 
a swapping operation of HEU (Arg)-LEU (USA) materials and down blending in CNEA other 
inventories    

• Fuel design and U3Si2 fuel based fabrication of new LEU core 

76



• Removal of HEU core and condition for transportation 

• Cask loading and transportation to exportation port 
The project suffered a dilation due to safeguard issues concerning the Acceptance Program. During 
November 2006 is foreseen the removal of the HEU core and its completion is foreseen by March, 
2007. 
 
 
3. Very High Density fuel development 
 
An intense activity both on dispersed and monolithic VHD fuels are taking place 

• U-Mo based (both dispersion coated and monolithic) miniplates using Zry-4 cladding were 
produced and sent to INL-USA to be irradiated as a part of RERTR 7 experiment at ATR reactor. 
Further irradiation plans for U-Mo/UZrNb monolithic meat, Zry4 cladding are being discussed. A 
special work will be presented during the technical sessions 

• Alternative VHD UZrNb based monolithic development: U, Zr and Nb alloys were studied and 
developed. The alloys shown the retention at low temperature of metastable bcc crystalline 
structure. It was possible to produce UZrNb alloy 8g/cc density miniplates using Zry-4 cladding  

• FSW bonding techniques: CNEA continued the development of this technology for Al cladding-
monolithic meat welding. By means of the design of a special thermal regulated bench, it was 
possible to produce 6 full scale plates. No bending or warping in final product was observed. 
Bending tests were satisfactory. Nowadays, non destructive testing (NDT) techniques are under 
implementation to assess the bonding quality during production.. 

• An irradiation programme at RA-3 reactor is on progress. The testing miniplates positions are at 
the central part of the irradiation box where a thermal neutronic flux of 2e+14 n/cm2/s) is 
achieved. The programme includes also the irradiation of diffusion couples to estimate the 
influence of irradiation on interaction zone growth. Aforementioned VHD prototypes are taking 
part of the irradiation programme. 

 
 
4. Characterization of phases in U-Mo/Al alloys interaction zone 
 
• Theoretical calculation using BFS (Bozzolo, Ferrante, Smith, 1992) method for the determination 

of the atomic system energy as a function of it geometrical configuration were performed. This 
provides a virtual model of an alloy formation process. This methodology applied to UMo/Al-Si 
alloys predicts that the presence of Mo inhibits but does not avoid the Al diffusion and the 
tendency to compound formation. Mo-Si interaction inhibits Si diffusion. Also predicts Si atoms 
migration from Al alloys to interaction zone, the diffusion of Si in U if Mo is not present and Si 
inhibits Al diffusion only in presence of Mo. This methodology suggest the formation of a phase 
of the type (U-Mo)-(Al,Si)3. 

• Experimental studies of interdiffusion between UMo/Al-Si alloys, at 340 ºC, were continued this 
year to identify the phases in the reaction layer. Data for new temperatures were added to the TTT 
diagram U-7wt%Mo, and U-7wt%Mo-0,9wt%Pt. Aforementioned theoretical calculation and 
simulation were performed to predict phase stability. Main result is that the reaction layer at 340 
ºC is monophasic, and contains approximately.55 at% of Si. The structure is considered to be 
(U,Mo)-(Al,Si)3 A special work will be presented during technical sessions 

 
 

5. Cold test for silicide SNF final conditioning 
 
• Silicide production scrap recovery: by means of a centrifugal device, separation of Si from the 

stream of dissolved products was successfully performed. This is an important step to have 
available a process to separate actinides and radiowastes from spent fuels for final conditioning.  
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6. LEU technology for radioisotope production:  
 
• A study on radionuclide purity was made. 46 LEU and 28 HEU batches of fission Mo-99 

produced in CNEA between 2002 (HEU) and 2003 (LEU) were compared. A general 
improvement in the radionuclide purity after the change from HEU to LEU targets has been 
observed. The conclusions are that it is feasible to produce fission Mo99 from LEU targets to 
obtain a product that complies with the international requirements in accordance with 
specifications established in the most important Pharmacopoeias. Finally, the future use of LEU 
targets for fission Mo-99 production in the radiopharmaceutical industry will be based on 
economical or political factors but not in quality consideration . 

 
averge values I-131 Ru-103 Sb-125 Cs-137 Sr-90 gross Alpha
HEU (# = 28) 2.41 E-06 2.77 E-07 7.50 E-09 2.95 E-10 6.88 E-09 1.95 E-11 
LEU ( # = 46) 1.50 E-07 1.67 E-08 5.68 E-10 3.62 E-10 7.88 E-10 1.21 E-11 

SPECS < 5.0 E-05 < 5.0 E-05 < 6.0 E-08 < 6.0 E-08 < 5.0 E-07  
Table 1: Radionuclide purity comparison 

 
• LEU foils for Mo-99 production: CNEA continue working in collaboration with US DoE in the 

irradiation of uranium foils and testing alkaline dissolution  

• IAEA Coordinated Research Project on developing techniques for small scale indigenous 
Molybdenum-99 production using Low Enriched Uranium (LEU): CNEA is participating as 
agreement holder 

• Sale of CNEA’s LEU target technology to Australia’s ANSTO and Egypt’s EAEA. 
• Development of a method for the recovery of the irradiated HEU contained in the filters and the 

separation of Sr-90 for the use in Y-90 generators. 
 
 
7. Conclusions 
 
CNEA is deploying an intensive activity on R&D on LEU fuel and target technologies. Concerning 
VHD fuels, we focused our work some promissory lines for technological solutions both on dispersed 
and monolithic fuels. Concerning LEU technologies for radioisotope production we are deeply 
involved on the development of the optimization of targets and processes and on sale. Future plans 
include: 

• Completion the RA-6 reactor conversion to LEU 

• Improvement on fuel development and production facilities to implement new technologies, 
including NDT techniques to assess bonding quality. 

• Irradiation of miniplates and full scale fuel assembly at RA-3 and plans to perform irradiation on 
higher power and temperature regime reactors  

• Optimization of LEU target and radiochemical techniques for radioisotope production. 
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ABSTRACT 
 

The conversion of high flux reactors to LEU requires the development of monolithic high 
density fuels. The radiation performance of uranium-molybdenum (UMo) high density fuel 
has shown excellent behaviour of fission gas products retention and reasonable swelling. 
The development of monolithic UMo is usually approached from the point of view of an 
aluminium cladding. Interface interactions between these two materials could be an issue 
and fabrication procedures have to be radically changed because of the big difference in 
mechanical properties of core and clad. 
 
An alternative way of looking at these scenario is using zircalloy-4 (Zry-4) cladding for the 
U-Mo monolithic fuel. The basic idea was to study the possibility of colamination of both 
materials to fabricate plates. A series of preliminary studies where performed to look at the 
feasibility of this alternative. Calculations where done to analyze stress generation because 
of the different coefficient of thermal expansion of both materials. Diffusion couples where 
studied for evaluation of the interface growth. Zry-4 plates where colaminated for selecting 
ranges of colamination temperatures and deformation steps.  
 
Several miniplates where elaborated with depleted uranium and 20% enriched uranium 
(LEU) for irradiation purposes in the RERTR experiments in the Advanced Testing 
Reactor (ATR, INL). All miniplates where elaborated looking at scale production of full 
size plates for irradiation purposes and fuel fabrication. The fabrication steps are the 
casting of the alloy, machining to core dimensions, cutting of frame and lids, welding 
(TIG) of boundaries, hot colamination, straightening of plates, abrasive finishing of plate 
surfaces and cutting to final dimensions. Characterization results will also be shown: 
metallography, ultrasonic scanning (scan-C), radiography, etc.  
 
The elaboration of U-Mo monolithic plates with Zry-4 cladding, as achieved, is a possible 
flexible technological alternative for fuel fabrication and conversion purposes that does not 
involve big changes in the usual equipment of production plants of plate fuels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* edited by ENS from the PowerPoint Presentation 
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ABSTRACT 
 

Monolithic fuel has been investigated as a very-high-density fuel candidate for high-
performance research reactors since 2000.  Excellent in-reactor results have been obtained 
from the irradiation of mini-plates containing monolithic LEU U-Mo fuel elements with a 
uranium density of 15.6 g/cm3.  An attention has shifted to the development of an 
alternative fabrication method of U-Mo foils having a high productivity and a high 
economic efficiency.  The fabrication method of U-7wt.%Mo foils for a monolithic fuel has 
been developed at KAERI by a single roll casting method, followed by casting of wide 
uranium foils for Mo-99 irradiation target. Continuous U-7wt.%Mo foils  with a width of 
about 50 mm and a thickness ranging from 100 to 250 microns were fabricated, by 
adjusting the process parameters of a single roll casting method.  The U-7wt.%Mo foils had 
fine and uniform poly-crystalline cells below about 10 microns in size with the γ-U phase. 
The fabrication of wide U-Mo foils by the cooling-roll casting method could be suggested 
as an alternative process for the fabrication of the monolithic U-Mo fuel for research 
reactors.  

 
 

1.  Introduction 
 

Generally, the conventional fabrication method for uranium foils [1-2] has the disadvantages of 
complicated processes such as the following: casting the uranium; cutting the resulting ingot to a 
suitable size for a hot rolling; rolling a thick piece of the ingot through many passes to gradually thin it 
to fabricate a uranium foil with a thickness of about 100 µm; and finally a heat-treatment at ~800 °C 
and quenching the fabricated uranium foil to produce the required gain size and orientation.  In 
addition, the U-Mo alloy is also repeatedly cold-rolled several times to obtain a suitable thickness of 
the U-Mo foils.  As the cold-rolling process takes a long time, productivity is relatively low.  In order 
to obtain a fine polycrystalline structure which has a more stable behaviour during irradiation, heat-
treatment and quenching must be performed.  It is not easy to make sound U-Mo foils by cold-rolling 
method due to high hardness and low ductility of the U-Mo alloy.  
 
Monolithic fuel has been investigated as a very-high-density fuel candidate for high-performance 
research reactors since 2000 [3].  Excellent in-reactor results have been obtained from the irradiation 
of mini-plates containing monolithic LEU U-Mo fuel elements with a uranium density of 15.6 g/cm3.  
If an economically viable manner of fabricating the monolithic LEU U-Mo fuel elements is developed, 
and if the irradiation tests are confirmed, this fuel holds the promise of enabling LEU operation of all 
the existing and future research reactors.  
 
As the monolithic U-Mo fuel specimens irradiated in the RERTR-4 were fabricated at a laboratory 
scale, not at a commercialized scale, by the cold-rolling method due to some problems in a 
productivity and an economic efficiency, an attention has shifted to the development of an alternative 
technology.  In the present study, the fabrication method of U-7wt.%Mo foils for a monolithic fuel has 
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been developed at KAERI by the cooling-roll casting method.  The U-Mo foils have been obtained 
through a rapid cooling directly from a melt.  The optimum process parameters of a single cooling-roll 
casting method have been studied, in order to make wide U-Mo foils continuously.  
 
 

2.  Experimental procedure  
 
U-7wt.%Mo alloy is introduced into a ceramic nozzle with a longish slot, and a vacuum is formed 
within the cooling-roll casting apparatus by the operation of an exhaust pump.  When the vacuum 
degree in the apparatus reaches up to 10-3 torr, the nozzle is heated by a high frequency induction coil.  
When the molten alloy is super-heated at a proper temperature, it is discharged at a high pressure from 
the nozzle slot to the outer circumference of the cooling roll rotated at a high speed.  The discharged 
melt through the longish nozzle slot is rapidly cooled by a rotating cooling-roll under an inert 
atmosphere.  A wide and continuous U-7wt.%Mo foil is cast in a collection container.  The obtained 
foils are measured for their thickness and widths at several positions.  The morphology and the 
microstructure of the U-Mo foils are characterized with a scanning electron microscope (SEM).  
 
 
3.  Results and Discussion  
 
In the case of using a narrow nozzle slot to make wide foils, the U-7wt.%Mo alloy melt is split into 
several pieces of narrow foils during a discharge from the ceramic nozzle.  U-7wt.% Mo melt should 
be properly super-heated in the ceramic nozzle and a longish nozzle tip should be pre-heated at a  
suitable temperature, by a control of the feeding temperature of the melt.  Fig. 1 shows the U-
7wt.%Mo foils cast with a narrow nozzle slot (a) and a large nozzle slot (b), respectively.  In the case 
of using a ceramic nozzle with a narrow slot tip, the width of the cast U-7wt.%Mo foil is much smaller 
than the width of the nozzle slot; however, in the case of using a ceramic nozzle with a wide slot tip, 
the width of the cast U-7wt.%Mo foil is almost equal to the width of the nozzle slot.  It is necessary to 
feed the U-7wt.%Mo melt into a rotating cooling-roll through a wide nozzle slot with a high injection 
pressure.  Fig. 2 shows the effect of the injection pressure of on the width of the U-7wt.%Mo foils.  As 
the injection pressure of the U-7wt.%Mo melt increases, the width of the U-Mo foil increases.  Hence, 
the width of the U-7wt.%Mo foil is determined by the injection pressure of the melt and the thickness 
of the nozzle slot.   

 
Fig. 1. U-7wt.%Mo foils cast with narrow nozzle slot (a) and large nozzle slot (b), respectively 
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Fig. 2. The effect of the injection pressure on the width of the U-7wt.%Mo foils 
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U-7wt.%Mo alloy has a low ductility and a high hardness, in contrast to pure uranium.  Excessive 
revolution speed of the cooling roll is desirable to be avoided to make a continuous U-Mo foil, as the 
U-Mo foil collides severely with a high sliding speed at the wall of the collection chamber, leading to 
cracks and fragments in the U-Mo foils.  In the case that the revolution speed of the cooling roll is so 
low, the feeding rate of the melt from the ceramic nozzle to the cooling roll becomes much larger than 
the casting rate of the U-Mo foil on the cooling roll, resulting in a non-uniformity of the thickness due 
to flow traces of a melt on the free surface.  Fig. 3 shows the U-7wt.%Mo foils cast with a high 
revolution speed (a) and a low revolution speed (b) of the cooling roll, respectively.  Thin U-Mo foil 
made with a high revolution speed, is damaged with cracks and fragments by a high sliding speed in 
the collection container; however, a continuous U-Mo foil is fabricated with an appropriate revolution 
speed of the cooling roll.  Excessive injection pressure of the melt should also be avoided to make a 
continuous U-Mo foil, as the U-Mo alloy melt tends to be atomized or fragmented under a high 
injection pressure, leading to an inhibition of the formation of a continuous U-Mo foil.  Conclusively, 
a continuous U-7wt.%Mo foil is mainly determined by the revolution speed of the cooling roll and the 
injection pressure of the melt.   
 

 
Fig. 3. U-7wt.%Mo foils cast with high revolution speed (a) and appropriate 
revolution speed (b) of the cooling roll, respectively 

 
As the thickness of the U-7wt.%Mo foils increases, a lack of a uniformity of the U-Mo foil 
generally increases.  It is important to control the revolution speed of the cooling roll and the 
injection pressure of the melt appropriately, in order to make uniform U-Mo foils with regards 
to the thickness. In the case of being cast by a low revolution speed of the cooling roll and an 
excessive injection pressure, the feeding rate of the melt from the nozzle to the cooling roll 
becomes much larger than the casting rate of the U-Mo foil on the surface of the cooling roll.  
It results in a non-uniformity of the thickness due to traces of a melt overflow and droplets of 
melt in the free surface of the U-Mo foil.  Fig. 4 shows the effect of the revolution speed of 
the cooling roll on the thickness of the U-7wt.%Mo foils.  As the revolution speed of the 
cooling roll decreases, the thickness of the U-Mo foil increases.  
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Fig. 4. The effect of the revolution speed of cooling roll on the thickness of the U-7wt.%Mo foils 
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Fig. 5 shows the scanning electron micrographs of the surface of U-Mo foil (a) and the polished U-Mo 
foil (b).  The U-Mo foil fabricated by the cooling roll casting method has homogeneous and fine 
grains below 10 microns in size, irrespective of the foil thickness.  In addition, all the phases of the 
rapidly solidified foil are found to be the meta-stable isotropic γ-U (body-centred cubic) phase, 
irrespective of the foil thickness.  It is expected that monolithic fuel with the U-Mo foil may not have a 
breakaway swelling behaviour but a stable in-reactor behaviour during irradiation.   Therefore, it is not 
necessary to heat-treat the rolled foil and quench it from about 800 °C to form fine grains with the γ-U 
phase, as the U-Mo foil having fine grains is directly obtained by the rapid solidification effect.  

 

 
Fig. 5. Scanning electron micrographs of the surface of U-Mo foil (a) and the polished U-Mo foil (b) 

 
4.  Conclusions 
 

1) Continuous U-7wt.%Mo foils  with a width of about 50 mm and a thickness ranging from  100 
s were fabricated, by adjusting the process parameters of a single roll casting 
tus.  
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2) The width of the U-7wt.%Mo foil is determined by the injection pressure of the melt and the 
thickness of the nozzle slot.  A continuous U-7wt.%Mo foil is mainly determined by the 
revolution speed of the cooling roll and the injection pressure of the melt.  

3) The U-7wt.%Mo foils had fine and uniform poly-crystalline cells below about 10 microns in 
-U phase.  

 
 
5.  Acknowledgements 
 
The authors would like to express their appreciation to the Ministry of Science and Technology 
(MOST) of the Republic of Korea for its support of this work through the mid- and long-term nuclear 
R&D Project. 

6.  References 
 

[1] L. Snelgorve, et al., Proc. 22 nd International Meeting on Reduced Enrichment for Research 
ctors, Budapest, Tennessee, Hungary, Oct. 3-8, 1999. 

[2] G. F. Vandegraft, et al., Proc. 22 nd International Meeting on Reduced Enrichment for Research 
and Test Reactors, Budapest, Tennessee, Hungary, Oct. 3-8, 1999. 

[3] K. H. Kim, Hee-Jun Kwon, Jong-Man Park, Yoon-Sang Lee, and Chang-Kyu Kim, Journal of 
Korean Nuclear Society, Vol. 33, No. 4, pp. 365-374, Aug. 2001. 

86



FURTHER INSIGHT INTO MECHANISMS OF UMo/Al 
INTERACTION 

 
 
 

F. MAZAUDIER, C. PROYE 
CEA-Cadarache, DEN/DEC, 13108 St Paul lez Durance - Cedex – France 

 
and 

 
F. HODAJ 

LTPCM - Institut National Polytechnique de Grenoble, LTPCM-ENSEEG, Domaine Universitaire 
BP 75, 38402 Saint Martin d'Hères - Cedex – France 

 
 
 

ABSTRACT 
 

The interaction layer between UMo (5, 7 and 10 %wt) and Al has been widely 
investigated at 400, 450, 550 and 600°C by the diffusion couple technique. For 
thermal ageing between 550 and 600°C less than a tens of hours, the metastable  γ-
UMo (> 5%wt Mo) phase is retained. The interaction zone consists in three layers 
(Interaction Layer IL1, IL2 and IL3), of different composition. The first zone IZ1, 
close to Al, consists mainly in the ternary phase UMo2Al20 whereas the second and 
third zones present a “periodic layer” structure characterised by a stacking of 
binary and ternary phases. 
 

 

1. Introduction 
The UMo dispersion fuel is developed to convert the MTR cores currently working with UAlx and 
U3Si2, with a more dense fuel able to reach the exigencies of the non-proliferation nuclear treaty with 
no or low modification of initial design. This treaty promotes pacific nuclear issues and gives a value 
of 20% as the upper allowed value for U235 enrichment (Low Enriched Uranium) [1]. In operating 
conditions, the interaction between UMo and its matrix Al results in a degradation of its performances 
leading sometimes to the failure of the fuel element. The comprehension of the UMo/Al interactions is 
then a key stage for the research and the development of a UMo-based Low Enriched Uranium (LEU) 
fuel, behaving in a satisfactory way under irradiation [2-4]. 
There are very few relevant studies on the mechanisms of interdiffusion in system U-Mo-Al. 
Mirandou et al. [6] studied the influence of the composition and the microstructure of the interaction 
zone from UMo7/Al diffusion couple performed at 580°C. Considering the reaction pathway from the 
metastable γ-UMo, they report a three-layered interaction. From Al to UMo, a first very thin layer 
close to Al is assumed to be the ternary phase UMo2Al20 (IL1 : 5.4%at U, 6.6%at Mo and 88%at Al), the 
second one is the (U, Mo)Al4 layer (IL2 with 3.4 %at Mo) and finally the (U, Mo)Al3 layer (IL3 with 
2.6 %at Mo) close to UMo. When the couple time/temperature lies near the nose of the TTT curve of 
the alloy, the reaction pathway seems to be different, due to the eutectoid transformation experienced 
by the γ-UMo metastable phase: an increase in the kinetics was reported as well as a specific 
morphology of the interaction front, which is nor regular or layered but chaotic with preferential 
directions of growth. The layer is made of an undetermined mixture of the two phases (U,Mo)Al3 and 
U6Mo4Al43. Ryu et al. [7], working on UMo10/Al between 500 and 550°C, report nearly the same 
conclusions about the three-layered morphology previously described. A global activation energy for 
the interdiffusion process, 300 kJ/mol, is calculated in a narrow temperature interval of 50°C (500-
550°C). This value is more than four times higher than those reported for the U-Al system, i.e. about 
70 kJ/mol [8,9] The Matano interface (M) calculation [10] gives a ratio x1/x2 ≈ 2,9, where x1 (resp. 

87



x2) defines the distance between the interface IL/Al (resp. IL/UMo) and M. Thus, the interdiffusion 
zone is made-up of Al-rich compounds with an average composition close to that of UAl3. 
Considering the high value of the ratio x1/x2, compared to the calculated value in the binary U-Al 
system ranging from 1.5 to 2.3 [8,9], and the kinetics aspects previously reported, it’s easy to conclude 
on the dramatic influence of molybdenum on the interfacial reactivity in the UMo/Al system. Keiser et 
al. [11] studied the phases obtained by as-cast or thermal annealing (500°C) of U0.8Mo0.2Al6 and 
U0.8Mo0.2Al7 compositions. SEM analysis and XRD measurements lead them to report the existence 
of U0,9Al4 phases and (U, Mo)0,9Al4. Tougait et al. [12] clearly demonstrate that UAl4 is stoichiometric. 
Ryu et al. [7] studied the thermal ageing of dispersed UMo fuel plates (UMo10/Al) between 500 and 
550°C. The results are comparable with those obtained on diffusion couples: the interaction zone is 
layered with an average composition lying between (U, Mo)Al3 and (U, Mo)Al4,4, but the interaction 
growth kinetics  is very slower (around 15 µm compared to 500 µm after 5h at 550°C). The authors do 
not discuss this significant difference. 
Neither the fine structure of the interaction zone, nor the dynamics of the system and the diffusion path 
are described in the literature. To improve our knowledge of the system, an experimental out-of-pile 
program [5] is thus implemented, consisting in thermal ageing of UMo7/Al dispersion fuel plates 
(manufactured and provided by CERCA) as well as diffusion couples, equilibrium phase 
determination and heavy ion irradiation. 
 
 
2. Experimental 

2.1. Materials 

2.1.1. UMo and aluminium alloys 
Arc melted ingots of UMo, with 5, 7 and 10 %wt Mo (respectively 11.6%at, 15.8%at, 21.7%at) were 
supplied from CERCA fuel manufacturer. Pure uranium sample is also considered for our study. 
Thermal annealing (900°C, 72h, secondary vacuum) following by an helium quenching (2000°C/h) 
have been implemented in order to homogenize Mo content and to retain the high temperature γ 
metastable phase. An equiaxed microstructure is observed on the whole ingots with grain size ranging 
from 20 to 50 µm for as cast ones, while the grain size reached 500 µm for annealed ones. XRD 
preliminary characterizations show α phase for U and γ phase for the UMo7 and 10 %wt with a right 
shift of diffraction peaks with the Mo content. UMo5 is not fully retained in γ phase, even if the γ' 
(U2Mo) phase (JCPDS n°12-296) have not been identified on XRD pattern. The oxygen content in the 
ingots is about 300 ppm. Aluminium grade A5NE (1050A) is implemented in our experiments. 
Diffusion couples were prepared with samples of approximately 2 x 5 x 5 mm3, cut out from UMo 
ingots or Al foil. 

2.1.2. UMo7/Al fuel plates 
Dispersed atomized UMo7/Al fuel plate (grade A5NE or 1050A for the matrix and AG3NE or 5754 
for the cladding) have been provided by CERCA. The microstructure of particles is columnar, 
equiaxed or mixed, with micrometric grain size, reflecting the occurrence of specific solidification 
processes (weak or strong thermal gradients, effect of Mo content as well as solid impurities). The 
oxygen content in the plates is about 2000 ppm. 

2.2. Principles of thermal ageing 
Following the kinetics considerations given by the TTT curve of the alloys [14], thermal annealing 
were performed between 550 and 600°C or 400 and 450°C for 1 to 100 h, to avoid or limit the 
influence of the eutectoid transformation. Samples cut from raw materials are diamond ground 
polished. A specific device was carried out for diffusion couple experiments. Just before performing 
the thermal test in Ar + 5% H2 atmosphere, samples are etched. The raw materials, as well as the aged 
samples are characterized with the classical XRD (D8 Advanced Bruker), optical and electronic 
microscope (FEG-SEM-Philips XL30 / EDAX EDS detector). For microscopic observations, the 
samples are etched with a mixture of HNO3, HF and water. 
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3. Results and discussion 
3.1. Fuel plates 

For 10h at 600°C, a two-layered crown-like interaction is observed with an average width of a few 
micrometers (fig. 1). The interaction layer grows towards the centre of UMo particles with a regular 
front i.e. without any preferential diffusion path (e.g. short-circuit grain boundaries diffusion). Ryu et 
al. [7] reported nearly the same conclusions.  

 

          

 

 
Fig. 1: Backscattered electron images of the interaction zone between UMo7 and Al matrix (600°C, 10h) 

  

   

              

  

 
Fig.2: Optical micrograph and backscattered electron image of a fully reacted UMo particles (600°C, 100h). 

Long time thermal ageing (100 h, 600°C) have been performed to reach a steady-state thermodynamic 
equilibrium. The whole UMo available reacted with the Al matrix (fig. 2). Periodic layers pattern can 
be observed in the centre of the particles. Further characterizations are in progress. 

3.2. Diffusion couples / γ-UMo/Al global evolution 
At 550 or 600°C, whatever the duration of the thermal ageing experiments (provided the reaction is 
not complete) or the Mo content of initial UMo alloys (between 5 and 10%wt), the UMo/Al 
interactions consist in a three-layered interaction IL1, IL2 and IL3. A Z contrast exists between the 
different layers (fig. 3) consistent with the results reported [6,7]. For 4h at 600°C, IL1 has a thickness 
of about 10 µm while the thickness reaches 150 µm for IL2 and 350-400 µm IL3. 
 

 
Fig. 3: SEM-BSE (Backscattered electrons) images of the interaction zone 

between UMo7 and Al  (600°C, 10h) 

As a matter of fact, among the different results provided by the SEM-EDS analysis, an Mo-enrichment 
in the IL1 is observed (fig. 4). 
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Fig. 4: U, Mo, Al content (EDS %at) of IL1 and IL2 (600°C, 4h). 

Our results confirm that the IL1 consists mainly of the ternary UMo2Al20 phase which is in good 
agreement with the results obtained by Mirandou et al. [6]. We note that the thickness of IL1 increases 
with the Mo content. 
Periodic layers are observed in IL2 and IL3 (fig. 5). These fine structures differ in terms of Z contrast 
(BSE imaging). Their period range from 500 to 1000 nm. One can remember that this type of 
morphology have been observed in the center of UMo particles aged 100h at 600°C (Cf. fig. 2). 
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Fig. 5: SEM-BSE images of IL2 and IL3 (UMo10/Al, 550°C, 1h). 

The darkest regions in IL2 or IL3 reflect an Mo and/or Al enrichment, probably associated with the 
occurrence of ternary phases UMo2Al20 or U6Mo4Al43 while medium contrast ones are U enriched or 
Mo-depleted zones. SEM observations show a chessboard-like transition between IL2 and IL3. Some 
EDS analysis are summarized in table 1 for the three Mo-content considered here. The  IL3 thickness 
increases with the Mo content decrease: between 200 µm for UMo10/Al and 400 µm for UMo5/Al, for 
1h at 550°C. 

IL2 IL3 
 

U Mo Al U Mo Al 
UMo5 15 2 83 17 3 80 
UMo7 13 2 85 16 3 81 

UMo10 11 2 87 14 4 82 

Tab. 1 : U, Mo, Al content (EDS, %at) of IL1 and IL2 (550°C, 1h) 

Some of the kinetic aspects concerning the influence of Mo content e.g. the dramatic decrease of the 
whole interaction zone thickness, and the fact that Al is the dominant diffusing species in the system 
allow to conclude on Al transport in the ternary phases as the limiting step of the growth kinetics in 
this system. However more investigation is needed in order to determine the mechanisms of diffusion 
in this system. 

3.3. Discussion 
As microscopic analyse systematically reveal the periodic layered pattern on thermal aged samples at 
550 or 600°C, assumptions can obviously be made on a specific behaviour of UMo7/Al, mainly due to 
the huge difference existing in mobility of diffusing species as well as a particular topology of the 
metastable ternary equilibrium diagram (i.e. with the actual phases). To summarize, a simplified 
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representation of the interaction zone between UMo and Al (550°C<T<600°C) and an isothermal 
section of the ternary equilibrium diagram U-Mo-Al with the relevant phases, are proposed (fig. 6). 
 

550°C < T < 600°C

IZ1

IZ2

IZ3

Al

UMoγ

DAl

DU,Mo

UMo2Al20 / UAl4

U6Mo4Al43 / UAl3

UMo2Al20 / UAl3

UMo2Al20

 
Fig. 6: Isothermal section of the ternary equilibrium diagram U-Mo-Al with the relevant phases and simplified 

representation of the interaction zone between UMo and Al and. 

Regarding the possible diffusion paths through the ternary diagram, the periodic layered structure of 
UMo/Al interaction between 550 and 600°C will be interpreted using e.g. the formal description based 
on the activity diagrams of the main diffusing species in ternary systems [15]. A pre-knowledge of 
equilibrium phase diagram is required to achieve this kind of description, i.e stable phases with some 
of their crystallographic data, composition range stability and equilibrium. Nevertheless, as the 
interdiffusion phenomena proceed far from equilibrium and, moreover, act on the UMo γ metastable 
phase, the thermodynamic data have to be carefully considered.  
 
 
4. Conclusions  
 
The objective of the present studies is to further understand the UMo/Al interaction mechanism. Our 
new results highlight the formation of periodic layers inside the interaction layer of heat treated 
samples. This phenomenon has been observed in both case, the diffusion couple and the fuel plate.  
Perspectives of this work are the following : further characterization of interfacial system and kinetic 
aspects development as well as a global discussion focused on the differences and similarities between 
couples and fuel plates and, finally with the results obtained by heavy ion irradiation [16]. A similar 
approach will be performed to characterize the physico-chemistry of different material systems, 
providing a reliable assessment of various technological solutions studied for the development of a 
LEU fuel. 
 
 
5. Acknowledgement 
 
The authors are grateful to CERCA for providing the UMo7/Al fuel plates and UMo5, 7 and 10%wt 
Mo arc melted ingots, and, last but not least, for the fruitful discussions and the interest they 
demonstrated to our work. 
 
 
6. References 
 
[1] J.L. Snelgrove et al., J. Nucl. Eng. and Des., 178 (1997) 119-126. 
[2] G.L. Hofman, M. R. Finlay, Y.S. Kim, Trans. Intl. Meeting on Reduced Enrichment for Research 

and Test Reactors (RERTR), Vienna, Austria, 7-12 November 2004. 

91



[3] P. Lemoine, J.L. Snelgrove, N. Arkhangelsky, L. Alvarez, 8th Intl. Conf. Research Reactor Fuel 
Management (RRFM’04), München, Germany, March 21-24, 2004. 

[4] A. Leenaers, S. Van den Berghe, E. Koonen, C. Jarousse, F. Huet, M. Trotabas, M. Boyard, S. 
Guillot, L. Sannen, M. Verwerft, J. Nucl. Mater. 335 (2004) 39-47. 

[5] S. Dubois, F. Mazaudier, J.P. Piron, P. Martin, J.C. Dumas, F. Huet, H. Noel, O. Tougait, C. 
Jarousse, P. Lemoine, 9th Intl. Conf. Research Reactor Fuel Management (RRFM’05), Budapest, 
Hungary, 10-13 April, 2005. 

[6] M.I. Mirandou et al., J. Nucl. Mater. 323 (2003) 29. 
[7] H.J. Ryu, et al., J. Nucl. Mater. 321 (2003) 210. 
[8] I.S. Deluca, H.T. Sumsion, KAPL-1747, Knolls Atomic Power Laboratory, 1957. 
[9] D. Subramanyam et al. Met. Trans. A, 16A (1985) 589. 
[10] C. Matano, Jap. J. Phys. 8 (1933) 109. 
[11] D. D. Keiser Jr et al., Scripta Mat. 51 (2004) 893-898. 
[12] O. Tougait, H. Noël, Intermetallics 12 (2004) 219-223. 
[13] H. Palancher, C. Proye, Ph. Martin, F. Mazaudier, O. Tougait, H. Noël, M. Ripert, S. Dubois, C. 

Valot, Trans. Intl. Meeting on Reduced Enrichment for Research and Test Reactors (RERTR), 
Boston, USA, 6-10 November 2005. 

[14] C. Prunier, PhD Thesis, Université de Reims, 1981. 
[15] C.R. Kao and Y.A. Chang, Acta Met. 41 (1993), 3463-3472. 
[16] H. Palancher et al., this conference. 

92



POST-IRRADIATION EXAMINATION OF  
URANIUM-MOLYBDENUM DISPERSION FUEL 

IRRADIATED TO HIGH BURNUP IN NRU 
 
 

D.F. SEARS, K.T. CONLON, J. MASON, A. DAVIDSON, C. BUCHANAN 
Atomic Energy of Canada Limited 

Chalk River Laboratories, Chalk River, K0J1J0 - Canada 
 
 
 

ABSTRACT 
 

UMo dispersion fuels are promising candidates for research and test reactors.  Mini-
elements containing U7Mo and U10Mo (7 and 10 wt% Mo in U alloy) fuel particles 
dispersed in aluminium have been fabricated with a nominal loading of 4.5 gU/cm3.  In 
order to compare the performance of the different UMo alloys, the mini-elements were 
irradiated adjacent to each other under nominally identical conditions in the National 
Research Universal (NRU) reactor.  Maximum element linear ratings up to 100 kW/m and 
discharge burnups up to 80 atom% 235U were achieved.  The experiment was conducted in 
phases such that adjacent pairs of mini-elements could be removed for post-irradiation 
examinations (PIE) after 20, 40, 60 and 80 atom% 235U burnup.  PIE included underwater 
inspections, visual examinations and photography in the hot cells, gamma spectroscopy, 
dimensional measurements, immersion density measurements, metallography, and chemical 
burnup analysis.  The results from the high burnup fuels are presented in this paper.  The 
assessments compare the microstructural changes, porosity formation and fuel swelling in 
the two UMo dispersion fuels.  The results indicate that U7Mo fuel is less stable that U10 
Mo fuel under the conditions tested in NRU. 
 
 

1.  Introduction 
 
In collaboration with the international effort to develop UMo dispersion fuels for use in research and 
test reactors [1], Atomic Energy of Canada Limited (AECL) has developed and tested fuels containing 
U7Mo and U10Mo alloy particles dispersed in aluminium [2].  The UMo dispersion fuels are seen as 
promising candidates to replace the presently qualified silicide fuels, because higher uranium loadings 
could be achieved with UMo (attractive for reactors that need higher densities to convert from HEU to 
LEU fuel), and spent UMo fuel is suitable for reprocessing (attractive for reactor operators interested 
in closing the fuel cycle).  The initial test irradiations in NRU were planned for nominal element linear 
ratings ~ 145 kW/m to establish large margins and to bound worst case operating scenarios, but 
subsequent experience at AECL and elsewhere [3-5] has revealed performance limitations of the UMo 
dispersion fuel, including excessive swelling leading to fuel failures under high power and high 
temperature operating conditions.  The irradiation plan was revised to achieve more modest element 
linear ratings ~ 100 kW/m, suitable for screening candidate fuels.  Post-irradiation examinations (PIE) 
of the first mini-elements that were discharged after 20 at% burnup are reported elsewhere [3]; the 
results show significant interaction between the Al matrix and UMo particles in both fuel types, 
leading to ~ 6 vol% swelling of the fuel core.  This paper presents PIE results from mini-elements that 
were discharged after 60 and 80 at% burnup (nominal).  
 
2.  Materials 
 
The Al-U7Mo and Al-U10Mo mini-elements were fabricated at the Chalk River Laboratories (CRL) 
following the same basic process that is used to manufacture LEU (Al-U3Si) driver fuel for the NRU 
and MAPLE reactors.  Details of the fuel core compositions are given in Table 1. The U-Mo alloys 
were made by vacuum induction melting the constituent metals and casting into billets.  Cast billets 
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were heat-treated under vacuum at 900 °C for 72 h then quenched to preserve the metastable γ-phase.  
Powders were produced from the bulk alloys, mixed and blended with commercially pure Al powder, 
extruded into cores, and fabricated into mini-elements.  Fabrication and characterization details are 
reported elsewhere [2]. 
 

Mini-Element Al - U7Mo Al - U10Mo 
Core density, g/cm3 6.79 6.91 

Core mass, g 24.0 24.5 
U-Mo mass, g 17.1 17.7 

U density in fuel, g/cm3 4.5 4.5 

Table 1.  Nominal U-Mo Mini-Element Fuel Core Composition. 
 
 
3.  Test Irradiation and PIE 
 
The irradiation commenced in 2003 May and was completed in 2004 December.  The test was 
conducted in four phases and after each phase, a string of mini-elements was removed for interim 
examination, replaced with dummy-elements, and the test rod was returned to the reactor to continue 
the irradiation.  The nominal D2O coolant inlet temperature was ~ 35oC; conductivity was 
< 0.3 µS/cm; and pH was 5.5 - 6.5.  The coolant velocity was typically ~8 m/s over the heated element 
surfaces.  During the first two phases of the irradiation, the element linear rating was limited to 
100 kW/m with a maximum clad surface heat flux of 404 W/cm2 (501 W/cm2 equivalent at core 
surface, 3.16 W/cm3 power density in the fuel core).  In subsequent phases the power declined with 
burnup, as would be typical in service. The irradiation was terminated after 80 at% 235U burnup was 
achieved.  Figure 1 shows the power history of the UMo fuel in NRU. PIE included underwater 
inspections after each phase of the irradiation, visual examinations and photography in the hot cells, 
gamma spectroscopy, dimensional measurements, immersion density measurements, metallography, 
and chemical burnup analysis. 
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Figure 1.  Power History of UMo Fuel in NRU. 

 
4.  Results and Discussion 
 
After 60 at% burnup both fuel types were found to be in good condition with no evidence of defects, 
deformation, or excessive oxide spallation.  After 80 at% burnup, the U7Mo mini-element was found 
to have developed a cladding defect (~ 2 cm long axial crack between the fins), while the U10Mo 
mini-element remained intact.  Gamma-scans were collected while the mini-elements were rotated 
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about the longitudinal axis and scanned with a lithium-drifted germanium detector.  Figure 2 shows 
the results; no gross fission product segregation was observed even in the defected element (59-5). 
 
Immersion density was measured in the as-discharged condition, and again after the cladding surface 
oxide layer was chemically stripped from the intact elements using a hot solution of 79 % distilled 
water, 20 % phosphoric acid and 1 % nitric acid.  The calculated swelling of the U10Mo fuel cores 
was ~10 % after 60 at% burnup and 11 % after 80 at% burnup.  In contrast, the U7Mo fuel was 13 % 
after 60 at% burnup and > 15 % after 80 at% burnup (minimum estimated - the defect precluded 
accurate measurement, as discussed below ~27 % at defect).  Both UMo fuel-swelling values are 
higher than comparable silicide fuels.  It appears that the U7Mo fuel swelled more than the U10Mo 
fuel and ultimately ruptured the cladding.  Figure 3 shows core average swelling as a function of 
burnup; the defected element value is likely higher than shown (indicated by arrow) as discussed 
below. 
 

 

Figure 2. Gamma scans of mini-elements after 60 at% burnup (59-2, U7Mo and 47-6, U10Mo) and 80 
at% burnup (59-5, U7Mo and 47-7, U10Mo). 

 
Fuel samples were cut near the midplane of the mini-elements, dissolved in nitric acid, the U was 
separated by HPLC and then analyzed using thermal ionization mass spectrometry (TIMS) for U 
isotopic abundance.  Table 2 shows the burnups calculated from the U isotopic ratios. 
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Figure 3. UMo Core Swelling versus burnup 

 

Sample I.D. 235/238 Burnup 
(at%) 

47-6, 
U10%Mo 0.09290 (11) 62.3 

59-2,  
U7%Mo 0.0931 (2) 62.3 

47-7, 
U10%Mo 0.04602 (7) 81.4 

59-5, 
U7%Mo 0.04557 (7) 81.5 

Table 2.  Uranium Atom Ratios and Burnup 
 

 
Samples were cut from the midplane and ends of the mini-elements then mounted and polished for 
optical metallography (OM).  The core diameter at the midplane was also measured by OM.  The 
diameter increases of the 60 at% burnup samples were ~7 % and ~8 % for the U10Mo and U7 Mo 
fuel, respectively.  The corresponding local core volume increases are 15 % and 17%, i.e., larger than 
the core average calculated from immersion density measurements.  Previous experience suggests the 
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swelling profile tends to be barrel shaped as the core ends are better restrained, so the midplane values 
are considered as local maxima or upper bounds.   
 
Figure 4 shows composite images of radial slices through the 60 at% burnup U7Mo and U10Mo mini-
elements (clad interface at left, core centre at right).  It appears that the as-manufactured morphology, 
consisting of discrete UMo particles dispersed in the Al matrix, has almost fully transformed into a 
structure where the Al (white) has been consumed by interaction with the UMo particles (dark grey) 
forming Al-U-Mo reaction products (grey).  Radial and circumferential cracks were observed 
throughout the U7Mo fuel core, but few cracks were seen in the U10Mo fuel.  Both fuel samples 
contained voids but sample preparation was difficult and despite vacuum impregnation we cannot 
preclude material pull-out as a source of voids in these images.  
 

Figure 4.  Composite images of 60 at% burnup U7Mo fuel (top) and U10 Mo fuel (bottom). 
 
Figure 5 shows higher magnification images of the fuel at the periphery and centre of the U10Mo fuel.  
Fission gas (FG) bubbles are visible in the “unreacted” kernels of the UMo particles as well as in the 
surrounding interfacial layer.  This contrasts sharply with the observations of others where no FG 
bubbles are reported in the Al-U-Mo reaction product [5], or they coalesce into very large pores [6]. 
 

   

   

Figure 5.  Images of periphery (top) and centre (bottom) of U10Mo fuel, and percent voids measured. 
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At the centre of the fuel (higher temperature region) there are fewer bubbles evident in the 
microstructure. Included in Figure 5 are the area percent gas bubbles/voids and fuel, measured using 
image analysis software (blue box in centre image shows selected frame).  Approximately 9-13 % was 
measured at the periphery and 1-2% at the centre.  Similar results were obtained for the U7Mo fuel. 
 
OM of the defected 80 at% burnup U7Mo mini-element showed a diameter change ~ 12.7 % and a 
volume increase of ~ 27% in the region of the defect.  Figure 6 shows images of the 80% burnup 
U7Mo defect fuel (top) and the intact U10Mo fuel (bottom).  The top left image is adjacent to the 
defect and clad wall thinning/necking is evident.  Extensive crack networks were observed throughout 
the core.  At the periphery FG bubbles could be seen in the UMo particles and interfacial layers but in 
the centre few bubbles could be resolved.  In the intact U10Mo fuel, essentially all of the aluminium 
matrix material had reacted with the UMo particles in the core, and again FG bubbles could be seen in 
both the kernel and interfacial layers at the periphery.  Fewer bubbles could be resolved in the centre. 
 

 

 
Figure 6.  Images of U7Mo defect fuel (top) and U10Mo intact fuel (bottom) after 80 at% burnup.  
 
We have planned Wavelength Dispersive X-Ray (WDX) analysis using an SEM but at the time of 
writing the examination had not yet commenced.  We have also recently established the capability for 
phase structure identification using neutron diffraction analysis and plan to test this fuel in the future. 
 
 
5.  Conclusions 
 
Dispersion fuels containing U7Mo and U10Mo particles in Al with 4.5 gU/cm3 have been irradiated at 
maximum element linear ratings up to 100 kW/m.  Both fuel types survived intact to 60 at% burnup 
with average core volume swelling ~ 10% for U10 Mo and ~ 13% for U7 Mo.  After 80 at% burnup 
the U10Mo fuel swelled by ~ 11% and remained intact while the U7Mo fuel swelled by over 15% and 
developed a defect.  At the periphery, fission gas bubbles were observed in both the UMo particles and 
in the surrounding interfacial layers, but near the hotter centre (mostly Al-U-Mo reaction products), 
the FG bubble density was much lower.  Given the near identical test parameters, it is concluded that 
the U7Mo fuel is less stable than the U10Mo fuel under the NRU irradiation conditions. 
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ABSTRACT 
 

As previously reported worldwide dispersed UMo interacts with aluminium matrix during 
irradiation and may cause a breakaway plate swelling. However, UMo fuel has an 
intrinsically good behaviour regarding for instance gas fission retention. The development 
of optimized UMo solutions is thus investigated. This paper states a new overall approach 
for understanding complex UMo/Al interaction phenomena, taking into account fission 
fragment damages.  
 
A series of UMo samples manufactured by CERCA have been irradiated by the Maier-
Leibnitz-Laboratory, Garching with heavy ion beam, a relevant method as it was 
demonstrated in 2005 [3]. The samples have been characterized by the CEA, following an 
advanced analytical methodology including the use of synchrotron radiation (ESRF) [6]. 
This paper focuses on four types of samples with the influence of silicon presence in Al 
matrix. 

 
1. Introduction 
 
Recent in-pile experiments have confirmed that dispersed atomized UMo in a pure Al matrix does not 
withstand high or even medium operating conditions [1]. In order to avoid this behaviour, the 
aluminium matrix could be chemically modified and/or the UMo particles coated by a diffusion 
barrier. However, the cost and the time schedule for an experimental irradiation with the associated 
post irradiation examination (PIE) limits the number of solutions to be tested. To overcome this issue, 
an advanced out-of-pile methodology [2] has been designed based on heavy ion irradiation with 
typical energies of fission fragments [3].  
 
In 2005, the CEA and the TUM jointly performed the heavy ion irradiation (HI) and PIE of a set of 
samples manufactured at CERCA.  
 
In this paper, we describe the UMo samples and we state the HI beam operating conditions and both 
overall and local characterizations. On four HI irradiated samples, we discuss the influence of Si 
addition into the aluminium matrix and we compare these experiments with the very first results on the 
same in-pile irradiated fuel plates [4].  
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2. Sample preparation 
 
A UMo sample set with various solutions was manufactured at CERCA by conventional rolling. The 
samples were cut from plate and processed for the heavy ion irradiation (cf. Fig. 1).  
 

a- 
 

b-
 

 40 mm.

60 mm 

50 mm   10 mm. 

1.3 mm   

Fuel  area

Free surface for HI 
Irradiation   

Fig. 1: Mini-plates description (photos (a-) and schemes (b-)). 
 

The influence of silicon adjunction to aluminium matrix was studied with two molybdenum contents 
into atomized UMo alloy: 7wt% and 10wt%. In the following, these four samples are noted 1 to 4. 
They are described in the Tab. 1. 

 Sample 1 Sample 2 Sample 3 Sample 4 
Notation UMo7/Al UMo7/Al,Si UMo10/Al UMo10/Al,Si 

Matrix type Al A5 Al98Si2  Al A5 Al98Si2 

Tab. 1: Sample composition. 
 
3. Heavy ion irradiation 
 
The experiment has been carried out at the Munich 14MV tandem accelerator in Garching near 
Munich, Germany. Each sample was irradiated with 127I at 80 MeV under high vacuum. A maximum 
heavy ion flux as high as 1.4*1012 sec-1 (i.e.18 Watt) was chosen in order to limit the specimen 
temperature to a maximum of 170°C, which was measured in-situ by a thermocouple on the rear side 
of the specimen. This temperature conditions should avoid a thermally activated diffusion or 
decomposition of the γ-UMo phase. It is low compared to annealing test, but slightly higher or similar 
to in-pile conditions. The samples were screwed on a water-cooled aluminium bloc. Tab. 2.a compares 
the characteristics of the experiment (MUC-II) to those of the previous one (MUC-I) [3]. 

Experiment MUC-I MUC-II Experiment IRIS-I IRIS-II FUTURE
Fluence (Ion/cm²) 1017 2.0*1017 Enrichment (wt% 235U) 19.75 19.75 19.75 
Energy (MeV) 120 80 Fuel loading (gU/cc) 8 8 8 
Penetration depth 
into UMo (µm) 6.2 5 Average burn-up at EOL 

(% 235U) 50 30 25 

Penetration depth 
into Al (µm) 16.5 12.9 Total duration 

(eff. full power days) 240 60 40 

Max. surface 
temperature (°C) 200 170 Max. cladding 

temperature at BOL (°C) 75 100 130 

Ion-density in  
UMo (Ion/cc) 3.2*1020 8.0*1020 Meat fission density 

(MF/cc) 
2.0*102

1 1.2*1021 1021 

Ion-density in Al 
(Ion/cc) 1.2*1020 3.1*1020 Meat fission fragment 

density (FF/cc) 4*1021 2.4*1021 2*1021 

Tab. 2: Conditions for heavy ion irradiation (a) and conditions for past in-pile irradiation [1] (b). 

After almost four hours of irradiation, the final fluence was achieved in an area of 4*4mm². The final 
ion density could be compared to meat fission fragment density obtained in past in pile experiments. 
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4. Post irradiation examination 
 
The irradiated samples have been studied using microscopy (optical microscopy and scanning electron 
microscopy with EDX) and X-ray diffraction at the ESRF. 
 

a. Optical microscopy 
 

Optical observations have been carried out in the irradiated area (cf. Fig. 2). An interaction layer 
surrounding each of the spherical UMo particles is visible in samples 1 and 3. Its thickness appears 
homogenous (5-10 µm). 
The case of samples 2 and 4 is more difficult to handle, since a ripple formation on the surface, due to 
the irradiation, hampers the direct view to the U-Mo particles. A fine polishing after irradiation  was 
therefore necessary. At the first stages of the polishing process, it was impossible to determine 
whether an interaction layer had grown around the UMo particles or not. Indeed this technique 
appeared inefficient for distinguishing topographic effects (induced by the irradiation) from the 
presence of an interaction layer. 
 

Sample 1: UMo7/Al 

 

Sample 2: UMo7/Al,Si 

 
Sample 3 : UMo10/Al 

 

Sample 4: UMo10/Al,Si 

 
Fig. 2: Optical micrographs with the same magnification of the irradiated zone on the four samples. 

 
b. SEM and EDX analyses 

 
In order to specify the optical observations, SEM (scanning electron microscopy) pictures and EDX 
(energy dispersive X-ray spectroscopy) analyses have been carried out. Samples 2 and 4 were further 
polished to get rid of their topography. This stronger surface polishing appears on SEM pictures 
shown in Fig. 3. Whereas “ripples” can be seen at the centre of the UMo particles in samples 1 and 3, 
they have been removed in samples 2 and 4. 
 
On different locations on each SEM picture, the chemical composition has been measured by EDX. 
Uranium, molybdenum and aluminium concentrations are given in Tab. 3. Of course the projectile 
iodine was also detected but not mentioned in the table. 
 
These analyses show the presence of an interaction layer in samples 1 and 3 (in good agreement with 
optical microscopy). In the case of sample 2, an interaction is presumably locally observed and 
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confirmed by EDX (spots noted B, C and D) with an extremely inhomogeneous thickness. However, it 
must be pointed out, that no silicon segregation in the interaction layer has been found. In sample 4, no 
evidence for any interaction layer presence around the UMo particles has been found. 
 

Sample 1: UMo7/Al 

 

Sample 2: UMo7/Al,Si  

 
Sample 3: UMo10/Al 

 

Sample 4: UMo10/Al,Si 

 
Fig. 3: SEM micrographs of the four different irradiated samples (secondary electrons). 

Note: Probed volume for EDX is 1µm3. 
 
 

 Sample 1 
UMo7/Al 

Sample 2 
UMo7/Al,Si 

Sample 3 
UMo10/Al 

Sample 4 
UMo10/Al,Si 

Spot A U, Mo U, Mo U, Mo U, Mo 
Spot B U, Mo U, Mo, Al U, Mo, Al U, Mo 
Spot C U, Mo, Al U, Mo, Al --- U, Mo 
Spot D U, Mo, Al U, Mo, Al --- --- 

Tab. 3: Elementary composition derived from EDX analyses. 
 

c. µ X-ray diffraction  
 

The four irradiated samples were investigated by X-ray diffraction using synchrotron radiation. These 
characterizations aim at confirming the presence of an interaction layer and detailing the nature of 
crystallographic phases constituting it.  
 
X-ray diffraction measurements have been performed using micro-focused X-ray beam (µ-XRD) on 
ID18F beamline at the ESRF (Grenoble, France). Data was collected using an X-ray beam with 16keV 
photon energy in reflection geometry, with a fixed incident angle (15°). This experimental set-up 
allowed to obtain a constant penetration depth of a few microns in the material. The size of the X-ray 
beam at the sample surface was 16*3µm². Both irradiated and non-irradiated parts of each sample 
were characterized using this technique. Fig. 4 shows the obtained diffraction pattern of sample 1. 
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Fig. 4:  µ-XRD patterns collected on irradiated and non -irradiated areas of sample 1 (UMo7/Al). 

Note: We add up 30 µ-XRD patterns, thus giving a better approximation of the phase 
composition (probed area size around 16*90 µm2). 

 
The main conclusions are that:  

 thermal decomposition of γ-UMo into U(α) phase is not activated by our conditions. The 
comparison between phase compositions in the irradiated and non-irradiated zones does not 
reveal any increase of U(α) phase concentration due to iodine irradiation. Therefore the 
interaction layer growth is not activated by a thermal effect, 
 the binary phase UAl3 is the main component of the interaction layer. No significant 

concentration of another binary or ternary crystallographic phase has been found, 
 UAl3 weight concentration is lower in the samples with silicon adjunction in the matrix. Even, 

no UAl3 compound has been found in UMo10/AlSi. 
 

Note that previous studies (oral presentation from [3]) mentioned that UAl3 was not the only phase in 
the interaction layer. A synthesis of both studies is thus ongoing. Furthermore, it should be studied 
whether or not silicon is inserted in UAl3 phase as reported on annealed samples [5]. In order to state 
the Mo behaviour, µ-EXAFS (Extended X-ray Absorption Fine Structure) at Mo K edge will be 
performed at the ESRF, as previously done (oral presentation from [6]). 
 
5. Conclusion 
 
The present work describes the use of heavy ion (HI) irradiation to study dispersed atomized UMo 
fuels. Due to the irradiation damages, the formation of an interaction layer occurs, at the UMo/matrix 
interface, excluding thermal diffusion activation. A set of advanced fuels has been irradiated while 
PIE’s are still in progress. In the case of the Al-Si matrix, the first results reveal a thinner, or even no 
interaction layer, than in pure aluminium matrix-based samples. This improvement due to the silicon 
presence is in agreement with the IRIS experience on Si effect (IRIS3) and past out-of-pile studies. U, 
Al and Mo elements are both present in the interaction layer, but UAl3 has only been evidenced. A 
further characterization is necessary to state the Mo and Si effect. Based on these successful tests, the 
HI irradiation method can be helpful in selecting promising RR fuels with a better in-pile behaviour. 
This program is still underway and will concern the studies of several advanced fuels. 
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ABSTRACT 
 

Anomalous in-core swelling of U-Mo candidate research reactor fuels has been observed 
by conventional post-irradiation examination methods at laboratories involved in the 
Reduced Enrichment for Research and Test Reactor (RERTR) program.  The formation of 
non-crystalline phases has been suggested as one of the mechanisms responsible for 
excessive swelling.  In order to determine the structure of reaction products in the 
irradiated U-10Mo fuel-core specimens, a special “castle” was developed with sufficient 
thickness of lead shielding to permit the execution of neutron powder diffraction 
measurements at the National Research Universal (NRU) research reactor facility at Chalk 
River, while minimizing high external radiation fields emitted from the specimen.  Analysis 
of the results obtained from an irradiated U-10Mo fuel core indicate the predominant 
crystalline reaction product is isomorphous with UAl3. 

 
 
1.  Introduction 
 
Atomic Energy of Canada Ltd. (AECL) is developing low-enriched (LEU < 20 % 235U) Al-UMo 
dispersion fuel for potential use in test reactors [1].  Significant efforts are currently underway around 
the world to develop this fuel for materials test reactors [2].  The main reasons are that the uranium 
loadings can be higher than in the presently qualified dispersion fuel, and that spent UMo dispersion 
fuel is suitable for reprocessing.  
 
Immersion density measurements of UMo fuels irradiated to 20 atom% burn-up provided evidence of 
swelling (~ 6 vol. %) in the fuel cores [3].  Post-Irradiation Examinations (PIE) of irradiated fuel 
specimens performed at AECL and elsewhere [4-6] show evidence of a significant chemical reaction 
between the UMo particles and the Al matrix (Figure 1).  At low burn-up, the contribution of fission 
product formation to the swelling behaviour is negligible, and thus swelling behaviour is attributed to 
chemical interaction of U-Mo-Al and the subsequent formation of a low-density reaction product(s), 
with inter-diffusion enhanced by irradiation.  The chemical composition of these products has been 
identified as consistent with that of (U,Mo)Alx where x ranges from between 3 to 4.4 [3-5], to as high 
as x = 7 [6]. 
 
Detailed knowledge of the structure of this reaction product is presently lacking due to the difficulty of 
handling irradiated fuel specimens using traditional materials characterization techniques (e.g. x-ray 
diffraction, SEM, TEM).  On the other hand, the penetration power of thermal neutrons permits the 
design of robust specimen containments that interrogate irradiated specimens by neutrons, while at the 
same time providing sufficient biological shielding from gross beta/gamma fields from the specimens.  
The use of neutron scattering techniques to characterize irradiated fuel cores is not without precedent; 
for example, neutron diffraction has also been applied to irradiated uranium-silicide fuels to 
investigate similar irradiation-induced swelling phenomenon [7-9].  Based on the interpretation of the 
peak widths observed in the neutron diffraction patterns [9], it was suggested the observed irradiation-
induced reaction products were either amorphous, or in the form of nano-crystalline domains.  Hofman 
[5] has suggested that irradiated UMo may exhibit amorphization similar to that observed in the 
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silicides.  We have investigated the structure of reaction products using neutron diffraction to see if 
similar features are observed in irradiated UMo fuel cores. 
 
 
2. Materials 
 
Mini-Elements were fabricated at AECL from U(Mo) alloy powders of composition U – 10 wt.% Mo 
with nominal loading of 4.5 grams U/cm3.  The fuel elements were irradiated in the National Research 
Universal (NRU) reactor at a rating of 100 kW/m, to 20 atom % 235U burn up, and discharged from the 
reactor core in July 2003.  Details of the irradiation conditions and post-irradiation examination (PIE) 
results, including wavelength dispersive x-ray analysis of the reaction products are summarized 
elsewhere [3].  One centimetre long specimens were cut from the irradiated elements to be used in the 
experiments. 
 
The fuel core specimens emit high radiation fields, measured to be approximately 60 mrem/hr (600 
µSv/hr) at one meter per cm length of core.  In order to facilitate neutron powder diffraction 
experiments on irradiated specimens, a special lead filled “castle” was developed with sufficient 
thickness of lead to permit the execution of neutron powder diffraction experiment at the NRU facility, 
while minimizing exposure of personnel to high external radiation fields emitted from the specimen 
during the experiment.  This castle is shown schematically in Figure 2.  The castle is designed to 
safely contain the irradiated fuel core specimen during transportation between hot cell facilities and 
the NRU reactor.  Thermal neutrons enter the castle through a removable port (not shown in Figure 2) 
and diffract from the phases within the fuel core.  A segment of the neutron diffraction pattern travels 
through an 80° scattering aperture and leaves the cell.  The aperture can be raised during a 
measurement, and closed and locked to facilitate safe transportation and handling of the fuel core. 
 

 

 
Figure 1  Microstructure of irradiated UMo-Al 
fuel core specimen at 20 percent burn-up [3]. U 
(Mo) particles (white) dispersed in Al Matrix 
(black), with an interfacial layer of U-Mo-Al 
reaction product around the larger fuel particles 
(grey).  Cladding is shown at left 

Figure 2  Schematic (exploded) diagram of lead 
filled castle designed to facilitate neutron 
diffraction experiments of irradiated fuels.  The 
80 degree scattering aperture is shown in green  
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3. Experimental 
 
In order to obtain a specimen that would yield an unambiguous diffraction pattern from the crystalline 
phases contained within the fuel core, the aluminium cladding was machined away from the fuel 
element prior to the diffraction experiment.  This approach permits the use of quantitative “Rietveld 
Refinement” analysis techniques [10] so that the phase volume fractions within the fuel core may be 
determined with accuracy.  The specimens were subsequently loaded into a specially designed canister 
fabricated from vanadium.  Vanadium has a coherent thermal neutron scattering cross section close to 
zero [11] and thus the canister does not contribute any Bragg peaks to the spectrum. The neutron 
diffraction experiments were carried out on the “C2” spectrometer, which is located at the NRU 
reactor and is owned and operated by the Canadian Neutron Beam Centre (CNBC).  The spectrometer 
is equipped with a banana-shaped 800 element BF3 position sensitive detector.  As measured from the 
sample position to the detector, the solid angular spacing between two adjacent elements is 0.1°, so 
that 80° of scattering angle is measured simultaneously.  An incident monochromatic beam of thermal 
neutrons was obtained from a Si single crystal oriented to scatter from the {531} reflection (lambda = 
1.33 Å) at a take-off angle of 92.7°.  The position sensitive detector of the spectrometer was 
positioned to achieve nominal coverage of the Bragg peaks between 20 to 100 degrees of 2θ.   
 
 
4. Results 
Prior to conducting the diffraction experiment on an irradiated fuel core, experiments were carried out 
on a “calibration” specimen of known composition to assess the accuracy of the analysis.  Figure 3 
shows a diffraction pattern obtained from an unirradiated fuel core containing γ phase particles (U-10 
wt.% Mo), with a nominal overall composition of 62 wt.% γ phase (balance Al).  Data was collected 
after approximately 12 hours of exposure, and subsequent quantitative analysis of the raw data using 
the Rietveld refinement technique was carried out using GSAS [12,13].  The analysis indicates that the 
phases present in the specimen are aluminium and γ-U, with trace amounts of UO2 and α-U.  The 
phase analysis performed on the calibration specimen is in good agreement with the actual 
composition of the fuel core. 
 
Figure 4 shows NDA results obtained from the irradiated fuel core.  These results provide evidence 
that the reaction layers that form as a result of the interaction of the aluminium matrix with the γ phase 
fuel particles are crystalline.  The reaction layers are isomorphous with the aluminide UAlx 
compounds (x= 2,3,4), with the predominant reaction product identified as isomorphous with UAl3. 
Detectable amounts of UAl2 and UAl4 are also present, but in smaller quantities relative to UAl3.  The 
sharp Bragg peaks obtained in this experiment contrast strongly against the results of the irradiated 
silicide phases [9], which showed evidence of considerable amorphization. 
 
Table 1 indicates the percentages obtained by NDA from the calibration specimen (un-irradiated Al-62 
wt% UMo fuel core), previous NDA results obtained from an un-irradiated specimen of the 
approximate nominal composition used for irradiation testing [14], and the results obtained from the 
irradiated fuel core.  
 

Core ID Al γ U-Mo UO2 α-U UAl3 UAl2 UAl4

Al-62% U(10 wt.% Mo)  
Un-irradiated 36.5 60 1.5 2 n.d. n.d. n.d. 

Al-72.4 % U(10 wt.% Mo)  
Un-irradiated [14] 27 67 3 4 n.d. n.d. n.d. 

Al–72.4 % U(10 wt.% Mo)  
Irradiated 8 24 n.d. n.d 63 1 4 

Table 1  Composition (wt. %) of compounds formed in U- 10 wt.% Mo fuels 
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Figure 3  Neutron Powder Diffraction pattern 
of an un-irradiated U – 10 wt.% Mo (~ 62 
wt.% γ-(U,Mo) dispersion fuel element core 

Figure 4  Neutron Powder Diffraction pattern of 
an irradiated U – 10 wt.% Mo dispersion fuel 
element core 

 
 
5. Discussion 
 
The results presented here largely support the conclusions presented by Leenaers et al. [4], Sears et al. 
[3], and the out-of-pile diffusion couple results of Mirandou et al. [15].  Based on experimental results 
conducted on 29% burnup U- 7 wt.% Mo plate-type fuel using Electron Probe Microanalysis (EPMA), 
Leenaers found the reaction layers of nominal composition (U,Mo)Al3 and (U,Mo)Al4.4.  Sears found 
similar compositions using Wavelength Dispersive X-Ray analysis of the 20% burn-up fuel element 
used in this study.  The position and intensity of the lattice peaks identified by NDA supports the 
conclusion that the reaction layers are isomorphous with at least one of these phases, but the NDA 
analysis suggests that the dominant phase is (U,Mo)Al3.  We are unable to find convincing 
crystallographic evidence for the formation of higher aluminides, such as isomorphs of Al20Mo2U or 
Al43Mo4U6 [6]. 
 
No attempt has been made to model the position, or more specifically the concentration of the 
molybdenum atoms in the UAlx phases identified in the irradiated fuel core, and the analysis presented 
here does not provide conclusive evidence for the stoichiometry of the isomorphous UAlx (x = 4.4) 
suggested by Leenaers.  Indeed, the analysis presented above has been carried out by modelling the 
“U” atom lattice positions of the main UAlx phases as composite atoms of the same average 
concentration of the U-10Mo phase; the effect on the analysis is to reduce the coherent scattering 
length of “U” atoms in the model.  While this assumption has been made out of analytical 
convenience, it is theoretically possible (albeit difficult and time consuming) to incorporate this into a 
Rietveld analysis. 
 
The results presented here do not preclude the possibility that the lower density uranium aluminide 
phase (UAl4) evolves at the expense of the higher density phase (UAl3) at extended burn-ups and/or 
lower operating temperatures [6], nor does it preclude the possibility that crystalline (U,Mo)Al3 
amorphizes at higher burn-up [5] .  Further work is presently underway to conduct neutron diffraction 
experiments on UMo fuels irradiated to higher burn-ups to investigate this hypothesis, which may 
provide the mechanism for swelling in UMo dispersion fuels at burnups higher than 20 percent. 
 
 
6. Summary 
When irradiated, research reactor fuel cores consisting of γ UMo particles embedded in an aluminium 
matrix interact chemically to form low density reaction products.  Analysis by neutron diffraction of 
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an irradiated U – 10 wt.% Mo dispersion fuel element core indicates the reaction products are 
crystalline.  A preliminary model using Rietveld analysis techniques indicates that 5 phases are 
sufficient to model the intensity variations in the diffraction pattern, and that the reaction products are 
isomorphs with UAlx (x = 2,3,4), with (U,Mo)Al3 being predominant.  We find no evidence of the 
formation of higher aluminides. 
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ABSTRACT 
 

The authors have carried out the analysis of the results of a study of irradiation stability of a 
fuel composition based on U-Mo particles dispersed throughout the aluminium matrix. 
Some possible mechanisms of forming the interaction layers at the (U-Mo)-Al boundaries 
as well as the causes of the bulge formation on the elements containing a fuel composition 
of that kind are examined in the paper. 
On the basis of this analysis the authors come out with the suggestions concerning the 
possible ways of improving the irradiation stability of the (U-Mo)-Al fuel composition at 
the expense of reducing the rate of the interaction between the fuel particles and the matrix. 
One of these ways is the creating of a protective oxide coating on the (U-Mo) fuel particles. 
The paper includes also some information about a test fuel assembly that has been designed 
for irradiation in the IVV-2M reactor (Zarechniy). This assembly will contain small-size 
fuel elements (“mini-elements”) whose fuel composition consists of (U-Mo) particles 
provided with protective coatings and dispersed throughout the matrix of aluminium or an 
Al-based alloy with some addition of Si. 

 
 
1. Introduction 
The post-reactor examinations of irradiated fuel elements with the U-Mo fuel composition in the 
aluminium matrix have shown [1] [2] that:  
• while the fuel elements are being irradiated, the formation of interaction zonules between the 

fuel and the aluminium matrix materials occurs; these zonules consist of uranium aluminides, 
UAl3 and UAl2;  

• a fillet formed due to the implantation of fission fragments into the matrix can be observed 
around every fuel particle; 

• in some cross-sections of the fuel elements these fillets merge together and form integrated 
frameworks; 

• within the zone of maximum energy release, along the contact lines of the zonules of interaction 
with matrix, gas-filled voids are being formed around the fuel particles, and in some cases they 
make up gaseous blisters; 

• in cases of high fuel burnup the clusters of gas-filled voids cause breakings inside the fuel 
kernels, and form the bulges of claddings under the action of the underneath gas pressure. 

 
 
2. The mechanism of void forming at the “zonule of interaction - matrix” boundaries 
Let us consider now only the interaction of the “fuel particle – matrix” couple. This interaction occurs 
according to the vacancy mechanism and due to the mutual interdiffusion of atoms. The diffusion 
coefficient is defined as D = D0⋅exp{– Q / kT}, where D0⋅is a pre-exponential factor, Q the diffusion 
activation energy, K the Boltzmann constant. The exponential temperature dependence of the diffusion 
coefficient is caused by the identical kind of the vacancy concentration temperature dependence. In the 
course of the operation the fission fragments are flying out into the matrix. With it, the vacancy 
concentration within the zone of the fragment flight (a narrow layer of the matrix whose thickness is 

109



no more than ≈14 µm – the average free path of fission fragments in aluminium) increases by several 
orders of magnitude (up to several thousands of vacancies per fission fragment). The calculated value 
of the equilibrium temperature at which that vacancy concentration could have been reached would 
have been found as practically corresponding to the melting point of the matrix material (in so called 
“thermal spikes”). It is obvious that with so high vacancy concentration, diffusive processes can 
proceed at very high rates. Consider now the equilibrium diagram of the U-Al system (Figure 1) [3].  
 

 
Fig 1. The equilibrium diagram of the U-Al system 

 
Three intermediate phases as follows could be observed: 
1. UAl4 (68.81 wt%U): volume-centered rhombic lattice: a = 4.41 Å; b = 6.27 Å; c = 13.71 Å, 

density 6.0 g/cm3, melting temperature 730 °C. 
2. UAl3 (74.63 wt%U): face-centered cubic lattice of Cu3Au type, a = 4.287 Å; density 6.7 g/cm3, 

melting temperature 1320 °C. 
3. UAl2 (81.52 wt%U): face-centred cubic lattice of MgCu2 type, a = 7.811 Å; density 8.1 g/cm3, 

melting temperature 1590 °C. 
It is to be noted that the atoms of uranium have a lower diffusive mobility as compared with those of 
aluminium. As a result of this, pores must appear in the aluminium matrix (in accordance with the 
Kirkendall effect), and they can serve as traps for the fission fragment gas. 
The available experimental data show that the neutron irradiation of the UAlx-Al system results in the 
growth of fuel particles and of their volume fraction in the composition, and in the reduction of the 
volume fraction of the matrix which phenomenon has been named the fuel homogenization of the 
composition. The mechanism of this process lies in the interdiffusion of U atoms from the UAlx 
particles into the matrix, and, vice versa, of Al atoms from the matrix into the particles, with formation 
of an Al- supersaturated solid solution in the intermetallic compound, which takes place in case of 
accumulation of more than ≈0.5 g of fission fragments per 1 cm3. 
In the course of the irradiation of a nuclear fuel the formation of gas-vacansion complexes is 
occurring. They consist of inert fission fragment gas atoms; while gradually growing, they are forming 
gaseous bubbles. A certain critical size of bubbles corresponds to each temperature, so that the bubbles 
whose sizes are lower than the critical one dissolve, whereas those whose sizes are higher continue to 
grow further. Consider now the situation when two bubbles merge together: the volume of the resulted 
pore becomes in that case obviously higher than those of the individual initial bubbles. Let us take, for 
example, the simplest variant: two pores of the same size, R, filled with the ideal gas. The state 
equation of the ideal gas is: 

p⋅V = N⋅K⋅T, 
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where p is the pressure of the gas, V – its volume, N⋅ the number of gas atoms, K the Boltzmann 
constant, and T the temperature. The pressure of the gas in a pore is determined by its size R and the 
magnitude of the specific surface energy γ : 

p = 2γ / R 
In that case the number of the gas atoms in a pore is: 

N⋅= (8π⋅γ⋅R2)/(3K⋅T) = (4π⋅R2⋅γ)/(3K⋅T) = (S⋅γ)/(3K⋅T), 
where S is the pore surface area. 
If the pores merge together, the number of atoms containing in them is summed up: in our case: N1⋅= 2 
N⋅= (2S⋅γ)/(3K⋅T), – in other words, the summing of the pore surface areas takes place. It is easy  to 
calculate that the volume of the newly formed gas-filled pore will then be ≈2.75 times higher than the 
sum of the volumes of the two initial bubbles. This phenomenon is called “gas swelling”. 
Thus, the formation of a “framework” as a result of emerging the interaction zonules contributes to the 
formation of larger voids and to the free migration of gaseous fragments, which results eventually in 
the local deformation of the fuel element cladding. 
In this connection it is necessary to diminish the interaction between the fuel particles and the matrix. 
 
 
3. The ways of diminishing the rate of interaction between fuel particles and matrix 
Two following approaches to the solution of this problem are considered:  
1) The diminishing of the rate of interaction between the (U-Mo) fuel particles and the aluminium 

matrix in the course of the neutron irradiation;  
2) The increase of the specific surface energy at the “(U-Mo) fuel – aluminium matrix” boundary in 

order to reduce the possibility of pore formation at this boundary [4]. 
 

The first approach is realized by means of coating the particles of the (U-Mo) fuel, the second one – 
by means of adding an element capable to increase the specific surface energy at the “(U-Mo) fuel – 
aluminium matrix” boundary (silicon for example). The realization of the both these approaches has 
already begun in the following ways: 
1) spherical particles of the (U-9%Mo) fuel alloy had been coated with niobium, the (Zr+1%Nb) 

alloy, and uranium dioxide (UO2). The fuel particles with each of these kinds of coating were 
dispersed throughout the matrix of aluminium-based alloy of PA-4n grade, and the resulted fuel 
was placed inside fuel mini-elements with claddings made of the aluminium-based alloy SAV-1, 
see Figures 2, 3; 

2) spherical particles of the (U-9%Mo) fuel alloy without any coating were dispersed throughout the 
matrix of the “aluminium – 12% silicon” alloy, and the resulted fuel was placed inside fuel mini-
elements with claddings of the Al-based alloy of SAV-1 grade. 

 

The mini-elements have been mounted into a test FA and are being irradiated now in a loop of the 
IVV-2M reactor (Zarechniy). 

 
Fig 2. A microphotograph of the longitudinal section of a fuel mini-element 
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Sample No.41, U-9%Mo+Nb+PA-4, ×200          Sample No.34, U-9%Mo oxidated+PA-4, ×200 

Fig 3. The microstructure of samples taken from fuel mini-elements 
 
 

4. Conclusions 
• In order to reduce the rate of forming the layers of interaction between the (U-Mo) fuel particles 

and aluminium matrix, protective coatings of Nb, the (Zr+1%Nb) alloy, and UO2 have been 
applied to the surface of those fuel particles.  

• In order to increase the specific surface energy at the (U-Mo)-Al boundary and to diminish the 
possibility of pores at this boundary, the matrix of aluminium with an addition of silicon has been 
used.  

• Fuel mini-elements have been made in order to realize the engineering solutions considered 
above. The test fuel assemblies with those fuel mini-elements are being irradiated now in the 
IVV-2M reactor (Zarechniy). 
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ABSTRACT 
 

Past in-pile experiments have shown that dispersed atomised UMo fuel does not withstand 
high irradiation conditions. Hence, alternative solutions are investigated, such as silicon 
addition in the aluminium matrix. The IRIS3 irradiation has thus been launched in January 
2005, in the IRIS device in OSIRIS, to test the influence of silicon on the UMo fuel 
behaviour. Four full size plates with a high uranium density have been irradiated. Silicon is 
added at 0.3 and 2.1 % in weight to the matrix. The experiment ended in February 2006. 
This paper describes the IRIS3 irradiation parameters, as well as the intercycle plate 
thickness measurements. The first PIEs reveal a positive effect of silicon addition at a 
maximum heat flux of 200 W.cm-2. These results are compared to those of previous 
irradiations and the effect of silicon is discussed. In the IRIS3 irradiation conditions, the 
higher content silicon plate has a good behaviour. 

 
1. Introduction 
 
Past in-pile experiments such as IRIS2, FUTURE and RERTR irradiations have shown that dispersed 
UMo fuel in a pure Al matrix does not withstand high operating conditions [1, 2, 3]. Extensive 
porosity is formed in the reaction layer, at the fuel/matrix interface, resulting in an unacceptable 
pillowing and/or swelling of the fuel plate. The behaviour of this interaction layer seems to be 
responsible, directly or not, for such a limit. In order to improve this behaviour, the addition of 
different elements to the Al matrix or to the UMo alloy is currently considered worldwide. In 
particular, out-of-pile experiments have shown the positive effect of silicon addition to the aluminium 
matrix to reduce this fuel/matrix interaction [4, 5]. Because the out-of-pile mechanisms are probably 
different from the in-pile ones, this benefit has to be verified for in-pile conditions. To this end, the 
IRIS3 irradiation in OSIRIS reactor has been defined by the CEA, with a specific collaboration with 
CERCA, for the manufacturing aspects, to evaluate the influence of adding silicon (0.3 or 2.1 wt % Si) 
to the aluminium matrix on the UMo dispersed fuel behaviour. This paper presents the IRIS3 
irradiation parameters and the plate thickness measurements. 
 
2. Plates fabrication 
 
Four full size experimental plates with high uranium loading (~ 8 gU.cm-3) were fabricated by CERCA. 
The fuel plates are made of U-7.3 wt % Mo atomised powder (gamma phase particles) dispersed in 
aluminium matrix. Instead of pure aluminum matrix previously used in IRIS2 or FUTURE 
experiments, the IRIS3 matrix contained silicon either at 2.1 wt % (plates 8021 and 8024) or 0.3 wt % 
(plates 8011 and 8013). The Al-0.3 wt % Si powder was friendly delivered to CERCA by INL. The 
cladding material is AG3-NET. Note that the chemical characteristics of AlSi and A5 powders are 
quite close except for Si content. 
The IRIS3 fuel meat characteristics are similar to those of the IRIS2 experiment [6]. The main values 
of the as-fabricated fuel plate meat are summarized in Tab 1. The molybdenum content in the UMo 
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alloy is 7.3 wt % for an enrichment of 19.75 %. The volume fraction of fuel particles is close to 50 %, 
the uranium density is around 8 g.cm-3 and porosity is lower than 2.5 %. The length, width and 
thickness of the plates are respectively close to 641 mm, 73 mm, 1.30 mm.  
The fuel plate inspections, such as metallographic examinations, X-ray diffraction, blister tests, 
indicated that the plates met the usual OSIRIS specifications. 
 

Plate number 8011 8013 8021 8024 

Label U7MV8011 U7MV8013 U7MV8021 U7MV8024 

Nature of matrix Al+0.3 wt % Si Al+0.3 wt % Si Al+2.1 wt % Si Al+2.1 wt % Si

Core thickness (mm) 0.51 0.52 0.52 0.52 

U-7.3 wt %Mo (vol.%) 49.6 48.8 49.7 49.9 

Matrix AlSi (vol.%) 49.4 48.7 48.3 48.4 

Porosity (vol.%) 0.8 2.4 2.2 1.9 
Tab 1: Main IRIS3 fuel meat characteristics 

 
3. Irradiation test conditions 
 
The irradiation of the four plates was carried out 
in the IRIS device loaded in OSIRIS reactor at the 
core position #14 [7]. This position leads to a 
slight flux gradient between the most irradiated 
object (plate 8021) and the less one (plate 8013) 
as illustrated by Fig 1. 
The irradiation began in January 2005 until 
February 2006. The IRIS device is associated to 
an in-pool plate thickness measurements device. 
Six profiles, five axial and one transverse at the 
maximal flux plane (MFP), are collected after 
each reactor cycle. The precision of these 
measurements is 16 µm. The IRIS3 irradiation 
conditions are summarized in Tab 2. 

core centre 

Plaque 8013

Plaque 8024

Plaque 8021

Plaque 8011

 
 

Fig 1: IRIS3 loading 
 

   Plate 8011 Plate 8013 Plate 8021 Plate 8024 

N° Cycle EFPD Fd BU  PHF Fd BU  PHF Fd BU PHF Fd BU PHF 

1 F200 24 0.81 11.8 183 0.71 10.3 163 0.88 12.8 201 0.74 10.7 167 

2 F201 42 1.4 20.2 169 1.2 17.8 151 1.5 21.7 184 1.3 18.5 155 

3 F203 57 1.9 27.3 167 1.7 24.1 151 2.0 29.15 179 

4 F204 76 2.4 35.2 147 2.2 31.7 138 2.6 37.2 152 

5 F205 88 2.8 40.2 144 2.5 36.5 137 2.9 42.2 148 

6 F207 106 3.3 
(peak=3.5)

48.5 
(peak=51)

133 

7 F208 130 
Irradiation was 

stopped 
Irradiation was 

stopped 3.9 
(peak=4.1)

56.5 
(peak=59.3)

124 

Irradiation was 
stopped 

Tab 2:  IRIS3 irradiation conditions 
Fd (fission density in 1021 fissions.cm-3 UMo) and BU (burn-up in 235U at. %) are 
average values at Maximal Flux Plane 
PHF stands for Peak Heat Flux (in W.cm-2) and EFPD for Equivalent Full Power Day  
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Note that plates 8013 and 8024 have been removed respectively at the end of the 5th and the 2nd cycles 
independently on their irradiation behavior. On the opposite, the irradiation of plate 8011 was stopped 
because pillowing occurred (see section 4). The admissible swelling limit (250 µm) was reached at the 
end of the 5th cycle. The plate 8021 was the only plate in the IRIS device during the 6th and 7th cycles. 
The cladding surface temperature reached a peak of 83°C (cycle 1, plate 8021). Moreover, the 
objective of 50 % average burn-up was almost reached at the end of the IRIS3 experiment for this 
plate. At the end of the irradiation, 7 cycles have been performed, for a total duration of 130.3 EFPD. 
The maximal fission density was 4.1 1021 f.cm-3 UMo and the peak BU was 59.3 235U at. % for the 
plate 8021. 
 
4. Post Irradiation Examinations: thickness measurements  
 
The plate thickness measurements have been collected plate by plate, at each intercycle, on five axial 
and one transverse profiles. 
As can be seen in Fig 2, up to the end of irradiation (F208), no unexpected swelling occurred on plate 
8021 (2.1 wt % Si). The thickness of this plate increased normally as irradiation proceeded. Its 
maximal thickness increase was lower than 85 µm at the end of cycle F208.  
On the opposite, Fig 3 indicates a sharp pillowing of plate 8011 (0.3 wt % Si) at the end of cycle F205. 
The maximal thickness increase is in this case of about 1 mm, quite higher than the admissible limit 
(250 µm). Its irradiation was thus stopped. 
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Fig 2: Evolution of the transverse thickness profiles 
of plate 8021 at MFP during irradiation 
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Fig 3: Transverse thickness profiles of plate 8011 
around MFP at the end of cycle F205 

 
5. Discussion of the Si effect 
 
IRIS3 experiment is yet completed, testing for the first time the behaviour of UMo dispersed fuel with 
Si addition in Al matrix.   
If, as illustrated in Fig 4, we represent the plate thickness increase as a function of fission density, a 
clear difference appears on the plate behaviour under irradiation, depending on the Si content in the 
fuel matrix. In the IRIS 3 conditions (maximum BOL clad temperature of about 83°C and heat flux of 
200 W.cm-2), a pillowing of about 1 mm (much larger than the scale of Fig 4) of the plate containing 
the lower Si content (0.3 wt %) occurred at a fission density of about 2.8 1021 f.cm-3. On the opposite, 
the maximal thickness increase is less than 85 µm up to 4.1 1021 f.cm-3 for the plate with a Si content 
of 2.1 wt %. This result is a clear evidence of the positive effect of Si addition in the aluminium matrix 
on the in-pile irradiation behaviour of the fuel plate. 
As a comparison, the thickness measurements of IRIS 2 experiment are also reported in Fig 4. The 
fuel meat and plate characteristics are similar to those of IRIS 3 irradiation, except for the matrix 
which consists in pure Al. The irradiation conditions are a bit softer in IRIS 3. Even if, up to 2.8 1021 
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f.cm-3, the plate 8011 thickness increase is a bit lower than in IRIS2, the benefit of only 0.3 wt % Si in 
Al matrix has not been proved. The difference could be due to the slight lower temperature irradiation. 
The effect of such a very low Si amount is probably too weak to differentiate the swelling behaviour 
of the IRIS 2 plates and the IRIS 3 one with 0.3 wt % Si content. The destructive post irradiation 
examinations should conclude to the presence of a large amount of porosity and fission gases 
accumulation. The PIEs are planned by the end of 2006. Thus the silicon added in aluminium seems to 
be efficient above a threshold value. 
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This experimental evidence of the positive effect of Si is in agreement with the observations made in 
previous out-of-pile studies.  
Indeed, some experiments on uranium-aluminium alloys showed that the addition of Si (from 0.1 to 6 
wt %) in the aluminium matrix stabilizes UAl3 and prevents the formation of UAl4 [8, 9].  
Other series of studies on U-Al and U-AlSi diffusion couples showed that the penetration coefficient 
of U into Al is reduced by 10 to 100 in presence of 12 wt % Si [10, 11, 12]. 
Moreover, the addition of Si in the aluminium matrix of UMo/Al-Si diffusion couples induces a 
modification of the interaction size, its composition and formation kinetics [4]. The same observations 
have been made in some recent heavy ions irradiation studies [13]. 
 
6. Conclusion 
 
IRIS3 consists in four plates with high uranium loading and atomised U-7.3 wt % Mo powder 
dispersed in aluminium matrix with silicon addition. The plates were irradiated up to 130.3 days at 
OSIRIS reactor in IRIS device at a peak power of 200 W.cm-2. The first results show that in the tested 
conditions, pillowing of the lower Si content plate started at a fission density over than 2.8 1021 f.cm-3 
(a higher value than for IRIS2, in which irradiation conditions are a bit higher). On the opposite, for a 
2.1 wt % Si amount in the aluminium matrix, the maximal plate thickness increase is less than 85 µm, 
up to a peak of 4.1 1021 f.cm-3 fission density. 
This experiment is the first showing a good behaviour of dispersed atomised UMo in in-pile 
conditions up to almost 59 235U at. % burn-up. 
The Si addition is thus a promising solution which could be interesting to further investigate at higher 
irradiation conditions. The destructive PIE (optical microscopy, XRD, EPMA) are planned by the end 
of 2006, for a further understanding of the phenomenology in the U-Mo-Al-Si system (interaction 
layer fraction, composition…). 
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ABSTRACT 
 

Under discussion is mechanism of pore formation on interaction layer – matrix boundary 
via locally build-up of fission products on boundary and interaction layer growth of by-
passing local aggregates. Diffusion barriers available in aluminium matrix produced from 
SAP (sintered aluminium powder) as fine layers of Al2O3 decrease UMo fuel – aluminium 
interaction under out of pile conditions. It is shown that irradiation induced formation of 
(UMo)Al7 or (UMo)Al3 type structures depends on fission rate – fuel temperature ratio. 
The results of in-pile tests RERTR (1-5), IRIS (1-2), KOMO-2, RIAR and Zarechny are 
discussed that comply with suggested schema. Consideration is given to influence of 
silicon available in aluminium matrix on specific features of Al – UMo alloy interaction. It 
is demonstrated that the influence of silicon is primarily determined by its interaction with 
the first formed interaction layer UAl3 on UMo particle  
 

 
1.  Introduction  
The main factor that limits serviceability of UMo fuel interacting with Al matrix is pores that form on 
interaction layer – matrix boundary, which then leads to pores merging and pillowing [1-3]. The joint 
ANL and KAERI work [1] examines the influence on this process by an ensemble of various factors, 
viz., fission density, temperature, fission rate, sizes and compositions of interaction layers and shows 
that those factors in the same in-pile test give different results. In our previous paper [2] we considered 
interaction stages and mechanism of pore formation. As a continuation of that investigation this paper 
deals with specific features of pore formation, influence of irradiation conditions on structure and 
composition of interaction layers and analyzes the effect of silicon introduced into fuel composition on 
specifity of interaction layer formation as well as methods are discussed that inhibit diffusion 
processes in a matrix. 
 
 
2. Mechanism of pore formation 
Interaction stages and mechanisms of interaction at each stage were discussed earlier in our paper at 
RERTR-2005 Conference [2]. Arbitrarily 4 interaction stages might be distinguished. 
 

1.  Fission fragment releases out of fuel into matrix. 
2.  Growth of interaction layer in the matrix direction with fission fragments displacement to 
interaction layer – matrix boundary. 
3.  Fission fragment piling up on interaction phase – matrix boundary, “shears” formed at the 
interfaces with Al matrix as well as FGP concentrating within “carcass” pores. 
4.  FGP build-up in voids, pressure increases, formation of pillows. 

 
The processes proceeding at the first three stages are schematically illustrated in figures 1 and 2. The 
key point in the interaction is fission gases concentrating on the interaction layer boundary at the 
expense of aluminium leaving a zone of damages for UMo fuel via interaction layer.  
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Fission products, primarily, gases, are 
inert to uranium and, hence, they do not 
diffuse together with aluminium. 
Therefore, with the interaction layer 
growing to matrix side they become 
gradually displaced to the interaction 
layer – aluminium matrix boundary (fig. 
1). Fission products built up on the 
boundary, limit the access of aluminium 

to the fuel and serve as barriers against the aluminium diffusion at this point. Where local aggregates 
of fission products are larger the interaction stops growing (fig. 2a). Aluminium atoms bypass the 
obstacle and a void remains at a site that was left by aluminium atoms with the resultant formation of 
cavities - shears on the interaction layer (fig. 2b). Thus, for this process to proceed the maximal 
temperature gradient on a fuel particle and adequate diffusion mobility of fusion product atoms are 
needed. 

  
Fig 1. Schema of UMo fuel – aluminium matrix 

interaction 

 
Fig. 2. Schema of pore formation on interaction layer – matrix boundary; a – local concentration 
of fission products in heat flux direction, b – diffusion of aluminium into fuel bypassing fission 
product barrier and formation of cavities - shears, c – porosity on boundary with cladding in 
experiment FUTURE. Blue arrows indicate direction of aluminium diffusion through interaction 
layer, black dotted ones show direction of fission product diffusion from hot zone to cool one 
along interaction layer 

 
It is known that the concentration of fission gases that form a barrier around fuel particles is higher in 
cool zones and is in proportion to a difference in temperatures between hot and cool zone over the 
perimeter of a fuel particle. Thus, pores around fuel particles shall appear more frequently in the heat 
flux direction, i. e., in the direction of a fuel cladding and an aluminium matrix excess, as well as in 
fuels, having maximum heat flux and temperature gradients across a fuel element.  
 
Thus, local concentrations of fission products might be observed at fuel granules located at a fuel 
cladding since in that area the heat flux is maximal and the temperature are lower (fig. 2c). This 
explains the fact pointed out in [1, 2] that despite an intensive interaction in the fuel element centre 
where the temperature is higher pores are also observable at the fuel element periphery. 
 
An obstacle against aluminium diffusion into UMo fuel might be aluminium insoluble oxide coats that 
form a diffusion barrier and at the same time weakly decrease the ductility and thermal conductivity of 
a matrix. Currently at A.A. Bochvar Institute alloys of the SAP type (sintered aluminium powder) in 
the form of particles 0,05-0,2 mm in size containing 6-9% Al203 are being tried out as an aluminium 
matrix. SAP granules are produced via milling and conglomerating a fine aluminium powder ~1 µm in 
size in ball mills. Comparative anneals of U9Mo containing fuel compositions at 6300C for 4 hours 
revealed a lower interaction when SAP type alloys are used as a matrix (fig 3). Fuel granules pressed 
into an aluminium alloy cladding (fig. 3a, b) either fully interacted or had much larger interaction 
layers than particles in the centre of a fuel element having a SAP matrix (fig. 3c). 
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Fig. 3. Microstructure of U9Mo fuel composition annealed at 6300C for 4 hours having SAP 
matrix; (a-b) – fuel granules pressed into aluminium cladding, c- fuel granules in fuel element 
centre in SAP matrix 

 
3.  Influence of irradiation conditions on composition and structure of interaction layer 
In our previous work [2] we have made and validate an assumption that an intricate structure that 
forms under specific conditions in an interaction layer of the (UMo)Al7 type with excess Al is a finely 
dispersed mixture of UAl3, Al and UMo2Al20 phases. The structure of this type forms at the expense of 
thermal spikes from fission fragments on the (UMo)Al3 -Al boundary, that lead to melting down and 
fast crystallization of this zone to form according to the U-Mo-Al phase diagram an alloy of the above 
mentioned finely dispersed mixture of phases. This process is naturally in proportion to fission rates 
that creates a higher concentration of thermal spikes in an interaction zone. On the other hand in 
parallel there proceeds a conventional process of Al diffusion into UMo fuel and an interaction with it 
like in conventional out of pile conditions.  
 
This process is primarily in proportion to the temperature of irradiation. If the latter process prevails 
over the former one, aluminium shall leave the interaction layer for UMo fuel and the (U,Mo)Al7 
structure shall transform into a thermodynamically more stable structure of the (U,Mo)Al3 type, that is 
UAl3 with microprecipitates of UMo2Al20. The processes are schematically shown in fig. 4. 
 

 

 

 
(a) -  f.r.1;  T1 (b) - f.r.2;  T2 

 
Fig. 4. Schematic presentation of processes 

forming structures:  
a – (UMo)Al7, b – (UMo)Al3, (at f.r.1> f.r.2 

and T1< T2) 
 0 1 2 3 4 5 6

Life Average Fission Rate (1014 f/cm3s)
7

0

50

100

150

200

M
ax

. B
O

L 
C

la
dd

in
g 

Te
m

pe
ra

tu
re

 (
C

)

IRIS1

FUTURE

IRIS2

RERTR1
RERTR2

RERTR3

RERTR4

RERTR5

ZarechnyMIR

KOMO-2

(U,Mo)Al3

(U,Mo)Al7

 
Fig. 5. Composition of formed interaction layer vs 
fission rate – temperature ratio for various in pile 
experiments RERTR (1-5), IRIS (1-2), KOMO-2, 

RIAR and Zarechny 
 
Thus, the type and composition of the forming interaction layer shall be primarily dependent on the 
fission rate – temperature ratio. This is well seen in the graph of fig. 5 constructed in these coordinates 
for various in pile experiments RERTR (1-5), IRIS (1-2), KOMO-2, RIAR and Zarechny. 
However, it has to be also noted that in case all aluminium of the matrix was spent on the interaction 
the structure of the interaction layer approaches (UMo)Al3 as it happened in the experiment FUTURE. 
However it is not the irradiation conditions but the deficiency of one of the interacting components – 
aluminium, that is responsible for this. 

123



 
 
4. Influence of silicon introduced into fuel composition on interaction layer formation  
With the aim of reducing interaction it is suggested [1, 3] to introduce silicon into (UMo + Al) fuel 
composition, primarily, into aluminium matrix as well as into UMo fuel [4], and as a coat on UMo 
fuel. Silicon is known to stabilize UAl3 and inhibits formation of UAl4 compound. It has been assumed 
that via intensifying interatomic bonds in interaction layer, aluminium diffusion into UMo fuel will be 
more difficult [1]. The out of pile examinations by CNEA [5] as well as KAERI and ANL have 
revealed that silicon introduced into matrix either weakly affects or increases interaction layer. The 
interaction layer described by the (UMo)(Al,Si)3 formula contains ~55% silicon because of its 
preferred (in comparison to aluminium) diffusion into the interaction layer. Similar results were 
acquired earlier at Bochvar Institute [6, 7]. Our investigations have demonstrated the following. 
 
1. Silicon does not primarily interact with UMo fuel but with the first formed interaction layer, i. e. 
UAl3. Silicon diffuses into UAl3 at a much higher rate than aluminium through UAl3 to UMo, which 
leads to a faster growth of an interaction layer at a higher silicon content of a matrix and, hence, to a 
silicon depletion of a boundary zone around fuel. 
Silicon forces aluminium atoms out of the UAl3 lattice and when released, diffuses into UMo fuel. To 
implement the experiments we added silicon as a powder of 50-100 µm fractions to an aluminium 
matrix; a short-term anneal was carried on at 600-640CC. The mechanism of this process is described 
in [6]; the complex structure formed on the UAl3-USi3 system base with microprecipitates of free 
aluminium is illustrated in fig. 6 [2, 8]. 
Assessing the effective influence produced by CNEA suggested silicon coats [8] on the interaction, 
one might assume that silicon shall not serve as a diffusion barrier as it is anticipated, but it shall be 
fully dissolved in an aluminium matrix. This will bring the fuel composition to the UMo alloy – 
silicon alloyed aluminium matrix state, which is much easier to achieve by the conventional alloying 
of a matrix. 

 
Fig. 6. Structure of simulated interaction layer UAl3-USi3/Al, a – initial UAl3 + Al structure 
before heat treatment, b – simulated USi3/Al interaction layer after heat treatment [2, 6]. 

 
2. On the polythermal UAl3-USi3 section [7] there is an area of an ordered solid solution with the 
superstructure compound U4Al9Si3. At the testing temperatures its boundary lies at 8% at. Si on the 
UAl3 side and at 55% at. Si on the USi3 side. Hence, if an aluminium matrix contains an adequate 
quantity of silicon the composition of the interaction layer on the UMo fuel shall have 55% at. silicon; 
if silicon is in deficiency it will have 8% at. silicon. It has to be noted, however, that under irradiation 
at the expense of fission products the ordering of the UAl3 – USi3 system might be disturbed and the 
composition of the interaction layer might alter. 
 
3. Of the favourable effects of silicon in addition to the stabilization of U(Al,Si)3 compound it has to 
be pointed out that the γ-uranium phase is not subject to decay in the zone adjoining the interaction 
layer. The decay is effected by the fact that if silicon is not available in the interaction zone, UAl3 and 
UMo2Al20 phases are formed that in terms of thermodynamics are more stable than (U,Mo)Al3.  For 
the phases to form, Mo has to leave the U-Mo solid solution provoking in this way the decay of the γ-
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uranium phase. If silicon enters the interaction layer (U,Mo)(Al,Si)3 compound becomes 
thermodynamically stable and the U-Mo γ solid solution is not depleted in Mo. 
 
5.  Conclusion 

Under discussion is mechanism of pore formation on interaction layer – matrix boundary via locally 
build-up of fission products on boundary and interaction layer growth of by-passing local aggregates. 
Fission products aggregates and resultant porosity are formed around fuel particles preferably in the 
direction of heat flux and are in proportion to temperature gradient in a fuel particle. Diffusion barriers 
available in aluminium matrix produced from SAP (sintered aluminium powder) as fine layers of 
Al2O3 decrease UMo fuel – aluminium interaction under out of pile conditions 
 
It is shown that irradiation induced formation of (UMo)Al7 or (UMo)Al3 type structures depends on 
fission rate – fuel temperature ratio. At a considerable fission rate the process prevails that consists in 
melting down and crystallizing the aluminium matrix adjoining the interaction zone to form a mixture 
of UAl3, Al and UMo2Al20 phases that are described by the general formula (UMo)Al7. With a 
temperature rise the process of free aluminium diffusion out of interaction zone into UMo fuel 
prevails. Thus, only UAl3 and UMo2Al20 phases remain in the interaction zone; the interaction layer 
described by the general formula (U.Mo)Al3. The results of in-pile tests RERTR (1-5), IRIS (1-2), 
KOMO-2, RIAR and Zarechny are discussed that comply with suggested schema 
 
Consideration is given to influence of silicon available in aluminium matrix on specific features of Al 
– UMo alloy interaction. It is demonstrated that the influence of silicon is primarily determined by its 
interaction with the first formed interaction layer UAl3 on UMo particle. Composition layers formed in 
this instance correspond to the U25Al20Si55 and U25Al67Si8 compositions, which are the boundaries of 
known ordered solid solution of superstructure compound U4Al9Si3 that exists on the polythermic 
UAl3 – USi3 section. 
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ABSTRACT 
 

In order to reduce the extensive diffusion reaction between fuel particle and Al matrix 
during irradiation of U-Mo dispersion fuel, large spherical particle powder of U-7wt.%Mo 
alloy with small specific surface areas could be fabricated by utilizing centrifugal 
atomizing method in KAERI. Large spherical particles of U-7wt.%Mo alloy raging from 
100 to 700 were obtained higher than 95% in yield, by adjusting the process parameters. 
The revolution speed of the rotating disk and the portion of He gas in cooling gases are 
effective process parameters for the fabrication of large spherical U-Mo powder. The 
atomized U-Mo alloy powder showed a relatively uniform distribution and a near-perfect 
spherical shape. The atomized powder irrespective of particle size was generally found to 
have single phase γ-phase with isotropic structure with columnar structure around the 
periphery and equiaxed structure interior the particle. 

 
 

1. Introduction 
 
In recent irradiation tests of both rod and plate types, U-Mo/Al dispersion fuels have shown that an 
extensive formation of interaction phase between U-Mo particle and Al matrix as well as high porosity 
formation occurred in dispersion fuel of high-power-density [1]. Intermetallic compounds in the form 
of UAlx with relatively low thermal conductivity are generally formed as a result of the inter-diffusion 
reaction. Because uranium aluminides are less dense than the eventual reactants, the volume increase 
of fuel meat takes place after the inter-diffusion reaction. From RERTR experiments, several attempts 
have been made to solve the problem, (1) the decrease of contacting area between the fuel and Al 
matrix by fabricating U-Mo monolithic fuel, (2) the increase of the alloy stability of the interaction 
phase through the addition of additional alloying element, such as Si, Ti and Zr, into the U-Mo fuel 
and/or Al matrix [2-4]. 
 
It was revealed in KOMO-2 irradiation test that the dispersion fuel with larger U-Mo particle size of 
average ~80 µm exhibited a lower swelling(�V/V=8.5%) than the fuel with ~60 µm(�V/V=11.5%), 
which implies the possibility of dispersion fuel with very large U-Mo particle as one of promising 
solutions [5]. Indeed, Ryu et. al calculated the effect of U-Mo particle size on the fuel irradiation 
performance, in which the dispersion rod fuel with the larger U-Mo particle size was shown to have 
smaller swelling than the one with the smaller particle size [6]. 
 
According to RERTR program, the fuel powder with less than 150� is generally recommended to be 
used as a dispersion fuel for research reactor [7]. However, various technical barriers should be solved 
in order to fabricate U-Mo fuel powder with large particle size although the atomization technology 
has been well established to produce normal U-Mo fuel powder. In this study, the fabrication method 
of large spherical U-7wt.%Mo particle powder utilizing centrifugal atomization method has been 
investigated. The characterization of the obtained U-Mo particle powder has also been carried out.  
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2. Experimental background and procedure 
 
In order to make large particle powder of U-7wt.%Mo alloys by centrifugal atomization method, the 
process parameters such as the temperature and the feeding rate of the alloy melt, the diameter and the 
revolution speed of the rotating disk, and the composition of the cooling gases can be controlled [8-9]. 
In this study, the diameter and the revolution speed of the rotating disk, and the composition of the 
cooling gases of Ar and He are preponderantly investigated, with considering as major parameters.  
 
A proportioned charge of uranium lumps with purity 99.9% and molybdenium buttons with purity 
99.7% was induction-melted in a high-temperature-resistant ceramic crucible. The molten metal was 
fed through an orifice onto a rotating graphite disk under inert atmosphere. The atomized powder was 
collected in a container at the bottom of the funnel-shaped chamber. Powder size distribution of the 
atomized powder was classified by sieve analysis and particle size analyzer(PSA). The morphology 
and the microstructure of the atomized powder were characterized with a scanning electron 
microscope (SEM). The alloy phases of the atomized powder were analyzed by X-ray diffraction, 
using the Cu Kα wave length. 
 
 
3. Results and discussion  
 
Fig. 1 shows the Effect of the diameter and the revolution speed of the rotating disk on the fraction of 
the particle number over 300 � in particle size of the atomized U-7wt.%Mo powder. As the diameter 
and the revolution speed of the rotating disk decrease, the particle size of the U-Mo powder increases. 

 
Fig. 1.  Effect of the diameter and the revolution speed of the rotating disk on the fraction 

mber over 300 � in particle size of the atomized U-7wt.%Mo of the particle nu
powder. 

 
Fig. 2 shows the particle size distribution of the U-7wt.%Mo powder according to the composition of 
the cooling gases. As the portion of He gas in cooling mixed gases of Ar and He increases, the particle 
size of the U-7wt.%Mo powder increases. The control of the revolution speed of the rotating disk and 
the portion of He gas in cooling gases appeared to dominantly affect the formation of the large U-Mo 
particle powder. The large portion of U-7wt.%Mo powder with irregular shape is formed with the low 
revolution speed and the small diameter of the rotating disk in pure Ar atmosphere. This phenomenon 
would be caused by not enough solidification and not enough action of surface tension in large melt 
droplet.  
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Fig. 2. Particle size distribution of the U-7wt.%Mo powder according to the 

composition of the cooling gases. 
 
As the portion of He gas in the mixed gases of He and Ar increases, the particle shape of U-7wt.%Mo 
powder became more spherical. Most particles of atomized U-7wt.%Mo powder produced in pure He 
cooling gas were shown to be spherical shape, even under with the low revolution speed and the small 
diameter of the rotating disk. The particle size distribution was tended to be a mono-modal distribution 
at large feeding rate, such a size distribution has frequently been seen in the ligament disintegration 
mechanism [10]. It is known that ligament disintegration occurs in the case of large feeding rates of 
melt in the rotating electrode process. When the feeding rate increases, the dimensions of 
protuberances around the edge of the disk increase. The larger protuberances stretch into ligaments 
which eventually break down into strings of many particles at some distance from the edge of the 
rotating disk. Each protuberance gives birth to a considerable number of particles.  
 
The photographs showing the shape (a) and the surface (b) of large spherical U-7wt.% alloy powder 
obtained by centrifugal atomization is shown in Fig. 3.  

 
Fig. 3. Photographs showing the shape (a) and the surface (b) of large spherical U-7wt.% 

alloy powder obtained by centrifugal atomization. 
 
Most of the large particles have a smooth surface and generally near-perfect spherical shape with few 
attached satellites. The action of surface tension force is thought to be the reason why atomized 
particles have a spherical shape [11-12]. The results showed that atomized particles prepared by a 
graphite disk with higher thermal conductivity had near-perfect spherical shape. Because the heat of 
the melt on the rotating disk is easily removed through graphite with a high thermal conductivity 
under He gas with a high thermal conductivity, a frozen layer with a serrated shape is formed in 
graphite disk edge. Under theses circumstances the droplets that are directly separated from frozen 
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layer edge have the shape of a sphere. The spherical particle then completely solidifies, and its 
collision with an atomization chamber wall does not alter its shape with a high cooling rate of He 
atmosphere. Hence, the particles would have a tendency to form spherical shape under the action of 
surface tension force, when the disintegrated droplets maintain a liquid state for the time required for 
the formation of spherical particles. 
 
The cross-sectional micrographs of large spherical U-7wt.%Mo alloy powder according to particle size 
are illustrated in Fig. 4. The atomized powder irrespective of particle size is generally found to have 
columnar structure around the periphery and equiaxed structure interior the particle with many γ-U 
cells below 10� in size, respectively. The cell size becomes smaller as the particle size becomes finer. 
This suggests a more-rapid cooling of finer powder owing to the increase of the specific surface area. 
Because the cooling rate of the finer drop is higher, the time available for solidification decreases and 
the tendency to form finer polycrystalline enhances. Despite the rapid solidification, the SEM images 
reveal some Mo segregation, or cored microstructure, characteristic of an alloy with a substantial 
liquidus-solidus gap, such as U-Mo alloy. At extremely high rates of solidification (about 100 °C/sec), 
micro-segregation-free alloys may be produced by solute trapping [13]. However, the U-Mo powder 
prepared by centrifugal atomization does not impose such high growth rates, and shows micro-
segregation, especially in U-7wt.%Mo alloy. 

 
Fig. 4. al micrographs of large spherical U-7wt.%Mo alloy po

cle size; (a) 100~210, (b) 210~300, (c) 300~425. 
The cross-section wder 
according to parti

 
he typical X-ray diffraction pattern of atomized U-7wt.%Mo alloy powders is shown in Fig. 5. All T

phases of atomized alloy powders below 700� are found to be the isotopic-meta-stable γ-U (bcc) 
phase. It is known that U-7wt.%Mo alloy frozen slowly consist of α-U phase and γ'-U2Mo 
intermetallic compound with lamellar structure [14], however γ-U (bcc) phase, which is the 
equilibrium phase above about 560�, can be retained in a meta-stable state at room temperature by 
rapid solidification. 

 
Fig. 5. Typical X-ray diffraction pattern of large spherical U-7wt.%Mo powder. 
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4. Conclu
 
1)  Large spherical particles of U-7wt.%Mo alloy raging from 100 � to 700 � can be fabricated, by 

adjusting the process parameters of the centrifugal atomization method. 
2)  The revolution speed of the rotating disk and the portion of He gas in cooling gases are decisive 

process parameters for the fabrication of large spherical U-Mo powder. 
3)  The atomized U-Mo alloy powder shows a relatively narrow size distribution. Most of the 

atomized U-Mo alloy particles have near-perfect spherical shape.  
4)  The atomized powder irrespective of particle size is found to have single phase γ-phase with 

isotropic structure with columnar structure around the periphery and equiaxed structure interior 
the particle. 

 
 
5. Acknowledgements 
 
The authors would like to express their appreciation to the Ministry of Science and Technology 
(MOST) of the Republic of Korea for its support of this work through the mid- and long-term nuclear 
R&D Project. 
 
 
6. Reference 
 

[1] G. L. Hofman, M. R. Finly and Y. S. Kim, Proceeding of the RERTR-2004 Austria, 7-12 Nov. 
2004 

[2] C. R. Clark, T, C. Wiencek, M. R. Finly, R. L. Briggs, D. M. Wachs, S. L. Hayes, G. L. 
Hofman and C. J. Mothershed, Proceeding of the RERTR-2004 Austria, 7-12 Nov. 2004 

[3] Y. S. Kim, G. L. Hofman, H.J. Ryu and J. Rest, Proceeding of the RERTR-2005  
[4] J. M. Park, H. J. Ryu, G. G. Lee, H. S. Kim, Y. S. Lee, C. K. Kim, Y. S. Kim and G. L. 

Hofman, Proceeding of the RERTR-2005 
[5] C. K. Kim, H. J. Ryu, D. B. Lee, S. J. Oh, K. H. Kim, J. M. Park, Y. S. Choo, D. G. Park, H. T. 

Chae, C. S. Lee and D.S Sohn, Proceeding of the RERTR-2004 Austria, 7-12 Nov. 2004 
[6] H. J. Ryu, J. M. Park, H. T. Chae and C. K. Kim, Proceeding of the RERTR-2005 
[7] IAEA-TEDOC-467 Fabrication Procedure 
[8] I. H. Kuk, C. K. Kim and C. T. Kim, Uranium-Silicide Dispersion Fuel Utilizing Rapid 

Solidification by Atomization, U. S. Pat. No. 4,997,477 (1991).   
[9] T. Kato, K. Kusaka, Materials Transactions, JIM. 31 (1990) 362. [8] T. Kato, K. Kusaka, A. 

Horata and J. Ichikawa, Tetsuto-to-Hagané, 6 (1985) 719. 
[10] B. Champagne and R. Angers, Modern Developments in Powder Metallurgy, 12 (1980) 83.  
[11] L. K. Druzhinin, B. V. Safronov, Metal Powder Report, 38 (1983) 447. 
[12] B. Champagne and R. Angers, Powder Metallurgy International, 16 (1984) 125.  
[13] W. J. Boettinger, S. R. Coriell, and R. F. Sekera, Mat. Sci. & Eng., 65 (1984) 27. 
[14] Konobeevskin et al, Proc. of the Second International Conference on the Peaceful Uses of 

Atomic Energy, Geneva, Switzerland, (1958). 
 

sions 

130



CORROSION BEHAVIOR OF ALUMINUM CLADDING 
FUELS IN THE HANARO CORE 

 
 

H.T. CHAE, H. KIM, C. PARK, J.M. PARK, C.K. KIM, B.J. JUN 
Korea Atomic Energy Research Institute 

150 Deokjin-dong, Yuseong-Gu, Daejeon city - Korea 
 
 
 

ABSTRACT 
 

The HANARO fuel element is made of a cylindrical fuel meat and aluminum end plugs 
with a finned aluminum cladding. The fuel meat of each fuel element consists of a 
dispersion of small particles of a high density uranium silicide(U3Si) compound, in a 
continuous aluminum matrix. The design limit for a fuel surface corrosion during a normal 
operation is the temperature drop across the aluminum oxide layer. To verify the irradiation 
performance of the HANARO fuel at a high power and high burnup, the in-pile irradiation 
tests were performed. The test fuel assemblies were irradiated in the HANARO core. 
Detailed non-destructive and destructive PIE(Post-Irradiation Examination) were 
performed in the IMEF(Irradiated Material Examination Facility) located inside the 
HANARO boundary. An oxide thickness survey was done by using each metallographic 
sample taken from the test fuel elements. Thicker oxides than the expected ones were 
created on the surfaces of the test fuel elements that had been operated at high heat ratings 
and high burnups. The range of the oxide layers were typically from 10 to 80 µm along 
with the burnup. It was confirmed that the oxide film growth is dependent on the coolant 
water chemistry as with other experimental results. Nevertheless we could not find any 
evidence of a spallation of the oxide layer from the micrographs. The thick oxides do not 
threaten the cladding integrity and they appeared to have no detrimental effect on the fuel 
element performance. 

 
 

1. Introduction 
 
HANARO is a light-water-cooled and heavy-water-reflected research reactor designed and operated at 
a full power of 30 MWth. The compact core results in a high power density and high neutron flux. To 
verify the irradiation performance of the HANARO fuel at a high power and high burnup, in-pile 
irradiation tests were performed by using several test bundles. Detailed non-destructive and 
destructive PIEs(Post-Irradiation Examination), such as the measurement of the burnup distribution, 
fuel swelling, clad corrosion, dimensional changes, fuel rod bending strength, micro-structure, etc., 
were performed in the IMEF(Irradiated Material Examination Facility) located inside the HANARO 
boundary. Among these, corrosion behaviour of the fuel cladding was investigated in view of the 
licensing criteria and the fuel integrity. The main objective of the corrosion test is to ensure that a film 
growth and corrosion processes on the aluminum alloy fuel cladding of the HANARO core do not lead 
to excessive temperatures and there is no any evidence of a spallation of the oxide layer.  
 
 
2. Irradiation performance tests 
 
2.1 HANARO fuel 
The HANARO fuel element is made of a cylindrical fuel meat and aluminum end plugs with a finned 
aluminum cladding. The fuel meat of each fuel element consists of a dispersion of small particles of a 
high density uranium silicide(U3Si) compound, in a continuous aluminum matrix. An aluminum alloy, 
AA-1060 is used as a cladding material. 
 

131



2.2 Design requirements related to oxide layer 
The fundamental fuel design requirements related to an adequate fissile content, heat transfer 
capability, strength and dimensional stability were met for the fuel design and safety analyses. One of 
the important design limits for a normal operation is that the temperature drop across the aluminum 
oxide layer should be less than 114� to prevent a spallation of the oxide layer on the cladding 
surface.  .  
 
2.3 Irradiation Tests 
2.3.1 Type-A Tests [1] 
To verify the irradiation performance of the HANARO fuel at a high power and burnup, in-pile 
irradiation tests were performed. Two un-instrumented test fuel bundles(Type-A, KFH-051 and KFH-
067) for a higher burnup irradiation were designed by KAERI and fabricated by AECL. The test fuel 
bundles were made of 6 fuel elements located in the outer ring of the hexagonal fuel assembly and 30 
aluminum dummy elements as shown in Fig.1. The test fuel bundles were irradiated for 206 
days(KFH-051) and 293 days(KFH-067) in the HANARO core. Type-A fuel bundles were discharged 
after a 69.9 at% average and 85.5 at% peak burnup, respectively. 
  

 
Fig. 1 Cross section of the irradiation test bundles 

 
2.3.2 High Power Irradiation Test [1] 
Another hexagonal test fuel bundle(KH99H-001) for the high power irradiation test was developed 
along with the localization plan of the HANARO fuel in KAERI. The high power test fuel bundle was 
composed of 3 pulverized and 3 atomized U3Si fuels. The test assembly was irradiated during 173.7 
reactor operation days in the CT hole with the highest neutron flux in the HANARO core. The reactor 
physics calculations showed an average discharge burnup of 63 at%U-235, a maximum local burnup 
of 77 at%U-235, an average linear power of 83 kW/m and a maximum linear power of 121.6 kW/m. 
 
2.3.3 U-Mo irradiation test [2] 
As the 2nd irradiation test for the U-Mo fuel, the circular test fuel assembly consisting of the 10 test 
fuel rods as shown in Fig.1 was loaded into the HANARO core for one year up to an average burnup 
of 60.8 at%. One surface treated fuel with a pre-oxidation among the test rods was included to 
investigate the reduction possibility of surface corrosion.  
 
 
3. Post-Irradiation Examination 
 
3.1 Visual Inspection 
Periodical examinations using an under-water camera showed a good condition for the mechanical 
integrity of the test fuel bundles. One of the special findings was that some dark discolorations 
appeared at a relatively high heat flux. In the hot cell examination, it was confirmed that the dark 
discolorations in the under-water conditions were the white ones in the air conditions. And through the 
metallography of the irradiation sample, the above discolorations seem to be a kind of aluminum oxide 
layer caused by a local overheating. 
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3.2 Corrosion behaviour 
3.2.1 Corrosion characteristics 
Corrosion rate of the aluminum alloy cladding is influenced by such variables as the temperatures of 
the cladding and the coolant, the coolant chemistry, the surface heat flux and the corrosion layer 
thickness. Effect of the corrosion of the aluminum alloy cladding upon the fuel performance is a 
temperature increase of the fuel and cladding due to a very low thermal conductivity of the aluminum 
oxide, which can lead to a loss of the creep resistance of the cladding and the thermal expansion of the 
fuel, and the fuel failure by a perforation of the cladding due to an excessive corrosion. As the 
corrosion layer of the aluminum cladding increases above a certain limit, a spallation of the corrosion 
layer could occur. As a design limit of the cladding oxidation to maintain the integrity of the 
HANARO fuel, an oxide spallation was conservatively selected even though it does not directly result 
in a fuel failure.  
 
3.2.2 Oxide layer thickness 
An oxide thickness survey was done by using each metallographic sample as illustrated in Fig. 2. 
Thicker oxides were created on the surfaces of the test fuel elements that had been operated at high 
heat ratings or high burnups. The range of the oxide layers were typically from 10 to 80 µm along with 
the burnup as shown in Fig. 3. We obtained the following correlation between the burnup and the 
oxide layer thickness by the regression method and the distribution of the predicted ones with a 
standard deviation of 13.45 is given in Fig. 4; 

0162.2)(00253.0 BUOX =X        (1) 

Where XOX = oxide layer thickness (µm) 
BU = burnup (GWD/MTU). 

 
 

Fig. 2 Horizontal and vertical cutting views of the oxide layers on fuel surface 
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Fig. 3 Oxide layer thickness of the fuel cladding surface 
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Fig. 4 Comparison of measured and predicted oxide layer thickness 

 
It was confirmed in the ANS (Advanced Neutron Source) corrosion test that the oxide film growth is 
strongly dependent on the coolant water chemistry, and that a particularly sensitive increase is near pH 
5[3]. Considering that the core coolant is controlled at pH 5.6 in HANARO, the thicker oxide layers 
than the expected ones seem to be caused by the water chemistry. We could not find any evidence of a 
spallation of the oxide layer from the micrographs. It was confirmed in the HFIR experiment that the 
oxide spallation is followed by a severe deformation of the aluminum surface and an extensive 
subsurface voiding. Even though such damage may reduce the effective thermal conductance of the 
clad, the thick oxides do not threaten the cladding integrity and appear to have no detrimental effect on 
the fuel element performance of the HANARO fuel.  
 
3.2.3 Pre-oxidation of cladding surface 
Pre-oxidation test rod had been exposed to a water vapor atmosphere at elevated temperature before it 
was loaded into the core. The autoclave was used to drive a hard oxide film at the cladding surface 
with the temperature of 180°C and the vapor pressure of 150 psi for 16 hours. The pre-oxidation fuel 
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rod showed a sound surface appearance with the film thickness of about 3~5 µm. But the irradiation 
test showed that the thin-layered pre-oxidation treatment is not effective in reducing the oxidation rate 
at the cladding surface under the irradiation condition because the fuel rods without pre-oxidation 
exhibited also the similar oxide thickness. 
 
 
4. Conclusions  
 
The irradiation tests using the HANARO fuels were performed to verify the irradiation performance at 
a high power and burnup. Through detailed non-destructive and destructive PIEs related to the surface 
corrosion of the fuel cladding, we could obtain the following; 
  1) Some discolorations observed on the fuel surface were related to a kind of aluminum oxide layer 

caused by a local overheating. 
2) A thicker oxide layer than the expected one in the design stage appeared to be due to the water 

chemistry. But the thick oxides do not threaten the cladding integrity because there was no 
indication of a spallation in the micrographs of the oxide layers. 

  3) The surface treatment by a pre-oxidation to reduce the oxide layer thickness was observed to have 
no effect on the oxidation layer formation of the cladding surface. 
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ABSTRACT 
U-Mo alloys in γ-phase were considered good candidates to fulfil the conversion of 
research and production reactors to LEU. Important porosity developed at the interface 
between the interaction layer between UMo and Al matrix , leading to catastrophic break-
through. Out–of–pile chemical diffusion experiments are performed to understand this 
problem. New results done with Al 6061 (0.6wt% Si) at 550ºC and 340ºC are presented. 
Other results previously reported at these temperatures for Al alloys containing 0.6 wt% to 
7.1 wt% Si are summarized and discussed in this work. In pile experiments are under 
course in RA3 reactor in Argentine. 

 
 
1. Introduction 
 
U-Mo alloys in γ-phase were considered good candidates to fulfil the conversion of research and 
production reactors to LEU. They showed stable swelling under irradiation, [1]. Qualifying 
experiments were started in miniplates and full plates of dispersed UMo in Al. First PIE showed 
important interaction due to interdiffusion between UMo and Al constituted by ( UMo)Alx with 
3<x<7 . In cases of severe irradiation conditions an important porosity developed at the interface 
between this interaction layer and the remaining Al, leading to catastrophic break-through [2]. Out of 
pile diffusion experiments that were being done to characterize the interaction layer (IL) between 
UMo and Al were extended to include Al-Si alloys, instead of pure Al, searching changes in the IL 
that may contribute to overcome the failure. Reported results [3, 4, 5] were considered promising due 
to the effect of Si in changing the composition of the IL although the thickness remained unchanged. 
DRX data [3, 4] showed that it has been avoid the formation of UAl4 type of compound, leaving as 
the main component (U,Mo)(Al,Si)3   with amount of Si depending on the temperature. In this work, 
new results for out–of–reactor chemical diffusion experiments done with Al 6061 (0.6wt% Si) at 
550ºC and 340ºC are presented. Other results previously reported at these temperatures for Al alloys 
containing 0.6 wt% to 7.1 wt%  Si are summarized and discussed. In pile experiments are under course 
in RA3 reactor in Argentine. 
 
 
2. Experimental 
 
Materials employed in the experiments reported here, were an arc-melted U–7wt% Mo alloy, made 
with depleted U, pure aluminium and two commercial Al alloys with different amounts of Si, Table I. 
The U-Mo alloy was homogenized in composition by a thermal treatment of 2 hrs at 1000°C. The 
chemical diffusion couples were fabricated using mechanical clamps or by Friction Stir Welding 
(FSW) [6]. Characterization of the reaction layers was performed by Optical Microscopy (OM), SEM 
with EDS, electron microprobe with WDS and X–ray diffraction (XRD). 

Al alloy Si Fe Cu Mg Ti 
6061 0.60  0.28 1.00  
4043 5.20     
A 356 7.10 0.10  0.37 0.12 

Table 1. Compositions of the commercial Al alloys in wt%. 
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3.  Out of pile experiments 
 
3.1 Results at 550ºC 
 
A diffusion couple U-7Mo/Al 6061 (0.6wt%Si) was annealed at 550ºC for 3 h. It was found that: 

-  An IL appeared between UMo and Al alloy. A very thin and brittle phase at the Al alloy side 
is observed but was not possible to identify.Fig.1.  

-  Concentration measurements by EDS estimate ∼12 at% Si in the IL. 
-  No zone free of precipitates (FPZ) was observed in the Al alloy surrounding the IL. 
-  Preliminary XRD analysis would suggest the presence of (U,Mo) (Al,Si)3 with 15at% 
 -  20at% Si. Fig.3. 
 

A set of diffusion couples U-7Mo/Al 356 (7wt%Si), was annealed at 550ºC for periods of time from 
1.5 hrs and 4 h. 

-  The IL is shown in Fig.2. There is a monophasic zone contiguous to the Al alloy and at least 
biphasic  at the UMo side.  

-  Concentration measurements were done by WDS indicate ∼25at% Si in the monophasic zone. 
There is a  scatter in the data as  consequence of the presence of more than one phase. 

-  Si precipitates in these Al –Si alloys were dissolve leaving a region free of precipitates (FPZ) 
4 to 6 to time larger than the IL 

-  XRD analysis shows the presence of (U,Mo) (Al,Si)3  and small peaks corresponding to the 
ternary compound Al20 Mo2 U, Fig.3. 

 

    
Fig. 1. U-7Mo/Al6061, 550 C, 3 h Fig. 2. U-7Mo/Al356, 550 C, 4 h 
U: 14, Mo: 3, Al: 71, Si: 12 (at%)  

 

 
Fig.3. XRD of sample in Fig.2 
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3.2  Results at 340ºC 
 
A U-7Mo/Al 6061 (0.6wt%Si) diffusion couple was annealed for 134 days. It IL is shown in Fig. 4. 
Main features are: 

- The IL would be formed by only one phase.  
- Concentration measurements by EDS estimate ∼47at% Si in the IL.  
- The brittle thin phase observed above 550 ºC was not observed at 340ºC.    
- The effect of dissolution of precipitates, showing the FPZ is important at this temperature, Fig 5. 
- At this temperature IL is very thin and did not allow to perform reliable XRD. 

 
 
4.  Discussion and Conclusions 
 
New results reported above agree with previous ones and support first conclusions of the effect of Si 
when added to Al. Summarizing all the experiments performed at present for UMo/Al-Si alloys 
containing 0.6 wt%, 5.2 wt% and 7.1 wt% Si for temperatures of 550 ºC and 340 ºC it is seen that: 

-  The thickness of the IL did not show significative changes respect to the IL with pure Al at 
550ºC, [3]. This is also reported in [5] for U-7wt%Mo/Al-2wt%Si dispersion fuels annealed at 
550ºC for 25hs. This is not true at 340ºC, where an increase in the thickness of the IL is 
observed. At this temperature the growth of the IL is controlled by the Si arriving to the 
interphase. 

-  Si is present as precipitates which during diffusion, dissolve and migrate to the interface to react 
with UMo, leaving a region free of precipitates (FPZ). At 550 ºC this only happens for Al alloy 
with 5,2 and 7.1 wt% Si and does not for Al6061. However at 340 C it was observed for Al 
6061 (0.6wt%Si). It is important to point out that 550ºC is higher than the reported 
solubilization temperature of the alloy 6061: 529ºC. 

-  For A 356 alloy (7.1wt%Si), for which the IL were thick enough to perform XRD analysis, it 
was found that the formation of the compound (U,Mo)Al4 is suppressed at both temperatures. IL 
is mainly formed by (U,Mo)(Al,Si)3, and the ternary compound  (Al20 Mo2 U), probably as a fine 
dispersion. It shows for UMoAl3  type of compound a concentration of ∼25 at% Si at 550ºC and 
50at%Si at 340 ºC, Fig. 6. The presence of Si in the IL at 550 C was also reported in [6]. 

 

  
Fig.4. U-7Mo/Al 6061,340 C, 134 d Fig.5. U-7Mo/Al6061,340 C, 134 d 
U: 34, Mo: 7, Al: 12, Si: 47 (at%) Dissolution of Si precipitates 

 

 
Fig. 6. U-7Mo/Al 356 340 C, 23 d. 
U: 31, Mo: 5, Al: 6, Si: 58 (at%) 
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5.  In pile experiments 
 
Five microplates made by FSW are under irradiation in the RA-3 reactor. PIE are planned to start at 
2007. 
 

Plate 
number 

Fission density 
(1021 f/ cm3) 

1 0.005 
2 0.035 
3 0.07 
4 1 
5 1.4 

 

 
X-Ray image of a microplate 
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ABSTRACT 
 

The present paper describes two methods of measuring uranium superficial density in MTR 
fuel plates through the use of two different sets of standards and radiographic techniques. 
Instead of using the usual machined standards made of binary uranium-aluminium alloys, 
the sets of standards here described are fabricated applying powder metallurgy techniques. 
This new kind of standards takes into account the other elements present in the fuel plates 
(such as aluminium, silicon, molybdenum, etc.) and the disposition of the materials in the 
plates (clad and meat thickness, porosity, etc.). This is a major difference from machined 
standards, which bring about imponderable error because of the constant 
uranium/aluminium ratio of the alloy. The use of machined standards disregards all other 
materials present in the fuel plates, which is particularly inconvenient for measuring 
uranium superficial density in U-Mo fuel plate radiographs. Thus, these new kinds of 
standards make it possible to apply quantitative models to determine uranium superficial 
density more accurately. 
 
 

1.  Introduction  
 
Essentially, the two radiographic methods described below for measuring uranium surface density (σ) 
in MTR fuel plates are: 

-  A quantitative method for determining σ that uses standards fabricated by application of powder 
metallurgy techniques. 

-  A quick semi-quantitative method that might be used in tests for estimating uranium distribution 
in fuel plates. This method uses a set of standards made of pieces of dummy fuel plates, 
fabricated under different specifications. 

 
A wide area optical densitometer developed for this purpose is used in both methods. The main 
advantage of this device is that it allows to measure optical density over areas of arbitrary size and 
shape. The densitometer has a wide sensor which can be collimated with diaphragms of different sizes 
and shapes. Thus, measuring optical density in a certain area does not require taking a large quantity 
of measurements and then calculating the average value (as it has to be done with commercial 
densitometers), but taking only one measurement, with the proper diaphragm. 
 
 
2.  Quantitative method for determining uranium superficial density 
 
Basically, this system for measuring σ differs from the traditional method in the kind of standards that 
is used. This kind of standard is made of compacts containing the same fissile compound present in the 
fuel plates to be measured, and a certain quantity of aluminium. 
Unlike standards made of machined pieces of U-Al alloy, this kind of standard takes into account the 
other elements present in the fuel plate (such as silicon, molybdenum, etc) and has a U/Al ratio that 
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varies from one standard to another. Hence, the imponderable factors of the standards are reduced, 
making it possible to apply quantitative models. 
 
To make the standards it is necessary to calculate, for every compact, the fissile compound powder 
and the aluminium powder loadings. To make a compact of surface density σ, the amount of fissile 
compound will be Wc=A·σc, where A is the area of the standard and σc is the quantity of compound per 
unit area. σc is equal to σ /R, where R is the ratio of uranium in the compound. 
 
To calculate the quantity of aluminium, we should first define the fissile compound equivalent 
thickness as tc = σc /ρc, where ρc is the density of the fissile compound. Let us now think for a moment 
in the fuel plate thickness, tFP. When σ increases, tc increases; supposing the thickness of the fuel plate 
tFP   remains constant, then the aluminium equivalent thickness tAl decreases. Therefore, the quantity of 
aluminium per unit area might be expressed as σAl = tAl ⋅ ρc, where tAl = tFP - tc - tp, tp being the porosity 
equivalent thickness of the meat. Thus, the aluminium loading will be WAl =A·σAl. 
 
However, when fabricating these standards, their homogeneity depends on how parallel the punches of 
the die are, considering that a variation in the parallelism of the punches affects the thickness along the 
standards. For this reason, it is convenient to load an additional quantity of aluminium powder to the 
standards, equal to a constant thickness c of aluminium, to minimize the proportion of this variation. 
This addition of aluminium must be balanced in every X-ray photograph by placing a rolled 
aluminium plate of thickness c over the fuel plate. 
 
Therefore, to measure σ over a given zone of a fuel plate, the set of standards must be placed over the 
X-ray film near the area to be measured in the fuel plate, and the rolled aluminium plate must be 
placed over the fuel plate. A typical radiograph of a fuel plate and a set of standards is shown in Figure 
1. As usual, the radiographic equipment must be set to obtain optical densities between 1.6 and 1.9 OD 
in the meat zone. 
 

 
Fig 1: Typical radiograph of a fuel plate and a set of standards. 

 
Once the radiograph is ready, measurements of optical density x are taken over the standards. Then, 
considering the quantities (xi, σi) of each standard, a function σ(x) is fitted. The uncertainty of this 
function is bounded by the functions σmax y σmin. σmax is defined as the curve that fits the quantities 
(xi+∆xi, σi+∆σi), where ∆xi and ∆σi are the uncertainties of x and σ, respectively, and σmin is defined as 
the curve that fits the quantities (xi-∆xi, σi-∆σi).  
 
Since x is proportional to ln(k/I), where k is a constant and I is the intensity of the transmitted light 
through the radiograph, and I is approximately linear with σ (for small variations of the latter 
magnitude), then the function to be fitted could be 

CxBeAx /)( −+=σ  
where A, B y C are the constants to be adjusted. A typical interpolation curve is shown in Figure 2.  
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Fig 2: Typical curves for uranium surface density vs. optical density. 

 
Finally, to calculate σ  in a fuel plate zone, the value of x in this area must be replaced in the function 
σ(x). The error of this measurement is bounded by ∆σ(x) = max{(σmax -σ); (σ -σmin)}.  
 
As an example, the measurement of σ in three areas of a fuel plate will be discussed. The uranium 
superficial density was calculated after measuring the optical density in these three circular areas of 
1 cm2. Then, these areas were punched and chemically measured. The results obtained by the use of 
both optical and chemical methods are compared in Table 1. As shown in the table, every optical 
measurement agrees with the chemical one within experimental error, which is about 7 %. 
 

 σ [gU/cm2 
Zone # Chemical Optical 

1 0.298 0.30 ± 0.02 
2 0.295 0.30 ± 0.02 
3 0.305 0.31 ± 0.02 

Table 1 – Optical and chemical results for three punched areas. 
 
 
3.  Semi-quantitative method for estimating uranium distribution 
 
The test for estimating uranium distribution homogeneity is based on verifying that its surface density 
within certain areas is bounded by certain maximum and minimum values. The size, shape and amount 
of the areas will vary according to each type of fuel plate. During fuel plate development this test must 
be performed many times. That is why a quick measurement method, which will simplify the 
procedure, is required. The radiographic method here described uses the wide area optical 
densitometer and a set of standards made of pieces of dummy fuel plates. 
 
As stated before, the main advantage of using this densitometer is that the measuring aperture allows 
size and shape adjustments to fit the fuel plate areas under study. This is a means of getting immediate 
optical density measurements of these areas instead of measuring many times with a standard 
densitometer and then calculating the average value, which helps reducing the effort and is remarkably 
timesaving. 

142



The standards are made of pieces of natural or depleted uranium fuel plates. These fuel plates have an 
average uranium surface density (i.e., uranium wt. / meat area) which may equal the desired maximum 
or minimum accepted value. For instance, if the requirement accepts variations of σ no greater than ±∆ 
with respect to the nominal uranium surface density value (NV), then the standards will be taken from 
two fuel plates of average uranium surface density NV+∆ and NV-∆, respectively. 
 
Therefore, to make these standards, it is necessary to fabricate fuel plates for the maximum and 
minimum values as described above. Once the fuel plates are ready, X-ray photographs are taken, and 
several pairs of points - we define points as areas of previously defined size and shape -  with the same 
optical density are selected in each radiograph. The points in each pair must be as near each other as 
possible. Those pairs of points are then located on the fuel plates, and one of the points of each pair is 
punched to be chemically analyzed in order to determine its σ. From this collection of punched points, 
those which are closer to the limit of the specification, but are still accepted for it, are selected. The 
fuel plates are then cut into pieces that include the remaining points of the chosen pairs; and finally, 
these pieces of plates become the current standards. 
 
To perform the test for estimating uranium distribution homogeneity, we take into account the records 
of the densitometer readings on the points to be checked and also on the maximum and minimum 
value standards. If the reading on the point lies between the readings on the standards, then the 
uranium surface density is between the stated limits. 
 
A typical disposition of the fuel plate and the standards on the radiograph is shown in Figure 3.  

 

 
Fig 3: Typical radiograph of a fuel plate with the maximum and minimum standards 

 
Note that there are more than two standards in the radiograph. In order to minimize the difference of 
X-ray exposure along the fuel plate, a set of maximum and minimum value standards are placed over 
every point to be measured.  
 
This test was checked by analyzing chemically a set of punched points in different fuel plates that 
were either within or without certain limits, according to this method. It was found that the optical 
readings of all the points matched their respective chemical measurements.  
 
 
4. Conclusions 
 
The quantitative method for measuring uranium surface density has proven to be a useful tool for 
measuring σ non-destructively, easy to adapt to any kind of fuel plate. The semi-quantitative method, 
on the other hand, allows us to perform a quick estimation of the U distribution homogeneity of the 
fuel plates. Both of these methods take into account the other materials present in the fuel plates, 
which is particularly convenient when measuring uranium superficial density in U-Mo fuel plate 
radiographs. Therefore, these two methods for determining uranium surface density might be useful 
during the development of new types of fuel plates. 
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ABSTRACT 
  

The U-Mo dispersion fuels of Material Test Reactors (MTR) are analyzed in terms of their 
irradiation performance. The irradiation performance aspects are associated to the neutronic 
and thermal-hydraulics aspects in order to propose a new core configuration to the IEA-R1 
research reactor of IPEN-CNEN/SP, using U-Mo dispersion fuels. Core configurations 
using U-10Mo-Al fuels with uranium densities ranging from 3 to 8 gU/cm3 were analyzed 
with the computational programs CITATION and MTRCR-IEAR1. Core configurations for 
fuels with uranium densities ranging from 3 to 5 gU/cm3 showed to be adequate to be used 
in IEA-R1 reactor and would present a stable in-reactor performance even at high burnup. 

 
 
1.  Introduction 
 
The IEA-R1 reactor of IPEN-CNEN/SP in Brazil is a pool type research reactor cooled and moderated 
by demineralized water and having Beryllium and Graphite as reflectors. In 1997 the reactor received 
the operating licensing for 5 MW. In the last years, IPEN has developed the project and fabrication of 
U3O8-Al and U3Si2-Al dispersion fuels [1]. The U3O8-Al dispersion fuel is qualified up to a uranium 
density of 2.3gU/cm3 and the U3Si2-Al dispersion fuel up to a uranium density of 3.0gU/cm3. 
Nowadays the IEA-R1 reactor core is constituted of the fuels above, with low enrichment in U-235 
(19.9% of U-235). These fuels follow rigorous technical specifications that were developed after a 
careful bibliography revision, comprising the world experience in the project, fabrication and fuel 
performance analysis of dispersion fuels. Analogous to the realized for the development, fabrication 
and qualification of U3O8-Al and U3Si2-Al fuels at IPEN-CNEN/SP, the aim of this paper [2] is the 
development of an extended bibliography revision on the irradiation performance of U-Mo alloy 
dispersed in an aluminum matrix (Al) and on hand of this revision, the attempt to establish a set of 
parameters that could help in the definition of the technical specifications for fabrication of this type of 
fuel and its posterior utilization in the IEA-R1 research reactor. A set of IEA-R1 core configurations 
using U-10Mo-Al fuel, with uranium densities ranging from 3.0 to 8.0gU/cm3, was analyzed. Due the 
higher density of the analyzed U-10Mo-Al fuels compared to the U3O8-Al and U3Si2-Al qualified fuels 
at IPEN-CNEN/SP, it could be possible to reduce the number of fuel elements in the IEA-R1 reactor 
core, which generated the necessity to review the neutronic and thermal-hydraulics reactor core 
projects. The core neutronic calculation was developed with the computer program CITATION [3]. 
The thermal-hydraulics analysis was developed with the computer program MTRCR-IEA-R1 [4]. The 
MTRCR-IEA-R1 program permits the calculation of the fuel thermal and hydraulics parameters of the 
reactor core. The analysis has been made for a reactor operating power of 5 MW. 
 
 
2.  Bibliography revision 
 
Since the eighties of the last century, countries that detain the nuclear technology have concentrated 
efforts in studying U-Mo dispersion fuels. This kind of fuel can have uranium densities up to 8gU/cm3 
and has been studied as a possible substitute fuel for U3O8-Al and U3Si2-Al fuels in research reactors 
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with high power and high neutronic flux. The uranium density value of 8gU/cm3 represents U-10Mo 
fuel particle loadings of about 50 vol.-% in the meat. 
 
Early irradiation experiments with uranium alloys showed the promise of acceptable irradiation 
behavior, if these alloys could be maintained in their cubic γ -U crystal structure [5]. Many 
experiments have demonstrated that centrifugally atomized U-Mo powder can retain this gamma 
uranium phase during fuel element fabrication and irradiation and can be compatible with the 
aluminum matrix, becoming the prime candidate for dispersion fuels for research reactors. A set of 
irradiation tests has been conducted around the world for this alloy. Fourteen different fuel 
compositions, including twelve metallic alloys, have been irradiated as part of five separate 
experiments for high-density dispersion fuel development in the Advanced Test Reactor (ATR) at the 
Idaho National Engineering  & Environmental Laboratory [6].  
 
The irradiation performance data obtained from these tests had led the US-RERTR program to narrow 
its focus toward the U-Mo binary alloy system as its primary candidate for use in a high-density 
dispersion fuel. In the experiments RERTR-1 and RERTR-2, the tested fuel plates were fabricated 
with fuel particles loadings of only 25 to 30 vol.-% in the meat, giving meat-averaged densities of ~ 4 
gU/cm3.  The particular focus of these experiments was to observe the phenomena of fuel-matrix 
interaction and the fuel particle swelling under irradiation. The fuel plate powers, and consequently 
temperatures, were maintained low. Fuel plates fabricated with the U-4Mo alloy showed poor 
behavior. The U-Mo alloys fabricated with at least 6wt.% performed well up to 70% burnup. The 
RERTR-3 experiment was designed to test experimental fuel plates under irradiation conditions 
considered aggressive for research reactor fuels. Forty-seven miniature fuel plates were fabricated and 
irradiated to a nominal U-235 burnup level of 40%. Based on the results of the RERTR-1 and -2 
experiments, the RERTR-3 experiment focused principally on the U-Mo binary alloy fuels with 6Mo-
10Mo wt.%. In this experiment, the test fuels were fabricated with fuel particle loadings of over 50 
vol.-% in the meat, giving meat-averaged uranium densities of up to 8.5 gU/cm3. PIE of these fuel 
plates showed generally acceptable fuel performance. The fuel swelling was relatively low, with no 
tendency toward breakway behavior from microscopy. However, at the elevated fuel temperatures of 
this experiment significant fuel-matrix interaction was observed. In fact, fuel-matrix interaction was so 
extensive that no matrix Al remained in the hot central portion of the fuel meat in some fuel plates. 
Nonetheless, acceptable fuel plate performance was achieved even in cases where all of the matrix Al 
phase was consumed.  
 
The experiments RERTR-4 and RERTR-5 were designed to test larger fuel plates irradiated to 
nominal U-235 burnup levels of 50 and 80%. These experiments continue to focus on the U-Mo 
binary alloys with 6Mo-10Mo wt%. The test results of the RERTR-4 [7] experiments indicated that 
the formation of the aluminide interaction phase appeared to be the only aspect of fuel behavior that is 
significantly affected by temperature. The irradiation behavior of the U-Mo fuel alloy itself was 
deemed athermal over the temperature range tested. The most important observations of the RERTR-4 
experiment were: stable, apparently athermal swelling of the U-Mo alloy particles with the presence of 
small uniformly distributed fission gas bubbles. No evidence of unstable, break-way, swelling, 
characteristic of other high-density fuels, has been found.  The formation of a U-Mo/Al interaction 
phase will be significant, consuming practically all matrix aluminum at higher temperatures (150◦C).  
The fission induced swelling rate of this compound is, however, low and very stable. The interaction 
phase occupies a larger volume than its U-Mo and Al constituents and therefore, contributes to 
swelling.  
 
This contribution, however, is limited by the amount of Al matrix available. The main effect of the 
interaction product formation is the reduction of thermal conductivity of the meat [8], which should be 
carefully assessed for a particular fuel design. As the interaction proceeds, a low-conductivity 
reaction-product phase builds-up, with the corresponding depletion of high-conductivity Al matrix 
phase. This leads to a substantial degradation of fuel meat thermal conductivity with time, and fuel 
centerline temperatures can increase with burnup even plate power decreases. The U-10Mo-Al 
dispersion fuel has been the most studied and has presented excellent performance under irradiation to 
nominal U-235 burnup level of 80% and with uranium densities ranging from 3 to 9 gU/cm3.  
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Therefore, based on the above results, this type of U-Mo dispersion was chosen to be analyzed for 
posterior utilization in the IEA-R1 reactor core. 
 
 
3.  Definition of a new core for the IEA-R1 Research Reactor using U-Mo dispersion 

fuel 
 
For the definition of a new IEA-R1 reactor core, neutronic and thermal-hydraulics calculations were 
developed for the U-10Mo-Al fuels with densities ranging from 3 to 8gU/cm3. The uranium density 
value of 8gU/cm3 was chosen because it represents U-Mo fuel particle loadings of about 50 vol.-% in 
the meat, value normally considered as a limit to maintain the mechanical integrity of the fuel plate 
under irradiation. The uranium density value of 3gU/cm3 was chosen as the minimum value utilized, 
because it is the maximal meat uranium density qualified for the U3Si2-Al fuel fabricated at IPEN-
CNEN/SP. Densities smaller than 3 gU/cm3 are not of interest. Nowadays the IEA-R1 reactor core has 
a typical configuration with 24 elements, being 20 standard elements of U3O8-Al and U3Si2-Al 
dispersion fuels, 4 control elements, and one Beryllium irradiation element in the central position of 
the core. In the neutronic calculation the computer program CITATION was utilized for the three-
dimensional core calculation and for burnup calculation. The radial and axial power density curves 
were utilized as input data for the thermal and hydraulics core analyses. The neutronic calculation 
results showed that the analyzed 3x3 core configuration (9 elements), with 4 standard fuel elements, 4 
control elements, and 1 Beryllium irradiation element in the central position of the core and with 
uranium densities ranging from 6 to 8gU/cm3 was very reactive and technically inadequate for the 
IEA-R1 reactor core at 5 MW. The analyses were concentrated in reactor core configurations using 8 
standard fuel elements, 4 control elements and 1 Beryllium irradiation element in the central position 
and with uranium densities ranging from 3 to 5gU/cm3.  The beginning of life neutronic calculation 
showed that the cores with uranium densities of 4 and 5gU/cm3 presented high reactivity excess 
(1.1367 and 1.1604, respectively). In those cases, for uranium densities of 4 and 5 gU/cm3, a new core 
configuration was defined having only 11 elements (6 standard fuel elements, 4 control elements and 1 
Beryllium irradiation element in the central position of the core).  
 
In the year 2000 was finalized at IPEN-CNEN/SP through the commercial program Engineering 
Equation Solver (EES) a new thermal-hydraulics model, the model MTCR-IEA-R1 [3]. Using this 
computer model it has been possible to realize the steady-state thermal and hydraulics core analyses of 
research reactors with MTR fuels. The following parameters are calculated along the fuel element 
channels: fuel meat central temperature (Tc), cladding temperature (Tr), coolant temperature (Tf), the 
Onset of Nucleate Boiling (ONB) temperature (Tonb), the critical heat flux (Departure of Nucleate 
Boiling-DNB), flow instability and the thermal-hydraulics safety margins MDNBR e FIR. The 
thermal-hydraulics safety margins MDNBR and FIR are calculated as the relation between, 
respectively, the critical heat flux and the heat flux for flow instability and the local heat flux in the 
fuel plate. Furthermore, the MTCR-IEA-R1 model also utilizes in its calculation, the involved 
uncertainties in the thermal hydraulics calculation as, for instance, fuel fabrication uncertainties, error 
in the power density distribution calculation, in the coolant flow distribution in the core, reactor power 
control deviation, in the coolant flow measures, and in the safety margins for the heat transfer 
coefficients.  The calculated thermal and hydraulics core parameters are compared with the design 
limits established for MTR fuels: a) cladding temperature < 95°C; 2) safety margin for the onset of 
nucleate boiling higher than 1.3, or the ONB temperature higher than coolant temperature; 3) safety 
margin for flow instability higher than 2.0; and 4) safety margin for critical heat flux higher than 2.0. 
 
As mentioned in the bibliography revision (item 2), due to the fuel particle-aluminum matrix 
interaction, the fuel meat thermal conductivity reduces during irradiation. For studying the thermal 
behavior of the U-10Mo-Al fuel with the program MTRCR-IEA-R1, it was necessary to provide the 
meat fuel thermal conductivity as input data. Two values of thermal conductivity for the U-10Mo-Al 
meat were utilized: 70Wm◦C and 13W/m◦C. The value 70W/m◦C was utilized because it represents the 
meat thermal conductivity value for U-Mo fuel particle loadings of about 50 vol.-% in the meat [8]. 
For fuel particle loadings smaller than 50 vol.-%, the meat thermal conductivity is higher, bringing 
smaller fuel temperatures when compared with the temperatures calculated for the meat thermal 
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conductivity value of 70Wm◦C. When the aluminum in the meat is completely consumed, with 100% 
of fuel particle-matrix interaction products, the meat thermal conductivity reaches values around 
13W/m◦C [8]. The value 70W/m◦C would be more representative for reactor cores where the fuel 
temperatures would present values under 100◦C, or for cores in the beginning of life. The meat 
uranium density value of 13W/m◦C would be more representative for cores with higher temperatures, 
where the fuel particle-matrix interaction is so extensive that no matrix Al remained in the hot 
central portion of the fuel meat. In the thermal-hydraulics analysis the computer program MTRCR-
IEA-R1 was utilized with the radial and axial power distribution curves provided for the computer 
program CITATION. The input data for the thermal–hydraulics simulations were obtained from 
reference [2]. The U-Mo fuel-plate geometric dimensions used in the simulations were the same of 
those of U3Si2-Al fabricated at IPEN-CNEN/SP. The core with thirteen elements and uranium density 
of 3gU/cm3 in the fuel-plate was simulated first with the MTRCR-IEA-R1 (Simulation 1) for a  meat 
thermal conductivity of 13W/m◦C, without uncertainties treatment involved (nominal condition) and 
with uncertainties treatment involved (Simulation 2). Afterwards the same core was simulated for a 
meat thermal conductivity of 70W/m◦C, in the nominal condition (Simulation 3) and with uncertainties 
treatment involved (Simulation 4). The results are presented, respectively, in the Table 1.  The same 
sequence was utilized for the core simulations with ten elements and uranium densities, of 
respectively, 4gU/cm3 and 5gU/cm3 (Simulations 5 to 8 and 9 to 12, Table 1). 
 

Simulation Tf  (°C) Tr (°C) Tc (°C) Tonb (°C) MDNBR Flow Instability 
(FIR) 

01 47,73 69,05 93,37 120,5 7,73 24,06 
02 52,95 86,58 127,3 122,3 4,26 14,37 
03 47,73 69,05 74,86 120,5 7,73 24,06 
04 52,95 86,58 96,36 122,3 4,26 14,37 
05 47,79 69,57 98,81 121,1 7,13 29,54 
06 53,05 87,43 136,3 123 3,92 17,64 
07 47,79 69,57 76,6 121,1 7,13 29,54 
08 53,05 87,43 99,19 123 3,92 17,64 
09 47,86 73,68 104,3 121,3 6,41 29,53 
10 53,16 93,82 145 123,2 3,63 17,64 
11 47,86 73,68 81,04 121,3 6,41 29,53 
12 53,16 93,82 106,1 123,2 3,52 17,64 

 
Tab 1:  Simulations with the computer program MTRCR-IEA-R1 for reactor cores with 12 and 10 

elements, meat uranium densities of 3, 4 e 5gU/cm3 e thermal conductivities of 13W/m°C 
and 70W/m°C. 

 
 
4.  Main results and conclusion 

 
The simulation results described in Table 1 show that no design limit is achieved for the analyzed 
cores. The calculated cladding temperatures are under the value of 95◦C, reaching for the reactor cores 
with uranium density fuels of 5gU/cm3 (simulations 10 and 12) the maximal value of 93.82◦C. This 
was expected because these analyzed cores had the highest meat uranium density in the fuel plates, 
which also achieved the highest calculated peak factor (Fq = 2.1850) in the axial power distribution 
calculation of the fuel element hot channel, when compared to the peak factors (Fq = 2.076 and Fq = 
2.118, respectively) for the core configurations with meat uranium densities of 3 and 4gU/cm3 in the 
fuel plates. The temperatures in the simulations, without uncertainties treatment, are well below those 
obtained with uncertainties treatment. From Table 1 it can be seen that the coolant temperature (Tf) for 
all simulations are below the ONB temperature, indicating one-phase flow in the simulated cores. The 
margins for critical heat flux (MDNBR) and flow instability (FIR) are well above the value 2.0, 
admitted as design limit. The maximal fuel meat central temperature was 145◦C. At this temperature 
the fuel particle-matrix interaction would be completed, reaching the meat thermal conductivity value 
of 13W/cm◦C. The interaction phase U-10Mo-Al would consume practically all of the matrix Al 
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phase. However, as seen in the item 2, for U-10Mo-Al dispersions the fuel behavior would be stable 
even at higher burnup.  
 
These simulation results were utilized to propose the meat uranium density of 5gU/cm3 for the mini-
plates of U-Mo dispersion fuel to be fabricated at IPEN-CNEN/SP and tested in the IEA-R1 reactor. 
With this uranium density in the fuel meat, the number of fuel elements used in the IEA-R1 reactor 
would be reduced, bringing economic advantages and also reducing the number of spent fuel elements 
to be stored in the reactor pool. 
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ABSTRACT 
 

Full-scale fuel elements (FE) with a U-Mo fuel of a low enrichment of ~ 36.3 % 235U dis-
persed in an aluminium matrix with an average uranium content of 5.4 g/cm3 were tested 
in-pile of the IVV-2M reactor. The fuel is the U-9 % Mo alloy particles of a ball-shape 
produced by the atomization method. Two series of the tests were performed with two FE 
irradiated in each to reach an average equivalent 235U burn up of ~ 40 % and ~ 80%, re-
spectively. In the first series the test parameters were changing as follows: an initial fission 
rate, ϕBOL, along the FE length from 1.8⋅1014 to 4.2⋅1014 fiss/(cm3⋅s), a temperature of fuel 
cladding, TBOL, from 38 to ~70 °C and a density of thermal flux, qBOL, from 40 to 85 
W/cm2. In the second series they were changing along the fuel length within the following 
values: ϕBOL = (2.7-5.7)⋅1014 fiss/(cm3⋅s), TBOL = 41 to ~ 86°C, qBOL = 60-120 W/cm2. This 
paper presents the data on the influence of in-pile test parameters (a fuel cladding tempera-
ture, a fission rate, a total amount of fission number and neutron fluence) on changes in the 
microhadness of the FE components such as a fuel cladding material (SAV-1 alloy), an 
aluminium matrix of a fuel meat, a fuel particle material (U-9 % Mo alloy) and an interac-
tion (U,Mo)Alx layer between the fuel particles and the aluminium matrix. 

 
 
1. Introduction 
 
An operation ability of the dispersed-type FE depends on many factors including strength characteris-
tics of the materials used and their resistance to temperature and neutron irradiation effects as well as 
to an influence of fission products on the materials of matrix and fuel. The FE claddings have to have 
a desired strength and plasticity and to maintain an integrity of the FE during the whole test period. 
The fuel and fuel meat materials have to retain gas fission product in themselves and to resist to gas 
swelling. There are numerous experimental data on the changing strength of uranium and aluminum 
alloys due to neutron irradiation, however, it is impossible to predict quantitative changes in the 
strength characteristics of the FE under operation conditions in research reactors. Such prediction is 
more complicated to do for the FE fabricated by the extrusion process where the materials are sub-
jected to a multiple temperature–deformation effect. Moreover, it is practically impossible to deter-
mine mechanical properties of each material in the composition of the dispersed-type FEs because of 
their peculiar design features (the layered structure "cladding-fuel meat-cladding"). However, strength 
properties of materials can be described indirectly through microhardness. Therefore the authors in-
vestigated the effect of test parameters on changes in the microhardness of the materials as the con-
stituents of the pilot full-scale FE with U-Mo fuel. The materials were placed inside the combined 
fuel element assemblies (designated as KM003 and KM004) and tested in the IVV-2M reactor [1, 2]. 
In the course of post-irradiation tests both FEs of KM004 revealed a porosity and a rupture formation 
in the fuel meat and bulging in the FE claddings [2, 3]. 
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2. Key data on fuel elements and irradiation tests 
 
The FEs in the IVV-2M fuel assemblies are the hexagon three-layered tubes fabricated by the extru-
sion method; the tubes have internal and external claddings and fuel meat, each of a thickness of 
~0.45 mm. The claddings are made of the aluminium alloy SAV-1. The FE features data and the in-
pile test conditions are presented in the Table. 
 

Test # 1 2 
Fuel element assembly # КМ003 КМ004 
Fuel meat  U-9% Mo alloy in Al matrix 
U- 9% Mo powder fabrication method  Atomization 
Enrichment, % 235U 36.3 36.3 
Uranium concentration, gU/cm3 5.4 5.4 
Volume fraction of the fuel 0.322 0.325 
Fuel meat length, mm –160+63 –160+63 
Fraction size of U-9 % Mo powder, µm  495-502 490-495 
Cladding temperature at test start, °C(a) 38-70 41-86 
Thermal flux at test start, W/cm2 (a) 30-80 60-120 
Fission rate at test start, fiss/(cm3⋅s)(a) (1.8-4.2)·1014 (2.7-5.7)·1014 
Mean fission rate, fiss/(cm3⋅s)(b) (1.4-4.6)·1014 (2.8-5.9)·1014 
Total fission number, fiss/cm3 (b) (1.2-3.8)·1021 (2.4-7.3)·1021 
Mean equivalent burn-up, %(b) ~40 ~80 
Porosity and bulging in FE claddings No Yes 

 (a)This is the interval of the changing parameters along the FE length.  
(b) Data calculated from the irradiation test results. 

Table. Description of irradiation tests performed in the IVV-2M reactor 
 
 
3. Microhardness of fuel element claddings 
 
The dependencies of the changing microhardness of the FE claddings and of the aluminium matrix of 
the fuel meat along the FE length are shown in Fig. 1. The plots of the changing temperature of the 
FE claddings and the plots of the changing number of fissions along the FE length for both fuel as-
semblies are also shown there. The FEs of KM003 and KM004 have a two times difference in their 
burn up and almost the same manner of changing the microhardness of the cladding material along 
the FE length (Fig. 1b), the latter is typical for these FEs. The least values of the cladding microhard-
ness are observed in the upper areas of both FEs. In the areas closer to the center the microhardness 
increases (by ~11 to 15 %) monotonously and reaches its maximum value and then practically does 
not change downwards of the FE. A maximum strengthening of the FE cladding material of KM004 
as compared to that of the upper areas of the FE of KM003 (their condition can be considered as close 
to their initial one) was ~25 %. It should be noted that the microhardness value of the FE of KM003 
in average is ~10 % lower than that of the KM004. The observed differences in the cladding micro-
hardness over the FE height and between the fuel assemblies are probably due to the manner of 
changing the temperature and neutron fluence with respect to both the FE length and between the fuel 
assemblies (Fig.1a) and are caused by an accumulation and annealing of radiation defects as well as 
by a radiation-induced aging of the dispersion-strengthened alloy SAV-1 used for the FE claddings 
fabrication.  
 
Actually, the FE cladding temperature in both assemblies during irradiation tests was not more than 
0.4Tmelt (Al melting point), which is lower than the recrystallization temperature of aluminium alloys 
equal to 150 °C [4], and it is substantially lower than the annealing temperature of radiation defects 
0.6Tmelt., therefore the radiation strengthening of the alloy SAV-1 should take place. 
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Fig. 1. Changes in the cladding temperature, T, and the total fission number, F, (a) and in the cladding 

microhardness and the matrix (b) over the FE height of the fuel assemblies KM003 and KM004. 
A light - gray area is for the porosity formation and a dark-gray area is for the bulging formation. 

 
It should be noted that when the FE is fabricated by the extrusion method a multiple joint effect of 
temperature and different degree of deformation on the FE (including that on the FE cladding) is 
meant. Thus, the FE cladding material was already subjected to thermal aging during the fabrication. 
A cold deformation resulted from the fabrication was probably also eliminated by the thermal effect. 
Thus, the observed strengthening of the FE cladding material equal to ~25 % can be attributed to ra-
diation strengthening. The dependence of the cladding microhardness on the total fission number (that 
is equivalent to neutron fluence) is shown in Fig. 2. These data testify to the monotonous increasing 
of the SAV-1 microhardness with the total fission number; and a good correlation is observed for the 
data obtained in different test conditions. 
A mathematical treatment of the experimental data set (from Fig. 2) gives the dependence of the 
changing microhardness Hµ of SAV-1 on a neutron fluence and FE cladding temperature: 

)/95exp()/(542 1,0 cl
BOLo RTФФH −⋅⋅=µ ; R2=0,95; n=16,  (1) 

where Hµ is the microhardness, MPa; Φ is the neutron fluence, neutron/cm2; Φ0 = 1·1020, neutron/cm2;  
R  is the universal gas constant, cal/mol; Tcl

BOL is the FE cladding temperature at the beginning of the 
tests, K. 
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Fig. 2.  The effect of the total fission number on the changes in the microhard-

ness of the FE cladding material and that of the fuel meat matrix. 
 

Judging by the Fisher and Student criteria expression (1) describes adequately the changes in the mi-
crohardness of FE cladding material (SAV-1 alloy) as dependant on a neutron fluence and tempera-
ture by the model [1] applied and the constants in the expression are statistically significant except the 
factor multiplying the exponent. The calculated microhardness values differ from those observed ex-
perimentally in the assemblies KM003 and KM004 by no more than 5 %. The weak dependence of 
the microhardness on the temperature and a lack of the statistical significance of the factor testify to a 
greater contribution of neutron irradiation to the strengthening of SAV-1 and an absence of the ther-
mal aging effect on the alloy. The obtained data and the known relationships of microhardness and 
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strength characteristics [5] permit to estimate a pressure of gases (induced the bulging in KM004) 
from the following expression 

rPPg /2σ+= ,        (2) 

where P is the pressure due to external forces; σ is the surface tension and r is the radius of the FE 
cladding bulging. The surface tension of the spherical surfaces of the bulging are assumed to be equal 
to the product of a cladding material yield stress, σ0.2, and the cladding thickness, δ, in the area of 
bulging formation. The yield stress is calculated from σ0.2  = 0.213⋅Hµ + 10.97 [5] using the values of 
the cladding microhardness in the bulging area obtained from (1). Substituting these values into (2) 
and assuming that P is the sum of an atmospheric pressure and water column pressure in the reactor 
we obtain Pg= 1.79 MPa. A measure value of the pressure inside the bulging under normal conditions 
was 0.61 MPa [2] for the FE of the first type. Thus, in accordance with the Charles law, the mean gas 
temperature Tg inside the bulging at the final stage of the formation could be ~ 390 °C. The similar 
calculations were made for the FE of the second type, where Pg = 1.44 MPa and Tg= ~ 290 °C. 
 
 
4. Microhardness of the fuel meat matrix 
 
The microhardness of the aluminium matrix of the fuel meat changes along the FE length in an oppo-
site manner (Fig. 1b) as compared to the FE cladding material. It seemed that a strengthening of alu-
minium might occur (as it did in the cladding) due to the accumulation of radiation defects. Actually a 
softening of the matrix took place and it was the most pronounced in the central areas, which are the 
most thermally intensive, of both FEs (Fig. 1b). The most softening was in the matrix of the KM004 
FE, whose burn up was twice as high as that of the KM003 FE. In the mean, the values of the matrix 
microhardness in the central areas of the FE of KM004 is lower by ~15 % than that of the FE of 
KM003. The softening of the matrix was caused by the damage of its main volume by fission prod-
ucts (Fig. 3) and the formation of gases (Kr and Xe) in this volume and their accumulation with the 
increasing burn-up. The interaction of the fuel particles (U-9 % Mo) with the aluminium matrix leads 
in to formation of the layer (U,Mo)Alx. The size of the particle increases due to the formation of the 
spherical layer of (U,Mo)Alx around each fuel particle and that leads to a decrease of the volume part 
of the matrix, Vm, (Fig. 3). Each fuel particle is surrounded by matrix layer, which is damaged by fis-
sion products, Vdm, (the thickness of this layer equal to mean travel length of the fission products in 
aluminium ~ 13.5 µm) that leads to the increase of the volume part of the damaged matrix. The vol-
ume part was estimated from expression [6]: 
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where Vdm is the volume part of the matrix in the fuel meat, which is damaged by the fission fpro-
ducts, rel. units; Vm is the total volume part of the matrix in the fuel meat, rel. units; Vf is the volume 
part of the fuel in the fuel meat, rel. units; D is the diameter of the fuel particles, including the layer 
(U,Mo)Alx, µm; µm is the mean travel length of the fission products in the matrix (~13.5 µm for Al). 
The decrease in the volume part of the aluminium matrix causes a reduction in the mean distance, d, 
between the neighbouring fuel particles to values less than 2µm (which is more typical for KM004, 
Fig. 3). 
 
This fact testifies to the overlap of  the layers damaged by radiation and to the discontinuity occurred 
in the intact matrix. In the areas of the above overlap the damage of the matrix by the fission products 
is larger. In its turn, a level of the damage depends on a burn up and an ability of the matrix to retain 
fission products. In Fig. 3 the area of a formation of individual gas pores in the fuel meat is designated 
by a light-gray colour and the areas of the rupture and bulging [2] of the FE claddings are designated 
by a dark-gray colour. According to these data the individual gas pore formation is probable when 80 
% of the fuel meat matrix is damaged by the fission products; and the fuel meat ruptures (and with a 
possible bulging of the FE claddings) can be expected when the damage is 90 %. 
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Fig. 3.  Changes in the distance (d) between the fuel particles, the volume part of the matrix 

(Vm) and a volume part of the matrix damaged by the fission products Vdm/Vm with 
respect to the fuel element length. 

 
In Fig. 3 the area of a formation of individual gas pores in the fuel meat is designated by a light-gray 
color and the areas of the rupture and bulging [2] of the FE claddings are designated by a dark-gray 
color. According to these data the individual gas pore formation is probable when 80 % of the fuel 
meat matrix is damaged by the fission products; and the fuel meat ruptures (and with a possible bulg-
ing of the FE claddings) can be expected when the damage is 90 %.The processing of the experimen-
tal data provides the following dependence of changing the microhardness of the matrix, Hµ, on the 
fission number and temperature of FE claddings 

)/350exp()/(285 13,0 f
BOLo RTFFH ⋅⋅= −

µ ; R2=0,92; n=14,  (4) 

where F is the fission number, fiss/cm3; F0 = 1⋅1021, fiss/cm3; R is the universal gas constant, cal/mol; 
Tf

BOL is the temperature of the fuel meat at the beginning of the tests, K. This expression is less deter-
minantal, however, all the coefficients in expression (4) are statistically significant. The difference in 
the calculation data and the experimental ones is no more than 5 %. As opposed to expression (2) the 
dependence in (4) is probably applicable only to the fuel meats with the volume part of the fuel equal 
to ~30 % where the matrix of the FE under study belongs to. 
 
 
5. Microhardness of U-9 % Mo alloy and (U,Mo)Alx layer 
 
The changes in the fuel particle microhardness and in the interaction layer of the fuel particles and the 
aluminium matrix (U,Mo)Alx  with respect to the FE length are plotted in Fig. 4. The photos of the 
fuel particles and the (U,Mo)Alx layer for different FE cross sections of the assembly KM004 are also 
provided in Fig. 4. According to the data in Fig. 4 the microhardness of the (U,Mo)Alx layer practi-
cally does not change along the whole length of the FE of KM004. The microhardness of the 
(U,Mo)Alx layer on the FE of KM003 was impossible to measure because of a small width of the 
layer; its maximum value of 4 µm was observed in the central areas of the FE. The changing manner 
of the microhardness in the fuel particles is different, it is similar to that in the matrix microhardness 
with the only exception, that in this case the microhardness of the (U-9 % Mo alloy) reduces dramati-
cally in the central areas of the FE and reaches ~30 %.The changing manners of the microhardness of 
the (U,Mo)Alx layer and that of the fuel particles of the U-9 % Mo alloy over the height of the FEs are 
different because the formation of pores  in these materials is different. Practically, there is no poros-
ity in the (U,Mo)Alx layer and probably because of that the micro hardness of this layer is practically 
stable in different areas of the FEs. The absence of the gaseous fission products (neither pores nor 
interstitial atoms) in the (U,Mo)Alx layer was proved by the data obtained by the electron probe X-ray 
analysis [7, 8]. The stability of the microhardness values of the (U,Mo)Alx layer, which is formed in 
different conditions (regarding a temperature and a fuel fission rate), permit to assume that this layer 
has the same phase content and structure. As opposed to the (U,Mo)Alx layer the fuel particles have 
gas pores, whose sizes and quantity are changing over the height of the FEs. A maximum quantity and 
their number of pores are observed in the central FE areas, where the most number of the fission nu-
clei of the fuel take place (Fig. 1 and 5). 
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Fig. 4.  The changes in the microhardness of the fuel (U-9% Mo alloy) particles and in the 

(U,Mo)Alx layer along the FE length of the assemblies KM003 and KM004. 
 
According to the data in Figure 5 the monotonous reduction from ~3200 to ~2900 MPa (by ~10%) 
within ~1.7·1021 to ~6.3·10 21 fiss/cm3 in the U-9% Mo alloy, is observed an it is probably due to the 
accumulation of both solid and gas fission products. When the fission number reaches the value of 
~6.3·1021 fiss/cm3  the microhardness of the alloy reduces dramatically as the result of the formation 
of gas macropores, whose quantity and sizes are growing with fission number. 
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Fig. 5.  The influence of the total fission number on the changes in the microhardness 

of the (U,Mo)Alx layer and of the fuel particles of the U-9% Mo alloy. 
 
 
6. Conclusion 
 
The microhardness of the materials of dispersion fuel elements with a U-Mo fuel (the U - 9 % Mo 
alloy of enrichment ~36.3 % 235U and with a uranium content of 5.4 g/cm3) and the aluminium matrix 
incorporated into the combined fuel element assemblies KM003 and KM004 were tested in the IVV-
2M reactor to reach the average equivalent burn up of ~40 % and ~80 %, respectively. The micro-
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hardness of the fuel element claddings (the SAV-1 alloy) was increased by ~25 % with the neutron 
fluence changed from 2.6·1020 to 1.6·1021 neutron/cm2, which was attributed to the strengthening of 
the SAV–1 alloy as the result of the accumulation of the radiation defects and the proceeding radia-
tion-induced aging. The microhardness of the aluminium matrix decreases with the increasing fission 
number due to the reduction of the aluminium matrix part caused by the formation of the (U,Mo)Alx 
layer, the increase of the matrix part damaged by the fission products, the decrease of the average dis-
tance between the fuel particles to the sizes less than 2λm followed by the overlap of the matrix layers 
damaged by the fission products. When it is damaged by the fission products by ~ 80 % the formation 
of the porosity takes place there and when the damage makes ~9 0 % the fuel meat ruptures and FE 
claddings bulging are possible to occur. The microhardness of the (U,Mo)Alx layer practically does 
not depend on the fission number within ~3.5 1021 to ~3.7 1021 fiss/cm3 and the conditions of its for-
mation (i.e. the mean fission rate of the fuel within 2.8·1014  to 5.9·1014  fiss/(cm3·s) and the tempera-
ture of the fuel meat in he range from ~40 to 90 °C and is attributed to the absence of the gas pores in 
the structure of the layer. As based on the stability of the microhardness values of the (U,Mo)Alx layer 
in different cross–section of the FE it is suggested that this layer has the same phase content and 
structure. When the fission number increases from ~1.7 1021 to ~6.3 1021 fiss/cm3 the microhardness 
of the U-9 % Mo alloy reduces monotonously from ~3200 MPa by ~10 %. When the fission number 
exceeds ~ 6.3 1021 fiss/cm3 the microhardness of the alloy decreases dramatically. The softening of 
the U-9 % Mo alloy is attributed to the accumulation of the fission products and the formation of the 
pores in it. 
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ABSTRACT 
 

The U.S. Department of Energy (DOE), in consultation with the Department of State, 
adopted the Nuclear Weapons Nonproliferation Policy Concerning Foreign Research 
Reactor Spent Nuclear Fuel in May 1996.  In 2004, the Foreign Research Reactor Spent 
Nuclear Fuel (FRR SNF) Acceptance program was transferred to DOE’s National Nuclear 
Security Administration (NNSA) to maximize synergies with related nuclear 
nonproliferation programs within the Global Threat Reduction Initiative (GTRI).  The FRR 
SNF Acceptance program is working to increase the rate of participation of countries with 
eligible fuel to return under the program. This paper provides a brief update on the status of 
the program. 
 

 
1.  Objectives & Strategies of the FRR SNF Acceptance Program 
 
The primary objective of the program is to accept spent nuclear fuel containing uranium enriched in 
the United States from foreign research reactors as part of the larger U.S. nuclear nonproliferation 
policy to minimize and, to the extent possible, eliminate highly enriched uranium (HEU) in civil 
nuclear applications worldwide.  Since 1996, the FRR SNF Acceptance program has conducted 33 
shipments involving 27 countries resulting in the safe and secure return of 6,851 spent nuclear fuel 
elements to the United States for management at DOE sites in South Carolina and Idaho, pending final 
disposition in a geologic repository.  Since the last RRFM conference, the FRR SNF Acceptance 
program has completed shipments from The Netherlands, Sweden, Austria and Greece. 
 
 
2.  Coordination within the Global Threat Reduction Initiative  
 
In 2004, the FRR SNF Acceptance program was incorporated as a key partner in the National Nuclear 
Security Administration’s (NNSA) Global Threat Reduction Initiative (GTRI).  GTRI’s mission is to 
identify, secure, remove and/or facilitate the disposition of high-risk, vulnerable nuclear and 
radiological materials around the world that pose a potential threat to the United States and the 
international community.  More specifically, the programs under GTRI work to: 
 

• Increase participation and complete the repatriation of all U.S.-origin research reactor spent 
fuel from locations around the world; 
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• Repatriate and/or disposition, in partnership with Russia, all Russian-origin HEU fresh and 
spent fuel from Soviet-/Russian-supplied research reactors; 

• Develop the technology (i.e., LEU fuel and targets) necessary to convert research reactors and 
medical isotope production processes worldwide to the use of LEU fuel and targets, and assist 
in planning and carrying out conversions; and 

• Identify, recover or facilitate the disposition of high-risk, vulnerable nuclear materials that are 
not covered by other threat reduction programs. 

 
Many of the programs that were consolidated under GTRI were pre-existing nonproliferation 
programs and originally were developed to incentivize each other.  Prior to the creation of GTRI, the 
programs were being administered by a variety of DOE offices – some of which did not even have 
nonproliferation as their core competency.  GTRI consolidated these programs under one office 
allowing NNSA to maximize and leverage existing resources.  As a result, internal communication has 
improved and coordination on various projects has enhanced overall program implementation and 
performance.  
 
Currently, the FRR SNF Acceptance program is coordinating closely with the Reduced Enrichment for 
Research and Test Reactors (RERTR) program, since discontinuing the use of HEU by converting the 
research reactor is a condition for participating in the program to return U.S.-origin spent fuel.  The 
RERTR program has the ambitious goal of converting by the end of 2013 63 research reactors that 
currently use HEU fuel.  The FRR SNF Acceptance program offers the incentive to convert and 
provides a benefit of converting by providing an acceptable disposition path for HEU.  After 
conversion, the program also allows for return of LEU spent fuel until conversion to a new 
“processable” LEU fuel or until 2019. 
 
Recently, the FRR SNF Acceptance program teamed with the Gap Material program on a fact-finding 
mission to identify new material and determine program applicability.  As a result, material was 
identified that may be included in the Gap Material program and other material was identified that 
may be included in  the FRR SNF Acceptance program.   
 
 
3.  Receipt Facility Improvements 
 
DOE/NNSA continues to improve spent nuclear fuel receipt capabilities at the Savannah River Site 
(SRS) to allow the capability to accept more shipments.  The L-Area Storage Facility at SRS is being 
modified once again, this time for the receipt of tubular type material test reactor (MTR) fuel in a 
NAC-LWT transport package (work is scheduled to be completed in the summer of 2006).  This 
modification in L-Area ensures GTRI’s efforts to provide versatility in the U.S. capability to receive 
spent fuel under the FRR SNF Acceptance program. 
 
 
4.  Increasing Participation in the Program  
 
The FRR SNF Acceptance program is undertaking efforts to increase the rate of participation in the 
program by eligible countries.  While the program is able to receive fresh or slightly irradiated fuel as 
well as spent fuel, the priority is to repatriate HEU fuel.  As such, the program aggressively is 
pursuing opportunities to encourage research reactors that have not participated yet in the program by 
facilitating discussions with the RERTR program and providing any necessary assistance to implement 
shipments.  The FRR SNF Acceptance program seeks input from research reactor operators that have 
HEU fuel on how the program can begin or accelerate repatriation of this fuel to the United States.   
 
 
5.  Shipping Schedules 
 
Preparing a detailed shipment schedule is most important in the two years preceding a shipment.  This 
detailed schedule drives cask certification, shipping schedules, efforts to minimize costs through 
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combining shipments, and storage site preparations.  It is expected that research reactors will identify 
the month for their planned shipments for the next two U.S. fiscal years (October through September) 
and the number of fuel assemblies.  Future-year schedules may require only the estimated number of 
fuel assemblies in a particular year to be helpful.   
 
 
6.  Fee Policy Update 
 
The fee policy for high-income economy countries has been in place since the FRR SNF Acceptance 
program was established in 1996.  The maximum fee will be no higher than $4,500.00 per kg of total 
mass for HEU and TRIGA fuel and $3,750.00 per kg of total mass for LEU fuel.  At this time, the 
FRR SNF Acceptance program has determined that changing the fee policy or increasing the fees 
charged to program participants will not enhance participation and may, in fact, be counterproductive.    
Based on the feedback received from program participants, implementing a fee increase will not 
achieve the desired results to accelerate repatriation of HEU.  The FRR SNF Acceptance program will 
continue to investigate other incentives or assistance that might serve as a better incentive for 
acceleration.  The FRR SNF Acceptance program does reserve the right to institute a fee increase at a 
future date if it is determined to be in the best interest of the program. 
 
 
7.  Conclusion 
 
The United States remains committed to supporting worldwide nuclear nonproliferation goals, 
including the longstanding policy to minimize and, to the extent possible, eliminate the use of HEU in 
civil nuclear applications.  The FRR SNF Acceptance program, now within the GTRI, seeks to support 
this goal by repatriating HEU fuel from research reactors that agree not to continue using HEU fuel.  
Under GTRI, the program is working to encourage greater participation and accelerate shipments of 
HEU fuel.  We welcome your feedback and look forward to continuing interactions with interested 
parties to further discuss the program and participation options.  
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ABSTRACT 

 
This paper presents results of activities carried out within the IAEA supported project 
“Corrosion of research reactor aluminium-clad spent fuel in water” and the Regional 
Project for Latin America (RLA) on “Research reactor spent fuel management”. Standard 
racks containing coupons of a variety of aluminium alloys in different configurations were 
exposed to spent fuel storage basins in 18 participating countries. The coupons were 
evaluated after predetermined exposures times, during which basin water parameters were 
monitored periodically. Pitting was the main form of corrosion and this was influenced by 
parameters such as water conductivity, chloride ion content, formation of galvanic couples 
with stainless steel rack supports and settled solid particles. Complementary tests were 
carried out to determine the composition of the settled solids and their effect on corrosion. 

 
 

1.  Introduction 
 
The International Atomic Energy Agency’s (IAEA’s) research reactor database (RRDB), as of 
September 2003, shows that 672 research reactors (RRs) have been built. Of these, 272 are operational 
in 56 countries, 214 are shut down, and 168 have been decommissioned. Among the RRs that have 
been shut down but not decommissioned, the sites still have both fresh and spent fuels. The RR fuels 
are MTR, TRIGA or standard Russian types. According to the research reactor spent fuel data base 
(RRSFDB) there are 62,027 spent fuel assemblies (FA) stored in the facilities. A very large part of 
these spent RR fuels are clad with aluminium or its alloys and stored in wet basins. In the late 1990’s, 
corrosion of aluminium-clad spent nuclear fuel stored in light-water filled basins became a concern 
and the IAEA implemented the coordinated research project (CRP) on “Corrosion of research reactor 
aluminium-clad spent fuel in water” [1,2].  The objectives of the CRP were to: (a)  establish uniform 
practices for corrosion monitoring and surveillance, (b)  provide a technical basis for continued wet 
storage of RR spent fuel, (c)  collect data to help in the prediction of lifetimes of fuel handling tools 
and storage racks, and (d) establish a uniform basis for the characterization of water in fuel storage 
basins. This CRP was conducted in two phases and fourteen countries participated in it. The materials 
selected for testing were representative of typical aluminium alloys used world wide for RR fuel 
cladding, handling tools, and storage racks [3]. 
 
The objectives of the regional technical co-operation project for Latin America (RLA) titled 
‘Management of spent research reactor fuel’ included spent fuel characterization. The corrosion 
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activities were based on the CRP and also consisted of exposing typical RR cladding alloys in the 
spent fuel storage basins of 5 participating countries [4]. 
 
 
2.  Materials and Methods 
 
Aluminium alloy coupons (10 cm in diameter) of AA 1100 (or AA 1050), AA 6061 and SZAV-1 
(chemical composition shown in Table I) were assembled in stainless steel racks with alumina 
separators. The separators prevented metallic contact between coupons and between the coupons and 
the rack. Site specific AA 6061 alloy coupons were also added to the racks. A typical coupon stacking 
sequence, from top to bottom, is shown in Table II. The Al alloy-Al alloy and Al alloy-stainless steel 
couples were included in the study to simulate crevices and bimetallic (galvanic) contacts. At many 
sites, racks were immersed both vertically (with its coupons horizontal) and horizontally (with its 
coupons vertical) [5].   
 
The coupon racks were immersed in the spent fuel storage basins (SFSB) of the participating countries 
for periods of up to 3 years. During this period, water parameters such as pH, conductivity, chloride 
content, temperature and other site specific ion contents were monitored. Overall, the quality of basin 
water at the different sites varied significantly, from very good to very bad. Table III lists some of the 
basin water parameters at some sites. After pre-determined periods the racks were withdrawn from the 
basins, were photographed and the extent of corrosion of the coupons evaluated. The pH in the 
crevices of the crevice and bimetallic couples were also measured. The CRP coupons were examined 
in an optical microscope and the RLA project coupons, in an optical microscope coupled to an image 
analysis system. 
 

 
Alloy Cu 

[%] 
Mg 
[%] 

Mn 
[%] 

Si 
[%] 

Fe 
[%] 

Ti 
[%] 

Zn 
[%] 

Cr 
[%] 

Al 
[%] 

AA 1100 0.16 <0.1 0.05 0.16 0.48 0.005 0.03 0.005 balance 
AA 1050 <0.05 <0.03 <0.03 <0.25 <0.35 <0.03 <0.05 <0.03 >99.5 
AA 6061 0.25 0.94 0.12 0.65 0.24 0.04 0.03 0.04 balance 
SZAV-1 <0.01 0.53 <0.05 0.71 0.09 <0.005 0.03 <0.005 balance 

Table I. Chemical composition of the aluminium alloys. 
 
 

TOP OF RACK 
SZAV-1 

SZAV-1 (pre-oxidized and scratched) 
SZAV-1 - SZAV-1 

SZAV-1 – Stainless steel AISI 304 
AA 6061 

AA 6061( pre-oxidized and scratched) 
AA 6061 - AA 6061 

AA 6061 - Stainless steel AISI 304 
BOTTOM OF RACK 

Table-II. Coupon stacking sequence in CRP-phase-II rack. 
 

The results of phase-I of the CRP were reported in the IAEA TRS-418 [6], and the results of phase-II 
of the CRP and the RLA will be presented in an IAEA Tecdoc. The main results of these projects are 
summarized in this paper and exemplified with data obtained in Argentina and Brazil. These two 
countries participated in both projects. 
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Site pH Conductivity 
(µS/cm) 

Cl-1 
(ppm) 

SO4
2- 

(ppm) 

Total 
dissolved 

solids 

Water 
quality 

RA6- reactor pool  5.45 0.9 0 0 0.001 Very good 
IEA-R1 reactor pool 5.0 1.0 1.0 0.05 1.0 Good 
RA3-reactor pool 6.74 3.0 0.6 0.1 0.11 Medium 
CSF-channel 97 7.6 4.0 0.3 0.3 0.011 Medium 
CSF-channel 198 6.18 66.0 4.9 0.7 0.171 Bad 
CSF-channel 147 9.03 > 800 7.4 10.1 0.548 Very bad 

 
Table III. Typical spent fuel basin water parameters at some sites 

 
 
3.  Results and discussion 
 
During disassembly of the racks, the coupled coupons were difficult to separate due to formation of 
oxides within the crevice. The pH of the water in the crevice between the various couples was 
measured and found to be about 4.5-5.0, one half to one point below that of the bulk water pH. The 
two sides of all the coupons were examined in optical microscopes at the different sites. The main 
features with respect to corrosion were recorded photographically. The features and/or the extent of 
corrosion of the coupons were correlated to basin water parameters.  
 
3.1.  Crevice and galvanic corrosion of coupons 
 
The facing surfaces of the crevice couple coupons, AA 1050-AA 1050, AA 1050-AA 6061 and AA 
6061-AA 6061 were stained and/or covered with a thick layer of oxide. The stains on the surfaces of 
the two alloys were distinct and characteristic of the alloy. At some sites, where the water quality was 
very good, i.e, with very low ionic conductivity and extremely low chloride ion content, the coupons 
revealed pits after 2-3 years of exposure. The number and size of pits were higher in cases where the 
coupons were in contact with stainless steel.  
 
3.2.  Corrosion of pre-oxidized and scratched coupons 
 
Pre-oxidized and scratched coupons were included in the study to simulate the damaged surface of a 
used fuel plate. In most basins, with medium to good water chemistry, these coupon surfaces were not 
pitted and no pits were observed along the scratch. In very bad quality water, even these coupons 
revealed pits.  
 
3.3.  Pitting corrosion 
 
The surfaces of the different aluminium alloy coupons revealed pits, and these increased in number 
and size with increase in conductivity and chloride content of the basin water. However, many features 
such as pit distribution, pit shape, stained regions around pits, oxide nodules, general coupon staining, 
oxide formation, colour and texture of oxides were specific to the alloy and the coupon. Most pits 
revealed a bright region around the pit, characteristic of a cathode region around a localized anode 
region. The shape of this bright region also varied from circular to elliptical. (figure 1) Pit distributions 
on the different coupon surfaces were examined. Histograms of number of pits (counts) as a function 
of pit diameter were plotted. Comparison of pit histograms of the different coupons revealed that alloy 
AA 1050 or AA 1100 pitted more than AA 6061 and the extruded AA 1050 and AA 6061 coupons 
pitted to a greater extent than rolled AA 1050 and AA6061. 
 
Comparison of pit features on horizontal and vertical coupons revealed that the bright regions around 
pits on vertically oriented coupons were shaped like a comet with a tail, unlike those around pits on a 
horizontal coupon, giving thereby a clear indication of the top and bottom of vertically oriented 
coupons.  
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The Russian alloy SZAV-1 exposed for a year to the IEA-R1 SFSS pitted more than AA 6061 exposed 
in the same environment for the same duration. Pits were observed on the contact surfaces of coupled 
coupons. The contact surface of SZAV-1 revealed more pits that the contact surface of AA 6061 
coupled with an Al alloy, and the former revealed even more pits when coupled to stainless steel, 
indicating the marked effect of a galvanic contact.  
 

 
Figure 1. Micrographs showing pits and bright regions on horizontal AA 1050 surfaces. 

 

 
Figure 2. Histograms of pit count versus pit size on surface facing: (a) up and (b) down on horizontal 

AA 1050 coupon. 
 

 
Figure 3. Histograms of pit count versus pit size on: (a) surface facing up and (b) vertical surface of 

AA 1050 coupon. 
 

3.4. Effect of coupon orientation 
 
Figures 2a and 2b reveal histograms of pit count versus pit size on surfaces facing up and down 
respectively of an individual AA 1050 coupon. The surface facing up revealed a large number of pits, 
~ 90 in the size range 40-50 µm while the surface facing down revealed only 6-8 pits in the same size 
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range. The shape of the pits on this coupon varied from irregular to round. Histograms of pits on the 
surfaces of coupons exposed horizontally and vertically for two and three years also revealed similar 
histograms. Comparison of the pit histogram of the top surface of a horizontal AA 1050 coupon 
exposed for one year with that of a surface of a vertical coupon of the same alloy (Figure 3) revealed 
that twice as many pits (40-50 µm size range) form on the horizontal coupon as compared to that on 
the vertical coupon. The extent of pitting on the top surface of horizontal coupons decreased with 
change in position of the coupon from top to bottom in the rack. 
 
Comparison of histograms of pitted surfaces of vertical and horizontal AA 6061 alloy coupons as well 
as on coupons exposed for 2 and 3 years revealed similar trends. This indicated that among the many 
parameters that control pit formation, settled solids contribute to pit initiation and formation. This 
aspect was studied in detail by installing sediment collectors at the various sites for 4 - 6 months 
followed by analysis of the sediments by (a) EDS, (b) XRD and (c) XR fluorescence.  The sediments 
consisted primarily of oxides of Al, Si, Fe and Ca. Complementary laboratory tests were carried out at 
CNEA, Argentina, to determine the role of certain sediments such as concrete, hematite and magnetite 
on the corrosion of AA 6061 exposed to high purity water (1.2µS/cm conductivity) with pH in the 
range 5.5 – 6.9 for 40 days. The nature of the sediment influenced the extent of corrosion of Al as 
shown in figure 4.  
 

 
                             (a)                                               (b)                                            (c) 
Figure 4. Micrographs of surfaces of  AA 6061alloy with a sediment and exposed to high purity water 

for 40 days: (a) concrete, (b) hematite and (c) magnetite 
 
4. Conclusions 
 

1. Examination of coupons exposed to spent fuel light water basins revealed that pitting was the 
main form of corrosion and the top surface of horizontal coupons pitted more than the surface 
facing down.  

2. Coupon orientation has no noticeable effect on crevice or galvanic corrosion. However, the 
extent of pitting of vertical coupons was considerably less than that of horizontal coupons, 
indicating that pit formation is influenced by, among other factors, settled solids on the 
coupon surface. The settled solids were analyzed at many sites and found to be mainly, oxides 
of aluminium, iron, silicon and calcium.  

3. Aluminium alloy surfaces in contact with stainless steel pitted to a higher extent than surfaces 
in contact with another aluminium alloy.  

 
5. References 
 
[1] J.P. Howell, Corrosion-99, NACE, Houston, USA, paper 462, 1999 
[2] J.P. Howell, Corrosion-2000, NACE, Houston, USA, paper 200, 2000 
[3] I.G. Ritchie, L.V. Ramanathan, R. Haddad, RERTR-2002, Bariloche, Argentina, 2002 
[4] L.V. Ramanathan, R. Haddad, and I. Ritchie, RERTR-2002, Bariloche, Argentina, 2002 
[5] O.V. Correa, S.M.C. Fernandes, and L.V. Ramanathan, Proc. Int. Conf. Research reactor 

utilization, safety, decommissioning, fuel and waste management, Santiago, Chile, 2003, 637 
[6] Technical Report Series no. 418, International Atomic Energy Agency, Vienna, 2003,  

ISBN 92-0-113703-6 

166



DAMAGE DEGREE CLASSIFICATION FOR MTR TYPE 
SPENT FUEL IN WET INTERIM STORAGE 

 
 

O.E. NOVARA and J. LAFUENTE 
Department of Nuclear Fuel 

Comisión Nacional de Energía Atómica - Argentina 
 

J.E. ROSA DA SILVA 
Division of Reactor Core Engineering 

Instituto de Pesquisas Energéticas e Nucleares - Comissão Nacional de Energía Nuclear - Brazil 
 

J. KLEIN DALIDET 
Department of Nuclear Applications 

Comisión Chilena de Energía Nuclear - Chile 
 

R.L. SINDELAR 
Savannah River Technology Center 

Savannah River Site - USA 
 
 

ABSTRACT 
 

Corrosion and mechanical damage may appear on the aluminum based fuel surface during 
long term wet interim storage. Experience has shown that video imaging can provide 
information about the general structural conditions of the fuel and/or the nature or type of 
damage suffered. Therefore, a fuel visual inspection program by means of underwater video 
equipment should be set in  storage facilities.  
 
This work presents a proposal of damage degree classification for MTR type spent fuel by 
means of the evaluation of photographic images, and the basic technical features of a visual 
inspection program applicable to wet interim storage, with the purpose of establishing 
common criteria for storage facility operators.  

 
 
1. Introduction 
 
Since the cladding and the structural parts of MTR type fuel are usually aluminum based, the 
appearance of corrosion on the fuel surface may occur during long term wet interim storage, 
particularly when the water and environment of the storage facility are not as well maintained as those  
of the reactor. Moreover, inadequate fuel handling often leads to loss of integrity. The objectives of 
this work are to present a proposal of damage degree classification for MTR type spent fuel by means 
of the evaluation of photographic images, as well as to establish the basic features of a visual 
inspection program applicable to wet interim storage. 
 
In the frame of the IAEA Technical Cooperation Regional Project RLA/4/018 “Management of Spent 
Fuel from Research Reactors”, carried out by the countries of Latin America, namely, Argentina, 
Brazil, Chile, Mexico and Peru, a team of researchers joined efforts to determine what is needed for 
spent fuel characterization. A remarkable output was a catalogue of spent fuel video stills subjected to 
the corrosion damage degree classification presented in this work.  
 
This work is technically grounded on the remote visual inspection performed on 207 HEU spent fuel 
assemblies in interim storage in Argentina, in the frame of the USA Spent Fuel Take-Back Program 
[1], and the large experience accumulated in spent fuel characterization in the basins of Savannah 
River Site for storage of fuel from foreign and domestic research reactors. 
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2. Visual inspection programme  
 
Experience has shown that video imaging can provide information about the general structural 
conditions of the fuel and /or the nature or type of damage suffered. In addition, it can provide an 
estimate of breached cladding and exposed fuel meat. A spent fuel monitoring program provides 
information about the physical condition of the fuel during the whole length of the storage period. This 
information can be used to address regulatory and operation needs for the demonstration, for example, 
of the safe storage throughout the period. Spent fuel stored in interim wet storage should be 
periodically inspected until removed from the basin either for storing in dry interim storage or for final 
disposition. 
 
2.1. Inspection criteria 
Underwater video imaging equipment should be used, since pictures of the submerged fuel taken 
above water are typically not sufficient to clearly evaluate the fuel condition. The video system should 
allow for still images to be recorded to meet the examination requirements. Both colour or black and 
white images are acceptable. An initial baseline examination of each fuel assembly should be 
performed just after it is removed from the reactor or as soon thereafter as practical. The fuel 
assemblies should be re-examined within 10 years of previous examination. More frequent 
examinations of all or selected fuel in storage may be performed at the discretion of the facility 
operator. 
 
2.2 Inspection requirements 
Each fuel assembly in basin storage should be examined and the following recorded: 

• Low magnification photographs: Full view (length and width) of each of the four external plates 
of the MTR assembly. This will typically be a wide-angle view. Alternatively, a set of 
photographs  used to construct a full view is acceptable. 

• Medium-magnification photographs: An image of the mid-length area of each external fuel 
plate. This should be an actual size image (1:1). The side plate edges should be visible to 
provide a size reference. 

• Top view  of the fuel: The magnification should allow for a complete view on a 1:2 scale. 
• High magnification photographs: Photographs of corroded or mechanically damaged areas. The 

magnification should allow for, for example, a 3mm-diameter circle to be represented in a 2X 
image (6mm). In these cases, a reference marker should be present or added to the recorded 
image to indicate the size of the observable damage.  

• Images of the non-active areas of the fuel plate (top and bottom) presenting possible cladding 
deterioration should also be recorded. 

 
 
3. Damage classification 
 
Visual inspection performed on aluminum based spent fuel in interim storage with very poor water 
quality showed that corrosion was present mainly in the form of aluminum oxide nodules on the fuel 
plates and lateral plates (Fig. 1) as a consequence of well-known corrosion mechanisms such as 
“pitting” (Fig. 2) and “crevice corrosion” (Fig. 3). In some cases, the corrosion process was so 
advanced that it had penetrated the aluminum cladding exposing the fuel meat (Fig. 4). Galvanic 
corrosion was also present due to the contact of stainless steel and aluminum in the fuel (Fig. 5 and 6). 
 

 

  

Fig. 1. Pit and crevice nodules. 
Side plate corrosion in the 
corners 

 Fig. 2. Pitting on fuel plate  Fig.3. Crevice nodule of ∼ 6 mm 
that overlaps the active region 
boundary 
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Fig. 4. Corrosion pits with fuel 
meat exposure 

 Fig. 5. End fitting of a fuel 
assembly stored on a SS liner 
tube 

 Fig. 6. Degradation of fuel plate. 
Bulging in the zone of SS screws 

 
In order to provide a classification for the corrosion damage degree, the criterion used was to estimate 
the exposed fuel meat by the extent of penetrating corrosion visible on the outer fuel plates. Fuel 
assemblies were categorized by means of a Severity Index from 0 to 3 [2], as shown in Table 1: 
 

Severity Index Exposed Fuel Area (cm2) 

0 No corrosion product nodules or general corrosion 
1 < 0,5 cm2 
2 > 0,5 cm2   to   < 1,0 cm2 
3 ≥ 1 cm2 

Tab. 1. Categorization of corrosion damage by severity index 
 
To estimate the exposed fuel meat, the following assumptions were taken as valid [3]: 

a) There is not enough damage in the internal fuel plates to consider fuel meat exposure. 
b) When aluminum oxide nodules are present, the area of those nodules represent the area of the 
exposed fuel meat below them. 
c) Nodules less than 3 mm in diameter do not penetrate the fuel plate cladding (no exposed fuel meat). 
Corrosion is the principal cause of fuel degradation while it is in interim wet storage. However, it is 
important to include in the damage classification the mechanical damage that may occur during the 
fuel handling both in the reactor and in the storage facility. Mechanical damage (scratching, denting, 
bending, etc.) harms the protective layer of aluminum oxide (boehmite) and the damaged area then 
becomes the preferred area for pitting attack. In extreme cases, inadequate fuel handling can be a 
direct cause of cladding breaches. 

The different cases contemplated above can be classified as shown in Table 2: 

Fuel Status Severity 
Index 

i) no general corrosion and ii) no corrosion product nodules and iii) no mechanical 
damage V0 

i) loss of aluminum oxide layer and/or ii) presence of general corrosion and/or iii) 
presence of blisters and/or iv) corrosion product nodules with no estimated exposition of 
fuel meat (nodules < 3 mm in diameter) and/or v) mechanical damage out of active region 

V1 

i) presence of corrosion product nodules with estimated exposed fuel meat and/or ii) 
corrosion pits that expose fuel meat (exposed fuel meat for i) + ii) < 0,5 cm2) and/or iii) 
mechanical damage at active region with cladding deformation 

V2 

i) presence of corrosion product nodules with estimated exposed fuel meat and/or ii) 
corrosion pits with exposed fuel meat (exposed area for i) + ii) > 0,5 cm2 but < 1,0 cm2) 
and/or iii) mechanical damage at active region with possible cladding penetration 

V3 

i) presence of corrosion product nodules with estimated exposed fuel meat and/or ii) 
corrosion pits with exposed fuel meat and/or iii) mechanical damage at active region with 
cladding penetration (exposed area for i) + ii) + iii) ≥ 1 cm2) and/or iv) any damage 
potentially significant to the structural integrity of fuel assembly 

V4 

Tab. 2. Categorization of damage by severity index 
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Each fuel in wet interim storage should be assigned a severity index based on the analysis of the 
images. Any visual classification should be cross-referenced with the results of sipping tests, 
whenever available. It is worth noting that the combination of the visual inspection and sipping test 
permits a complete characterization of the fuel status. 
 
 
4. Records of inspection results 
 
The following specifies the minimum information needed for the tracking sheets which present the 
record of the inspection results. These tracking sheets, one per stored fuel assembly, must be retained 
throughout the whole storage period. Any additional relevant information may also be included in 
them. 

• Still pictures recorded per the inspection requirements 
• ID # or identification of the fuel assembly 
• Date of inspection 
• Brief description of the video equipment used in the inspection 
• Description of the nature of damaged regions on the corresponding photos 
• Categorization index according to the damage classification 
• Sipping test results 
• Information about the features and power history of the fuel assembly 
• Other information relevant to the inspection 

A record listing the damage indices should be prepared. The damage index information from each 
previous examination of the fuel element should be referenced in the damage index record. The results 
of the sipping test for the elements that have been sip tested must be cross-referenced in this table. 
Figure 7 shows an interesting example of the presentation of information on a tracking sheet. 
 

Fig. 7.: Example of fuel tracking sheet 
 
5. Conclusions 

 
• A team of researchers from Latin American countries supported by the IAEA Technical 

Cooperation Regional Project RLA/4/018 “Management of Spent Fuel from Research Reactors” 
and by the expertise of researchers from USA, joined efforts to determine what is needed for 
spent fuel characterization in their facilities, in accordance with the economic realities of their 
countries. 

170



• With the purpose of having common criteria in the description of the fuel in wet storage, a 
catalogue of spent fuel video stills subjected to the corrosion damage degree classification 
presented in this work was produced. Besides, recommendations were prepared for the 
elaboration of a visual inspection program for spent fuel stored in basins that is under 
implementation in the participant countries of the Regional Project [4]. 

• Though storage practices have been modified to reduce the potential of fuel damage, aluminum 
based nuclear fuel is susceptible to corrosion attack or to mechanical damage from improper 
handling. Therefore, a fuel inspection program should be set in spent fuel wet storage facilities. 
This program provides information on the physical condition of the fuel that can be used to 
address regulatory and operation needs for the demonstration of safe storage throughout the 
basin storage period and appropriate conditions of the fuel for its transfer to dry interim storage; 
and to assess the impact of shipping the stored fuel in standard shipping casks. 

• Visual inspection performed on aluminum based spent fuel that was in interim storage with very 
poor water quality showed that corrosion was presented mainly in the form of aluminum oxide 
nodules on the surface of external fuel plates and structural plates. The visual appearance of 
these nodules tends to exaggerate the actual extent of corrosion. 

• Empirical knowledge in wet interim storage shows that i) corrosion damage tends to occur on 
the external surface of the fuel assembly, ii) nodules less than 3 mm in diameter do not penetrate 
the fuel plate cladding and iii) corrosion in the internal fuel plates rarely leads to fuel meat 
exposure. 

• The assumption that the area of aluminum oxide nodules greater than 3 mm of apparent 
diameter represents the area of the exposed fuel meat below them is conservative and may 
overestimate the extent of cladding breach. 

•  In long term wet interim storage, visual inspection should be combined with sipping tests for a 
complete characterization of the spent fuel status. 

• An inspection program for spent fuel in the storage basin must necessarily be backed by 
corrosion surveillance by means of the immersion of aluminum coupons as well as by a strict 
control of the water quality for the early detection of problems in the facility environment. 
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ABSTRACT 
 

The la Hague plant has reprocessed light water power reactor spent fuel. The reprocessing 
process was to be adapted to accommodate fuel from Research and Test Reactor (RTR) 
taking into account the dimensional characteristics, the chemical composition and the high 
enrichment of RTR fuel that are far from the characteristics of power plant spent fuel. 
Based on R&D from CEA and on the feed back of industrial RTR fuel reprocessing of 
AREVA NC, several reprocessing solutions resulted from conceptual studies and 
preliminary design proposed by SGN. The chosen approach for the detailed design consists 
in dissolving the RTR fuel in a dissolution pit in one dissolver of T1 facility. The process 
was designed for small RTR fuel made out of aluminium and uranium alloy. “Taxi” baskets 
are transferred from the pools, where RTR fuel are stored, to the feed cell in T1.  The fuel 
elements are loaded into pods with the tilt crane and transferred in a rack in the general 
maintenance cell. The RTR fuel is picked up one by one and placed in a tube for transfer 
into the dissolution pit. The RTR dissolution process is fundamentally different from the 
continuous light water reactor fuel dissolution process and is done in batches. At the end of 
a batch, the solution is drained from the dissolver and diluted with UOX solutions from line 
A. The simultaneous operation of both dissolution lines is another major difference from 
the original design of T1, which was designed to operate only one line at a time. The 
resulting UOX/RTR solution complies with the qualification of for backend operations,  
including high level waste vitrification of the fission products and aluminium fuel matrix at 
the T7 facility. The innovative nature of the process, demanded by the special characteristic 
of the fuel to be reprocessed, has required a major qualification program. The main 
objectives of the qualification program was to validate the dissolver pit concept, to verify 
basic RTR process data for the T1 production environment and to acquire data showing 
control of the process. After 8 years of conception and qualification, the first active batch 
dissolution was successfully performed from the 9th to the 25th June 2005. Feed-back is 
now collected to improve the process and get an in-depth knowledge about RTR fuel 
reprocessing. The feed back will also be useful to enlarge the scope of RTR reprocessing to 
USi or UMo fuels. 
 
 

1 Introduction 
 
Research and testing reactors (RTR) are used for nuclear applications in many fields, including 
medicine, with boron neutron capture therapy, industry, with gauges, detectors, and other devices, 
research and education with irradiators and calibration sources. All these applications generate 
radioactive waste. Spent fuel back-end management has experienced many stops and starts in the past 
ten years. 
 
Until the end of 1988, US obligated materials were subject to the “Off Site Fuels Policy” which 
required spent fuel to be returned to the United States and to be reprocessed there. Since this policy 
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terminated on the 31st of December 1988, research reactors operators were then required to implement 
other management solutions. At the same time, the Reduced Enrichment for Research of Test Reactors 
(RERTR) Program was leading to a new Low Enrichment Uranium (LEU) fuel to replace High 
Enrichment Uranium (HEU) fuel. Since new LEU fuel was not as easy to reprocess as HEU fuel (the 
LEU fuel is made of silicide, whereas the HEU fuel is made of aluminide), a new US spent fuel return 
policy was introduced in early 1996 for all research reactors converted (or that had agreed to be 
converted) to LEU, and for reactors operating with HEU for which no suitable LEU was available. 
This policy covers all the spent fuels discharged until the 12th of May, 2006. After that date, each 
operator will again be fully responsible for its spent fuel. 
 
For the ultimate back-end management, there are three options [1] : 

1. Interim storage 
2. Direct disposal 
3. Treatment-conditioning by reprocessing 
 

The interim storage option does not constitute a reliable solution, while some research reactor 
operators have been confronted with corrosion and material degradation problems in existing facilities. 
Extended storage of RTR fuel would obviously require extensive R&D programs, as well as new 
facilities designed for long term storage. Most significantly, this option does not provide a definitive 
solution. 
 
The direct disposal option entails several unsolved difficulties. First, one has to ensure that the 
enriched uranium content will not lead to criticality hazards through long term processes as selective 
leaching. Moreover, RTR spent fuel is generally considered as unstable (high corrosion rate, hydrogen 
build-up) under the conditions of a geological repository. It requires watertight and durable 
conditioning on a geological time-scale, for which no satisfactory solution has yet been found. Finally, 
direct disposal remains a “virtual” solution that has never been implemented. 
 
The reprocessing option avoids the above difficulties because it produces residues which are suitable 
for direct disposal. The 40 years of experience gained at AREVA NC’s reprocessing site in La Hague 
demonstrates the industrial expertise achieved in commercial reprocessing. 
 
 
2 Principles of reprocessing: The example of La Hague 
 
Reprocessing has two main objectives : 

1. Recover the recyclable materials (mainly uranium and small quantities of plutonium), 
2. Generate final waste according to their potential hazards, in order to dispose them safely for 

the environment. 

Reprocessing at the La Hague complex, in the UP2-800 and UP3 plants, uses the PUREX 
process, including the following steps (see flow sheet in figure 1) : 

► Transport of fuel to the plant and cooling in storage ponds: 
 

 This cooling, or “deactivation”, decreases the radioactivity of the fission products substantially. 

► Shearing and dissolution of the fuel, followed by clarification of the liquor generated: 
 

 The first reprocessing operation consists of stripping the fuel rod to prepare it for chemical 
attack. The process employed for zircalloy cladding rods is cutting them into pieces with a 
shearing machine. At La Hague, as in many reprocessing plants, the shearing machine is placed 
above a continuous dissolver, and the rod pieces fall into a perforated basket, which, placed in 
the dissolver, allows the selective dissolution of the oxide in nitric acid without attacking the 
hulls. At the end of the operation, the hulls are removed and sent for storage awaiting future 
compacting and conditioning as a solid High Active Level Waste (HALW). Depending on the 
fuel type, it is possible that some insoluble products may remain after dissolution. This is the 
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case for example for oxide fuels for which the insoluble particles are made of cladding residues 
and metallic inclusions. These solids, which would hamper further purification steps, are 
removed from the solution by centrifugation. A centrifugal clarifier has been selected for La 
Hague because it provides good efficiency with high throughput. 

► Uranium and plutonium splitting and purification by a liquid-liquid extraction process : 
 

 Basically, extraction consists in transferring a solute from one liquid phase to another one that is 
not miscible with the first. This operation enables separation of salts whose suitability for 
extraction by a given solvent is different. For the extraction of uranium and plutonium, tri-butyl 
phosphate diluted in hydrocarbons has been universally adopted. In the extraction operation, 
most of the fission products and actinides, except U and Pu, remain in the aqueous phase. 
Scrubbing by nitric acid improves the separation by stripping most of the fission products 
entrained by the solvent. Several extraction cycles of the clarified liquor, in pulsed columns, 
mixer-settler banks, or centrifugal extractors are necessary to meet the end-product 
specifications. At the end of these cycles, different kinds of solutions are generated: 
 a solution containing specifically the uranium 
 a solution containing specifically the plutonium 
 raffinates containing the fission products and the minor actinides 
 the solvent, which is regenerated by a treatment with sodium carbonate followed by caustic 

soda, and then recycled. 

► Final conversion of uranium and plutonium to end-products : 
 

 The uranium solution is concentrated by evaporation, stored, and eventually converted to UF6 
for a new isotopic enrichment. In the same way, the plutonium is precipitated as an oxalate salt 
by the addition of oxalic acid. This salt is then filtered, dried and calcinated to form the PuO2 
oxide that is used to make the MOX fuel. The mother liquor is concentrated and recycled. 

► Management and treatment of process waste: 
 

 The process waste comprises : 
 The hulls, provided during shearing and dissolution operations, which are stored, awaiting 

for compacting in a canister, and intended for final disposal. 

 The High Activity (HA) liquid waste made up of solutions containing: 
- the insoluble particles from the clarification (fines), 
- the fission products and minor actinides split out during the extraction process, 
- the concentrates generated by evaporation of the aqueous acidic process sewage in an acid 

recovery unit. Acid generated in this unit is recycled in the process, and distillates, 

 The various streams, except the fines, are concentrated and generate the HALW concentrates 
which are stored in large vessels fitted with cooling and pulsation devices. The concentrates 
are then mixed with the fines and treated in a vitrification facility to form a glass matrix with 
high resistance to leaching. Today, this matrix appears to be the most suitable and safer 
packaging for long term storage. 

 The gases, which are collected according to type and level of activity, washed and treated on 
specific traps to recover elements such as iodine, and then filtered through high efficiency 
filters before discharge through a stack.  

Reprocessing plants such as La Hague are designed to be operated for very long periods. During 
their lifetime, they will have to reprocess fuel with changing characteristics, although they were 
primarily designed for fuel from light water reactors. That can include LWR with an increased 
burn-up, but also new fuels such as RTR which are highly diverse in terms of weight, shape, 
and composition, and therefore require high flexibility of back-end services. Fortunately, in La 
Hague, many design margins have been provided, so that significant modifications can be 
incorporated, even in the active part of the plants. 
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Figure 1 : LWR process scheme at La Hague 

 
 
3  Comparison of power plant fuel and RTR fuel  
 
The characteristics of RTR and power plant spent fuel elements are very different as shown in the 
following table: 

Characteristics Power plant UOX fuel 
Average value RTR fuel 

Length 4 m 1 m 
Weight 500 kg 5 kg 
Cladding Al alloy Stainless steel + zirconium 
Enrichment 235U 4 % 95 % 
Burn-up < 45 MWd/tHm 14 to 680 MWd/tHM 

Table 1: Comparison of power plant and RTR fuel elements characteristics.  
The different characteristics of those fuel elements demanded adaptations of the process : 

- handling operations to fit with the small dimensions of RTR fuel elements, 
- dissolution chemistry to deal with the cladding that is soluble in nitric acid, 
- criticality to adapt to the high enrichment of RTR fuel elements. 
 
 

4  RTR process description 
4.1 General description 
 
The chosen approach consists of dissolving the RTR fuel element in a dissolution pit in the existing 
dissolver. The dissolution pit specially design for RTR fuel dissolution is placed in the dissolver 
instead of an air-lift useless for RTR process configuration (it aims at recycling hulls in UOX process 
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in the perforated baskets). The fuel elements are transferred in “taxi” baskets from the pool storage till 
the maintenance cell of shearing – dissolution facility, which was the most adapted place for loading 
of fuel elements. The baskets transfer are the one used to store BWR spent fuel. They have been 
adapted to the shape and the high enrichment of RTR spent fuel. The fuel elements are stored in a rack 
in the cell maintenance until they are loaded one by one in the dissolution pit. Unlike power plant fuel 
elements, the RTR fuel elements are completely dissolved in nitric acid. The solution of dissolution is 
circulating between three existing tanks to optimize the volume of each batch of dissolution. The 
number of fuel elements in a batch is assessed to reach a suitable final concentration of aluminium to 
manage the risk of precipitation of aluminium nitrate. During the dissolution, the couple acidity / 
aluminium concentration is controlled to limit risks of corrosion and precipitation of aluminium 
nitrate. At the end of the batch the solution is drained from the dissolver and diluted with UOX 
solution from another dissolution facility of the plant. 
 
The resulting UOX/RTR mixture complies with the qualification for back-end operations at 
UP3: particularly the uranium enrichment and the plutonium spectrum. For the chemical 
elements that were away from (or in traces in) UOX dissolution solution (such as Al), it was 
checked that they were not changing the efficiency of the process and that there presences was 
compatible with the products guaranties. 
 
4.2  Qualification program 
 
4.2.1 Necessity of qualification program 
The RTR reprocessing affects every process in use at UP3, from the storage fuel to vitrification, 
including the analytic laboratories and waste processing. The special characteristics of RTR demanded 
particular demonstration in each field of studies as shown in the following examples: 

 Mechanical field: The fuel loading consisting in letting the fuel element falling from 
maintenance cell to dissolution pit had to be demonstrated for a long term use. 

 Implantation field: The implantation of the pit in the dissolver was a challenge. The space 
available was just a little bigger than the dimension of the pit. 

 Chemical field: The risk of crystallisation of aluminium had to be managed properly. 
 Safety, criticality: The management of the risk of criticality in the dissolution pit had to be 

demonstrated, taking into account the high uranium enrichment. 
 

4.2.2 Steps of the qualification program 
The main objectives of the qualification program were to validate dissolver pit concepts, to verify the 
basic RTR process data for the T1 production environment, and to acquire data showing control of the 
process. A major test program was conducted in two phases at the SGN development and testing 
laboratory (HRB): 

-  the development testing phase involved dissolving simulated fuel elements in full-scale mock-
up of a fully-instrumented pit made out of glass, 

-  the qualification testing phase involved dissolving simulated fuel in a pilot unit consisting of a 
full-scale pit and dissolver in an environment as representative as possible of T1 environment. 

Those testing phases allows: 
-  to improve of the dissolution pit concept for instance by developing a device allowing the 

follow-up of fuel loading and dissolution, 
-  to insure the efficiency of the process for instance to validate the chemical kinetics of 

dissolution, 
-  to manage risks such as the risk of dispersion of fuel material out of the dissolution pit. 
 
 

5  Industrial feed back of RTR reprocessing  
 
Thanks a good qualification of the process and a training program, the first active dissolution of RTR 
fuel elements unfolds successfully in June 2005. Five batches of RTR UAl fuel have been processed 
by the end of the year. In addition of the usual control of the process, special analysis and observations 
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were made during the first batches to ensure the efficiency of the process and gain knowledge on RTR 
processing. For instance, special analysis have been made to ensure the total dissolution of RTR fuel 
elements and a particular program of measurement is implemented to check the acceptability of 
corrosion rate. It appeared that the dissolution rate is higher than expected allowing more flexibility in 
operating. The global rate of reprocessing is limited by the incorporation of aluminium in the high 
level activities wastes glass. Research and developments are going on to increase the amount of 
aluminium in the glass. 
 
 
6  Perspectives 
 
The RTR reprocessing is limited by now to RTR fuel composed of uranium aluminium alloy and small 
enough to fit with the dissolution pit size. Studies are going on to adapt the process to : 

► Bigger UAl fuel 
Studies are consisting in finding a way to cut the fuel elements taking into account the 
criticality risks. 

► USi fuel (fuel made of aluminium alloy mixed with U3Si2 particles) 
the process is adaptable to USi fuel but some issues are still under progress to manage 
properly the siliceous component in the process and to validate a sufficient reprocessing rate. 

► UMo fuel (fuel made of aluminium alloy mixed with UMo particles) 
UMo Fuel development is still under progress at the same time promising researchand 
development about its reprocessing is made. 

 
 
5  Conclusion 
 
Reprocessing RTR fuel is an important issue for Research ant Testing Reactors Operators. Far from its 
usual product, AREVA NC la Hague plant is now equipped to reprocess some RTR UAl fuel and has 
begun actual operation since June with success. This new functionality required studies and 
qualification to accommodate the different characteristics of the RTR fuel elements in comparison 
with power plant reactor fuel elements. Studies are going on to extend the type of RTR fuel that could 
be reprocessed and to increase the capacity of reprocessing. 
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ABSTRACT  
 

As a National Nuclear Security Administration facility, one of the primary missions 
assigned to the Y-12 National Security Complex is nuclear non-proliferation.  Historically, 
Y-12 has been involved in nuclear non-proliferation programs which include the supply of 
low enriched uranium for the conversion of research and test reactors, the recovery of 
special nuclear material and equipment from U.S. and non-U.S. locations, and the supply of 
technical experts for programs that monitor the dismantlement of nuclear weapons and the 
application of material safeguards.  In December 2004, the U.S. Congress passed legislation 
that resulted in the creation of the Global Threat Reduction Initiative (GTRI).  GTRI is 
tasked to accelerate the removal and or security of nuclear / radiological materials and 
related equipment worldwide.  This paper will describe current activities and programs at 
Y-12 that specifically support GTRI efforts.  
 
 

1. Introduction 
 
In December 2004 legislation entitled, “Title XXXI—DOE National Security Programs, Sec. 3132 
ACCELERATION OF REMOVAL OR SECURITY OF FISSILE MATERIALS, RADIOLOGICAL 
MATERIALS, AND RELATED EQUIPMENT AT VULNERABLE SITES WORLDWIDE,” passed 
Congress.  It was signed into law by President Bush in December 2004.  It authorizes the Secretary of 
Energy to carry out the Global Threat Reduction Initiative (GTRI) mission that includes several 
nonproliferation programs.  In SEC. 3132, (2), activities may include, “…Accelerated efforts to 
secure, remove, or eliminate proliferation-attractive fissile materials or radiological materials in 
research reactors, other reactors, and other facilities worldwide.”  The legislation further states that 
activities may include, “…Accelerated actions for the blend down of highly-enriched uranium to low-
enriched uranium.” 
 
 
2. Background 
The Y-12 National Security Complex (Y-12) is a National Nuclear Security Administration (NNSA) 
facility managed and operated by BWXT Y-12.  Y-12 has three primary NNSA missions: Defense 
Programs, Nuclear Nonproliferation, and Naval Reactors. Y-12 is one of the NNSA’s major 
production facilities and is the primary site for enriched uranium operations.  Y-12’s extensive 
uranium expertise and capabilities include processing, storage, transportation, and analytical 
laboratory services.  Y-12 applies these day-to-day operations and expertise into the handling, 
processing, and transporting of highly enriched uranium (HEU) and other special nuclear materials in 
support of NNSA nuclear nonproliferation programs.  This paper will demonstrate how Y-12’s 
expertise and existing programs make significant contributions to the overall success of GTRI. 
 
 
3. Research Reactor Uranium Supply 
There are two primary suppliers of uranium to research reactors, the Russian Federation and the 
United States.  Y-12 supplies domestic and foreign research reactors with low enriched 
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uranium (LEU) at 19.75 wt. % 235U by down blending surplus HEU. The down blending of HEU for 
research reactor fuel is expected to help the U.S. Government to disposition approximately 10 metric 
tons (MT) of surplus HEU by 2016.  The HEU Disposition Program Office (HDPO) is managed by the 
NNSA Office of Fissile Materials Disposition (NA-261).   
 
NNSA LEU contracts with foreign research reactors indirectly support the NNSA Reduced 
Enrichment Research and Test Reactors (RERTR) Program and Foreign Research Reactor (FRR) 
Spent Nuclear Fuel Acceptance Programs, which require that the U.S. Department of Energy (DOE) 
act as a reliable and cost effective supplier of research reactor fuel. In addition to supporting 
nonproliferation objectives, the FRR Uranium Sales Program is expected to provide more than $80M 
in cumulative revenues to the U.S. Government during the years 2001-2010. These revenues are being 
sent to the U.S. Treasury to recover at least a portion of the historic costs that were required in the 
original production of the HEU that is now being down blended.   
 
Lastly, Y-12 has provided the LEU that is being used to convert research reactors under the RERTR 
Program. Most recently, Y-12 provided the LEU for conversion of the Romanian research reactor and 
upcoming conversions of two U.S. research reactors.  More LEU supply will be provided as additional 
research reactors are converted.  As this paper will address, these uranium contracts can provide the 
U.S. Government with a valuable tool in removing and down blending HEU that is located at research 
reactor sites around the world.   
 
 
4. HEU Disposition Program Office  
In 1994, President Clinton determined that 200 MT of weapons-usable material would be declared as 
surplus to national security needs and would be processed and down blended to nonweapons-usable 
material.  This included 174 MT of HEU and 26 MT of plutonium. Y-12 provides program and project 
management support to the NNSA Office of Fissile Materials Disposition. At Y-12, HDPO has been 
successfully supporting the down blending of U.S. HEU for the past 10 years.   
 
The resulting LEU is fed back into the fuel cycle as either commercial or research reactor fuel (as 
described above under the Research Reactor Uranium Supply Program), or is treated as waste, 
depending on the cost/benefit analysis.  As of the end of January 2006, HDPO had down blended 
approximately 74 MT of HEU, or enough to provide electricity to every household in the United 
States for 163 days.   
 
Most of the countries that have small quantities of HEU do not have the facilities, equipment, 
expertise, or economies of scale to down blend their own HEU.  HEU recoveries from research 
reactors would amount to kilogram quantities, in comparison to metric tons that are being 
dispositioned under HDPO. Using the existing disposition projects as an avenue for the disposition of 
HEU from sites around the world would be beneficial.  These small quantities of HEU could be added 
to existing disposition projects at a very marginal cost.  
 
NNSA’s existing processing contracts with Nuclear Fuel Services, Inc., and BWX Technologies, as 
well as down blending at the Savannah River Site and Y-12, would be fairly simple to amend to add 
HEU recovered under GTRI. The forms and types of HEU at sites around the world are varied, just as 
the U.S. surplus HEU is varied. Commercial processing for disposition of reactor fuels that were 
recovered from U.S. DOE sites and university reactors have already been planned.  
 
Many of the U.S. materials are of the same form as those located at research reactor sites around the 
world. For example, in FY 2006 and FY 2007 there are campaigns planned for the recovery and down 
blending of uranium from aluminum-based fuel elements, and in FY 2008 HEU oxides and other fuel 
elements will be down blended. Timing of the return of HEU under GTRI is not only critical for 
international security, but will also be economically critical as the opportunity for significant cost 
savings in dispositioning the HEU may pass.  
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5. Special Nuclear Materials Expertise 
As NNSA’s primary uranium operations site, Y-12 has tremendous depth in experienced personnel to 
safely and securely package, transport, store, and process HEU and other special nuclear 
materials (SNM).  Besides the hands-on expertise that Y-12 can provide, it also operates within the 
confines of the Human Reliability Program, which is required for DOE and contract employees that 
handle DOE Category I and II materials.  Also, Y-12 has significant past experience in many recovery 
operations in locations such as Kazakhstan and Republic of Georgia.  Y-12 has the formal project 
management processes and controls; personnel with the necessary expertise in safety, security, 
radiological protection, and transportation of SNM on a daily basis (commercial, Safe Secure 
Transport, and military); and as with any nuclear facility such as Y-12, a disciplined, regimented, 
conduct of operations approach for the safe and secure execution of all work, whether in the 
United States or overseas. 
 
 
6. GTRI Strategy for Removal of HEU from Nuclear Research Facilities 
One of the primary areas that GTRI addresses is “gap materials,” those SNMs that have not been 
addressed under past NNSA programs; and is the primary focus of the strategy outlined in this paper.  
Figure 1 illustrates how NNSA could address the HEU located at many of the research reactor sites 
around the world. NNSA negotiates the removal of the HEU by offering an equivalent LEU credit 
based on the net value of the material to be returned.  The net value of the returned material is 
calculated based on the market value of the product which may be derived from the returned material 
and the costs to disposition the returned material to the usable product form. The net value of the 
returned material will vary depending on the form of the returned material and the subsequent level of 
effort (i.e., cost) to process the returned material to a usable product.  The amount (kg) of credits is 
then calculated by dividing the returned material net value by the separative work unit (SWU) and 
feed component costs of the material to be supplied.  As an example, if a research facility (reactor) had 
12 kilograms of HEU of various material types for return, and the returned material was added to an 
existing disposition program to produce 4.95% assay material, it could receive approximately 
21 kilograms of LEU credits (based on the preceding second quarter average market value of 
19.75 wt.% 235U as of January 2006).  This example is depicted in the information provided in 
Figure 2. 

 
Fig 1.  Leveraging existing NNSA programs for HEU removal 
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Enriched Uranium Market Value Calculation Inputs 
Disposition Product Assay Xp 4.950%   Current Market Values taken from 
Reference Feed Assay Xf 0.711%   The Ux Consulting Company, L.L.C. 
Reference Tails Assay Xw 0.30%   http://www.uxc.com 

Natural Uranium NU Cost $96.05  
$/kgU 
Feed 

Component values taken as 2 quarter 
average 

SWU Value 
SWU 
Cost $113.67  $/SWU 

as of 2QFY06 (i.e. average of 4QFY05 & 
1QFY06). 

Value of Disposition Product Derived from Returned Material (includes Disposition Costs) 

Item Assay 
Mass, 
kgU 

Derived 
Disposition 

Product, kgU 

Eq. 
Feed, 
kgU 

Eq. 
SWU 

Credited Value $ 
(w/Disposition) 

Uranium Alloy 93.15% 4 87.15  986 619 $89,877  

Oxide 93.15% 5 108.93  1232 774 $118,504  
Assemblies 93.15% 3 65.36  739 464 ($23,278) 
Totals 93.15% 12 261.44  2958 1856 $185,103  
Market Value of Ordered LEU Material (per kgU) 

Item Assay 
Mass, 
kgU 

Feed, 
kgU SWU Feed $ SWU $ Total $ 

LEU Metal 19.75% 1 47.32 37.78 $4,546 $4,295 $8,840 
Equivalent LEU Credits 

Item Assay 
Mass, 
kgU 

LEU Metal 19.75% 20.94 

Credits (kgU) are equal to the Total Returned Material 
Value ($) divided by the Market Value of the ordered LEU 

($/kgU) 

Fig 2.  Example of LEU credits for HEU 
 

In addition to the credits provided for future LEU material, there would be costs associated with the 
packaging, transportation, and receipt of the HEU at Y-12 or at the commercial processor.  For 
countries with limited financial resources the costs might have to be paid by other governments.  For 
those countries / research reactors that have sufficient financial resources, a “work-for-others” contract 
would enable those nations to “pay their own way.”  A “work-for-others” approach would provide an 
opportunity for the developed nations to recover uranium assets, reduce security costs, and support the 
GTRI.  This strategy would also give NNSA the ability to leverage existing programs’ capabilities, 
such as HDPO, to make the removal from research reactors a “win/win” proposition. Figure 2 
illustrates how to achieve this “win/win” approach.   

 
One might argue that the U.S. government should only focus resources on removal of materials that 
present a near-term threat.  However, negotiating the removal of HEU from the most vulnerable sites 
has often proved to be slow and difficult.  If other countries are willing to return such HEU and to help 
pay their own way, then it makes sense to pursue both in parallel. In addition, the legislation states, 
“…Accelerated efforts to secure, remove, or eliminate proliferation-attractive fissile materials or 
radiological materials in research reactors, other reactors, and other facilities worldwide.”  The 
legislation further states that activities may include, “…Accelerated actions for the blend down of 
highly-enriched uranium to low-enriched uranium.”  Each nation that is willing to send back HEU 
would result in the down blending of HEU to LEU, the ultimate goal, and one less site that could be 
targeted by terrorists.  
 
 
7. On-going GTRI and Complementary Projects 
 
In 2005, Y-12 completed technical assessments at two domestic sites, four international sites, and 
completed one domestic recovery.  HEU was recovered from the Pulsed Training Assembled 
Reactor (PULSTAR) research reactor located at State University of New York (SUNY) at Buffalo.  
The PULSTAR had been shutdown in 1994 and so the material no longer had any programmatic 
value.  The HEU was in the form of a fission plate, powder standards, fission chambers, and other 
small research items.  Most of the HEU was in the fission plate, which because of its size and shape, 
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had to be reconfigured for shipment and storage.  Y-12 also removed LEU in the form of 6% enriched 
PULSTAR pins to support radiological cleanout efforts at the facility.   
 
For 2006, Y-12 is preparing to execute HEU removal projects from three countries and planning 
potential recoveries in two to three more.  
 
 
8. Conclusion 
 
GTRI is one of the primary NNSA nuclear nonproliferation missions.  Y-12 is the largest and most 
secure site in the United States for storing and processing HEU. Given this HEU history, management 
of the FRR Uranium Sales Program, and HDPO, it is a key asset that should be more fully utilized to 
quickly remove and secure HEU materials from sites around the globe, and to ultimately down blend 
such HEU to LEU.  Using these existing programs can help to leverage win/win GTRI HEU 
recoveries.  
 
Y-12 will continue to successfully complete those domestic and international projects that are 
currently in progress, as well as, seek out future projects to repatriate U.S.-origin or non-U.S.-origin 
HEU, as necessary, and as quickly as possible. Not only does Y-12 have the appropriate resources, and 
qualified personnel, but continues to follow the highest levels of conduct of operations to ensure the 
safety and security of its employees and the public. 
 
 
 
 

DISCLAIMER 
This report was prepared as an account of work sponsored by an agency of the United 
States Government.  Neither the United States Government nor any agency thereof, nor 
any of their employees, makes any warranty, express or completeness, or usefulness of 
any information, apparatus, product, or process disclosed, or represents that its use would 
not infringe privately owned rights.  Reference herein to any specific commercial 
product, process, or service by trade name, trademark, manufacturer, or otherwise, does 
not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof.  The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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ABSTRACT 
 

The NCS 45 cask is intended for the transport of irradiated radioactive material from 
reactors to hot cells and vice versa to carry out material tests, fuel performance 
investigations and related work. It is designed for horizontal and vertical, dry and wet 
loading and unloading. Its design complies with the latest regulations concerning the 
transport of radioactive material. The content description includes irradiated PWR, BWR 
and FBR fuel pins and pellets, MTR fuel elements and plates and arbitrary fissile material 
compositions. The content description allows very short cooling times and very high burn-
up values. The certificate of package approval was applied for in Germany in 2002. After 
successful completion of the extensive drop test programme the approval is expected to be 
issued in the very next few months. The NCS 45 is the first of a family of casks differing in 
usable length and mass only. 
 

 
1.  Introduction 
The NCS 45 cask family replaces the cask types R52 and TN6. These casks were in operation 
worldwide since mid 1970, but in the late nineties prolongations of the certificates of package 
approval became more and more difficult. To guarantee the future availability of such kind of casks 
for its customers NCS decided to replace the old casks by an updated design, the NCS 45 cask family. 
 
 
2.  Design 
The design of the NCS 45 is shown in Fig. 1. It consists of an outer and inner shell of stainless steel 
connected by head and bottom part. A thick layer of lead for shielding purposes and a thin layer of 
thermal insulation fill up the gap between inner and outer shell. At the head side the cask is closed 
with the head plug which incorporates the rotary lock. Access to the cavity is through the rotary lock 
lid. The coupling lid seals off the connection for draining and venting, the rotary lock drive lid the 
interface to the rotary lock. At the bottom the cask is closed by the bottom plug which incorporates the 
push plug. The push plug lid seals off the push plug access and the bottom drain and vent. All gaskets 
of the containment system are designed as testable double O-rings. 
 
All cask types of the NCS 45 cask family have a usable diameter of 220 mm. The NCS 45 as the 
largest packaging has a usable length of 4625 mm and a gross mass of 22 500 kg, the NCS 15 as the 
smallest packaging has a usable length of 1535 mm and a gross mass of 11300 kg. 
 
For handling the cask is equipped with trunnions designed according to the highest requirements with 
respect to the use in nuclear facilities. State of the art shock absorbers guarantee the performance of 
the cask under accident conditions. Special care has been taken to include features for particular 
loading conditions requested by customers, such as upside down loading/unloading. 
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Fig. 1. NCS 45 cask design 

 
 
3.  Radioactive contents 
The NCS 45 cask is designed for the transport of: 
 

• fuel pins of PWR, BWR and FBR fuel assemblies 
• fuel assemblies and plates of almost all existing types of MTR reactors 
• uranium and/or plutonium with arbitrary chemical composition and physical form 
• uranium and/or plutonium mixed with hydrogen containing material and/or graphite 
• non fissile radioactive material 

 
Tab. 1 gives an overview of the defined contents. The definition of the contents allows mixtures of 
various fuel types: 
 

• UOX and MOX fuel 
• MTR fuel with 20 % end 94 % enrichment 
• Uranium and Plutonium with 100 wt% fissile content 

 
The burn-up of PWR and BWR fuel can reach up to 120 GWd/MgHM. For MTR fuel the burn-up can 
be as high as 560 GWd/MgHM. The cooling time can be as low as 10 days for PWR and BWR fuel, 
for MTR fuel the minimum cooling time is 60 days. Detailed tables depending on burn-up and cooling 
time have been established to maximize the allowable mass of heavy metal with respect to activity 
release assessment. For shielding considerations general formulas were defined which are based on the 
gamma and neutron source terms and are applicable for all different contents. The thermal power of 
the content is limited to 3000 W. 
 
 
4.  Operation 
The NCS 45 cask family is suitable for dry and wet loading and unloading. In case of dry loading and 
unloading the packaging can be in a vertical or horizontal orientation. Fig. 2 shows horizontal 
loading/unloading attached to a hot cell. Depending on the radioactive material the rotary lock lid can 
be removed before or after the head of the packaging is attached to the hot cell. In any case the rotary 
lock is only opened after attaching the package to the hot cell. The loading and unloading operation 
itself can be carried out by using equipment of the hot cell to handle the content through the rotary 
lock or by using the push plug at the bottom of the packaging. 
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Fuel type Enrichment / 
fissile content 

Limitation Example 

UOX 5.3 wt. % U-235 concentration intact PWR and BWR fuel pins 
  geometry defective PWR and BWR fuel pins 
   complete BWR fuel assembly 
  mass PWR and BWR pellets 
 3.4 wt. % U-235 no limit PWR and BWR fuel pins 
 7.0 wt. % U-235 special basket fuel pins of special reactor types 
MOX 8.2 wt. % Pufiss concentration intact PWR and BWR MOX fuel pins 
  geometry defective PWR and BWR MOX fuel pins 
  mass PWR and BWR MOX pellets 
 10 wt. % Pufiss concentration intact PWR and BWR weapon MOX fuel pins 

  geometry defective PWR and BWR weapon MOX fuel 
pins 

  mass PWR and BWR weapon MOX pellets 
MTR 20 wt. % U-235 concentration U3Si2 fuel assemblies 
  geometry U3Si2 fuel plates 
  mass broken U3Si2 fuel plates 
MTR 94 wt. % U-235 concentration UAlx fuel assemblies 
  geometry UAlx fuel plates 
  mass broken UAlx fuel plates 
Uranium 100 wt. % U-235 concentration research reactor fuel 
  geometry defective research reactor fuel 

 100 wt. % U-235 
100 wt. % U-233 mass actinides transmutation fuel 

Plutonium 100 wt. % Pufiss concentration intact FBR fuel pins 
  geometry defective FBR fuel pins 

 100 wt. % Pu-239 
100 wt. % Pu-241 mass actinides transmutation fuel 

Uranium / 
Plutonium 100 wt. % fissile no limit pebble bed reactor fuel 

Non 
fissile 
material 

arbitrary 15 g structural material, sources 

Tab.1. Defined contents for the NCS 45 cask 
 
In case of wet loading and unloading the packaging is submerged under water in vertical orientation 
(Fig. 3) and loaded through the opened rotary lock. The rotary lock can be operated for this purpose 
under water. The openings in the lid and bottom plug are used for draining and drying of the package. 
 
For special applications the cask can be loaded/unloaded in vertical, upside-down orientation (Fig. 4). 
For this purpose the inner fittings for the radioactive materials are fixed to the cask body and the 
radioactive material is lifted into the cask cavity by using a special lifting tool operated through the 
bottom plug. 
 
 
5.  Licensing 
The certificate of package approval for the NCS 45 has been applied for in July 2002, the application 
for the NCS 15 was filed in July 2003. For both members of the NCS 45 cask family a complete safety 
analysis report was submitted together with the applications. The applications are based on national 
and international regulations currently in force [1]. 
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Fig. 2. Horizontal dry loading/unloading 

 

 
Fig.3. Vertical wet loading/unloading 

 
Fig. 4. Upside down loading/unloading 

 
The structural analysis is based for handling and routine conditions of transport on calculations 
according approved standards. For the structural analysis with respect to normal and accidental 
conditions pre-calculations using proven methods as well as finite element analyses were carried out. 
The behaviour of the cask under normal and accident conditions as defined in the regulations [1] was 
proved with drop tests using a 1:3 scale model of the cask. Thermal, containment, shielding and 
criticality analyses are based on the SCALE [2] computer code package which is the standard analysis 
tool in many countries. 
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6.  Drop Testing 
For proving the design with respect to withstanding normal and accident conditions of transport an 
extensive drop test programme was established and agreed between the German and French competent 
authority and NCS. For the drop tests one cask body, two head and bottom plugs and 10 shock 
absorbers were used. Following drop tests were carried out: 
 

• three 0.3 m drop tests onto lid, corner and side 
• six 9 m drop tests onto lid, bottom, lid corner, bottom corner, side and slap-down 
• one 9 m drop at operation temperature onto the lid 
• five 1 m drop tests onto the bar with lid, bottom, lid corner, bottom corner and side 
• one 1 m drop test onto the bar with the inner side of the shock absorber (shear off test) 

 
All drop tests were successfully completed by mid 2005. The most important results are: 
 

• the test model survived 7 times the drop tests required in the regulations [1] 
• the leak tightness of the cask was preserved after the drop tests 
• the shock absorber performed as expected, the measured accelerations complied with 

calculated values 
• no lead slump occurred during the drop test at operating temperature 

 
 
7.  Manufacturing 
For manufacturing QA documents were prepared, including drawings, material lists and welding 
plans, manufacturing specification and manufacturing plan, procedures for visual inspection, overload 
test of handling devices, leak tightness check, etc. All these documents are checked and released by 
the German competent authority. Based on these documents manufacturing has started and is expected 
to be completed this year. 
 
 
8.  Maintenance and periodic retesting 
For maintenance and periodic retesting instructions were developed which reflect the state of the art 
concerning Quality Assurance currently required for packages for the transport of radioactive material 
in Germany and worldwide. Maintenance is required before each use. Periodic testing has to be carried 
out every 3 years and documented in the packaging test book. 
 
 
9.  Conclusions 
With the NCS 45 cask family NCS can provide transport services for a comprehensive list of fuel 
types. The handling options realized in the design allow easy adaptation to all specific needs of the 
customers. Design and licensing complying with the newest regulations in force worldwide enable the 
use in all countries involved in the transport of radioactive material. 
 
 
10. References 
[1] The Safe Transport of Radioactive Materials, TS-R-1, 2003 Edition, IAEA 2003 
[2] SCALE5, A Modular Code System for Performing Standardized Computer Analysis for 

Licensing Evaluation, NUREG/CR-0200, Rev. 7, ORNL/NUREG/CSD-2/R7 
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ABSTRACT 
 

For more than forty years, TN International has supported the research reactor community 
in safely undertaking the national or international transport of radioactive materials (fresh 
and spent fuel). TN International brings its experience to those involved in the Global 
Threats Reduction Initiative Programme (GTRI) in particular the Foreign Research Reactor 
Programme (FRR) and the Russian Research Fuel Return Programme (RRRFR). TN Inter-
national owns and operates a fleet of four TN™MTR casks. Each cask can transport up to 
68 MTR fuel elements. Specific baskets have been developed for transport to the U.S. as 
well as for Mayak loading acceptance. Over the last decades, TN International has contrib-
uted to non-proliferation initiatives by loading and transporting casks in more than 10 coun-
tries. With the support of the AREVA network, Transnuclear Inc. in particular, TN Interna-
tional provides transportation services, including cask and technical assistance on site, to 
different Research Reactors under the aegis of the U.S. Department of Energy and the 
IAEA. This presentation will summarize our experience and future activities in the coming 
years in the framework of non-proliferation initiatives. 

 
 

1. Introduction 
 
Mandated by the U.S. Secretary of Energy, the National Nuclear Security Administration manages, 
consolidates and speeds up the return of high risk materials in the framework of the Global Threat 
Reduction Initiative (GTRI). The office of the Global Threat Reduction NNSA manages several pro-
grammes including the Foreign Research Reactor Programme (FRR), the Russian Research Reactor 
Fuel Return Programme (RRRFR), the RERTR and the Emerging Threats and GAP Material pro-
gramme. In the framework of the FRR and RRRFR programmes, a significant number of spent fuel 
shipments are to be organised from the countries eligible for the two programmes to the two countries 
where the uranium originated (the United States and Russia). For the RERTR programme, several 
shipments of fresh fuel (LEU) to reactors which are to convert to LEU need to be organised. TN Inter-
national has for more than 40 years worked in the various phases of the research reactor cycle in or-
ganising and carrying out nuclear materials transportation. This paper will demonstrate TN Interna-
tional's capacity to support those involved in the GTRI programme. 
 
 
2. FFR Programme 
 
For many years TN International has worked in the transportation of spent fuel from research reactors, 
in particular in the framework of the FRR programme. This programme has enabled and still enables 
scores of reactors in around forty countries to send their spent fuel, whose uranium came from the 
U.S., back to the U.S. in particular to the Savannah River site. In November 2004, the U.S. Secretary 
of Energy announced the extension of the FRR programme to May 2019 for fuel irradiated before May 
2016. When the programme started, three or four shipments were organised mobilising around six 
casks per shipment, but over the last years the number of shipments has been halved. In our view, this 
reduction in the number of transports is due to a combination of the reactors' efforts in the field of fuel 
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management, the shutdown of certain reactors and the flexibility concerning the date of return of spent 
fuel to the U.S. caused in particular by the extension of the programme. 
 
 
3. RRRFR Programme 
 
The Russian Research Reactor Fuel Return Programme concerns around twenty countries which have 
research reactors which have used, and in some cases still use, Russian fuel. For these reactors the 
programme means their fuel can be sent back to Russia, in particular to the Mayak site. The United 
States, Russia and the IAEA work together to make a success of the programme. The first objective 
has been the return of fresh fuel and over the last two years several shipments have been carried out 
(Czech Republic, Uzbekistan, etc.) 
 
Now efforts will turn to spent fuel. The objective set is the return to Russia of around 15,000 fuel ele-
ments before 2010. It should be noted that most of these fuel elements to be returned are enriched in 
uranium 235 by more than 20%. The first spent fuel shipment organised in the framework of the 
RRRFR Programme concerns the Uzbekistan research reactor. This shipment will take two years to 
implement. This example shows how complex it is to organize a shipment which is to cross several 
countries. There is one particular case, the Vincia research reactor in Serbia-Montenegro. It represents 
around 8000 small size fuel elements. The IAEA treats the return of these fuel elements to Russia 
separately from the other reactors eligible for the RRFR programme. 
 
The existing Russian transport cask fleet (TUK 19) will not allow the objectives set to be reached on 
account of its low capacities (4 fuel elements) and even though, under the aegis of the IAEA, the 
manufacture of 10 casks of greater capacity has been launched, we feel it will be necessary to mobilize 
the existing world fleet of casks if we are to reach the return objective between now and 2010. 
 
 
4. TN-MTR Cask and shipment 
 
At the end of the 90s TN International developed a new cask, the TNTM-MTR in accordance with the 
TSR-1 (IAEA 96) regulation, to replace the IU04 cask. The IU04 cask fleet was managed by TN In-
ternational (whose name at the time was TRANSNUCLEAIRE). It was often lent for the FRR pro-
gramme and has been used in many countries, for example Denmark, Portugal, Italy, Venezuela, etc. 
As IU04 no longer met the new international regulations, it was necessary to develop a new cask 
which did. With the TNTM-MTR it is possible to transport up to 68 spent fuel elements. The TNTM-
MTR fleet numbers four. 
 
The TNTM-MTR is used to transport spent fuel to the The Hague plant in the framework of the reproc-
essing contracts of AREVA NC. The shipments are from French reactors (of the CEA, French Atomic 
Energy Commission, and ILL) as well as foreign ones (ANSTO and BR2). A specific type of basket 
(called TN-MTR52S) has been developed to satisfy the requirements of the American authorities. This 
basket can transport up to 52 fuel elements and was used in 2001 in the framework of the last ship-
ment from the Risoe reactor (Denmark) to the U.S. The TNTM-MTR was accepted and used with no 
problem in the Savannah River installations. For the American part of the transport we can rely on 
another company in the AREVA group, TRANSNUCLEAR Inc., and the close links between our 
companies ensure satisfactory cooperation in the shipments to the U.S. 
 
The TNTM-MTR is suitable for all types of loading/unloading under water (in the pool) or dry. For the 
CEA, TN International has developed a system by which the TN-MTR can be vertically connected to 
a hot cell. The TNTM-MTR is accredited for a large number of MTR and TRIGA fuels. Fuels of Rus-
sian origin (IRT, EK-36, EK-10, etc.) have been analysed and can easily be integrated into the TNTM-
MTR accreditation. The TNTM-MTR accreditation was obtained in April 2002 for a period of 5 years. 
The extension for this accreditation will be submitted in mid 2006 to obtain a new five year accredita-
tion. 
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We would like to point out that, working from information supplied by the IAEA and the Russian 
authorities, and with the collaboration of AREVA Moscow, unloading operations at Mayak have been 
studied. We may modify the MTR68 baskets to be ready, if necessary, to unload the basket loaded 
directly in the cell. 
 
TN International makes available to small research reactors which cannot receive the TN-MTR a 
transfer system for loading spent fuels. The system is composed of a radiological protection 2 metres 
high which is placed on the cask filled with water, and a transfer system allowing the fuel elements to 
be transferred in complete safety. This transfer system has already been used with the IU04 (e.g. in 
Italy, Venezuela and France) and also with the TN-MTR (in France). It will be used in France again in 
2007. 
 
TN International has several decades of experience in the international transport of spent fuels by road, 
rail and sea and can rely on the collaboration of companies in the AREVA group such as AREVA 
Moscow and TRANSNUCLEAR Inc. Consequently TN International can offer reliable and safe solu-
tions for the FRR and RRRFR programmes. 
 
 
5. The RERTR programme and fresh fuel shipment  
 
Following the initiative of the NNSA, several reactors throughout the world are converting to LEU 
fuel in the framework of the RERTR Programme. Via CERCA, a company in the AREVA group, 
which is world leader in the supply of fuel to research reactors, TN International participates in sup-
plying some of the reactors converting to LEU. TN International regularly (5 to 10 times a year) per-
forms international shipments of fresh MTR and TRIGA fuel, leaving the CERCA plant, using all 
means of road, rail and sea transport, and taking account of French and foreign Physical Protection 
Requirements. TN International's latest work projects are as follows: Belgium, Romania, the U.S. and 
Morocco. For most of these shipments, the cask used was the TNBGC-1, designed by TN Interna-
tional. It is known worldwide and has accreditation in France validated in the U.S., in Russia, and in 
different countries in Europe and the rest of the world. Due to its small size and its not excessive 
weight, the TNBGC-1 is easy to handle and requires no special means. The TNBGC-1's accreditation 
covers a large number of MTR and TRIGA fuels and usually enables them to be transported by air. 
 
 
6. Emerging Threats and Gap Material Programme  
 
The objective of the Emerging Threats and Gap Material Programme is to address vulnerable, high-
risk, nuclear and radiological materials that could be of terrorist concern throughout the world that are 
not currently being addressed under existing programmes. By creating an initiative that comprehen-
sively addresses these materials, the Office of Global Threat Reduction will be able to quickly and 
more effectively respond to evolving threats requiring rapid removal of nuclear or radioactive materi-
als worldwide. 
 
Through AREVA's support within NNSA, TN International can undertake the transport of different 
types of materials: uranium (HEU & LEU) and plutonium. It should also be noted that this programme 
could also concern spent fuels which are not covered by the FRR and RRRFR programmes. 
 
TN International can also propose several types of casks which all satisfy TSR-1 IAEA 96: 

• The TNBGC-1: this cask enables uranium (HEU & LEU) in all its forms to be transported by 
all means of road, rail, sea and air transport. The transport of powdered or metal plutonium is 
also authorized (except by air). 

• The FS47: this cask allows for the transport of plutonium. 
• The TNUO2: this cask is accredited for the transport of metallic uranium (LEU & HEU). 

TN International has long experience of the international road, sea and air transport of uranium and 
plutonium in conformity with the international safety and physical protection regulations. 
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7. Conclusion: 
 
In the framework of the various GTRI programmes, we therefore expect an increase in the number of 
shipments, in particular with the start-up of RRRFR and the continuing FFR programme. 
 
TN international can mobilize a fleet of efficient casks for the different phases of the fuel cycle of 
research reactors, which can be used in the transportation of different types of nuclear materials (ura-
nium, plutonium, fresh and spent fuels). We intend to maintain close links with the various parties 
involved (reactors, NNSA, IAEA, etc.), in order to assess the demand and analyse the capacity of our 
casks to satisfy it. In this endeavour TN International can rely on the collaboration of the different 
entities of the AREVA group and in particular AREVA Moscow, AREVA NC Inc; and 
TRANSNUCLEAR Inc. 
 
TN International has long experience of international transport in all the various modes (road, rail, sea 
and air) and of all types of materials. TN International permanently updates its competences by re-
viewing regulatory and technological developments, by training its teams and developing its casks. 
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ABSTRACT 
 

The Rossendorf Research Reactor (RFR) had been in operation from 1957 to 1991. In 1991 
the final shut down of the reactor was decided. The Nuclear Engineering and Analytics 
Rossendorf Inc. (VKTA) was charged with the decommissioning of the RFR. One of the 
main decommissioning objectives was the management of the irradiated fuel elements. The 
key elements of the fuel element management were the use of a dry loading method based 
on the storage and transport cask CASTOR MTR 2 and the use of a buffer storage at the 
VKTA site for the loaded casks until the transfer into the interim storage facility at Ahaus 
(BZA) was possible. All process steps could be completed successfully in the middle of 
2005. 

 
 
1. Introduction  
 
The Rossendorf Research Reactor (RFR) is a heterogeneous, light water moderated and light water 
cooled tank reactor of the Soviet WWR-SM type. The RFR had been in operation from 1957 to 1991. 
During its lifetime it was technically reconstructed several times increasing the thermal power from 2 
MW to 10 MW. 951 of aluminium-claded fuel elements of Soviet construction were used.  

 
Fig 1. Rossendorf Research Reactor 

The final shut down of the reactor was decided in 1991. The Nuclear Engineering and Analytics 
Rossendorf Inc. (VKTA) was charged to develop a concept for the fuel element management and to 
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implement that concept. The concept was based on the following steps: 
 Immediate termination of the wet storage of the irradiated fuel elements. 
 The development of a dry loading method into the storage and transport cask CASTOR MTR 2, 

constructed by GNS GmbH. 
 The construction of a buffer storage for the loaded CASTOR MTR 2. 
 The use of the central interim storage facility at Ahaus (BZA). 
 
 
2. Description of Reactor and Fuel  
 
The RFR is a heterogeneous, light water moderated and cooled tank reactor of the Soviet WWR-SM 
type. During the operating time from 1957 until 1967 the reactor EK-10 type fuel elements, and from 
1967 until 1991 WWR-M type elements were used. An EK-10 fuel element consists of 16 cylindrical 
fuel rods. The rods are assembled to a fuel element with aluminium cladding. The fuel matrix is UO2-
Mg containing 80 g uranium per rod. The initial enrichment was 10%-U-235; the average burn-up was 
15 MWd/kg. 
 
The WWR-M fuel element consists of three concentric tubes. Each tube has a sandwich structure with 
a 0.7 mm thick UO2-Al-matrix pressed between two layers of 0.9 mm thick aluminium. The fuel 
element contains 106 g uranium, the initial enrichment was 36%-U-235. The average burn-up is 139 
MWd/kg. 
 
 
3. Dry Loading Procedure for the CASTOR MTR 2 
 
The technical equipment used for the dry loading procedure of the CASTOR MTR2 comprised a 
special air cushion transport system, an loading and transfer system and a transfer flask. The CASTOR 
MTR 2 with a total weight of about 18 tons has been transferred into the reactor hall by the air cushion 
transport system. The CASTOR MTR 2 has a inner "primary" and a "secondary" lid, both locked by 
screws. A space between these two lids is filled with helium gas to check tightness. During the storage 
of the cask the gas pressure was continuously remotely monitored. The internals of the Rossendorf 
CASTOR MTR 2 consists of an aluminium body (the so-called "basket") with seven loading channels. 
Each of these loading channels will is filled with one loading unit. 

 
Fig 2 . Loading and Transfer System 
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The loading procedure was as follows: 
An empty loading unit was lowered into the pool. Using a bar with manually operated grip the selected 
fuel element is first placed on an fuel inspection equipment. This equipment used an underwater video 
device for the visual inspection of the fuel element surface and for identification of the fuel element 
numbers. After that, the element was inserted into its determined channel of the loading unit. The 
filled loading unit was lifted a the transfer flask positioned on the top of the storage pool. The loading 
transfer system enables the transfer of filled loading units from the transfer flask into the seven loading 
channels of the CASTOR-baskets. After the loading procedure several final checks were performed 
and the CASTOR was sealed. With the air cushion transport system each filled CASTOR cask was 
transfered out of the reactor hall. 18 CASTOR MTR 2 were needed for the disposal of the 951 
irradiated fuel elements. The CASTOR casks are transported into the buffer storage at the Rossendorf 
site with a truck. 
 
 
4. The Buffer Storage Facility  
 
Of special importance in the VKTA concept was the construction and commissioning of a special 
buffer storage facility in which the loaded CASTOR MTR 2 casks are placed in readiness for future 
transport. By using this buffer storage it was possible to continue the decommissioning of the RFR 
without disturbance during the long time of the licensing procedure for using the interim storage 
facility Ahaus for this fuel and for the shipment of the CASTOR casks to the interim storage facility. 
 
The buffer storage is a hall of monolithic reinforced concrete and is fully thermal isolated. The buffer 
storage has no ventilation and no heating system. Dehumidifier ensure that the dew point is falling 
short to prevent corrosion of the casks. There are four working areas, the entrance and exit area for 
transport, the service area, the storage area and the control station. The pressure monitoring system for 
the CASTOR MTR 2 casks is one of the important technical facility of the buffer storage. This system 
allows the continuous monitoring of the pressure between primary and secondary lids of all casks 
during the storage time. 
 
Figure 3 shows the buffer storage hall in the total view and figure 4 shows the storage area with 18 
loaded CASTOR MTR 2.  
 

 
Fig 3. Buffer Storage Fig 4. CASTOR MTR 2 in the buffer storage 

At all actions the values of contamination and local dose rate were safely far below the statutory 
limits. At the surface respectively in 1m distance the local dose rate values for gamma radiation 
was1,6 µSv/h respectively 0,5 µSv/h and for neutron radiation 2.1 µSv/h respectively < 1mSv/h. The 
max. values for the surface contamination were 0.005 Bq/cm2 for  γ-emitters and 0.009 Bq/cm2 for α-
emitters. For loading and the transport of 18 CASTOR MTR 2 casks was determined a collective dose 
of 1,8E-6 man Sv. End of the year 2000 all loaded CASTOR MTR 2 casks were placed in the buffer 
storage facility. 
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5. The final transport of the CASTOR MTR 2 to the interim storage facility Ahaus 
 
The discussion on the issue of “hazardous” CASTOR transports which had been going on in Germany 
since 1998 caused delays in granting the license for the use of the BZA which led to a controversial 
discussion concerning the transports to the interim storage BZA.  
 

 
Fig 5 CASTOR MTR 2 convoy guided by police cars 

On th March 30th, 2005 the storage approvals were received for the interim storage facility Ahaus as 
well as for the transport of the CASTOR MTR 2 casks to Ahaus. The use of the transport approval was 
delayed by a controversial political discussion. The result of this discussion was the requirement of 
three convoy transports to 6 trucks guided by lots police cars and helicopters, what caused a big echo 
in the German media. The last convoy was arrived the fuel element interim storage facility at Ahaus 
was on June 13th, 2005.  
 
 
6. Summary 
 
The dry loading of the irradiated fuel elements from the wet storage into the CASTOR MTR 2 casks 
and the transport of the casks to the buffer storage did not cause any problems. At all operation the 
values of contamination and local dose rate were far below the statutory limits.  
 
The mobile loading machine can also be used at other reactor station of the same or similar design, if 
required. VKTA has the relevant know-how and the technical equipment. The buffer storage fulfils all 
major technical requirements of an interim storage and may be considered as example of an on-site 
interim storage. 
 
VKTA is the first reactor station that implemented the German way for the disposal of irradiated fuel 
elements from research reactors by using the fuel element interim storage Ahaus (BZA) and the 
storage and transport cask of the CASTOR MTR 2 type.  
 
 
7. References 
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ABSTRACT 
 

Aluminium clad MTR type spent nuclear fuel is known to be prone to corrosion attack 
during long term interim storage in water. One important factor that has arisen as a 
potential contributor to corrosion effects is the deposition of dust and other particles on the 
metal surface. Some of these elements can produce localized attack by the generation of a 
local alkaline environment, either by enhancing the oxygen reduction reaction or by 
hydrolysis of its constituents. This situation gives place to oxide dissolution and its re-
precipitation as a sort of blister. The solution inside this eruption may not be controlled by 
the bulk. The same happens underneath the sediments. A simple immersion experiment has 
demonstrated that these points may act as initiation sites for pitting when very low amounts 
of chlorides or other dissolved ions are present, mainly if the electrochemical potential is 
increased by contact with other material. 

 
 
1. Introduction 
 
During an extensive international research work performed in the frame of an IAEA Coordinated 
Research Program (CRP) [1] and a Regional Project for Latin America (RLA) [2], the corrosion state 
of aluminium clad spent fuel during long term interim storage in water basins has been assessed 
through the use of aluminium coupons immersed in the same environment of the fuel. Besides the 
known strong influence of chemical water parameters on the corrosion behaviour, the effect of dust 
and other particles (mainly fragments of iron oxide) that settle on the fuel as sediments has been 
established. One of the most important documented features has been the fact that these speckles can 
produce attack on the aluminium alloys even in quite pure environments. This effect is more 
noticeable with higher water conductivities. Also, those coupons coupled with stainless steel suffered 
the strongest attack. A laboratory program was then set up in order to study the mechanisms by which 
the corrosion can proceed in nuclear grade waters, including the influence of ion concentration and 
galvanic potential. 
 
 
2. Experimental set-up 
 
In order to reproduce the effect of small particles deposited on the aluminium surfaces on the 
corrosion of fuel plates, rectangular specimens were machined from an AA6061 piece cut from a non-
irradiated MTR fuel plate, in the region where no fissile material is present. They were covered with 
epoxi resin, leaving approximately 1 cm2 of free surface for exposure to the various environments. 
Some of them were immersed isolated in various chloride containing solutions, but some others were 
electrically connected to a SS304 stainless steel electrode. This consisted of a 0.8 mm diameter wire of 
a calibrated length. The ensemble was in such a way arranged, as to insure that the electrochemical 
potential of the connected pair be 20-30 mV below the known pitting potential of the alloy in each 
solution [3]. This was accomplished adjusting the cathode-anode area ratio. Figure 1 shows one of 
these assemblies and a detail of the sample. Once immersed into the water basin simulating solution, 
some amount of iron oxide was thrown on the surfaces. This oxide had been taken from room 
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temperature rust formed on a pure iron surface, bearing the typical brown-reddish colour that 
corresponds to hematite. 
 

         
Figure 1: Assembled galvanic couple in a cell (left). Sample detail, showing deposited oxide bits 

(right). 

Four different NaCl solutions have been used to simulate the different environments encountered in 
storage sites: 0.0001 (6 ppm chloride), 0.001 (60 ppm), 0.01 and 0.1 molar concentrations. One 
galvanic couple was tested in each solution. They were left immersed for 7 days, with periodical visual 
inspections. After completion of the experiments, the specimens were removed from the cells, rinsed 
with distilled water and the oxide fragments were removed using a distilled water jet, if necessary, 
gently rubbing with a soft cotton piece. One isolated sample was immersed in a NaCl 0.0006 M 
solution (40 ppm) for 60 days. 
 
 
3. Results 
 
No pitting was found in the isolated samples after the full immersion 60 days period, in the solution 
containing 40 ppm of chloride, as seen in figure 1. Only stains remain in the zones that were covered 
by the oxide particles, but no signs of attack. 

       
Figure 2: Aspect of sample immersed in NaCl 0.1N after 7 days. Stains are left by the 
sediments (left). No pitting is observed in the detailed view (right). 

On the contrary, pitting has been produced in samples coupled with stainless steel cathodes. Figure 3 
shows the different aspects encountered in the various environments used. There is an obvious effect 
of chloride concentration. The more concentrated the solution, the stronger the corrosion attack on the 
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samples. Both pitting and crevice corrosion are visible in waters with higher chloride contents, the 
latter produced exclusively under the resin, in the border of the working area. 
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C 
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Figure 3:  Surface appearance after 7 days of exposure to NaCl solutions of different con-

centrations: 0.1N (upper left), 0.01N (upper right), 0.001N (lower left) and 0.0001N 
(lower right). Pitting is indicated with a “P” and crevice corrosion with a “C”. The 
stains produced by the sediments are still visible. 

 
In the solutions with higher chloride concentration, pits are formed both under the deposits and on the 
free surface. However, in the 0.001N solution very few of them grew outside the sediments and in the 
0.0001N one, all the encountered sites are located beneath the particles. Figure 4 shows one of these 
regions in detail. No attack is observed outside the zone covered by the sediment, but the entire 
portion that was coated presents signs of corrosion. The point where the pitting seems to be visible 
with the naked eye appears to be a composition of many tiny pits that gather in a cluster. 
 
 
4. Discussion 
 
Chloride ions are known to promote pitting in aluminium alloys if the corrosion potential is higher 
than the pitting potential [3]. This parameter decreases with the chloride concentration, making easier 
the onset of the attack. Crevice corrosion can happens at lower potentials, provided a suitable 
geometry is available, capable of retaining liquid in some limited region, which may become 
aggressive to the metal through local acidification. 
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Figure 4: Detail of surface under a deposit for a sample tested in 0.0001 M NaCl. Upper right, 
outside the sediment (200µm). Lower right under deposit (200 µm). Lower left, detail of attack 
(100 µm) 
 

Chemical composition, electrical conductivity and equilibrium potential are factors that may determine 
the electrochemical behaviour of the different compounds that are present in bits falling on the fuel. 
Among the various types of materials surveyed [4], hematite particles have been shown to be 
particularly active from the electrochemical point of view, capable of enhancing the oxygen reduction 
reaction on aluminium samples in pure water, thus producing alkaline attack in the surrounding area. It 
would then be quite possible that they be appropriate to induce under-deposit corrosion in aluminium 
alloys. 
 
The occurrence of under-deposit attack has only been verified when the samples were coupled with 
stainless steel, to bring the corrosion potential near but below the pitting potential in the corresponding 
solution. The lack of corrosion signs in isolated samples immersed up to 60 days in solutions 
containing 40 ppm of chloride ions clearly demonstrate the deleterious synergistic effect of galvanic 
contacts and sediments. This condition facilitates the start of the corrosion process, which in the most 
diluted environment takes place only beneath the deposits. This exactly reproduces the situation in 
some spent fuel storage sites, in which the bundles are positioned inside steel structures, with no 
provision for electrical isolation [5]. The chloride content of the 0.0001N solution is about 6 ppm, 
concentration that can easily be reached in some basins. 
 
These results explain the occurrence of pitting in aluminium coupons immersed in some basins for 
periods of the order of 2 months [6], as well as the degradation of the fuel itself. In the particular case 
of the Central Storage Facility of CNEA in Ezeiza, Argentina, the fuel remains seated into steel tubes 
and the fall of iron oxide particles -produced by corrosion of carbon steel components that are present 
in the facility- on the stored fuel has been verified. 
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Taking into account the relatively short experiment time, 7 days, it becomes quite clear that spent fuel 
elements that are stored for periods of decades can easily undergo this kind of environmental assisted 
degradation. It is quite probable that with enough time corrosion may proceed even in less corrosion 
inducing conditions. 
 
 
5. Conclusions 
 
1) Iron oxide particles that settle as sediments on spent fuel aluminium alloy surfaces, can produce 
pitting corrosion in waters with low amounts of chlorides, like 6 ppm, even when the corrosion 
potential is lower than the pitting potential in that environment. 
 
2) Galvanic contact with steel strongly influences corrosion susceptibility, by means of increasing the 
corrosion potential of aluminium to a point in which the pitting process is triggered under the 
sediments, what would not happen otherwise. 
 
3) In order to preserve the health of the spent fuel stored for long terms in water, it is necessary not 
only to keep the water clean, but also to take measures to minimize or impede the access of particles of 
any kind that would settle on the aluminium surfaces. 
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ABSTRACT 
 

Problems associated with the SNF storage and preparation for shipment from the research 
reactor LVR – 15 to the reprocessing plant Mayak (Russia) by SKODA VPVR/M cask 
systems, in compliance with RRRFR (Russian Research Reactor Fuel Return) programme - 
Russian-origin RR SNF shipment within the frame of Government-to-Government 
agreement between the USA and RF to cooperage in Russian-origin RR nuclear fuel 
repatriation into the RF. SNF storage and manipulation with SKODA VPVR/M cask 
systems at NRI Rez will be described. 
 
 

1. Introduction 
 
All fuel elements used in reactor LVR-15 from the start of the reactor operation in 1957 till now are 
stored in storage facilities in area of the Nuclear Research Institute Rez (NRI). A new transport cask 
system VPVR/M ŠKODA has been designed for transport RR SNF from the reactor facility to the 
reprocessing plant.  
 
 
2. Spent fuel characteristics 
 
During the reactor operation three types of the fuel were used. In years 1957-1974 was used the type 
EK-10, with enrichment 10%. An assembly consisted of 16 rods in aluminium casing. 
 
In 1974, a new fuel element type IRT-2M was introduced with enrichment 80%. This consisted of four 
or three of square rings of uranium/aluminium alloy fuel metal covered on both sides with aluminium. 
This fuel was used till December 1998. 
 
Conversion of the reactor to fuel with enrichment 36% started in 1995. From this year fuel elements 
type IRT-2M with enrichment 36% were added into the reactor core. Since January 1999 only the fuel 
with enrichment 36% has been used. The fuel material in the fuel elements IRT-2M 36% changed to 
UO2-Al dispersion. 
 
 
3. Spent fuel storage  
 
The spent fuel has been stored in following facilities: 
• An at-reactor pond (AR pond) is located in the reactor hall and serves as an interim spent fuel 

storage as well for handling fuel from reactor core during the reactor outage or under off-load 
refuelling. The capacity of the AR pond is 60 places for fuel assemblies, 30 of which are held 
empty for emergency fuel movements from the reactor core. 

• Reactor annex pond with the total capacity of 100 assemblies is located on reactor sites near 
reactor hall.  

• High-level waste storage facility VAO. This store comprises 8 dry boxes, and two ponds for 
irradiated fuel. Each pond has capacity for 300 assemblies. 
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  Location            Type of fuel assemblies  Number of assemblies 
  AR pond  -     IRT-2M, 36% 29 
  Reactor annex pond - IRT-2M, 80% 12 
                                   - IRT-2M, 36% 69 
HLWS pond  - IRT-2M, 80% 240 
HLWS dry box in drums  -  EK-10 190 
HLWS pond  -  EK-10 16 

Table 1: Spent Fuel Element Location at NRI Rez in February 2006 
 
 
4. Transport cask system ŠKODA VPVR/M 
 
The VPVR/M ŠKODA JS cask serves for the transport as well as the dry interim storage of irradiated 
fuel assemblies from various research reactors. 
 
The cask consists of a cylindrical cask body made of cast steel with smooth outer surface. A double-lid 
system made of stainless steel (prim. lids) and carbon steel (sec. lids) and equipped with metallic 
Helicoflex sealing rings is tightly bolted to the top and bottom ends of the cask body, guaranteeing the 
leak-tight containment of the radioactive contents during transport as well as the safe long-term 
containment during storage. 
 
Two different fuel baskets can be inserted into the cavity of the cask for to accommodate of the 
following contents: IRT-2M,3M, EK-10, S-36, VVR-M, C, TVR-S. The hermetic stainless steel 
canisters can be used for damage fuel elements. For transport the VPVR ŠKODA JS cask is equipped 
by shock absorbers at the top and bottom ends of the cask.     
 
Mass  
- Total                   12 500 kg 
- Body                    9 000 kg 
- Lids                      1 650 kg 
- Shock absorbers  1600 kg 
- during loading    9 900 kg 
Dimensions 
External: without and (with shock absorbers) 
- height      1505  (2145) mm 
 diameter  1210   (1500) mm 
Cavity dimension: 
- height                  885 mm 
- diameter              600 mm 

Internal arrangement  
36 fuel assemblies 
type IRTM, EK-10, WWR-M or SS 
hermetic canisters with damage  
fuel elements   
 
Main materials 
Body                                 cast steel 
Prim. lids                   stainless steel 
Sec. lids                        carbon steel 
Shock absorbers    carb. steel, wood 
 

General information: Transport Cask ŠKODA VPVR/M 
 
VPVR ŠKODA JS cask will comply with the international regulations of the IAEA (International 
Atomic Energy Agency) for package designs of type B(U) and nuclear safety class I. This transport 
cask has Czech certificate of CZ/048/B(U)F-96 (REV.1), and Russian certificate for VPVR/M 
package design in compliance with the RF regulations as well. The ISO container serves for the 
transport of 1 or 2 pieces of the TC VPVR/M on the truck. The ISO container has the removable lid 
and the backside. Fixation tools have been component parts of the ISO container.   

 
Picture 1: Transport Casks VPVR/M in the ISO Container 
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5. Demonstration test of the ŠKODA VPVR/M cask system 
 
NRI performed a “wet run” demonstration of the operations, handling, loading, and sealing of the 
ŠKODA VPVR/M cask system. Representatives from the USA, Ukraine, Poland, Russian Federation, 
Bulgaria, Slovakia, and various organizations from the Czech Republic observed the „wet run“. 
 
Demo Test Of  VPVR/M SKODA transport cask has been realized at the Nuclear Research Institute 
Rez, plc, at LVR-15 reactor facility and at the  high-level waste storage facility. 
 
Loading test of the IRT-2M nuclear fuel assembly dummy to the TC VPVR/M at the pool of the 
depository storage, its encasement, loading to the ISO container at the vehicle and transport from the 
building of the reactor LVR-15. 
 
The ISO container with the TC VPVR/M has been transported to the high-level waste storage after the 
test at the building of the reactor LVR-15. There has been realized the test of manipulations in that 
building.  
 
The test was divided into two basic parts 

- Test of manipulations with the TC VPVR/M at the building of the reactor LVR-15 
- Test of manipulations in the high-level waste storage. 
 

Both building of the reactor LVR-15 and high-level waste storage are at the site of Nuclear Research 
Institute Rez, plc. However, the transport of TC VPVR/M between these two buildings is only 
possible by the public route via Rez village. 
 
The test has been realized with the complete TC VPVR/M and with the vehicle with the ISO 
container, which will be used for the transport of the TC VPVR/M with spent nuclear fuel.  
 
The test has been divided into following activities: 

• TC transport in the ISO container into the reactor hall  
• Dismantling of the TC in the manipulation frame, crush device installation  
• Transport of the TC to the depository storage 
• Spent nuclear fuel (dummy assemblies) loading to the TC basket 
• Basket retraction into the TC 
• Flush of the TC by nitrogen  
• Transport of the loaded TC to the manipulation frame at the reactor hall 
• Disassembly of the crush device, TC completion 
• Desiccation of the TC 
• TC sealing, leaking test 
• TC assemblage into the type-approved arrangement (formation) 
• TC transport in the ISO container from the reactor hall to the high-level waste storage 
• Dismantling of the TC in the manipulation frame at high-level waste storage 
• TC transport over the pool and dummy assemblies unloading 

 
The test was performed according the manual book: “Demo Test Wet Run of the VPVR/M ŠKODA 
Transport Cask in the Reactor and HLWS Building at the Nuclear Research Institute Řež plc”. All 
operations were provided successfully. There were minor improvements identified. 
The entire demonstration was videotaped and photographed.  
The video and photographs are available at NRI Rez.  
 
This year next 15 pieces of  TC VPVR/M will be made in SKODA JS. It means, that the fleet of 8 ISO 
containers with 16 pieces of TC VPVR/M  will be available for transport SNF from research reactors 
to the reprocessing plant from 2007. 
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Picture 2: Transport cask VPVR/M – Design of TC with shock absorbers 
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ABSTRACT 
 

Faced with the ageing of the European experimental reactor fleet, CEA (French Atomic 
Energy Commission), associated with different partners, is designing the JHR research 
reactor (Jules Horowitz Reactor), targeting the beginning of the commercial operation for 
2014. This new material and fuel irradiation reactor will be an essential facility for the 
European Research community. It will entail increasing transport operations of 
experimental samples between industrial facilities for post irradiation examination 
throughout Europe. Therefore, CEA with TN International are defining a set of transport 
casks and will optimize there implementation to better serve JHR European users 
requirements. 
 
The study outlined by Cogema Logistics is as follows: 
- Estimation of transport flows taking into account lessons learnt from current 

European operations. 
- Evaluation of the existing cask fleet available at CEA, TN International and other 

actors. 
- Evaluating the evolution of receiving and sending facilities in connexion with the JHR 

reactor. 
- Definition of the modifications to be implemented on existing fleet and proposition 

for complementary new concepts if needed. 
- The optimization of JHR interfaces. 
 
The final target of this study is the cask fleet optimization to achieve a seamless flow of 
transports, with maximum standardization in a way compatible with customer needs and 
minimization of transport cost impact on planned experiments. 
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ABSTRACT 
 

Effects of corrosion of nuclear purity aluminium alloys used for cladding of research 
reactor fuel elements in ordinary water of the spent fuel storage pool of the RA research 
reactor has been examined in the framework of the International Atomic Energy Agency 
Coordinated Research Project “Corrosion of Research Reactor Aluminium-Clad Spent Fuel 
in Water” since 2002. Aluminium alloy coupons in form of thin cylindrical disks are 
exposed to the pool water for a period from six months to six years. Single coupons, 
crevice couples of two aluminium coupons and galvanic couples of aluminium and 
stainless steel coupons were used. All coupons, used from 2002 to 2004, were immersed 
into water with coupon surface in horizontal position. In 2004, a new rack was assembled 
and exposed to water with coupon surfaces in vertical position with the aim to study 
influence of spent fuel aluminium cladding surface orientation in water of the spent fuel 
storage pool. The rack was exposed for one year and the study presented in this paper 
comprises results obtained during analysis of corrosion effects obtained by visual and 
microscopic examinations of surfaces of aluminium coupons exposed in both orientations 
to the pool water for the same time period.  

 
 
1. Introduction 
 
RA research reactor is ex-USSR designed 6.5 MW heavy water reactor designed to operate with low-
enriched uranium (LEU) metal fuel (2 % enriched in 235U). It started operation in the Vinča (former 
“Boris Kidrič”) Institute of Nuclear Sciences, Yugoslavia in 1959. In 1976, the reactor changed 
operation from LEU fuel elements to high-enriched uranium (HEU) in form of UO2 fuel dispersed in 
Al matrix (80 % enriched in 235U). The LEU and HEU fuel elements have the same slug geometry, 
known as the Russian TVR-S fuel element. Fuel layer is covered on inner and outer side by 1 mm 
thick aluminium clad made of Russian alloy SAV-1. Volume of one TVR-S fuel element is (60 ± 
5) cm3, and area of aluminium alloy surfaces exposed to water is (420 ± 40) cm2.  
Almost all spent fuel elements are stored in stainless steel channel-holders (SSCH) and aluminium 
barrels (ALB) in the temporary spent fuel storage pool consisting of four inter-connected basins and 
an annex to the fourth basin. The pool, filled with about 200 m3

 of stagnant, tap water, is connected by 
underground water transport channel to the reactor block. Design of the TVR-S fuel elements was 
shown to be very reliable since only one LEU fuel element had lost leak-tightness in the core during 
25 years of the RA operation. Pool water purification system was neither designed, nor monitoring of 
water chemical parameters or radioactivity was anticipated in the reactor operation rules. 
Analyses of water samples from the basins and SSCH and sludge samples from the bottom of the pool 
and transport channel were made in 1995. Inadequate water chemical parameters and gamma-ray 
specific activity originated from 137Cs and 60Co nuclides were found in pool water samples. Analyses 
have shown that the pool water is high corrosive to aluminium alloys due to high electrical 
conductivity and contents of chlorides. Specific activity order of 100 Bq/cm3 from 137Cs nuclide was 
measured in the water samples and about 15 times higher in the sludge samples. Main component of 
the sludge is Fe2O3 (about 83% by weight) that gives the dark red–brown colour to the sludge due to 
iron corrosion products. Impurities of Pb, Cr, Mn, Ca and Zn are confirmed within few percents, while 
traces of Cu and Ni were found too. Further investigations of water samples taken out from SSCH and 
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ALB in 2000–2003 have shown very high 137Cs specific activity (order of MBq/cm3) confirming that, 
not only the first fission products barrier (fuel element cladding), but also the second one (ALB walls), 
were penetrated by corrosion. Actions to improve conditions in the pool were done by removing 
debris and sludge (about 3 m3) and installing water purification pump with mechanical filter (25 µm). 
Regular monitoring of water chemical parameters and radioactivity were introduced since 1996. At the 
same time study of corrosion of aluminium clad of spent fuel elements in water has been initiated 
within the frame of the IAEA CRP.  
 
 
2.  Basins water chemical parameters and radioactivity 
 
Range of values of chemical parameters (Figure 1) of the water samples taken from the basins and 
transport channels from 1995 to 2005, relevant to corrosion of aluminium alloys, are as follows: pH: 
(6.5–8.6), avg. 7.85; el. conductivity: (360–838) µS/cm, avg. 492 µS/cm; content of Fe ions: (0.05-
0.17) mg/L, avg. 0.11 mg/L; content of Cl ions: (57-86) mg/L, avg. 73 mg/L, and content of SO4 ions: 
(31-70) mg/L, avg. 47 mg/L. Temperature of water is ambient. Concentrations of other aluminium 
corrosion supporting ions, like Al, Cu and NO3 are bellow detection limits of the methods and 
techniques available. Microbiological analyses of water samples taken out from pool basins have 
shown negative results for presence of bacteria, type coliform MPN mezophylic bacteria and presence 
of fungi and yeast in 1 cm3 of water samples.  
Results of monitoring of 137Cs specific activity in pool water are shown in Figure 2. Using a pot 
immersed in water, sludge was collected in basin no. 4 for seven months (Figure 2). Dried sediment 
powder is weighted as (5.038 ± 0.005) g giving sedimentation rate of (11.3 ± 0.5) mg/cm2 per month. 
Radioactivity of dried sludge powder was determined as (12.70 ± 0.35) kBq/g from 137Cs nuclide and 
(960 ± 20) Bq/g from 60Co nuclide.  

 
Fig.1. Measured values of pH and electrical conductivity of pool water samples 

                                   
Fig 2. Specific activity of 137Cs nuclide in pool water samples and sediment collector  
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3.  CRP activities 
 
Six racks with coupons of different aluminium alloys (AA 6061, 6063, 1100 and SAV-1) and stainless 
steel (SS 304 and 316) were prepared and distributed to participants within phase I and phase II of the 
IAEA CRP on “Corrosion of Research Reactor Aluminium-Clad Spent Fuel in Water”. Exposition 
time and positions of the racks in the basins of the RA spent fuel storage pool are given in Table I. All 
racks were immersed in the water of the pool, near SSCH and ALB with spent fuel elements, in the 
‘vertical position’ (rack axis was vertical, the coupons surfaces were horizontal), except of the 
Rack#1R/CRP-II which axis was horizontal, i.e., coupons’ surfaces were vertical.  
 

Rack Name 
/CRP-phase 

Basin  
no. 

Immersion 
 date 

Removal  
date 

Exposition 
time 

(year) 

Racks position  
in storage pool 

Rack#1/CRP-I B-4 July 1996  30-July-2002 6.0 
Rack#2.1/CRP-I B-1 26-Feb-2002 25-July-2003 1.3 
Rack#2.2/CRP-I B-1 26-Feb-2002 2-Mar-2004 2.0 
Rack#1/CRP-II B-3 26-Mar-2003 26-Sept-2003 0.5 
Rack#2/CRP-II B-2 26-Mar-2003 6-April-2004 1.0 
Rack#1R/CRP-II B-1 15-July-2004 19-July-2005 1.0 

Table I. Exposition times and positions of the racks 
 

Coupons are manufactured in form of disks (3 mm thick) with ID/OD = 30/70 mm and ID/OD = 
30/100 mm. Positions of coupons made of AA and SS within the Rack#2/CRP-II and Rack#1R/CRP-
II (from top to bottom), that have been immersed for one year, are given in Table II. Spacers between 
coupons are manufactured as ceramic rings (7 mm thick, ID/OD = 28/58 mm) made of alumina. 
Photographs of the racks, immediately after withdrawn from water, are given in Figure 3. 

 

C
S

A
C
A
A
C
A
C
S
S

C
A
C
S
S

C
S

C
S

C

and
acid
con
Table II. Rack composition 
 

Rack#2 
/CRP-II 

Rack#1R 
/CRP-II 

eramic ring SS 304 

S 304/332 

A 6061/305 
eramic ring 
A 6063/208 
A 6063/244 
eramic ring 
A 6063/221 
eramic ring 
S 304/360 
AV-1/366 
eramic ring 
A 6061/321 
eramic ring 
AV-1/376 
AV-1/353 
eramic ring 
AV-1/317 
eramic ring 
AV-1/329 
eramic ring 

10 Ceramic 
rings 

SS 316/115 
AA R 24 

2 Ceramic rings 
AA R 23 
AA R 22 

2 Ceramic rings 
SS 316/114 
AA Ex 24 

2 Ceramic rings 
AA Ex 23 
AA Ex 22 

11 Ceramic 
rings 

SS 304 

         
 

Fig.3. Rack#2/CRP-II (left) and Rack#1R/CRP-II (right) 
 
4.  Coupon examinations 
 
Gamma dose rate measured near withdrawn racks was about 
4 µSv/h, pH factor of pool water was 7.5 in case Rack#2/CRP-II 
and 6.2 in case Rack#1R/CRP-II. There is no explanation for 
this difference. Factor pH at coupon surfaces was 6.0 – 6.5 and 
between Al couples 5.9 – 6.0. Front side of all coupons of rack 
immersed with vertical axis was covered by sediment. There 
were no sediments at back side surfaces of coupons. In case of 
Rack#1R/CRP-II, top part and edges of coupons were covered 
by sediments more than lower part.  Racks were disassembled 
immediately after withdrawn according to updated IAEA Test 
Protocol. It was very hard to separate coupled coupons and in a 
few cases a tool was (carefully) used. Photographs of the front 

 the back side of each coupon were made before their clearing with 5 % solution of phosphoric 
 and decontaminated using distilled water to remove accumulated sediments and surface 
tamination. 
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Since front side of every coupon of vertically immersed rack was covered by dark-red sediment, effect 
of corrosion was not possible to see before cleaning surfaces. Also, small white, jelly-mushroom type 
deposits at few coupons and the rack supporter were noted. Pitting, as a main localized form of 
corrosion of aluminium in water was observed at back side of the coupons.  Spots of different shades 
of grey colour and black colour (assumed to be aluminium-oxide) were observed at coupons too. All 
aluminium coupons of Rack#1R/CRP_II, are made from 6061 alloy by extruded (Ex_##) or rolled 
technique (R_##). Two bimetallic and two crevice couples were assembled. Only small area of 
coupons’ surface was covered by sediment, i.e., top edges (facing to water surface) of coupons were 
covered with thin red-brown sediments, while bottom edges of coupon were without sediments. 
Isolated, massive white-grey deposits have covered surfaces of coupons at side closed to surface of the 
water. 
 
All aluminium alloy coupons were examined visually and using microscope with magnification x10) 
and results are presented in details in tables in Ref. [1]. Size and depths of large pits only were 
measured without destroying coupons using a special mechanical device with needle (diameter 10 µm) 
attached to a vernier calliper (Figure 4) with the total depth resolution of 10 µm.  
 

          
Fig.4. Pits depth measuring (left: zero level calibration; right: pit depth) and a pit view 

 
Some examples of corrosion process at aluminium alloy coupons of these two racks, exposed for one 
year to RA reactor spent fuel storage pool, are given in Figures 5-8 bellow. 
 

  
Fig.5. Crevice couples SZAV-1/376 + SZAV-1/353 of Rack#2/CRP-II 

 

                  
FIG.6. Corrosion at scratched line at front side of coupon 6063/221(left) and 

at back side of single coupon SZAV-1/317of Rack#2/CRP-II (right) 
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Fig.7. Front (left) and back (right) sides and edge of 6061 R24 coupon and front (left) and back (right) 

sides of 6061 Ex24 coupon of Rack#1R/CRP-II  
 

          
Fig.8. Large corrosion pit at front side of coupon 6063/221 of disassembled Rack#2/CRP-II 

 
5.  General discussion and conclusions 
 
• All front sides of coupons (faced to water surface) including vertically immersed ones, were 

covered with dark-red sediments. White or yellow jelly-mushroom type deposits were observed 
too. 

• Pits and islands of pits were observed under ceramic ring on almost all aluminium alloy coupons. 
• Generally, corrosion process was not observed at pre-oxidized surfaces of aluminium coupons. 
• On crevice couples corrosion was observed at coupled side of coupons, sometimes followed by 

large corroded areas (‘craters’ of few squared millimetres). Coupon sides exposed to water were 
covered by large number of pits, smaller with spherical size and diameter less than 0.3 mm. Large 
size pits (diameter up to 3 mm and depth of about 0.5 mm) were recorded too. 

• All contact surfaces of crevice coupons were covered by white or grey oxide and were stained. 
• At some single aluminium alloy coupons, besides pitting on both side, and at front side of coupled 

aluminium alloys, scale type of corrosion was observed together with almost uniform dull 
discolouration at surface. 

• It was confirmed, that vertical immersed aluminium alloy coupons were corroded less that 
horizontally immersed coupons for the same exposition time. 

• Coupons made of 6061 aluminium alloy, produced by extruding technology have been corroded 
slightly less that ones produced by rolling technique. 

• In all galvanic couples of aluminium alloys with stainless steel, the aluminium alloys were stained 
on coupled side with while or grey aluminium oxide. Few pits are observed too. 

• In two cases of six, corrosion single pit was found at scratch line. 
• It is believed that the final results of the Vinča Institute’s studies will contribute to improvement of 

the management and storage practices and procedures at research reactor temporary spent fuel 
water pool storage facilities.  

 
6. Reference 
 
[1] M. Pešić, T. Maksin, R. Dobrijević, G. Jordanov, Z. Idjaković, “Corrosion of Aluminium-Clad 

Spent Fuel in the Research Reactor RA Storage Pool”, submitted to the IAEA (2006), to be 
published as a part of the IAEA TECDOC 
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ABSTRACT 
 

This paper presents an analysis of different options for the interim storage of research 
reactor spent fuels. The results of this analysis were used to propose an option for the 
interim spent fuel storage of IEA-R1 research reactor at IPEN-CNEN/SP in Brazil. In the 
case this reactor maintains its continuous operation at 5 MW in the next years, it will be 
necessary to transfer the spent fuels, today located in the reactor storage pool, to interim 
spent fuel storage, until a definition of a national politics on the final disposal of these spent 
fuels will be established.   

 
 
1.  Introduction 
 
In most research reactors spent fuel discharged from the reactor core is initially stored underwater in 
the reactor storage pool for a long period of time. This allows for heat dissipation and fission product 
decay.  
 
Interim spent fuel storage facilities have been designed for the safe storage of spent fuel after its 
removal from the reactor storage pool and before it is reprocessed or disposed as radioactive waste. 
For the effectiveness operation of such facilities, their design must incorporate features that will be 
effective for the lifetime of the facilities. Such features are: a) Maintenance of subcriticality; b) 
Maintenance of fuel integrity; c) Minimization of fuel cladding corrosion; d) Removal of spent fuel 
decay heat; e) Provision of radiation protection; f) Maintenance of isolation of radioactive material.  
The design must also consider the expansion of the facility capacity, and its eventual 
decommissioning.  
 
The research reactor IEA-R1 is located at the “Instituto de Pesquisas Energéticas e Nucleares-IPEN-
CNEN/SP”, on the campus of São Paulo University (USP), in São Paulo, Brazil. Although designed to 
operate at 5 MW, from 1957 to 1961 the operation of the reactor was mainly for commissioning tests 
and some nuclear physics experiments, and the operation regime of the reactor was during week days, 
less than 8 hours a day, with power levels between 200 kW and 2 MW. In 1961 the reactor started to 
be operated at a constant power of 2 MW, 8 hours per day, 5 days per week. In 1995 a new program 
was established to increase the national production of radioisotopes, and the operating regime was 
changed to continuous 64 hours per week, from Monday through Wednesday, keeping the reactor 
power at 2 MW, and some modifications started taking place to comply the reactor with new national 
legislation to operate continuously during 120 hours per week at 5 MW. 
 
During the last years, the burn-up rate of the reactor has been between 120 and 240 MWD per year, 
and in 2004 it was expected to reach the value of 640 MWD. However, due to some problems in the 
heat exchanger of the primary cooling system, the reactor power was maintained at 3 MW, instead of 
5 MW as originally planned, and the burn-up only reached the value of 400 MWD. According to the 
original planning, in the middle of 2006, the reactor power should be 5 MW, and the operating 
schedule should go from 64 continuous hours to 120 continuous hours per week. When this will be 
achieved, the burn-up rate of the reactor will increase to 1,200 MWD per year, which means between 
22 and 24 fuel elements per year. 
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When the situation of IEA-R1 reactor is analyzed in light of its new proposed operational schedule, it 
can be observed that its situation is not so comfortable, even considering that in 1999, 127 fuel 
assemblies were sent back to the United States of America. Presently, storage facilities at IEA-R1 
reactor consist of racks located in the reactor pool with the capacity of 156 assemblies. According to 
the newly proposed operation schedule (5 MW, 120 hours per week) 22 to 24 assemblies will be burnt 
up annually. Currently, 35 storage positions are occupied, and 24 are required to store the fuel in the 
reactor core in case of necessity. This means that only 97 positions are currently available for storage 
of the new spent fuel, suggesting that in 5 years the wet storage facility at the Reactor pool will be full.  
 
The actual policy in Brazil does not foresee the reprocessing/recycling of spent fuel. In case that the 
construction of repositories for the final disposal of spent fuels in the next years will not be determined 
by the government, IPEN will have to build a facility for interim storage of the research reactor IEA-
R1 spent fuels. Therefore the extended interim storage should be seen as the next step in the spent fuel 
management of IEA-R1 reactor. The term “extended” takes into account that the facility should be 
designed for long term storage, considering the uncertainty of the nuclear policy for the spent fuels of 
Brazilian research reactors. 
 
 
2.  Analysis of options for the spent fuel interim storage of the IEA-R1 research 

reactor 
 

In 2001, IPEN started the first discussion about the necessity of building in the next 10 years a facility 
for the interim storage of IEA-R1 research reactor spent fuels. Between 2001 and 2004, IPEN has also 
participated with other national and Latin-American institutions of the IAEA Regional Project 
RLA/4/018 entitled “Research Reactor Spent Fuel Management Options in Latin America” [1]. One of 
interests of IPEN in this project was to find out the possible options for the interim wet and dry storage 
of research reactor spent fuel, in order to define in a further period the most convenient option. 
 
The universal mode of wet storage consists of storing spent fuel assemblies or fuel elements in water 
pools, usually supported on racks or in baskets, and/or in canisters. Basket can be defined as an open 
canister (various) used in handling, transport and storage of spent fuel. It can be also defined as a 
structure (various) used in casks with functions including heat transfer, criticality control and 
structural support. Canister can be defined as a closed or sealed container used to isolate and contain 
the spent fuel. It may rely on other containers (overpacks) for shielding. In the case of the wet storage 
facility, the pool water surrounding the fuel provides for heat dissipation and radiation shielding, and 
the racks or other devices ensure a geometrical configuration which maintains the subcriticality. A 
number of features of this technology are [1]: a) The technology is identified, mature and well 
established; b) Experience to store even damaged fuel; c) International experience indicates that 
aluminum cladding spent fuel may be kept underwater over 50 years in pristine conditions, provided 
that high quality water, environmental conditions and a proper surveillance program are ensured. On 
the other hand, aluminum cladding fuel degrades almost immediately in poor water quality or 
environmental conditions; d) The resources, both human and financial, required to implement this 
technology may well be higher than those of dry interim storage alternatives. 
 
Interim dry storage is a good approach to allow the continued use of the reactor facilities, as either an 
alternative or a complementary option to the interim wet storage. Presently, dry storage is likely to be 
a competitive alternative to interim wet storage and may be the best option to store aluminum-based 
fuel. The major features of this technology are the following [1]: a) Eliminates corrosion degradation 
of the fuel clad providing that the storage is truly dry and the fuel has been properly dried prior to 
storage. This provides, at least in principle, a much longer period of interim storage, while the country 
studies and comes to a decision on final options; b) Can be implemented through modular designs, e.g. 
metal casks, concrete containers, dual purpose (transport/storage) metal casks, etc.; c) Could be used 
to reduce the pressure to build new wet facilities, avoiding modifications inside reactor sites, which 
could generate problems in fulfilling contracts for radioisotope generation. However the need to 
encapsulate each fuel element before its deposition in the spent fuel storage is an important factor 
when considering dry interim storage options as it could modify the economical features.   
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In the dry storage facility the spent fuel is surrounded by a gas such as air or inert gas. Dry storage 
facilities include the spent fuel storage in vaults, silos and casks [2]. 
 
Vaults consist of above- or below-ground reinforced concrete buildings containing arrays of storage 
cavities suitable for containment of one or more fuel units. Shielding is provided by the exterior 
structure. Heat removal is normally accomplished by forced or natural convection of air or gas over 
the exterior of the fuel containing units or storage cavities, and subsequently exhausting this air 
directly to the outside atmosphere or dissipating the heat via a secondary heat removal system.  
 
Silo or concrete canister means a massive container comprising one or more individual storage 
cavities. It is usually circular in cross section, with its long axis vertical. Isolation and shielding are 
provided by an inner, sealed liner and the massive concrete of the canister body. Heat removal is 
accomplished by radiant transfer, conduction and convection within the body of the canister and 
natural convection at its exterior surface. 
 
Cask means a massive container that may be used for transport, storage and eventual disposal of the 
spent fuel. It provides shielding and containment of spent fuel by physical barriers which may include 
the metal or concrete body of the cask and welded or sealed liners, canisters or lids. Heat is removed 
from the stored fuel by radiant heat transfer to the surrounding environment and natural or forced 
convection. Casks may be located in enclosed or non-enclosed areas. The spent fuels are loaded 
vertically in the casks that are stored in vertical positions. They are placed in baskets or sealed metal 
canister that provide structural resistance, subcriticality and closing through a double cover. The casks 
can have single-, dual- or multiple purposes. The spent fuel transport option by cask is called a single-
purpose and the transport and storage options are called dual-purpose. The multi-purpose term is 
reserved for the casks that are designed with the transport, storage and disposal options. The IPEN 
studies are concentrated only in casks with dual-purpose. 
 
The dual purpose option can be found as cask-based or canister-based systems [3]. For the cask-based 
system one integral unit serves all purposes for which the system is designed. For canister-based 
systems, a sealed canister contains the spent fuel, and is a common component or subsystem to the 
storage and transport system, as applicable to the design. Typically, canister-based systems will use 
overpacks to house the canister for the purposes of storage and transport. The container system for 
spent fuel storage and transport shall be designed to satisfy specific radiological safety functions. In 
general, it shall contain the radioactive material, limit emission of ionizing radiation, dissipate internal 
heat, and assure subcriticality. The container shall also be designed to assure structural integrity and 
thermal performance that allows proper functioning of the systems’ radiological safety features. Cask-
based systems have been developed for storage and transport of spent fuel. These have generally been 
metal systems. For these cask designs, the same integral cask unit provides all radiological safety 
functions needed for storage and transport. For canister-based systems the specific overpack along 
with the canister provides the level of performance for each safety feature for each purpose. The 
canister may provide one or more of the required safety functions. For example, the canister includes a 
fuel support structure or basket, which generally provides criticality control for storage, transport, and 
disposal, as applicable. The canister may also provide confinement of radioactive material for storage, 
but the transport overpack is generally used for containment of radioactive material during transport. 
The shielding required for storage and transport is typically provided by the appropriate overpack. 
 
Besides the mentioned characteristics of the project above, certain general characteristics are important 
in the choice of an option for spent fuel interim storage. These characteristics include [3]: a) mobility; 
b) the possibility of retrievability of fuel; c) modularity; d) the reduction in the spent fuel handling 
operations; e) public acceptance; and f) economics.  
 
Mobility is the ability to move a system from place to place. Retrievability will be defined as the 
ability to remove the cask, package, canister or spent fuel from its enclosure or emplacement. Mobility 
can be considered as a part of retrievability. The retrieval is always possible. The concern is whether 
retrieval, if necessary, will be easy or difficult to accomplish. Modularity is the ability to separate into 
distinct and standard units. The feature allows the designer to select canisters or casks of some chosen 
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standard size and configuration. The utilization of dual-purpose casks, for example, will reduce the 
number of the fuel handling operations in comparison with the single-purpose casks. Although 
attempts to predict public acceptance are subjective and speculative, there are several factors that 
should be considered in such an assessment. A common public concern related to temporary storage is 
that temporary storage measures may be extended and eventually become permanent. Although 
canister-based and cask-based systems are regulated in the same way, and are expected to be equal 
from a radiological safety standpoint, the public perception of safety might be enhanced when 
canister-based systems are used. The canister might be perceived to provide an additional barrier of 
containment. Concerning economical advantages, wet storage facilities require continuous operation 
of cooling, filtration, cleaning and sampling systems which depend upon mechanical components such 
as pumps, valves and filters.  The chemical and temperature control of water requires continuous 
monitoring and sampling. Such operational requirements increase with the amount of fuel in the pool 
and are particularly high when pools are near to capacity [4]. Siemens engineers have stated that dry 
storage facility construction costs are considerably lower per tonne of fuel stored than those of the wet 
storage facility, particularly in the case of small facilities.  
 
 
3.  Option proposed for the spent fuel interim storage of the IEA-R1 research reactor 
 
The choose of an option to be proposed for the spent fuel interim storage of IEA-R1 research reactor 
was conducted in a way to supply a solution inside  the technological and economic realities of the 
country. For the IEA-R1 reactor it was not defined a date for its decommissioning.  The reactor has 
been operating safely since 1957 and there is no plan to build a new research reactor to replace its 
research activities and radioisotope production. It is also not defined in the country the policy to be 
adopted for the spent fuel management after the operational storage. These uncertainties raise 
difficulties to define the type of interim storage facility to be built in the country. 
 
Wet storages are made in pools, whose systems should be dimensioned according to their capacities in 
supporting safely the storage of a certain number of spent fuels. The uncertainties in the number of 
spent fuels to be stored and in the period of time of storing could overestimate or underestimate the 
dimension of the pool needed. The modularity of some dry storage facilities becomes attractive. 
Besides, the construction and operational costs per tonne of fuel for wet storage facilities have been 
shown to be higher than those for dry storage facilities. Pools can give to the public the perception of a 
permanent facility, without mobility, which should be decommissioned in the future, complicating the 
licensing procedures. The wet storage facility construction near the reactor building could bring 
interruptions in reactor operation, hindering the execution of radioisotope production contracts. 
 
These aspects lead that the chosen option for the spent fuel storage of IEA-R1 reactor was directed to 
dry storage facilities. Among the existing dry storage, the first to be evaluated, was the construction 
near the reactor building of a vault type facility, where internally would be lodged the cavities for the 
dry storage of the spent fuels. In order to attend this request, it will be also necessary to build a transfer 
cask and a transport cask for the spent fuel. The transfer cask would be utilized to transfer the spent 
fuel from the reactor pool to the transport cask. The later would permit to transport the spent fuel to 
the dry storage facility. It was also discussed the necessity of building a hot cell, where each fuel 
element would be encapsulated before its placement in the storage cavities.  Again, the uncertainties in 
the number of spent fuels to be stored and the length of time of this storage complicate the 
establishment of the vault option, mainly in the establishment of building dimensions and the number 
of cavities for the pretended storage.  The vault option was relegated to a second plan, and the choice 
of casks and silos, in distinct and standard units, was considered the better alternative. Besides, it was 
on-going, inside the IAEA RLA/4/018 project, the conception of a dual purpose metallic transport cask 
to attend the necessity for spent fuel transport and storage of Latin America research reactors [1]. This 
metallic cask can accommodate 21 MTR fuel elements, as those of IEA-R1 reactor, and 78 TRIGA 
fuels. Based on these considerations, the dual purpose cask is being considered as the most feasible 
option for the spent fuel storage of IEA-R1 reactor. This option presents advantages against other 
options as it shown characteristics like mobility, modularity and reduction capacity of the fuel 
handling operations. The conceptual design of the dual transport cask is finalized and the construction 
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of a scaled prototype for tests in CDTN-CNEN/SP is on-going. IPEN is developing the Preliminary 
Safety Analysis Report (PSAR) of the interim spent fuel storage facility that will accommodate the 
dual purpose storage casks. 
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ABSTRACT 

 
In the paper some results of nuclear safety analysis of storage pool with 8-tubes IRT-4M 
fuel assemblies of the research reactor IRT-200, Sofia, are presented. The calculations have 
been performed by the modular code system SCALE4.4, which is used worldwide for 
safety analyses of facilities for transport and storage of spent nuclear fuel. A conservative 
approach for evaluation of the effective multiplication factor Keff of the storage pool has 
been applied. The calculations have been carried out for IRT-4M fresh fuel with initial 
enrichment of 19.75% 235U. The analysis of the obtained results shows that the 
technological equipment and the storage conditions assure nuclear safety during the storage 
of IRT-4M spent fuel assemblies in accordance with the Bulgarian norm and standards, 
which require Кeff < 0.95.  

 
 

1.  Introduction 
 
To substantiate the nuclear safety of the storage pool with IRT-4M fuel assemblies it is necessary to be 
evaluated the providing of its subcriticality in conformity with the design criteria. For that reason the 
effective multiplication factor Keff of the storage pool filled with the IRT-4M fuel assemblies has to be 
determined. In addition the fulfilling of the criticality safety criterion has to be verified.  
 
 
2.  Calculation methodology 
 
The methodology for nuclear safety analysis of pool for storage of IRT-4M fuel assemblies is based on 
the modular code system SCALE4.4 [1], developed at the Oak Ridge National Laboratory, USA. This 
system is verified and world widely used for safety analyses of nuclear fuel facilities.  
 
SCALE consists of different codes and data libraries, which are included in a few control modules for 
solving specific problems.  
 
The control module CSAS6 [2] is applied for criticality safety analysis of facilities for transport and 
storage of spent nuclear fuel. CSAS6 includes the modules BONAMI, NITAWL-II, XSDRNPM and 
KENO-VI. BONAMI applies the Bondarenko method of resonance self-shielding for isotopes that 
have Bondarenko data, included with their cross sections in the nuclear data libraries. NITAWL-II 
applies the Nordheim resonance self-shielding corrections for isotopes that have resonance parameters, 
included with their cross sections in the nuclear data libraries. XSDRNPM performs 1D discrete 
ordinate neutron transport calculation. KENO-VI is three dimensional multigroup Monte Carlo 
criticality code [3]. A 44-group neutron data library based on the evaluated data file ENDF/B-V [4] is 
used for calculations. 
 
 
3.  Subcriticality calculations 
 
Subcriticality calculations of the IRT-200 storage pool with IRT-4M fuel assemblies have been carried 
out by the SCALE4.4 code system.  
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3. 1.  Geometry and material composition 
 
The storage pool is designed for temporary storage of spent and irradiated nuclear fuel. It is a pool 
located next to the reactor and filled in with distilled water. The construction of the rack for storage of 
IRT-4M spent fuel assemblies consists of 66 vertical tubes from aluminum alloy (Fig.1), located in 
quadratic lattice. The step of the lattice is 14 cm.  

 
Fig. 1. Construction of the rack for storage of IRT-4M spent fuel assemblies 

in the storage pool  
 
 
Basic data for geometry and material composition of the IRT-4M fuel assemblies, used for 
subcriticality calculations, are presented in Table 1 [5,6]. 

 
 

№ Parameter Value 
Fuel  
1 Material composition UO2+Al 
2 Mass of uranium-235 in one fuel assembly 300 g 
3 Initial enrichment of 235U 19.75% 
4 Height 60 cm 
5 Thickness 0.7 сm 
Cladding  
1 Material composition САВ-1 

(Al-98,55-97.6%, 
Si-0.7-1,5% 
Mn-0.45-0.5% 
Fe-0.2%, Cu-0.1%) 

2 Density  2.71 g/сm3 
3 Thickness 0.45 cm 

 
Table 1. Main parameters of 8-tubes IRT-4M fuel assembly 
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3. 2. Conservative approximations 
 
A conservative approach has been applied during the subcriticality calculations. The following 
simplifying assumptions have been used: 

• IRT-4M fresh fuel (with initial enrichment of 19.75% 235U);  
• infinite array of IRT-4M fuel assemblies; 
• quadratic geometry model of the real geometry with round corners of the IRT-4M assembly, 

applying the original fuel isotope concentrations.   
 

Because of the surface of the modelled quadratic assembly is bigger then the surface of the real 
assembly with round corners, this modelling approach lead to increasing the conservatism of Keff 
evaluation, when applying the original fuel isotope concentrations [6]. 

 
3.3. Results  
 
The geometry model of the 8-tubes IRT-4M fuel assembly (horizontal and axial plan,) is 
given in Fig.2 and Fig. 3, respectively. The visualization is made by the three dimensional 
multigroup Monte Carlo criticality code KENO-VI. 
 
 

 
 

Fig.2. Model of 8-tubes IRT-4M fuel assembly (horizontal plan). 
Visualization by KENO-VI 

 
 

      top of assembly                                    fuel                                                           bottom of assembly 

 
 

Fig.3. Model of 8-tubes IRT-4M fuel assembly (axial plan). 
Visualization by KENO-VI 
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Fig.4. Sector of infinite lattice with IRT-4M fuel assemblies (horizontal plan). 
Visualization by KENO-VI 

 
The calculation results for subcriticality of infinite quadratic lattice with 8-tubes IRT-4M fuel 
assemblies are presented in Table 2. The step of lattice is 14 cm. 
 
 

Calculation model 
 

Кеff ± σ2) 
67 % 

confidence 
interval 

95 %  
confidence 

interval 

99 %  
confidence 

interval 
Quadratic model of IRT-
4M fuel assembly with 
original fuel isotope 
concentrations  

 
0.81804   ±   
0.00072     

 
0.81732 ÷ 
0.81875     

 

 
0.81660 ÷ 
0.81947     

 
0.81589 ÷ 
0.82019     

 
1) neutrons per generation – 5 000; number of generations – 300; 
2)  σ - standard deviation  

 
Table 2.  Results of subcriticality calculations by SCALE4.4 – CSAS61) 

 
The presented results show that the nuclear safety criterion Кeff < 0.95 is fulfilled and the subcriticality 
of the facility is ensured, using conservative approach. In the storage pool can be stored safely sixty 
six IRT-4M fuel assemblies.  
 
 
4. Conclusions 
 
The calculations for analysis and evaluation of subcriticality of IRT-200 storage pool with 8-tubes 
IRT-4M fuel assemblies have been carried out by the modular code system SCALE4.4 (control 
module CSAS6 with 3D Monte Carlo criticality code KENO-VI).  
 
The analysis of the obtained results shows that the technological equipment and the storage conditions 
assure nuclear safety for storage of IRT-4M fuel assemblies in accordance with the Bulgarian norm 
and standards, which require Кeff < 0.95. 
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ABSTRACT 
 

The new 200 kW IRT-Sofia research reactor of the Institute for Nuclear Research and 
Nuclear Energy (INRNE) of the Bulgarian Academy of Science, Sofia, Bulgaria is jointly 
studied with the RERTR Program at Argonne National Laboratory (ANL) to realize its 
conversion from the use of fuel containing highly enriched uranium (HEU, 36% 235U) to 
use of fuel containing low enriched uranium (LEU, 19.75% 235U). After the applicability of 
IRT-4M LEU fuel for conversion was approved, initial core configuration was selected and 
preliminary neutronic calculation was performed, further activities related to modification 
of the Safety Analyses Report were initiated. Results of detailed MCNP code calculations 
when all control rods are withdrawn and in critical state of power distribution in the initial 
core configuration and their comparison with the preliminary power distribution results 
obtained by the DIF3D (REBUS) code when all control rods are withdrawn are presented. 
The comparison demonstrates good consistency between all results. The results are used 
for improvement of the Safety Analyses Report. These results provide detailed information 
for thermal-hydraulic and accident analyses that are needed to demonstrate that the safety 
margin requirements are satisfied for the selected configuration.  
 

 
1.  Introduction 
Preliminary power distribution for the 200 kW IRT-Sofia research reactor was calculated [1] using the 
diffusion theory model by the REBUS [2] code as it had been done previously for the HEU core. The 
control rods were not represented in the calculational model. On the base of these results preliminary 
thermal hydraulic calculations were done by the PLTEMP code [3]. The thermal hydraulic 
calculations demonstrated satisfaction of thermal hydraulic safety margins requirements even at 1 MW 
power level. 
Taking into account approximations applied in geometry, cross sections [4] and energy dependence 
description in the diffusion calculation we intended to obtain more detailed and reliable data about 
relative power distribution by using MCNP [5] calculation. MCNP calculations were carried out as for 
the model with withdrawn control rods (diffusion approach model) so for a model with shim rods 
located in positions providing critical state of the core. The results of the MCNP calculation and their 
comparison with the preliminary ones are presented and discussed in this paper. 
 
2.  Results 
Horizontal cross section of the IRT, Sofia reactor with selected initial configuration is presented in 
Figure 1. The positions of the experimental channels surrounding the reactor core are shown in 
Figure 1 as well. This core includes 16 IRT-4M fuel assemblies: twelve 6-tube FA, and four 
8-tube FA. There are totally 54 cells (7.15x7.15cm) in the frames of the reactor vessel. Figure 
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2 shows positions of the experimental channels (horizontal and vertical), channels for 
ionizing chambers, and the shim (KO), safety (AZ) and auto regulating (AR) rods.  
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Fig 1.  Initial core configuration 

The MCNP calculations were carried out for two core states. The fist state corresponds to the REBUS 
calculation model when all control rods are withdrawn from the active core. The results of this 
calculation allow to estimate impact of the diffusion theory approximations. The comparison between 
the REBUS (DIF) and MCNP (MC) results is illustrated in Table 1 by power distribution between fuel 
assemblies (FA). The presented results demonstrate a very good consistency between both approaches 
results: in the limits of 5% at the core periphery and even better for the FAs with the highest power 
level (in E2, E5, C3, and C4 positions). A very good consistency is obtained for tube by tube and axial 
power 
 

Position DIF, % MC, % (DIF/MC-1), % 
F2 5.59 5.37 4.08% 
F3 6.61 6.49 1.90% 
F4 6.58 6.50 1.20% 
F5 5.58 5.46 2.20% 
E2 8.22 8.08 1.75% 
E5 8.19 8.19 0.04% 
C3 9.20 9.21 -0.09% 
C4 9.15 9.25 -1.09% 
B2 6.26 6.23 0.50% 
B3 5.83 5.80 0.57% 
B4 5.83 5.83 0.05% 
B5 6.27 6.37 -1.60% 
A2 4.07 4.16 -2.09% 
A3 4.28 4.40 -2.64% 
A4 4.28 4.42 -3.08% 
A5 4.07 4.26 -4.46% 

Tab 1. Comparison between REBUS (DIF) and MCNP (MC) results of power distribution by 
FA distribution demonstrated in Figure 2 for the FA in E2 position and for the full 
core in Figure 3 as well. 
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Fig 2. Comparison of axial power distribution calculated by REBUS (DIF3D) and MCNP codes 

for the FA in position E2 (all control rods withdrawn); BAF – bottom of the active fuel 

0 10 20 30 40 50 60

Distance (from the BAF), cm

0.9

1.1

1.3

1.5

1.7

1.9

2.1

2.3

P
ow

er
 d

en
si

ty
 (f

ul
l c

or
e)

, r
el

. u
ni

ts

CRs withdrawn (REBUS)
Critical state No. 1
CRs withdrawn (MCNP)

 
Fig 3.  Comparison of axial power distribution (full core) ; BAF – bottom of the active fuel 

Power distribution for a critical state that is preferable for operation with horizontal channels No.5 -7 
is realized according to calculations (excess reactivity equal to 0.07% ∆k/k) when the shim rods are 
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inserted accordingly: KO-1=KO-2=65.0сm; KO-3=KO-4=18.8сm; AR=41.5сm, and all other rods are 
fully-withdrawn, is illustrated in Figure 4. 

 
Fig 4.  Power distribution and power peaking factors (MCNP) for critical state 

Comparison of power distribution results obtained for the critical core state with those obtained in 
diffusion calculation is illustrated in Table 2. In Figure 3 is shown comparison of full core axial power 
distribution obtained by diffusion calculation and by both MCNP ones. In Figure 5 comparison of 
axial power distribution obtained by both MCNP calculations for FA in position E2 with highest 
power in critical state is presented. 

Position Power, % Power Peaking Factor Peak Power Density, 
W/cm3 

 DIF MC DIF MC DIF MC 
F2 5.59 6.91 1.72 1.60 37.5 43.0 
F3 6.61 7.87 2.31 2.03 59.4 62.1 
F4 6.58 7.78 2.32 2.04 59.4 61.8 
F5 5.58 6.46 1.76 1.63 38.2 40.9 
E2 8.22 9.76 2.60 2.28 82.9 86.6 
E5 8.19 9.53 2.60 2.32 82.7 86.1 
C3 9.20 8.99 2.31 2.29 82.7 80.2 
C4 9.15 8.99 2.31 2.29 82.2 80.2 
B2 6.26 5.67 2.29 2.27 55.6 49.9 
B3 5.83 3.86 1.57 2.13 35.5 32.0 
B4 5.83 3.87 1.57 2.13 35.6 32.0 
B5 6.27 5.76 2.29 2.27 55.9 50.8 
A2 4.07 3.68 2.18 2.07 30.3 25.9 
A3 4.28 3.56 1.66 1.65 24.2 20.0 
A4 4.28 3.57 1.66 1.65 24.2 20.1 
A5 4.07 3.76 2.18 2.06 30.3 26.4 

Tab 2.  Comparison of REBUS (DIF) results with MCNP (MC) results for critical state 
 
According to these results there is definite power redistribution by FAs in the core but axial power 
distribution as for the full core so for the FA with maximum peak power density is very close to that 
when all control rods are fully withdrawn from the core. The peak power density value for the critical 
state is just with about 4% higher than obtained in diffusion calculation. 
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Fig 5. Comparison of axial power distribution calculated for critical state and for the stat when 

all control rods are withdrawn for the FA in position E2; BAF – bottom of the active fuel 

3.  Conclusions 

A new more detailed and reliable data about relative power distribution in the IRT-Sofia research 
reactor core by using MCNP calculation is obtained and compared with preliminary distribution 
obtained by diffusion calculation. The MCNP calculation is carried out as for the model with all 
control rods withdrawn that was used in diffusion calculation so for the model with shim rods in 
positions providing core critical state. 
The results comparison shows a very good consistency between power distribution data obtained in 
preliminary diffusion and in MCNP calculation. Moreover the power distribution data that is used in 
thermal hydraulic calculation for evaluation of satisfaction to the safety margins requirements for the 
critical state calculation model are very similar to the diffusion model data. That is why no significant 
modifications of thermal hydraulic conditions could be expected in comparison with preliminary 
estimated on the base of diffusion calculation. 
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ABSTRACT 
 

In 2005 the high-flux research reactor FRM II in Garching started routine operation using 
U3Si2 fuel with an enrichment of 93 %. As committed in the nuclear license for FRM II its 
fuel has to be converted to medium enriched uranium until end of 2010 – so far the scien-
tific aims are met. This paper presents new studies with UMo monolithic despite of all the 
fabrication questions with this fuel. To open a new parameter of freedom a continuous 
thickness variation over the radius of the fuel element was studied. FRM II could overcome 
the problem of high local power peaking with monolithic fuel, presumed that it is  possible 
to fabricate monolithic plates of this type in future. The presented monolithic element study 
takes especially care of the reactor operational aspects like fuel inventory questions, reach-
able ‘full power days’ and local power peaking factors while keeping the outer fuel element 
dimensions constant.  
 
 

1 FRM II, concept sketch 
 
The new research reactor FRM II represents a high performance neutron source at the moderate ther-
mal power of 20MW. The requirements for a large volume of high neutron flux accessible for experi-
ments have been met with a compact fuel element with maximal uranium density of 3.0 g/cm3 of 
highly enriched uranium (HEU, 93% 235U) inside a huge heavy water vessel. The single fuel element 
design from the late 80‘s [1] went into routine operation in 2005.  
 
 
2 Reduced enrichment program for FRM II, actual status 
 
In 1998 the German Federal Government expressed its wish to take the FRM II into operation with a 
fuel element with reduced enrichment. However, reactor performance and safety margin must not be 
significantly modified using a new qualified fuel [2]. In 2001 an ‘Agreement between the Federal Re-
public of Germany and the Free State of Bavaria on the conversion of FRM II’ has been written down 
and finally signed after granting the final license in May 2003. This compromise is part of the final 
nuclear license and aims for the development of a new medium enriched (MEU, not more than 50 % 
235U) fuel element until the end of the year 2010. 
 
In Nov. 2001 TUM established a working group together with French members to study the possibility 
of a new fuel with up to now not qualified densities and reduced enrichment. It started its work in July 
2003 and declared to accept the technological challenge of the development of a MEU fuel element for 
FRM II within the very short time limit of 7½ years. Major steps are accordingly: 

 search for the fuel type, test irradiations and final decision on the fuel type  
 design of the fuel element 
 fabrication of the fuel element and licensing. 
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2.1 High density fuel research 
 
Actually test plates of full size with UMo-Al dispersive fuel (8 % wt. Mo) are under irradiation in the 
French material testing reactor OSIRIS. The uranium densities are 8 g/cm3 for 4 plates and 7 g/cm3 for 
two other plates, all produced by CERCA. Due to a technical problem with the swelling measurement 
the plates are actually waiting for reinsertion into the reactor and to finish the last irradiation cycle.  
The alternative of monolithic UMo fuel is presently under study at the RERTR Program. One of the 
main challenges with this very high density fuel is the fabrication of full size plates. With signing a 
‘Memorandum of Understanding’ in 2004 CEA, CERCA and TUM affirmed their cooperation in 
studying the feasibility of fabrication and the irradiation behaviour of monolithic fuel plates of full 
scale and under industrial production conditions. The actual status shall be presented in parallel at 
RRFM-2006 [3]. 
 
2.2 Calculations with high density fuels 
 
Any scenario to convert the FRM II has to keep the reactor power constant at 20 MW, to guarantee a 
duration of the fuel cycle of 52 days and to yield, if at all, only marginal losses in the neutron flux and 
quality. Without changing the whole D2O moderator tank with all its installations and its shutdown 
rods the outer core dimensions like radius must remain unchanged. For an enrichment of at most 50 % 
an advanced fuel with high density is required when maintaining the dimensions of the HEU compact 
core fuel element of the FRM II. For FRM II it was shown [4][5] that a conversion to LEU (up to 20% 
235U) is impossible without severe geometry changes even with unrealistic uranium metal densities of 
19 g/cm3.  
 
2.2.1 UMo dispersive fuel element 
TUM performed neutronics calculations for FRM II with high density fuels of uranium-molybdenum 
fuel UMo. In [5] it was already shown that for an UMo-Al dispersion fuel, which is under research 
worldwide, a density of 8 g/cm3 is necessary with an enrichment of 50 % 235U. Still the maximal ther-
mal flux is depressed by 8% on average over the cycle when compared to the actual HEU fuel, i.e. the 
aim of only marginal consequences is more than questionable. A result of these calculations with the 
same fuel grading as today with U3Si2 is that the maximum of fission density in the meat is up to 
2.0.1021 cm-3 in a narrow area at the inner and outer border of the high density region. The test irradia-
tions (s. above) have to show what fission densities the new fuel can withstand under operational con-
ditions. 
 
2.2.2 UMo monolithic fuel calculations, former results 
With UMo monolithic fuel the available density can be increased again a reasonable step forward. The 
former studies [5] revealed a theoretical limit of about 34% enrichment for unchanged outer and inner 
geometry. The total mass of uranium in the fuel element would be above 40 kg instead of 8 kg now 
and even the mass of 235U would be of 14 kg instead of 7.5 kg now, thus nearly doubled. A fuel ele-
ment of that kind still burns not more than 1.3 kg 235U, i.e. only 9.6 % of 235U would be used. Even 
with a one step grading of the fuel thickness (or density with dispersive fuel) like today the radial form 
factor is too high. The loss in thermal neutron flux will be clearly more than 10%. The production of 
Pu per fuel cycle increases to 110 g. Further density gradients have to be introduced.  
 
2.2.3 Study with thickness variation on UMo monolithic fuel 
Independently of the technical feasibility to produce large, curved monolithic fuel plates calculations 
were performed with continuous fuel thickness grading. The uranium density of the fuel was taken to 
be 15.1 g/cm³. The high density of UMo monolithic fuel opens new possibilities in the search for a 
compromise between the contradicting demands of decreasing enrichment and highest scientific qual-
ity of a neutron source like FRM II. In our case this should mean a better total burn up ratio or in other 
words longing for a longer cycle length for FRM II to compensate the penalty of a lower flux value. 
Hence the enrichment was kept at 50 %.  
 
With a continuous fuel thickness and flattening of the power distribution over the radius of the element 
it is even thinkable to raise the power level somewhat to compensate the flux loss. A free parameter at 
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the given FRM II geometry was the shape of the thickness distribution over the radius and the maxi-
mum fuel thickness in the centre. From a theoretical point of view one could achieve a nearly flat dis-
tribution e.g. for the begin of cycle. However there are some disadvantages which have to be over-
come: 

a) The constraint would demand a very low fuel thickness at the outer border. The local burn up 
would become very high during operation and this would mean a more and more degrading of 
the flat power distribution from the begin of an operations cycle to its end 

b) The lower the thickness at the outer border, the higher the local burn up and the fission density 
values in the fuel. 

c) The cycle length will be lowered drastically because of the high burn up values in the regions 
with highest flux at the edges of the core. 

 
The radial thickness variation was chosen in a way to take care of this different aspects as there are: 

 One boundary condition was to achieve at least the same cycle length as with the current ele-
ment at the same thermal power. 

 The power distribution should be better than with the current element over the whole cycle and 
not only perfect for a single point of operation. 

 The fission densities should not reach exceptionally high values. 
 
And not to forget, the plates have to be shaped to evolutes like now to achieve a constant coolant gap 
of 2.2 mm at each position in the element. The calculations were exercised with the same procedures 
[6] that led to the HEU design of FRM II (criticality, burn up …) which showed best agreement with 
real operating conditions. The results were now as follows: 

1. Different thickness variations were simulated and this lead to the final profile of figure 1. It is 
nearly a Turkish huts profile with  

2. the maximum of the fuel thickness in the central region with only 250 µm. 
3. The increase of the fissionable mass U-235 is now no more than 20 % from 7.5 kg up to 9.1 kg. 
4. The heat flux into the coolant channels was integrated over the whole core height for BOL (be-

gin of life cycle); this lead to the radial distribution also shown in figure 1, which demonstrates 
the main advantage in this case. The continuous thickness shaping can give a clearly better ra-
dial heat flux profile (form factor) than the step grading solution. 
The fission densities reached at EOL (end of cycle, here 52 days) rise to really high values. Es-
pecially at the edges with lowest fuel thickness the values rise up to 7.1021 cm-3 despite the pro-
file was chosen in a moderate way (The searching for a flat power distribution contradicts here 
with a requirement for lower fission densities in the fuel (meat) with monolithic UMo.). The ac-
tual grading of the fuel particles density in the Al-matrix means at the same time a grading of 
the meat fission density. This is no more the case for monolithic fuel. The fission density dis-
tribution must be as continuous as this is the case for the neutron flux in general. Up to now it 
has been proven [7], that UMo monolithic fuel is able to safely retain fission densities of up to 
5 1021 cm-3 under mini plates conditions. 

5. The maximum thermal flux is depressed by 9 % over the whole cycle when compared to the 
actual HEU fuel at the same thermal power of 20MW. This is now nearly the same reduction as 
observed with the 50 % MEU solution with UMo dispersive fuel [5]. 

6. Regarding the cycle length, this calculation showed only a small extra reserve in comparison  
to the today's fuel element solution,. the total burn up being 20 % lower than now with 52 
FPDs. With a thicker meat, e.g. 300 µm instead of 250 µm and the same thickness shaping in 
this calculation, the total output on FPDs would be extended by about 20%. The total burn up 
at EOL would be comparable with the current solution. 

7. The reactor would produce 66 g Pu till operating 1040 MWd (currently 10 g at EOL). 
8. The margins for the efficiency of the control and shut down rods are very comparable to the 

current solution. The reason is the unchanged geometry of the outer fuel element dimensions in 
this simulation. 
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Fig. 1: Calculated radial power form factors in FRM II at BOL with U3Si2-

Al HEU fuel as currently and with the here studied UMo monolithic 
MEU fuel. The thickness of the monolithic fuel layer is variable and 
up to 250 µm in the central region (right scale). 

 
9. The maximum thermal flux is depressed by 9 % over the whole cycle when compared to the 

actual HEU fuel at the same thermal power of 20 MW. This is now nearly the same reduction 
as observed with the 50 % MEU solution with UMo dispersive fuel [5]. 

10. Regarding the cycle length, this calculation showed only a small extra reserve in comparison  
to the today's fuel element solution,. the total burn up being 20% lower than now with 52 
FPDs. With a thicker meat, e.g. 300 µm instead of 250 µm and the same thickness shaping in 
this calculation, the total output on FPDs would be extended by about 20%. The total burn up 
at EOL would be comparable with the current solution. 

11. The reactor would produce 66 g Pu till operating 1040 MWd (currently 10 g at EOL). 
12. The margins for the efficiency of the control and shut down rods are very comparable to the 

current solution. The reason is the unchanged geometry of the outer fuel element dimensions in 
this simulation. 

 
 

3 Conclusion 
 
Shaping the UMo monolithic thickness may be an elegant solution to smoothen the radial power 
distribution, as far as the metallurgical and fabrications problems can be solved. But decisive 
constraints could come also from high fission density values at the edges with the low fuel 
thickness. Although the first irradiation tests with UMo monolithic fuel performed very well [7], 
it is further questionable, whether this fuel can withstand highest fission density values under 
full size plate conditions like here. 
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ABSTRACT 
 

All high flux research reactors (F>/~1015 cm-2s-1) but FRM-II are in the closing stage of 
their lifetime cycle. At the same time there are developing areas of scientific interest 
offering no alternative other than neutrons as a research instrument. They are fundamentals 
of nuclear physics and elementary-particle physics, testing of material fine structure by 
neutron scattering, accelerated search for new materials of high radiation stability, and 
production of  “reactor” radionuclides of new required properties. Achieving the new 
methodical level in these directions requires construction of a stationary neutron source of 
forced neutron flux density. Gradual exhaust of potentialities of the operating high-flux 
reactors emphasizes significance of the issue. The paper is an attempt to evaluate one of 
possible solutions of this task from the present-day viewpoints, i.e. the use of HTGR coated 
fuel particles in research reactors. 

 
 
1. Introduction 
 
Increase of neutron flux density in test facilities, process and radiation safety, as well as fuel cycle 
enhancement still remains important tasks for research reactor engineering. Water-cooled high-flux 
research reactors (F >/~1015 cm-2s-1) are the most demanded and efficient ones, but they consume 
much expensive uranium-based fuel 90%-enriched in 235U. These tasks are most urgent and complex 
for them, since fuel is operated under stresses of different types in their cores, as well as high intensity 
close to the limiting rate. Enhancement of characteristics of such facilities requires new materials and 
fuel element designs to intensify heat removal. 
 
A number of proposals on designing reactors of ≥1016cm-2s-1 neutron flux density was published. Their 
brief review is provided in [1-3]. To achieve the goal, it is necessary to construct a core of ≥10 MW/l 
power density and minimum volume and capable of maintaining criticality for a designed period of 
time. All attempts to build up such a facility failed due to high construction and operation costs. 
Therefore, step-by-step modernization of an operating high-flux reactor seems to be a more achievable 
way to satisfy growing demands of the scientific community. 
 
The most suitable for practical application concepts are those providing upgraded fuel plates of the 
MTR or HFIR types, or HTGR coated fuel particles. The fuel plates are difficult to be cooled under 
operation conditions, especially with the oxide film formed on the surface, and require high-enriched 
fuel that is a drawback. Reactor concepts implying a use of coated fuel particles do not have such 
drawbacks due to their large heat-transfer surface per a unit of volume, high admissible temperature, 
high uranium capacity, and potential hydraulic reloading of the fuel particles. 
 
All the above said formed a basis for evaluation of possible step-by-step enhancement of the operating 
water-cooled high-flux reactor characteristics by switching it to the HTGR coated fuel particles. The 
paper presents some results of the first stage of the work. 
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2. Motives for Neutron Flux Density Increase 
 
The subjects of testing by neutron scattering using neutron beams are magnetic compounds, partially 
disordered magnetic alloys, magnetic films and super-lattices, ceramic high-temperature 
superconductors, biological systems, materials and structures for engineering systems, etc. These 
investigations involve both fundamental properties of many substances, and areas of knowledge 
significant from the practical viewpoint. The data obtained during experiments are usually statistical, 
and the time of obtaining a result of acceptable accuracy is inversely proportional to the neutron flux 
density in the beam. An essential part of the investigations in this area is referred to so-called flux-
limited ones, the most attractive and competitive ones being among them. Insufficient neutron source 
intensity enforces significant efforts and contributions to optimization of the techniques that is not 
always justifiable. At the same time the current tendencies reflect an increasing interest in more 
compound chemical systems, more complicated procedures for production of specimens of required 
size, a need for experiments with high energy resolution, i.e. the use of “cold” and polarized neutrons 
requiring 10-fold neutron flux density reducing devices for their production.  This stimulates designing 
neutron sources of high intensity. 
 
As a rule, facilities for investigations into nuclear and elementary-particle physics are placed on a 
neutron beam one by one.  In the process, losses in beam and waveguide intensity are inevitable, and 
their compensation requires higher source intensity. Measurements of neutron mass, whose refinement 
is a firm postulate, seem to have reached their limits restricted by the accessible neutron flux density. 
Electric charge and electric neutron dipole moment are still known with the accuracy close to the “yes-
no” level. There is much speculation that their determination alone could justify costs of neutron 
source intensity increase. Eliminating differences between results of the neutron half-life period is 
deemed impossible without increasing neutron flux density in the beam. A success in accessing a 
possibility of the neutron-antineutron transition that could be done on long-term keeping of slow 
neutrons and registering nucleon-antinucleon annihilations would greatly depend on availability of a 
high-flux reactor. The (n-n)-interaction effect registered using the (n-n)-scattering in vacuum is 
proportional to the squared neutron flux density and the forth power of the trap diameter, background 
linearly increasing with the neutron flux growth. Results of such an experiment could directly test the 
validity of the charge-independent nuclear forces low.  
 
Testing of theoretical predictions of stable super-heavy nuclei shows a demand for 254Es targets 
production for heavy ion accelerators to amount 40 µm per year that is 10 times higher than can be 
produced in the operating high flux reactors. Facilities with high neutron flux density would allow for 
production of heavier but more short-lived nuclides that would most probably make the attempts 
successful. Nuclear physics foresaw neither symmetric 257, 259Fm nuclear fission resulting in 
abnormally high full kinetic energy fission fragments, nor reduction of spontaneous fission half-life 
from 500 years (257Fm) down to 0.38 ms (258Fm). This makes it necessary to investigate heavier nuclei 
to understand the factors causing these changes. 
 
Rigid requirements are placed upon specific activity of “reactor” radionuclides used for manufacture 
of miniature emitters for low-traumatic implantations or high-resolution defectoscopes. High neutron 
flux density is frequently the only way of overcoming size limitations. 153Sm and 186Re radioisotopes 
satisfy requirements to medical cancer treatment preparations for nuclear and chemical properties, but 
to provide the required specific activity it is necessary to have a facility with neutron flux density 10 
times greater than that provided in the operating ones. Production of molybdenum-99 using the 98Мо 
(n, γ) 99Мо reaction does not have these drawbacks peculiar to the technology based on the 235U (n, f) 
99Мо reaction and arising from the necessity of using enriched uranium and producing a big amount of 
the waste. However, the required specific activity (≥200Ci/g) at a sufficient output can be provided in 
a reactor with at least (6-8) 1015cm-2s-1neutron flux density. Along with the widely used 99Мо - 99mТс 
“diagnostic” generator, it could produce preparations for “therapeutic” generators, for instance, a 
166Dy-166Но generator with parent and daughter nuclei having half-lives timed in hours. Radionuclides 
produced as a result of double or multiple neutron capture of 183Ta, for instance, could significantly 
extend the number of emitters available for Mössbauer spectroscopy that is one of the finest methods 
for measurements of slight changes in nuclear level energies.  

243



Simulation of fusion reactor conditions during material testing in a research fission reactor is carried 
out using neutron filters bettering the representation, but essentially extending the experiments. 
Satisfactory material damage rates (up to 100 dpa per year and more) and transmutation helium 
accumulation rates (up to 1000 appm per year and more) providing acceptable time for processing can 
be achieved in a water-cooled reactor with an hard neutron spectrum and neutron flux density of  
~1016cm-2s-1. The minimum temperature in liquid metal-cooled reactors is 350°C, whereas a 
temperature range of 100-750°C is often required during tests. A new high-flux test reactor would 
serve the needs of accelerated development of materials for advanced power fast reactors, if the fast 
neutron flux density in its channels were of the order of 1016cm-2s-1. 

 
 

3. Selection of Engineering Solution 
 
Analysis of the world experience in designing a new-generation test reactor brings us to the conclusion 
that it must be multi-purpose to provide for experiments in at least three research directions: 1) 
fundamental researches in condensed state physics, nuclear physics, and elementary-particle physics; 
2) material testing to evaluate performance of the materials used and development of advanced 
materials for fission and fusion reactors; 3) researches on the technology for accumulation of 
radionuclide preparations of fundamental and practical application. Preference is given to the water-
cooled beam reactor based on validated technologies and a high power density core (≥10MW/l) of 
small volume, moderate power capable of maintaining criticality for a preset period of time, as well as 
a hard spectrum and high length of a neutron free path. A heavy water coolant and a reflector provide 
better operation of experimental devices both inside and outside the core. When designing a low-
powered core of high power density, one have to cope with restrictions on fuel volume, heat-transfer 
surface and mass, as well as campaign duration. These restrictions are directly dependent on 
appropriate characteristics of fuel elements, i.e. a volume unit provided by the surface and uranium 
capacity, as well as permissible temperature of the surface and the fuel column. Specific heat-transfer 
surface and permissible temperatures dictate requirements to the cooling system, while uranium 
capacity governs efficiency of the fuel cycle and campaign. Step-by-step refurbishment of the core of 
the operated high-flux reactor can be considered as a part of preparation for creating a new-generation 
facility instead of the aging ones. One of the objectives of the current refurbishment of the SM reactor 
core is development of measures for achieving thermal neutron flux density of 8·1015cm-2s-1 in the 
operating facility. The most complicated task is selection of a high-performance fuel for operation in 
severe environment. The change-over from the average power density of ~2 MW/l attained in the 
operating reactors to the required one of ~10 MW/l cannot be classified as evolutionary, especially 
with respect to the fact that the volume factor of power density non-uniform distribution in the core is 
difficult to be reduced down to 2.0 and lower. 
 
Analysis of performance of the traditional plate fuel shows that the use of the HFIR Al-cladded 
evolvent plates with U3Si2 and Al fuel columns and an axially and radially changing uranium silicide 
volume fraction can provide the required power density margin of 1.1 prior to boiling, as well as non-
exceeding of fuel swelling limits at a water velocity of 27 m/s only if a way of reducing the oxide film 
growth by 80-90% is found due to new cladding materials and/or appropriate water-chemical 
conditions. Another option at a rate of 15-17 m/s typical of the plate fuel consuming reactors provides 
for reliable cooling by shortening the heated coolant path and splitting the core into two parts to mix 
flows of “cold” and “hot” channels of the fuel assemblies from the first part with a by-pass channel at 
the FA inlet to the second part. Complexity of the task to ensure performance of the plate fuel under 
high loads is estimated as moderate, however, the fuel performance is considered to be almost at its 
maximum. Current developments of fuel pins with U-Mo/Al dispersed fuel column do not promise 
quick progress [4], especially as applied to high-flux reactors. 

 
Advantages of spherical fuel particles are as follows:  

1. Have high specific heat-transfer surface (75 cm2/cm3 at d = 500 µm) that is ~10 times as 
much as in the operating research reactors, when compactly arranged at the particle 
diameter of ≤1 mm. 
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2. Provide good mixing of the coolant. 
3. Have high uranium capacity, and the volume fraction of the column in the cell at the 

∅1mm fuel particle and the 0.2 mm wall thickness makes up ~33%. 
4. Tolerate high burn-up (higher than 30%). 
5. The protective coating of the kernel has a small neutron absorption cross-section and a 

small volume fraction in the fuel particle. 
6. Capable of operating at temperatures up to 1400°C and shortly at higher temperatures that 

allows for temperature increase at the core outlet, if necessary, and is favorable to facility 
safety. 

7. Corrosion-resistant in water and water steam: 
- at 350°C and 16 MPa pressure  for 17.5 months in water; 
- at 550°C and 10 MPa for 14.5 months in overheated steam. 

8. If the cladding fails, unforeseen and abrupt fission products release is impossible, since 
they abandon in a big number of fuel particles. 

9. The technology is optimized and the coated fuel particles are commercially available. 
10.  Hydraulic reloading of burnt-out particles and refueling with fresh ones are possible. 
11. Provide for the use of power-grade uranium and plutonium and breeding materials; engage 

alternative reprocessing simplifying solution of the non-proliferation task.  
12. Capable of operating at power cycling. 
13. Exclude heat removal crisis. 
14. Using this type of fuel can reduce fuel costs in nuclear power by ~40% [5, 6]. 
15. Operate at small amounts of 235U and fission products in the core under the continuous 

reloading mode ensuring nuclear safety. 
 
According to [7], the concept of the new-generation high-flux reactor with a compact channel 
arrangement of the circular (not necessarily one-row) core is the best one from the feasibility point of 
view. The concept envisions a core installed in a big heavy-water tank under low pressure (~0.2 MPa). 
Fuel particles are cooled by heavy water in channels under high pressure (~8 MPa). A thin annular 
fuel layer in a FA between two grid tubes is cooled by the water flow in the radial direction 
supplied/discharged in the axial one. At the power density of 10 MW/l averaged over the fuel part of 
the core and the volume of 16 l it is possible to provide thermal neutron flux density of ~2·1016cm-2s-1 
in  the central cavity and 1·1016cm-2s-1 in the lateral reflector. 
 
The core containing 2 kg 235U and 8 kg 238U will reach the 20% burn-up and it will have to be reloaded 
in 2 days, if the single reloading mode is used. For Ø 0.5 mm fuel particles, the layer thickness of 3 
cm, and the inlet temperature of 60°C, the temperature difference between the particle surface and the 
water will not exceed 6°C. The outlet temperature will make up 130°C that is much lower than the 
saturation temperature of 295°C for the 8 MPa pressure. The pressure difference on the layer will not 
exceed 1 MPa. The required water velocity profile distribution throughout the fuel layer can be 
designed by changing hole sizes in the layer-holding grid tubes. Control rods are placed in the central 
moderator or the fuel area to keep the high-flux volume in the reflector free for beam experiments. 
 
Assessing expediency of the proposal implementation is a complex task with analysis of the fuel 
performance under the conceptual operation conditions being a determinant. It is important that the 
fuel particle potential can be used not only to force high-flux research reactor characteristics, but also 
to reduce uranium enrichment in the fuel using high uranium capacity of the fuel particles. For such 
high-flux reactors as MIR and BR-2, implementation of the second task can be considered as a 
required interim stage to verify performance of fuel particles containing 20%-enriched UO2 fuel 
kernels at the power density of 2MW/l reached in the operating reactors. 

 
 

4. Fuel Particles Testing 
 
Katscher W. [8] performed heat hydraulic tests using a heated water-cooled layer of dummy fuel 
particles demonstrating steaming at the average power density of ~3MW/l. Analysis shows that it 
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could not be otherwise, since the experiments were carried out at the atmosphere pressure and high 
inlet water temperature (~80°C), when it was sufficient to create a local 20°C temperature difference 
between the particle surface and the water to have it boiling. Apparently, that was what took place. 
The power density was almost maximum for the operating reactors, and the water velocity in the fuel 
particle layer did not exceed 20% of that usually provided. Moreover, local power densities were 
higher than the average one, since the fuel-simulating layer was a small diameter ring of stainless steel 
balls inductively heated by a high-frequency generator. The induced current was higher from the 
outside of the layer, and the particles were heated higher at the contact points due to high electric 
resistance in these areas. 
 
At the time, when a publication [7] appeared in 1986, in which one of the concepts of a new-
generation high-flux reactor for neutron researches at ORNL based on the HTGR coated fuel particles 
was described, testing of the directly cooled fuel of this type was started in the SM reactor. A necessity 
to increase power density in the core of high-flux reactors (It has been 20 years since high-flux 
research reactors aged and at present the question “What’s instead?” is crucial.) [9] was an 
important motive. The subjects of the testing were the fuel particles produced at Novosibirsk Plant of 
Chemical Concentrates. They had 21%-enriched UO2 kernels 465 µm in diameter produced by the sol-
gel method. The particles were covered with PyC 151 µm thick and SiC 60 µm thick. The average 
diameter of the fuel particles made up 900 µm. 
 
The capsule of the irradiation rig was made of two outer and inner perforated cylinders with the gap 
between them filled up with fuel particles 60 mm high and 5 mm thick. The capsule was loaded into a 
channel of the loop facility. The fuel particles were cooled with water running through the layer in the 
radial direction from the center to the periphery, the axial inlet located in central collector and the axial 
outlet located in the peripheral one. The quality of the water was similar to the VVER water-chemical 
conditions. The water temperature made up 250°С, pressure was 10 MPA, and the flow rate accounted 
4 m3/h. The power density in the layer at that stage was 0.34 MW/l. 
 
The testing continued 33 full-power days. Neutron fluence with the energy Е≥0.1 MeV reached 
1.4·1019cm -2, and burn-up – 2.9% FIMA. The readings of the cladding leak test system taken on 
activity of the delayed neutron carriers did not change during the testing. Material testing of the 
irradiated particles did not reveal any through defects in the claddings. It was recommended to start 
testing at higher specific density. The obtained results formed a basis for below evaluation. 

 
 

5. Procedure for Calculations 
 

Fig.1 presents a diagram of a fuel assembly with HTGR fuel particles and a direction of the coolant 
circulation. 

 
Fig.1. FA with HTGR fuel particles. Arrows show coolant flow direction 
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The coolant velocity distributions in the fuel layer formed both by the coolant flow conditions inside, 
and conditions at the layer boundary (axial changes in the pressure loss at the outlet and inlet 
collectors and the grids) are determinant in investigations of operation conditions of the fuel particles. 
 
Application of axis hydroprofiling is principle. Distribution of the coolant run-on through the fuel 
layer corresponded to the axial energy release distribution. This was reached by adjusting a 
corresponding diameter and holes spacing in the grids. The velocity field inside the fuel layer was 
determined using the theory of liquid filtering through porous media [10]. 
 
The neutron flux functional was calculated using the numeric model of the MIR.M1 reactor based on 
the MCU application program package (the MCU-RR version) implementing a method of analogue 
modeling of the neutron trajectory (Monte Carlo) in 3-dimensional geometry [11]. 
 
The constants of the MCU-RR program package are based on the DLC/MCUDAT-2.1 library of 
nuclear data. The library has several sections, each containing cross-sections and other constants of 
neutron interactions with nuclides being a part of reactor materials within a certain range energies. 
 
The cross-sections of the neutron interactions within the energy range of 1 eV – 10.5 MeV are 
presented in 26-group constant system BNAB [12]. Information on resonance characteristics of the 
cross-sections is presented as subgroup parameters. 
 
Within the thermal energy range of 0-1 eV the cross-sections are presented in 40-group velocity 
intervals (TEPKON library). The differential scattering cross-sections are calculated for preset 
temperatures with respect to chemical bonds and crystalline structure of materials. 
Neutronic and thermohydraulic design formed a basis for analysis of thermal stress in a fuel particle.  
Dimensions of the fuel particle (fuel particle diameter, kernel diameter, SiC and PyC thickness) were 
optimized using the following criteria: 

- Strength margin of the SiC layer at radial heat stress; 
- Strength margin of the SiC layer at tangent heat stress; 
- Strength margin of the kernel at tangent heat stress; 
- Strength margin prior to the coolant boiling on the fuel particle surface. 

 
 
6. Initial Data and Neutronic and Termo-Hydraulic Analysis of Reactor Core and 

Fuel Particles FA 
 
The core of the loop-type test reactor MIR and its fuel assembly are described in detail in [13].  The 
FA is assembled of 4 coaxial tube fuel pins with Al-dispersed UO2 fuel column and Al claddings. Fuel 
assemblies are installed in Be metal blocks of the core into cylindrical channels.  Uranium enrichment 
in 235U makes up 90%. Switching the reactor with the neutron flux density of 5·1014cm-2s-1 at the fuel 
channel power of 3.6 MW to low enriched uranium using the HTGR fuel particles is being 
investigated. When switching the reactor to the new fuel, it is desirable to avoid big changes in the 
system for heat removal from the core and other systems, without worsening conditions for 
experiment performance due to upgrading of the fuel assembly, mainly. Table 1 presents 
characteristics, FA and fuel particles operation conditions used in the calculations. 
 
Table 2 gives results of calculations of the cell characteristics containing a fuel assembly based on fuel 
particles and those of a standard FA. Comparisons of the results prove the operation characteristics 
and capabilities for loop experiment performance not to worsen, if the reactor is turned to LEU. 
 
Table 3 presents results of analysis of operation conditions of new fuel assemblies and fuel particles 
obtained using the procedure briefly described in Section 4, as well as data of neutronic analysis. Fuel 
particle parameters (Table 1) are selected on the basis of optimizing themohydraulic calculations and 
analysis of heat stress in the claddings. Diffusion of fission products in the kernel and its coating were 
not calculated. At the first stage it was considered that at low operation temperatures radiation 
background parameters would be determined not by penetration-resistant properties of the cladding 
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materials, but production defects in them. When selecting thickness of the kernel coating, we took into 
consideration a necessity to provide sufficient strength and penetration margins. In particular, it was 
assumed that the SiC coating strength margins for all types of temperature stresses should not be less 
than 2.5. 
 

Characteristics Value 
1. 235U mass, g 500 
2. Uranium enrichment in 235U, % 19.7 
3. FA power, MW 3.6 
4. Fuel particle dimensions: 

– Diameter, mm 
– Kernel diameter, mm 
– Thickness of SiC layer, µm 
– Thickness of PyC layer, µm 

 
0.7-1.2 

0.4-0.72 
10-130 

140 
5. Dimensions of the fuel layer, mm 

– Height 
– Average diameter 
– Thickness 

 
1000 
43-48 
14-19 

6. Inlet pressure, MPa 1.4 
7. Water inlet temperature, ºС 30 
8. Pressure difference in the core, MPa 0.5 
9. Water flow rate through the fuel channel, m3/h 45-80 

Table 1: Characteristics and operation conditions of fuel particles FA for the MIR 
reactor taken in calculations 

 
 

Value 
Characteristics Standard cell Cell with Fuel 

Particles 
1. К∞  1.354 1.282 
2. Average (maximum) power density, MW/l 1.25(2.4) 1.0-1.7 (1.8-2.4) 
3. 135Хе poisoning effect, βэф 3.58 3.29 
4. 235U burn-up as of the end of the campaign, % 32 31 
5. Reactivity loss rate with burn-up, (% ∆К/К)/% burn-up 0.741 0.642 
6. Campaign duration, days 93 123 
7. Power of loop FA (19 VVER fuel pins) per 1 MW in a  
 standard FA's round loop channel, kW/MW 610 645 

8. Neutron flux density in fuel pin claddings of a loop FA,  
1014cm-2s-1 MW-1: 

– At Е ≥0.1 MeV 
– At Е ≤0.5 eV 

 
 

1.76 
1.46 

 
 

1.72 
1.39 

9. Efficiency of control rods, βef:  

– Shim rods with fuel suspension 
– Manual and automatic control rods 

 
7.9 

16.2 

 
7.9 

16.3 
10. Efficiency of safety rods, βэф 4.8 4.8 

Table 2:  Neutronic analysis of characteristics of the fuel particles cell and a standard cell of the MIR 
reactor core 
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Characteristics Value 
1. Maximum pressure difference in the fuel layer, kPa 1.0-10.0 
2. Maximum thermal neutron flux density on the fuel particle surface, MW/m2 0.3-0.8 
3. Pressure difference, MPa: 

– On FA 
– On the collector 
– Maximum on the grid tube retaining the fuel layer 
– On the fuel layer 

 
0.2 
0.1 

0.09 
<<0.1 

4. Water velocity, m/s 
– At the incoming collector inlet 
– Average run towards the fuel particles at the layer inlet 
– Average run towards the fuel particles at the layer outlet  
– At the outcoming collector outlet 

 
8-15 

(1.5-10)·10-2 
(4-20)·10-2 

18-25 
5. Maximum temperature, ºС: 

– On the fuel particle surface 
– On the kernel 

 
103-180 
200-400 

Table 3: Results of thermohydraulic calculations of MIR fuel particles FA 
 
7. Conclusions 
 

1. There are scientific and practical tasks requiring significant increase of neuron flux density 
in high-flux research reactors. 

2. The current refurbishment of the research reactor fleet (Australia, Germany, Canada, etc.) 
does not provide for significant increase of neuron flux density higher than that achieved in 
operating reactors. 

3. No grounds for denying HTGR water-cooled fuel particles have been found out yet to 
design a new-generation high-flux research reactor and to reduce fuel enrichment in the 
operating facilities. 

4. Calculations of characteristics of the MIR reactor core containing HTGR fuel particles 
suggest that conversion of the reactor can demonstrate a feasibility to switch facilities of 
this type to LEU and contribute to selection of the fuel for a reactor with a new level of 
neutron flux density. 
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ABSTRACT 
 

The Petten HFR will be fully converted to LEU fuel by 06 May 2006. The used 
fuel is U3Si2 at a density of 4.8 g·cm-3. Cadmium wires are applied as burnable 
poison. Two sets of reactor physics codes are used to support the conversion 
process. Thanks to extensive and ongoing validation of the codes and models a 
very good agreement between measurement and calculation is achieved. As a result 
of the conversion the thermal flux drops by about 15 %. Switching to cadmium 
wires as burnable poison resulted in a better reactivity performance of the HFR 
core. 
 

 
1.  Introduction 
In 1999 the decision was taken by the EU to convert the Petten High Flux Reactor, a 50 MW MPR, to 
LEU fuel. On 6 May 2006 the first all LEU HFR cycle will start, and so the core is fully converted. 
Between both dates many actions were completed: the LEU fuel element and control element design 
was completed [1], elements were fabricated and tested, a new Safety Report was produced and a new 
(LEU) license to operate the HFR was granted to NRG. 
Table 1 lists the main characteristics of the LEU fuel and control element design. It is designed for the 
operation of 10 cycles of 28 full power days (FPDs) each per year. This allows a more economical use 
of the elements compared to the 11 annual cycles of 25.7 FPDs each used in the HEU case. 
 

Characteristic HEU LEU 
Fuel type and density UAlx, 1 g·cm-3 U3Si2, 4.8 g·cm-3 
Enrichment 91 % 19.75 % 
235U mass in fuel / control element 450 / 310 g 550 / 440 g 
Number of plates in fuel / control element 23 / 19 20 / 17 
Burnable poison 1000 mg 10B 40 Cd wires (Ø 0.5 mm) 
FPD’s and cycles per year 25.7 / 11 28.0 / 10 
Nominal thermal reactor power 45 MW 45 MW 

 
Table 1: Main Fuel Characteristics 

 
The progressive conversion, which started on 20 October 2005, will take 6 reactor cycles to complete. 
Every cycle 5 or 6 fresh LEU fuel elements and 1 fresh LEU control element are introduced into the 
core while an equal number of HEU elements is removed. To support the conversion calculations are 
done in parallel with two sets of codes: REBUS/MCNP and OSCAR-3.  
 
 
2. Core Design 
The HFR core consists of 81 positions: 33 fuel elements, 6 control elements, 25 reflector elements and 
17 in core experiment positions, see figure 1. No reflector elements are located at the west side, 
allowing neutrons to stream into the Pool Side Facility (PSF). 
 

250



 
Figure 1: layout of the HFR core 

 
The LEU license lists 12 Design Rules [2] with which every core has to comply. The Rules give 
criteria on thermal-hydraulics, reactivity, fuel burn up and operational limitations. Any core that meets 
the criteria can be operated. Nevertheless we tend to standardize the core reload pattern in order to 
arrive at equilibrium in overall and localized core characteristics. The HEU starting point was the 
inside out reloading pattern, loading fresh fuel elements in the centre of the core and elements with 
increasing burn up towards the peripheral positions in the core. In the fully converted core this 
reloading pattern yields a highly peaked flux in the centre of the core and a very low flux in the PSF. 
In order to lower the peaking and to preserve neutron fluence rates in the PSF as much as possible the 
conversion will end using an outside in reload pattern with most of the fresh fuel elements facing the 
PSF. 

 
 

3. Reactor Physics Codes and Models 
 
Two sets of reactor physics codes and models are used simultaneously for LEU core calculations: the 
combination of REBUS (3D diffusion code) [3] and MCNP (3D Monte Carlo code) [4], and OSCAR-
3 (3D nodal code) [5]. REBUS/MCNP is used is the reference tool, focussing on accuracy and detail, 
while OSCAR-3 is the production tool using a more approximate method, making it extremely fast. 
REBUS is used to calculate the inventory as function of burn up of fuel and control elements and 
MCNP is used to calculate neutron fluence rate and power distributions, specific reaction rates, 
reactivity effects and radiation heating in the core, PSF and beam tubes in great detail (both in space 
and in neutron energy). 
OSCAR-3 is used for the assessment of proposed core compositions. Every cycle many options and 
combinations of experiment configurations have to be checked against the Design Rules. Being a 
nodal diffusion code OSCAR-3 is extremely fast. A typical run takes 10 minutes on a PC, while a 
REBUS/MCNP run on a cluster of PC’s takes 12 hours, which is impractical for assessments and last-
minute changes in the core composition. 
NRG has developed a tool (ELNINJO [6]) that automatically generates OSCAR-3 broad group data  
from an MCNP model that can be in any amount of detail. The combination of MCNP and ELNINJO 
allows the homogenisation and collapsing of cross section data (including the scatter matrix!) in a 
form suited for use by OSCAR-3. The code uses the results of an MCNP cell calculation to 
homogenize the detailed 3D geometry. Cross sections are collapsed into the 7 energy groups used in 
OSCAR-3. As MCNP is used during the engineering phase of an experiment, its model is available for 
ELNINJO processing prior to the actual use of the experiment in the HFR. The obvious advantages of 
ELNINJO are the common source of information used in MCNP and OSCAR-3 and the fact that 
making an OSCAR-3 model is done automatically and without limitation on the detail in geometry.  
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4. Measurements, Validation and Verification 
 
The REBUS/MCNP codes and models have extensively been validated [7, 8]. In fact this process 
continues during the conversion using measurement data obtained from reactor operation, copper wire 
measurements and foil activation measurements. Also feedback from isotopes clients provides 
valuable information. 
A copper wire measurement is done every other cycle. The wires are positioned inside five fuel 
elements and one control rod using wire holders and loading tools, see figures 2 and 3 for the devices 
used in LEU fuel elements. The measurements are done in a number of fuel elements that are spread 
over the core and have a large variation of thermal flux levels. 
 

                   
     Figure 2: Load tool on top of element                      Figure 3: Wire holders inserted in load tool 
 
For the comparison of calculated with measured data, both sets of data are normalized such that the 
sum of the total copper reaction rate in all wires used in the measurement are the same. Comparison 
shows that the reaction rates in the wires are reproduced to an accuracy of ± 10 % in most positions, 
see figure 4. Larger differences are only seen where the averaging methods are inadequate due to 
strong flux gradients, and when the flux itself is very low. 
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Figure 4: Relative difference between measurement and calculation in position B3 

 
A number of reaction rates are measured in very small volumes using foil activation sets in reloadable 
irradiation devices. In the MCNP calculations the reaction rates were averaged over a volume of the 
capsule of diameter 25 mm by 80 mm height. The reactions used and typical results for a position in 
the centre of the core are listed in table 2, which shows excellent agreement. 
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Reaction Neutron energy range Relative difference (C-M)/M 
59Co(n,γ)60Co Thermal - 0.006 
58Ni(n,p)58Co Fast - 0.002 
54Fe(n,p)54Mn Fast + 0.022 
58Fe(n,γ)59Fe Thermal - 0.009 

109Ag(n,γ)110mAg Epithermal + 0.015 

Table 2:  Relative difference between calculation and measurement in core position G5, 
HFR cycle 2006-01 

 
 
5. Influence of Conversion on Core Characteristics 
The influence of conversion on the neutron flux after completion of the conversion and using the 
outside in reloading pattern is shown in figure 5. After completion of the conversion the average drop 
of the thermal flux will be approximately 15 %. 
 

 
 

Figure 5: changes in thermal and fast flux due to the conversion 
 
The reactivity of the converted core is higher than the HEU core, due to the excessively higher 235U 
mass in the fuel and control elements. The use of cadmium wires as burnable poison instead of boron 
slabs results in a smaller control rod travel during the course of the cycle. Both phenomena are shown 
in figure 6. 
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Figure 6: bankwise control element setting during the 25.7 and 28 day cycle 
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ABSTRACT 
 

Experience on the conversion from HEU to LEU of the HOR, a 2 MW pool-type research 
reactor of the Delft University of Technology is presented. The conversion started in 1998, 
using mixed HEU-LEU cores, and was completed successfully in 2005, when a full LEU-
core was reached. An overview is given of the experimental and calculation methods and 
results. Work is still on-going for improving and fine tuning of the methods in use. 
 

 
1.  Introduction  
The conversion of the Hoger Onderwijs Reactor (HOR) started in March 1998 with the introduction of 
two Low Enriched Uranium (LEU) standard fuel assemblies in the core. The duration of the 
conversion from a full High Enriched Uranium (HEU)-core to a full Low Enriched Uranium (LEU)-
core was scheduled to take about 5 years. However, in the course of the process, a couple of 
assemblies of the 1st batch introduced in the core showed peculiar cladding defects [1], and operating 
cycles ended prematurely. So, additional time was needed, but in January 2005 the target of a full 
LEU-core running successfully has been reached.  
The Reactor Institute of the Delft University of Technology (RID, formerly IRI) has been operating the 
HOR, a 2 MW pool-type reactor since 1963. The reactor is used in a variety of research and educational 
activities. The institute has research programs in the fields of neutron and positron beam physics research, 
radiochemistry, neutron activation analysis, and reactor physics.  
Following the successful development of the silicide type of LEU-fuel in the eighties of the last 
century, the decision to convert the HOR from HEU- to LEU-fuel was taken. The LEU fuel assembly 
design characteristics were adopted in close cooperation with the fuel fabricator. The LEU fuel assembly 
geometry remained unchanged from the existing HEU type fuel, but with a considerable increase of the 
uranium loading. A conversion study of the HOR with HEU, LEU and mixed fuel operation was 
performed, and the results were reported in 1989 [2]. By the end of 1995 the Environmental Impact 
Report and the overall Safety Report were ready, and a formal licence application was submitted. The 
licence to convert was issued in November of that year and came into force in the beginning of January 
1997. [3]  
 
 
2.  Conversion Program and Background 
The core conversion model in the conversion study has been based on stepwise introduction of LEU fuel 
assemblies during core reload operations at the start of each operation cycle [2]. Furthermore, the core has 
been compacted during the conversion process from a configuration with 28 fuel assemblies and 11 
beryllium reflector assemblies to a configuration with 20 fuel assemblies and 21 beryllium reflector 
assemblies. Moreover, beryllium in-core irradiation facilities have been introduced in 2001 (Core 01-04).  
For the mixed core situation, in certain stages of the gradual conversion process the thermal hydraulics 
analysis indicated a reduced safety margin, implicating a decreased limit for power operation. To keep the 
full performance of the reactor, the coolant flow rate was increased following upgrading of the coolant 
loops. For the increased flow rate case for mixed core operation, an updated safety review of the earlier 
work reported in 1989 was performed in 1993. An experimental program to assess the hydraulic perfor-
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mance of the reactor core with increased flow, including validation of the core thermal hydraulic model 
was established [4], and the results were used for validating the updated safety review. 
Traditionally, for the HEU core configurations, a Centre-to-Outside core-reloading pattern was follo-
wed, i.e. new fuel assemblies being introduced in the centre of the core and the fuel assemblies with 
the highest burn-up are at the outer core region. For the transition phase with mixed fuel cores this 
pattern could not be maintained, because of the considerable higher fuel loading of the LEU fuel 
assemblies and the thermal hydraulic constraints. Therefore, new LEU fuel was introduced in the outer 
core positions when starting the transition phase, and an Outside-to-Centre reloading scheme was 
followed. Also, in order to limit the power peaking factors, the first replacement of control assemblies 
was performed rather late in the transition phase. After the completion of the conversion, the Centre-
to-Outside reloading scheme is resumed. Figure 1 displays the core configurations of the last full HEU 
core 97-03, a mixed core 01-04 in the intermediate stages, and the 1st full LEU core 05-01. 
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Fig. 1. Core configurations 
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The actual full HEU starting core for the conversion (Fig. 1, core 97-03) was much less compact than the 
20 assemblies HEU compact core model of the conversion study. To guide the HOR as smoothly as 
possible through the conversion process a dedicated conversion program was established [5]. The 
program included guidelines for core design and follow up measurements for validation and evaluation of 
core calculations with RID’s code system.  
During the transition phase all working cores were to fulfil the safety specifications and license 
conditions. The major boundary condition for the HOR is the fulfilment of the shut-down criterion 
with the two most effective control rods fully withdrawn. Figure 2 shows the results for both 
measurements and calculations with respect to the excess reactivity and the shut-down margin. 
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Fig. 2. Difference calculated and measured reactivities 
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The diffusion theory code BOLD VENTURE [6] was used in a 2-D representation of the core.  
By keeping track of the differences, the realization of new mixed core designs not fulfilling the shut-down 
reactivity safety constraint could be avoided easily in practice even using a simple 2-D diffusion theory 
code. More advanced 3-D Monte Carlo and diffusion codes have been used as well. 
The fulfilment of the thermal hydraulic safety specifications and license conditions during the 
conversion were checked by calculations [7] and measurements for all mixed core configurations. In 
practice this is ensured by determining the thermal-hydraulic safety margin with respect to the onset of 
flow instabilities. All core configurations showed a comfortable safety margin. Detailed information about 
the calculation and measurement methodology is given in [5]. 
 
 
3.  Calculation Methods and Results 
In support of the transition from a HEU- to LEU- core, reactor calculations and reactor physics 
experiments and measurements were performed and evaluated on a regular basis to ensure conditions 
for safe operation and optimal utilization. 
At RID a comprehensive reactor code and evaluated nuclear data system is available for detailed 
(mixed) core calculations. This reactor physics code system is based on the JEF-2.2 [8] evaluated data, 
the NJOY [9] code, and the SCALE [10] code system. The reactor calculations are performed in a fine 
energy group structure and all the geometrical detail is modelled explicitly in the three-dimensional 
Monte Carlo codes KENO-Va [10] and MCNP [11]. These results are used as the reference. In 
addition, the OSCAR-3 [12] code package, based on a three-dimensional nodal diffusion method, is 
used to perform core-follow calculations in broad energy groups making use of homogenised 
assembly cross sections. This code is also used to calculate the reactivity, the power distributions, and 
the burn-up. 
During the transition and part of normal reactor operations the reactivity, flux distributions, power 
distributions, and burn-up distributions (using simple models, e.g. in 2-D BOLD VENTURE) were 
measured and calculated. 
Until the end of 1997 when the last full HEU core was used, there was a good agreement between the 
measurements and the results of more advanced reactor physics codes. However, from 1998, when the 
first LEU fuel assemblies were introduced, increasing discrepancies were found between the 
calculated and the measured reactor physics characteristics of the mixed cores with a gradually 
increasing number of LEU fuel assemblies and beryllium reflector assemblies. For each core 
configuration, the begin-of-cycle (BOC) reactivity was calculated, using the observed critical control 
rod positions (actual plant start-up at cold, clean conditions) for comparison with the experimental 
result of keff =1.  The OSCAR-3 calculations were performed at the actual plant conditions since the 
cross-section library prepared includes cross sections at so-called off-base temperatures and water 
densities.  The calculated results of keff are shown in Figure 3 for the cycles 97-03 until cycle 05-01, 
from full HEU, mixed HEU/LEU, until a full LEU core, using KENO-Va and OSCAR-3. 
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To improve the reactor physics calculations, several changes in the use (data and models) of the 
different codes were analysed, a process that is still going on [13]. For example, special attention was 
already given to the modelling of the beam tubes with the focus on the reactivity effects of the beam 
tubes when emptied (utilized in experiments) or flooded with water. 
The reactivity effects of the control rods and the integral reactivity worth (s-curve) of the control rods 
are measured and calculated using the KENO-Va and OSCAR-3 codes. As an example, the s-curve 
results of one of the control rods are shown in Figure 4. There is a good agreement between the 
measured and calculated results for all control rods. [14] 
 
 
4.  Performance Results & Experiences 
Utilization aspects 

On the average no significant thermal flux penalties (beam ports) were experienced, locally there were 
flux increases, e.g. in-core irradiation (highest thermal flux 4.4x1013 cm-2.s-1). Elsewhere, in the core 
periphery significant decreases (e.g. thermal column by factor 2) resulted from configuration changes 
during the conversion. On the average the changes were marginal with equivalent flux levels in beam 
port and irradiation facilities before and after conversion. 

Operational aspects 

The cycle length increased significantly (by approx. a factor 1.5), with two core reloads/year instead of 
three. The configuration changes for compacting the core resulted in a decreased flux on the thermal 
column side detectors, so the sensitivity of the detectors was increased to keep them in working range. 
Rod reactivity worth increased significantly. The thermal hydraulic safety was adequately guaranteed 
at all stages of operation. The primary core coolant flow rate increased significantly due to core 
compacting, resulting in a higher core pressure difference and increased suction head decoupling time 
after loss of flow. A steady increasing discrepancy between measured and calculated reactivity (2-D-, 
nodal-, MC-codes) has been experienced for the subsequent core configurations during conversion, 
with the codes overpredicting the core excess reactivity in a conservative way. The real conversion 
process took considerably longer than planned in the model (20 mixed cores instead of 13). This was 
mainly due to cycles ending prematurely because of defective assemblies (4 in total) [1], as well as re-
use of partially burnt HEU-fuel for economic reasons.  

 

 
5.  Conclusions 
The concept of the conversion model by stepwise introducing LEU assemblies at core reload 
operations was demonstrated in practice to be sound for the HOR, and the conversion process was 
completed successfully. There were no significant operational constraints like power reduction, and 
the utilization of the reactor was not influenced in a negative sense by the conversion process. 
Compacting the core during conversion turned out to have beneficial effects on the operational 
performance and reactor utilization in general. As anticipated in the conversion study, a standard 
screening program by flux and flow measurements was demonstrated to be fully adequate. The 
conversion process took a rather long time, but it had only small effects on operation and utilization 
with a significant effect of increased cycle length. The complexity of calculating mixed cores could be 
handled effectively, and the extra effort of the screening program was only moderate. Also, due to 
good preparatory work, the extra burden of the stepwise conversion turned out to be rather light in 
comparison with a fast, one step conversion process. Apart from the defective LEU-assemblies of the 
1st batch introduced, the silicide fuel behaved as expected. The defects experienced are rather unique 
for this type of operation with tightly controlled coolant conditions in a low pressure, low temperature 
system. A root cause for the fuel failures could not be found. The discrepancy between measured and 
calculated reactivity, the measured reactivity being significantly lower, could not be explained 
satisfactorily up till now. Possibly, a better 3-D burnup model for core-follow purposes should be 
adopted, taking into account the influence of spectral changes and nuclide inventory in a better way. 
The methods used are under review for improvement. 
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ABSTRACT 
 

Irradiation conditions on the experimental fuel plates in the IRIS facility in the OSIRIS 
reactor were examined by IRSN on behalf of the French Nuclear Safety Authority to 
qualify new types of fuel for the research reactors. Following a presentation of the IRIS 
facility, this paper addresses the measures and studies carried out by the OSIRIS reactor 
operator in response to the questions raised by IRSN and summarises the conclusions of 
this expert assessment. These questions cover in particular qualification of the computer 
codes used to check compliance of the safety thermal hydraulic criteria, the head losses in 
the facility, the axial distribution of the neutron flux and risks from the swelling of the 
experimental fuel plates. 

 
1. Presentation of the IRIS facility 
The IRIS device is used to qualify fuel plates for research reactors. It comprises an in-pile section, 
including an irradiation unit for the experimental fuel plates in aluminium alloy, and a bench for 
measuring plate thickness. The irradiation unit is made up of a solid block extended by two grooved 
side plates lying face to face. Four experimental fuel plates may be placed in these grooves, alternating 
with four inert plates in aluminium alloy. The nominal width of the cooling channel between a 
removable plate and an inert plate is 3.6 mm. As the fuel plates and inert plates alternate, the cooling 
channels are only heated on one side. The mid-height plane of the plates corresponds to the mid-height 
plane of the core. The experimental fuel plates may be removed whereas the inert plates are sealed in 
the unit. 
 
The exterior of the irradiation unit foot is identical to that of a standard element in the OSIRIS reactor, 

which means that it can be loaded into one of the 
experimental cells in the reactor core. Figure 1 shows a 
horizontal cross-section of the unit loaded with four 
experimental fuel plates. 

Fig. 1 : Vertical cross-section mid-height in IRIS 
facility 

 
The bench is used to measure the thickness of the 
experimental fuel plates after each irradiation cycle. As 
the unit has no instrumentation, it is monitored in 
identical fashion as the fuel elements in the OSIRIS 
reactor core for cladding rupture detection, tensile tests 
and vibration measurements. 
 
The IRIS facility is used to qualify new types of fuel, like 
the UMo fuel enriched to 50% in 235U, which could be 
used for the TUM FRM-II reactor or the future JHR fuel 
(with different enrichment). 
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2. Irradiation-related issues in the IRIS facility 
The reactor operator has to submit a safety file to the safety authority (Direction Générale de la Sûreté 
Nucléaire et de la Radioprotection – DGSNR) for approval to irradiate a new type of fuel in the 
OSIRIS reactor. These documents are analysed by the IRSN (Institut de Radioprotection et de Sûreté 
Nucléaire). The expert assessment involves a technical instruction with the operator and concludes 
with IRSN writing a document equivalent to an expert opinion. DGSNR then takes a decision on this 
basis. 
 
For irradiations in the IRIS facility, the operator wishes to irradiate various fuels with different surface 
power densities and in different core cells. To achieve this, his safety analysis is based on an envelope 
“operating range” for which approval is sought and on related safety criteria, particularly in terms of 
plate geometric characteristics, combustion rate, surface power density at the mid-height plane of the 
experimental fuel plates, the reactivity of the IRIS unit loaded with the fuel plates, the fuel temperature 
in the core and the axial distribution of the neutron flux. 
 
The operator had requested DGSNR authorisation in 1999 and subsequently in 2002 to proceed with 
irradiations in the IRIS facility at maximum surface power densities at the hot point of 277 W/cm², 
then 275 W/cm². Based on the IRSN expert assessment, DGSNR had nevertheless requested the 
operator to restrict the irradiation surface power density to 231 W/cm², which is the maximum value 
authorised for standard fuel elements in the OSIRIS reactor. This restriction was especially motivated 
by the fact that the thermal hydraulic computer codes used had not been validated sufficiently to 
demonstrate the lack of harmful thermal hydraulic phenomena in the experimental fuel plates, 
particularly during incident and accident transients. In addition, IRSN had expressed reservations on 
changes in the axial shape factor of the neutron flux during irradiation, particularly when influenced 
by movements in the control rods, as well as uncertainties over the calculation of the neutron flux 
radial layer. The operator proceeded to irradiate instrumented fuel plates in the IRIS facility to obtain 
additional validation elements. 
 
Based on these experimental results, the operator updated his safety study, with a view to obtaining 
authorisation to irradiate experimental fuel plates at a maximum surface power density of 300 W/cm², 
even 314 W/cm² in some conditions. 
 
Details are given below of the expert assessment performed by IRSN and the results of the irradiation 
of an instrumented plate. 
 
 
3. IRIS experiments safety analysis 
The safety file presented by the operator included in particular a study of the following risks: 

- thermal hydraulic risks relating to a lack of cooling in the experimental fuel plates used to 
determine the permitted surface power density at the hot point, 

- risks relating to the control of reactivity, especially in the event of lift-off of the IRIS facility (as 
circulation of the reactor coolant in the OSIRIS reactor core flows upwards, there is a potential 
risk of lift-off from the hydrodynamic thrust), 

- risks relating to mechanical resistance of the experimental fuel plates and of the unit, 

- risks relating to storage conditions of new and irradiated experimental fuel plates, particularly 
sub-criticality control, 

- radiological risks relating to the use of the facility in normal, incident and accident conditions, 

- risks relating to the behaviour of the fuel under irradiation, 

as well as the test and inspection programme planned by the operator. 

For the majority of risks, the operator applied the same safety requirements to the experimental fuel 
plates as those applied to the core fuel elements. IRSN considered the analysis presented by the 
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operator as acceptable, except consideration of the thermal hydraulic risks. This analysis has already 
been presented [1] and is not repeated in this paper. 
 
Compliance with the thermal hydraulic safety criteria adopted for the OSIRIS reactor is discussed in 
the following section. 
 
 
4. Compliance with thermal hydraulic safety criteria 
These criteria aim to prevent all deterioration in the cladding of the experimental fuel plates which 
could be caused by corrosion or local or general drying out of the experimental fuel plate cooling 
channel. 
 
The criteria adopted for the standard fuel elements in the OSIRIS reactor, as for the experimental fuel 
plates, are as follows: 

- no nucleate boiling under normal operating conditions, with all the thermal hydraulic 
parameters (power, flow rate, temperatures, pressures) taken at alarm thresholds, in permanent 
conditions of forced and natural convection with all uncertainties accumulated at the hot point, 

- no redistribution of flow rate or departure from nucleate boiling in the channels with all the 
thermal hydraulic parameters taken at the reactor protection thresholds, assuming also that the 
reactor would be operated in these conditions, with all uncertainties accumulated at the hot 
point, 

- no redistribution of flow rate or departure from nucleate boiling in the channels during flow rate 
transients (reactor coolant pumps shut down with allowance for the inertia of their flywheel, 
loss of three reactor coolant pumps with wheel blocked on one pump and taking into account 
the flywheel inertia and of the other two, guillotine break in the reactor coolant system piping), 
with all uncertainties accumulated at the hot point. These situations cause automatic reactor 
shutdown and move into natural convection conditions in the core by the two check valves 
opening automatically. 

 
The approach adopted by the operator is as follows: 

- the limit values of the surface power densities corresponding to reaching the thermal hydraulic 
phenomena anticipated in steady-state conditions are determined; 

- the limit values of the surface power densities corresponding to reaching the thermal hydraulic 
phenomena anticipated in flow rate transient conditions are determined by incrementing this 
value before the transient, until a harmful thermal hydraulic phenomenon occurs during the 
transient; 

- the lowest of the surface power density limit values thus determined is adopted as being the 
maximum surface power density permitted; 

- uncertainties are deducted from this power value to obtain the maximum surface power density 
acceptable, taking all uncertainties together; 

- a best estimate neutronic calculation is made to check that the actual surface power density of 
the experimental fuel plates at the hot point is lower than the maximum value adopted. 

The FLICA and SIRENE calculation codes developed by CEA are used for the thermal hydraulic 
calculations and APOLLO 1 and DAIXY for the neutronic calculations.  

IRSN expressed reservations over this method, as detailed below. 
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Qualification of thermal hydraulic calculation codes 
 
These codes had been validated for the OSIRIS reactor core, but the coolant channels of the IRIS unit 
(3.6 mm) are wider than for the standard and control elements in the OSIRIS reactor (2.46 and 
2.79 mm respectively) and are heated unilaterally. 
 
Following a suggestion from IRSN, the operator therefore irradiated an IRIS device containing 
experimental fuel plates instrumented using thermocouples. He performed measurements in steady-
state conditions and during two shutdowns of the reactor coolant pumps with allowance for the inertia 
of their flywheel. The temperature measurements clearly showed compatibility between calculations 
and measurements in steady-state conditions; on the other hand, during the transient, a time gap 
between calculations and measurements and an under-estimation of the calculated maximum 
temperature appeared. The operator identified that these discrepancies were caused by a model on the 
law of decrease in flow rate of the reactor coolant pumps after shutdown showing room for 
improvement. He therefore “realigned” this model from measurements taken during tests. On this 
basis, he performed new tests which showed improved compatibility between calculations and 
measurements, as shown in Figure 2, and which would probably lead to improved modelling of the 
opening kinetics of the natural convection check valves during flow rate transient conditions. 
 

 
Fig. 2  Temperature calculation/measurement comparison on the instrumented fuel plate before 

and after realignment 
 
Verification of head losses in the IRIS unit 
 
To check the validity of the unit’s flow rate/head loss analytical law, the operator performed tests on a 
hydraulic bench representing the OSIRS reactor primary coolant system. IRSN had noted that these 
tests did not include measurements of the low flow rate values, representative of those encountered 
during transient conditions. The operator therefore performed such measurements and replaced the 
flow rate/head loss analytical relationship in his thermal hydraulic calculation diagram by the 
relationship measured on the bench. 
 
Verification of axial power distribution 
 
The calculation diagram used by the operator is as follows. The average core power is calculated. It is 
corrected by a radial shape factor, also calculated, to determine the power of a given plate. To obtain 
the power at the hot point, this power is then multiplied by an axial shape factor. The operator used a 
2D calculation diagram and therefore could not calculate this axial shape factor. For the safety 
calculations, a neutron flux shape factor of 1.3 was considered. Prior to irradiation, measurements 
were taken in the ISIS reactor, the neutron model of the OSIRIS reactor, to check that the actual shape 
factor was indeed lower than 1.3. Nevertheless, IRSN requested the operator to demonstrate that the 
influence of the movement of the control rods or of the experiments was unlikely to trigger an increase 
in this flux axial shape factor during irradiation beyond the adopted value of 1.3. To achieve this, the 
operator took measurements using a device called MEREVER (switchhook fitted with five self-
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powered neutron detectors distributed axially and inserted in the water cooling channels in the OSIRIS 
reactor core). These measurements demonstrated the potentially low rise in the neutron flux during 
irradiation. 
 
Risks relating to the swelling of the experimental fuel plates 
 
During the IRIS 2 experiment, very significant localised swelling was noted in the UMo type fuel. 
IRSN therefore wondered whether the risk from such swelling could raise doubts over effective 
cooling of the plates through excessive shrinking of the channels. However, given that: 

- the shrinking of the cooling channels from the plates swelling spread into the two adjacent 
channels and that the fuel plates were opposite the inert plates (which cannot swell), 

- the swelling noted on IRIS 2 was localised over a small surface area and did not therefore 
trigger general shrinking of the channel, but simply caused an additional specific head loss, 

- swelling was triggered by tearing in the middle of the fuel core and that there was no 
decohesion of the fuel core or cladding, 

IRSN considered that the risk run by this swelling was basically a risk of cladding rupture which 
would be detected by the reactor protection system. 
 
Calculation hypotheses in transient conditions 
 
The analysis method adopted initially for accident transient conditions by the operator assumed that 
prior to the transient (reactor coolant pump shutdown or break in rector coolant system), all the 
thermal hydraulic parameters (power, pressure, temperature) were equal to the reactor protection 
threshold values. Reactor operation beyond the alarm thresholds is prohibited by the reference safety 
standards. This method reverted to accumulating an abnormal reactor operation and an accident 
occurring. As this was a widely conservative hypothesis, IRSN considered it acceptable to take the 
thermal hydraulic parameters as equal to the reactor alarm threshold values, which are the maximum 
values permitted by the reference safety standards for nominal reactor operation. 
 
 
5. Conclusion 
Taking all these elements together, IRSN considered it acceptable for the operator to irradiate 
experimental fuel plates generically in the IRIS facility at a surface power density of 300 W/cm². For 
the specific irradiation of plates based on UMo 50% enriched with 235U in the TUM FRM-II reactor, 
the operator demonstrated that he could irradiate these plates at 314 W/cm² by lowering the reactor 
protection thresholds by 5%. Thus, based on solutions resulting from discussions between the operator 
and IRSN, the operator presented a demonstration that not only validated the calculations made, but 
also justified a higher maximum irradiation power, particularly by using a flow rate/head loss law of 
the unit produced by the measurements. 
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ABSTRACT 
 

This paper describes the final results of the irradiation and subsequent Post Irradiation 
Examination (PIE) of a test fuel element manufactured by the Fuel Fabrication Plant of the 
Chilean Commission for Nuclear Energy (CCHEN). The general objective of this 
irradiation project, supported by IAEA under CHI/4/021 TCP, was to qualify the 
manufacturing of these LEU fuel elements for research reactors in a world wide reference 
facility as the High Flux Reactor (HFR) in Petten, The Netherlands, operated by the 
Nuclear Research and consultancy Group (NRG) under contract with the Joint Research 
Centre (JRC) of the European Community.  
The irradiated test fuel element (LCC-01) has been designed such that the element can be 
situated in every HFR-core position. This fuel element consists of 16 flat fuel plates of 
U3Si2 – Al, using 235U enrichment of 19.75% and with uranium density of 3.4 gU/cm3. The 
total mass of uranium amounts 1160 g with 229.1 g 235U. The irradiation of LCC-01 started 
on May 15th, 2003 (HFR-cycle 2003-05) and was finished on November 1st, 2004 (cycle 
2004-09). The duration of full testing period was 16 HFR cycles of approximately 25 days. 
The irradiation was successful for all cycles and no irregularities or deviations were 
observed during the periodic coolant gap measurements. Coolant gap measurement as well 
as 235U burnup calculations are presented. After 16 cycles the calculated HFR burnup was 
approximately 65% 235U. The LCC-01 fuel element was positioned for 10 cycles in HFR 
H7 position and for the last 6 cycles in the symmetrical H3 position, in order to promote a 
more homogeneous burnup of 235U in the entire element.  
After a cooling period of 7 months, PIE was started. It was done in the hot-cell laboratories 
at NRG Petten and consisted of: removing the end pieces of the element, visual inspection 
of complete fuel element, gamma scanning of assembled fuel element, removing of one 
fuel plate, visual inspection of the removed plate, gamma scanning of the removed plate, 
thickness measurement on the removed plate and finally oxide layer thickness 
measurement on the removed plate. No irregularities were observed during the PIE. 
 

 
1.  Introduction 
CCHEN has two research reactors: RECH-1, operated to 5MW and RECH-2 operated at 10 MW. [1]. 
The operation of RECH-1 started in 1974 with HEU fuel elements. During the eighties, fuel with 45% 
of 235U (MEU) was provided by UKAEA. According to a contract signed with DOE, after May 2006, 
this open pool research reactor will be fully converted to LEU fuel [2]. The current loaded core 
configuration consists of 14 MEU fuel assemblies made by the UKAEA Dounreay, Scotland, and 20 
LEU (19,75% 235U) fuel assemblies made by the Chilean Fuel Fabrication Plant – PEC, a licensed and 
ISO 9001 certified facility devoted to research, development and fabrication of MTR fuels. 
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At the end of 2004, PEC has finished a fabrication program to supply 46 LEU fuel elements for the 
RECH-1 reactor. These LEU fuel elements were fabricated with a U3Si2 – Al meat with an uranium 
density of 3.4 gU/cm3. The first four fuel elements, called leaders, were fabricated and loaded into the 
RECH-1 core by the end of 1998. They are being monitored in order to follow up their behaviour 
under irradiation. However, according to the present reactor’s operating schedule, the foreseen 50% 
discharge burn up will be attained only in 2007 [3]. Besides, CCHEN does not have facilities for post 
irradiation examinations (PIE) to evaluate the irradiation behaviour of these fuels. 
 
As the time required for local qualification was longer than the fabrication stage, and in order to 
advance the RECH-1 LEU fuels conversion, an external qualification was required. Several 
internationals nuclear facilities were inquired by CCHEN, and in 2001 a contractual agreement 
between IAEA, CCHEN and Nuclear Research and consultancy Group (NRG) was established and 
signed in order to qualify the manufacturing of these LEU fuel elements in a world reference facility 
as the High Flux Reactor (HFR) in Petten – The Netherlands [4]. In a contract, supported by IAEA 
under TCP CHI/4/021, an irradiation program was established. The general objective of the irradiation 
program and subsequent PIE, was to provide sound experimental evidence needed to qualify CCHEN 
as a manufacturer of LEU fuel for research reactors. The irradiation project concerns the irradiation of 
one RECH-1 LEU test fuel element (LCC01) containing U3Si2-Al as fuel matrix in the HFR. The 
execution of the irradiation and subsequent Post Irradiation Examination (PIE) is dedicated to NRG, 
Petten in the Netherlands. The aim of the irradiation and subsequent PIE was to qualify the 
manufacturer of these LEU elements for research reactors. This qualification has been achieved and it 
has been demonstrated that, throughout their entire irradiation period at nominal nuclear and thermal 
HFR operation conditions [5], the test fuel element: 
 
• Has had sufficient rigidity to withstand the mechanical and hydraulically forces associated with 

normal handling and irradiation; 
• Has been sufficiently resistant to local or general deterioration by normal corrosion (scaling, 

pitting and cracking) of the fuel plate cladding; 
• Has not released either fuels or fission products to the reactor coolant; 
• Has not deformed due to swelling, blistering or other irradiation or temperature induced 

mechanisms to such an extent that the minimum cooling channel dimensions required for safe heat 
removal could not be maintained; 

• Has not deformed (twisting, bowing, etc.) due to swelling, differential thermal expansion, 
hydraulic forces, etc. to such an extent that the proper fitting of the elements in the core grid 
structure could not be maintained; 

• Has not reached fuel or cladding temperature levels, such that the mechanical properties required 
for proper fuel plate strength and rigidity could not be maintained; 

• Could be handled, stored, and after a reasonable decay period, transported to hot cell laboratories 
(HCL) without deformation, fission product release or other defects. 

The test program was addressed to all qualification requirements listed above and all required 
measurements and analyses were performed to determine the conditions at which the test irradiation 
was carried out. 
 
2. Fuel Design and Fabrication 
2.1 Fuel design 
Fig  1 shows a horizontal cross section of RECH-1 LEU and an HFR HEU element. The uranium 
masses of the RECH-1 element are shown in Tab 1, together with the masses in HFR LEU and HEU 
fuel. Since the HFR has curved plates and RECH-1 has straight plates, the design was adapted 
accordingly. The two side plates of the test element do not contain fuel. During the qualification of the 
element the HFR was operated with HEU fuel. In 2005 the conversion started from HEU to LEU, with 
the HFR being fully LEU loaded starting from 6 May 2006 [6]. Neutronics and thermo-hydraulics 
computations have been done in order to ascertain that the adapted design of the RECH-1 LEU 
element meets the safety requirements of the HFR. 
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Fig  1 Horizontal cross sections of the RECH-1 LEU and HFR HEU element. 
 

Fuel element 235U [g] TotU [g] 
RECH-1 LEU 229.1 1159.7 

HFR HEU 450 483.87 
HFR LEU 550 2784.81 

Tab 1  Uranium mass specifications of HEU/LEU elements. 
 
2.2  Fabrication 
Fabrication and assembling of the element have been done at the CCHEN fuel fabrication plant at 
Santiago in Chile. All steps in the fabrication process have been inspected and reported by the reactor 
manager of the HFR. During these inspections it has been concluded that: 

• All structural parts comply with the dimensional criteria as well as the material requirements 
as given in the technical specifications. 

• The outer dimensions and coolant gaps of the assembled element are all within the tolerances 
as indicated on the assembly drawing. Some minor alignment and machining was needed 
during the course of the assembly. 

• The fuel element trace ability sheet enables full trace ability of the fuel plates, structural parts 
as well as the applied materials. 

• All documents and inspection records comply with the requirements given in the technical 
specification. 

 
After fabrication, the fuel element has been transported from Chile to the Netherlands. 
 
2.3  Hydraulic testing 
Prior to the start of the irradiation, a hydraulic test of the RECH-1 test fuel element was carried out at 
NRG. The purpose of this test is: 

1)  To test the mechanical strength of the element. 

2)  To compare the hydraulic behaviour with the hydraulic behaviour of standard HFR LEU and 
HEU fuel elements and with the design thermo hydraulics computations. 

 
During the initial phase of the hydraulic test a remarkable difference between the thermo hydraulic 
(RELAP5) computations and the actual measurements was observed. The RECH-1 test fuel element 
had an increased hydraulic resistance compared to the RELAP5 calculations. Visual inspection after 
the test showed that the fuel plates separation comb was bend and partly blocked the fuel element 
outlet section. After carefully removing the fuel plate separation comb the hydraulic test was repeated. 
The results of these second hydraulic measurements without the comb closely followed the results of 
the RELAP5 modelling. This problem with the comb was due to a design error made by NRG and is 
not relevant to the qualification of the RECH-1 test fuel element. 

267



3. Irradiation and Burnup computation 
3.1 Irradiation 
The element was irradiated and tested by NRG from May 15, 2003 until November 1, 2004. The 
duration of the entire testing period was 16 HFR cycles (388.3 full power days). The irradiation was 
successful for all 16 cycles and no irregularities were observed during the periodic coolant gap 
measurements. The element was positioned for 10 cycles in HFR position H7 and for 6 cycles in the 
symmetrical position H3. Moving the RECH-1 test fuel element to position H3 results in a more 
homogeneous burnup of 235U in the entire element. Fig  2 shows the reactor power and the control rod 
positions during the cycles of the RECH-1 irradiation. The HFR continuously operated at a power of 
45 MW, except for a period in summer 2004, when there was a legal restriction on the reactor coolant 
water output temperature, which led to a decrease of reactor power. This restriction in the HFR coolant 
water output temperature is currently lifted. 

 
Fig  2 Operational data from the HFR cycles for the RECH-1 irradiation. The green (lower) 

curve is the control rod position and the red (upper curve) is the reactor power. 
 
The RECH-1 test fuel element was visually inspected prior to the first start and randomly during the 
irradiation programme. No remarkable features were observed. Cooling channel gap measurements 
were carried out at regular intervals throughout the entire irradiation period using a calliper. The 
RECH-1 test fuel element has been removed from the core and is placed in a storage facility. A go/no-
go calliper was subsequently moved into the gaps in order to check whether it still fitted. A go/no go 
calliper is a thin metal strip with a thickness slightly smaller than the initial gap width of the element. 
The strip is connected to a metal rod such that it can be handled under water. During all tests the 
calliper could be inserted without difficulties into the coolant gaps of the element, demonstrating the 
proper behaviour of the element during the complete irradiation. Fig  3 shows a coolant gap 
measurement in the element using a calliper.  

 

Calliper 

 
Fig  3 Coolant gap measurements with the calliper. 
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3.2  Burnup computations 
Neutronics computations were done using the detailed irradiation history of the fuel element. In the 
depletion analyses validated versions of the software (i.e. of MCNP, FISPACT and OCTOPUS) were 
used. The depletion of 235U as a function of time with respect to the start of the irradiation is shown in 
Fig  4. At the end of the irradiation, the 235U depletion amounts to 64.5% ± 8.4% (81.4 gr. 235U EOI vs. 
229.1 gr. at BOI), which is more than the required 55%. This figure also contains the results of a 
depletion calculation using the code HFR-TEDDI. The curves are similar within the uncertainty range 
of both codes, but in the HFR-TEDDI simulation the fuel burnup is slightly higher than in the 
MCNP/OCTOPUS case. The 3D MCNP/OCTOPUS code is considered to be more reliable and 
detailed than the 2D HFR-TEDDI code and therefore the MCNP/OCTOPUS results are used as the 
final burnup results.  
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Fig  4 235U mass as a function of the irradiation time. The dotted 
line indicates the level required for a depletion of 55%. 

 
4. Post irradiation examination 
 
PIE included the following activities: 

• Removing the top and foot of the element. 
• Visual inspection of the complete element. 
• Gamma scanning of the complete element. 
• Dismantling of one plate from the element. 
• Visual inspection of the dismantled plate. 
• Gamma scanning of the dismantled plate. 
• Oxide layer thickness measurements on the dismantled plate. 
• Plate thickness measurements on the dismantled plate. 
 

Removing the top and foot of the element was required in order to be able to transport the element 
from the HFR to the NRG hot cells in Petten. Visual inspection in axial direction through the element 
(Fig  5) showed that there does not exist significant deformation of the plates. One of the outer fuel 
plates was machined from the element in order to be able to inspect this plate in more detail. Gamma 
scanning of the complete element and of the removed plate did not show any unexpected features. 
Visual inspection of the dismantled plate showed some minor scratches and spots. These small 
features are probably induced during the machining and handling of the plate in the hot cell or during 
the calliper measurements during the irradiation phase. These small features did not influence the 
qualification of the element. Oxide layer thickness measurements were done on the dismantled plate 
using the eddy-current technique. The oxide layer thickness is 15-20 micron with an uncertainty of ± 
10 micron, which is a similar thickness to that expected from earlier fuel element irradiations in the 
HFR. The plate thickness measurements on the dismantled plate (Fig  6) were done in the axial 
direction starting below the fuelled zone to above the fuelled zone. It can be observed that in the 
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fuelled zone there is a 20-30 micron swelling compared to the non-fuelled zone. This result is in 
agreement with the expectations. 

 
 

Fig  5 View through the irradiated element. This photo is made 
in the hot cell prior to removing one of the plates.  
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Fig  6 The results of the plate thickness measurements. 

The PIE on the LCC01 fuel element has been done successfully. All measurements show the proper 
behaviour of the fuel element, being only a small swelling of the plate, the small oxide layer thickness 
and the fact that visual inspection through the elements shows that all plates are stable. No remarkable 
features are observed. 
 
5. Conclusions 
 
During the various stages of the project the following main conclusions have been drawn: 

• The fabrication and inspection of the fuel element have successfully been performed 
according to the specifications [7].  

• The element has successfully been irradiated during 16 HFR cycles. No deviations from the 
initial values have been observed during the periodic coolant gap measurements and visual 
inspections. 

• Detailed neutronics computations have been done showing that the 235U depletion amounts to 
64.5% ± 8.4% (81.4 gr. 235U EOI vs. 229.1 gr. at BOI), which is more than the required 55%. 

• Post irradiation examination showed the proper behaviour of the fuel element. No remarkable 
features have been observed. 
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• The final conclusion is that according to inspections of fuel fabrication process, QA 
management system and results observed during irradiation of test fuel element at the HFR in 
Petten, the qualification under irradiation project was successful and qualifies CCHEN as a 
LEU silicide fuel manufacturer. 
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ABSTRACT 
 

A review is given on the fuel element situation of the TRIGA Mark II reactor Vienna after 
44 years of operation. Since March 7th, 1962, the TRIGA Mark II reactor Vienna operates 
with an average of 263 MWh per year, which corresponds to a uranium burn-up of 11.5 g 
per year. Presently we have 82 TRIGA fuel elements in the core, 51 of them are old 
aluminium clad elements from the initial criticality while the rest are stainless steel clad 
elements which had been added later to compensate the uranium consumption.  

 
 
1.  Introduction 
The 250 kW TRIGA Mark-II reactor operates since March 1962 at the Atominstitut, Vienna, Austria. 
Its main tasks are nuclear education and training in the fields of neutron- and solid state physics, 
nuclear technology, reactor safety, radiochemistry, radiation protection and dosimetry, and low 
temperature physics and fusion research. Academic research is carried out by students in the above 
mentioned fields coordinated and supervised by about 70 staff members with the aim of a master- or 
PhD degree in one of the above mentioned areas. 
 
Since the initial start-up the operating license requires a regular fuel inspection consisting of an annual 
measurement of fuel elongation and bowing with an in-pool underwater fuel measuring device. During 
the past decade additional optical inspection methods using an underwater endoscope were added. The 
experience shows excellent fuel element behaviour if proper maintenance and inspection procedures 
are carried out in regular intervals.  
 
 
2. Fuel Element History 
The TRIGA Mark II reactor Vienna reached its first criticality on March 7th, 1962 at 12h05 with 57 
standard TRIGA fuel elements. At that time 20% enriched Al-clad U-Zr-H fuel elements were used. In 
order to reach the nominal design power of 100 kW five more fuel elements were added, thus 
increasing the total core inventory to 62 fuel elements. Two of these fuel elements were instrumented 
fuel elements, each one incorporating 3 thermocouples to measure the fuel temperature in the core 
centre line and 1 inch above and below this reference position. Two more fuel elements (no 2233, 
no 2071) were placed in the fuel storage position, thus increasing the total fuel inventory to 64 fuel 
elements. On July 27, 1964, these two fuel elements were placed into the core which allowed to 
increase the nominal reactor power to 250 kW steady state and 250 MW transient operation. 
 
In August 1966 the whole reactor core had to be emptied due to a stuck fuel element (no 2072), during 
this operation one fuel element dropped from the handling tool (no 2172) and was slightly bend and, 
therefore, had to be removed permanently from the core to the spent fuel storage. In November 1983 
this fuel element was cut into 3 pieces to be used further for calibration purposes. The stuck fuel 
element was stored in the tank storage on September 21st, 1967, it was repaired on November 19th, 
1967, and reinserted into the core on August 13th, 1970. 
Since the first criticality further fuel elements were purchased and used in the core. During the past 
decades the fuel supplier (General Atomics) has changed the fuel specifications several times. 
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Therefore, table 1 gives an overview of the fuel element types at the TRIGA Vienna. A summary of 
the fuel status at the TRIGA Vienna is shown in table 2.  
 

Fuel element type 102 104 110 (FLIP) 

Fuel moderator material U-ZrH1.0 U-ZrH1.65 U-ZrH1,65 

Uranium content (wt%) 8.5 8.5 8.5 

Enrichment (%) 20 20 70 

Average 235U content (g) 38 38 136 

Burnable poison SmO3-disk none Erbium 1.6 wt% 

Diameter of fuel meat 35.8 mm 36.3 mm 36.3 mm 

Length of fuel meat 35.6 mm 38.1 mm 38.1 mm 

Graphite reflector length 10.2 mm 8.73 mm 8.81 mm 

Cladding material Al-1100F 304 SS 304 SS 

Cladding thickness 0.76 mm 0.51 mm 0.51 mm 

Tab 1.  Specifications of fuel elements in the core of the TRIGA reactor Vienna 
 

Date Number of 
fuel elements Type Remarks 

    

05.12.61 + 66 Al, 20% 2 instrumented fuel elements 

07.07.62  - 2 (retour) Al, 20%  

19.02.65 + 2 Al, 20%  

02.08.66 + 3 SST, 20%  

21.10.68 + 3 SST, 20% 1 instrumented fuel element 5284 TCE 

19.10.72 + 9 SST, 70%  

02.12.80 + 1 SST, 20% 1 instrumented fuel element 8257 TCE 

09.08.82 + 3 SST, 20%  

15.02.83 + 2 SST, 20% 2 instrumented fuel elements 8730, 8731 
TCE 

21.08.87 + 3 SST, 20%  

19.10.88 + 3 SST, 20%  

01.02.90 + 3 SST, 20%  

14.12.00 + 8 SST, 20%  

total: 104   
Tab. 2.  Fuel inventory of the TRIGA Mark II Vienna 

 
During the past 40 years a few elements had to be removed from the core either due to fission product 
release or due to excessive elongation or bowing. The first element with fission product release was 
fuel element no 2177, which failed immediately after one reactor transient on November 18th, 1981, 
the same happened to fuel element no 7302 in December 1984. The total number of reactor transients 
since 1962 accumulates to 1358 pulses, the majority of reactor pulses was fired between 1965 to 1975. 
During the last decade the average number of reactor pulses was reduced to about 5 pulses per year. A 
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reactor pulse represents a heavy thermal load to the fuel as the fuel temperature rises from about 30 oC 
to about 360 oC within 30 milliseconds. During steady state operation the fuel temperature is around 
200 0C. 
 
 
3. Fuel Inspection 
According to the reactor operation license a fuel inspection is required every two years. This 
inspection consists of a measurement of elongation and bowing with an underwater precision tool. It 
allows to determine the elongation in the range of micrometers and of bowing in the range of 1/10 of 
mm. The measuring tool is shown in Fig. 1. Each element is transferred from the core into the tool and 
the length is measured, then it is rotated for an angle of 120o and measured again, totally three 
measurements are taken. The measured values are compared against a standard fuel element. The 
length values are recorded since 1962 and the overall length increase and the length increase since the 
last measurement are verified. Table 3 shows a summary of the length distribution since 1962. 
 

 
Fig 1.  Underwater precision measurement tool to control fuel element elongation and bowing 

 
Overall elongation since 1962 [in mm] Number of fuel elements 

< 0 3 
0 - 1 17 
1 - 2 22 
2 - 3 18 
3 - 4 12 
4 - 5 6 
5 - 6 1 
> 6 3 

 82 
Tab 3.  Fuel element elongation TRIGA Vienna 22.02.2005 

 
Limits for fuel eleongation set by fuel supplier:  Al-clad fuel: 6,3 mm or ¼ in 
      SST-clad fuel: 2,54 mm or 1/10 in 
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If during this inspection any fuel element shows an abnormal behaviour an additional optical 
inspection with an endoscope is possible. This system consists of a 3 ton lead cylinder with an axial 
hole and several radial holes. The fuel element can be moved vertically with an electric lifting device 
in steps of 1 mm. Into the tangential holes the endoscope can be inserted which allows a direct view of 
the fuel surface using a two-times 90o viewing deflection. With this equipment the total surface of the 
fuel element can be inspected and foto- and/or video documentation can be performed.  
 
The radial holes can be used for gamma-spectrometry of the fuel element by placing a Ge(Li) detector 
in front of the radial hole. With the information from the fuel element cut into three pieces in 1983 
also the burn-up of the fuel element can be determined. The burn-up of the fuel piece is well 
documented and due to the long decay time only Cs-137 is present in the fuel piece. This can be 
compared with the Cs-137 content in the fuel element under investigation. 
 
 
4. The fuel database  
The operation of the reactor since first criticality averaged 220 days per year without any long outages. 
Because of the low reactor power level, the burn-up of the fuel is very small and most of the fuel 
elements loaded into the core in 1962 are still there. During operation of any reactor U-235 is 
consumed, the amount depends on the reactor power. For a typical 250 kW TRIGA reactor operating 
for about 200 days a year, 8 hours per day, the U-235 consumption is approximately 12 grams per 
year. Calculations showed that for 1 MWd (or 24 000 kWh) of thermal power production 1.05 grams 
of U-235 are consumed. Experience showed that for a well used 250 kW TRIGA reactor 
approximately one fuel element (contains around 38 g of U-235) has to be added every third year, 
therefore, for 44 years of operation approximately 15 fuel elements have to be added. As the TRIGA 
reactor Vienna started with 66 fuel elements and is now operating with 82 fuel elements the additional 
fuel elements are just compensating the loss of uranium in the core. Therefore, the fuel management is 
a very important task which needs a detailed documentation. 
 
Since the development of the TRIGA type reactors in the mid-fifties new types of fuel elements have 
been developed. Especially the cladding material has been changed from aluminium to stainless steel 
(SST). Therefore, many TRIGA reactors are operated with a mixed core which means that there are 
different types of fuel elements in the core. Because 67% of the elements in the core are older than 40 
years, it was necessary to put the history of every element in a database, to get an easy access to all the 
relevant data for every element in our facility. To calculate the burn up of every element it is necessary 
to know the reactor power, the operating hours and the position of each element in the core during its 
lifetime. The calculated burn up depending on the elements in the core is shown in the next table 4.  
 

current core, 250 kW Power 

ring 
Number of 
FE per ring 

ZR 

flux factor FR Z x F power distribution 
per ring LR 

power distribution 
per FE in the ring 

[%] 
B 6 100 600 0,0948 1,5814 
C 11 93,7 1030,7 0,1630 1,4818 
D 17 75 1275 0,2016 1,1861 
E 23 62,5 1437,5 0,2273 0,9884 
F 25 79,2 1980 0,3131 1,2525 
 82  6323,2 = 100 %  

Tab 4.  Burn up calculation for the current reactor core 
 

The power per ring LR is dependent on the number of fuel elements (FE) per ring. Because the total 
number of fuel elements during the last 42 years of operation has changed in the F ring, the burn up 
has to be calculated for every TRIGA core which was built in the last 42 years of operation. Since the 
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F ring was full, the power distribution in the F has not changed. To calculate the power distribution 
per FE in the ring you need 

( )
total

RR
R FZ

FZL
∑ ⋅

⋅
=  

LR power distribution per ring 
ZR number of FE per ring 
FR flux factor 
 
LBE, the power distribution per FE in the ring can than be calculated from LR considering the number 
of FE per ring. For the TRIGA Mark II reactor in Vienna 30 different cores had to be distinguished. 
The next table shows the history of one element which is in the core since march 1962.  
 

2036E month  year  position 
 March 1962 F20 
 September 1968 E14 
 May 1974 D11 
 November 1977 L15 
 December 1977 L9 
 January 1978 B2 
 April 1980 F21 
 August 1985 H 
 October 1985 F21 
 November 1998 L16 
 February 1999 F21 

Tab 5:  History of the element 2036 
 

This history, with the various power distribution per FE in the ring, leads to a total burn up of 6.34 g 
Uran-235 (152.150 MWh). The fuel element database is based on SQL (Structured Query Language) 
which can be used with every internet browser. In addition to the burn up calculation it's also possible 
to store the data in an *.csv file which can be imported into an excel sheet. Afterwards different 
graphical display is possible. This database is a very important and helpful way to study the history of 
a fuel element, and it helps you to use your fuel efficiently.  
 
 
5. Summary 
After almost 45 years of TRIGA reactor operation it must be mentioned that the experience with 
TRIGA fuel elements was and is excellent. During this period only 9 fuel elements had to be removed 
permanently from the core and 51 fuel elements from the initial start-up are still used in the core. A 
careful fuel management and a frequent fuel inspection is of utmost importance. Fuel elements should 
be moved at least once a year from their core position to check free movement and a 180o rotation of 
the fuel element is also recommended.  
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ABSTRACT 
 

Monitoring of γ-activity background is foreseen (equivalent dose H*(10)) in minimum six 
points areas periphery, and measuring in one points direction and velocity of wind, for 
determination diffusion direction. The place where detectors located ensure the necessity 
effect by the compliance with geometric measurement of the object. Detectors should be 
located in height ≥ 2 m. to decrease influence of radon nature separation. Periodically or 
weekly of necessity independence control of the measuring net must be done with portable 
equipment.  

The system includes: 

Technological radiation control system  
- First cycle. 
- Second cycle. 
- The space over the reactor. 
- Monitor for control over the releases through the stack. 

Dosimetric radiation control system 
- Detector for measuring the ambient equivalent dose gamma radiation For protection 

of the personal measuring the dose activity  (equivalent dose H*(10)) is 
accomplished in 25 points separated in groups by expected dose activity and energy 
spectrum.Each detector with autonomous controller can execute function of 
automatic independence equipment. 

- Neutron flux. 
- Control for measuring the volumetric activity of aerosols in premises. 
- Sanitation locks - contamination of staff and special purpose clothing. 
- Monitor for motor vehicles. 
- Control channel for γ- activity in the chimney and in the premises 102 and 103. 
- Control of gamma radiation for monitoring iodine filters contamination. 
- Portable equipment, contamination of the surface and equipment with radioactive 

material, sampling devices. 

Individual dosimetry control: 
- Dosimeters – electronic dosimeters. 
- TLD dosimeters. 
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ABSTRACT 
The use of monolithic UMo fuel might be a viable option for the conversion of high-flux 
research reactors from HEU to LEU fuel. Considering the example of the German FRM-II, 
the initial reactivity is reduced, when only changing the fuel meat. The core life time of 52 
days could only be maintained if the fuel is enriched above 20% or the fuel element itself 
has to be redesigned in a suitable way. Redesigning the fuel element would not only allow 
to minimize enrichment requirements, but also to minimize flux losses and to optimize 
power density distribution. 
In our simulation using M3O we first modify several fuel element design variables and 
calculate the impact on the relevant parameters to search for promising initial 
modifications. Secondly we use linear programming techniques and vary several design 
variables. Thus we identify thinkable modification options (preliminary) to optimize the 
contradicting objectives of a maximal flux and a minimal enrichment, without reducing the 
cycle length. 

 
 
1. Introduction 
Since UMo-dispersion-fuels unfortunately show excessive pillowing due to porosity effects under high 
fission rates, high fission densities and temperature conditions [1,2] it is unlikely that high-flux single 
element research reactors with their challenging operation conditions can use UMo-dispersion-fuels 
for a conversion to LEU.  
But fortunately monolithic UMo-fuel was invented a few years ago and seems to be a promising 
candidate for the conversion of high-flux research reactors. After the first confirmation of good 
irradiation behaviour of monolithic miniplates in the RERTR-4 experiments [3,4], several further 
irradiation experiments are planned [1,5,6], while a variety of fabrication techniques are being 
developed [7,8] and scaled up. 
Therefore monolithic UMo fuel might be the viable option to foster the international efforts to phase 
out the usage of civilian HEU and thus reducing the risks of proliferation and nuclear terrorism. The 
global threat reduction initiative (GTRI) e.g. has the ambitious goal to convert a targeted number of 
104 HEU reactors to LEU by the year 2014. The enrichment level of 20% (19.75%) is not only the 
international accepted limit for LEU, but assessing the proliferation potential of research reactor fuel 
shows that this enrichment is the best compromise between U235 content in the fuel and plutonium 
production [9]. 
 
 
2. Modification of Fuel Element Parameters 
In the case of the FRM-II first results [10] showed that the most straightforward way for a conversion 
to LEU – the simple replacement of the uranium-silicide-HEU fuel by UMo-monolithic-LEU fuel – 
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yields a reactivity loss at BOL and therefore an unacceptable fuel element lifetime of just a few days. 
Therefore the usage of monolithic LEU in the current FRM-II fuel element HEU-design is not possible 
due to these k(eff)ini losses in the core.  
Two principle strategies exist, which can also be combined, to increase the initial reactivity of the 
core. On the one hand one can consider enrichment levels of the monolithic fuel above the LEU limit. 
The enrichment has to be increased until the required initial k(eff)ini is reached to guarantee an 
adequate cycle length. This procedure contradicts of course the international goal for the conversion of 
research reactors and therefore has to be considered problematic with regard to the politics of non-
proliferation. Hence increasing enrichment should be considered only as an option of last resort. 
Although, while investigating the principal feasibility of a conversion, increasing enrichment in 
calculations can give important hints and allows studying important intermediate steps for the search 
of the optimum conversion candidates. More interesting on the other hand are investigations of 
specific changes of the fuel element and fuel plate geometry, which increase the initial k(eff)ini as well. 
Such modifications are very limited as long as the most relevant dimensions (inner and outer radius) of 
the fuel element geometry are considered to be unchangeable.  
In all cases it must be assured, that an adequate cycle length and a maximum flux performance in 
parallel to minimizing the enrichment requirements for a given fuel element geometry down to LEU is 
identified to guarantee a broad international support for the conversion of FRM-II. 
As it is not clear a priori which combination of modifications leads to the optimum result, only the 
potential of single modifications will be studied in the beginning. To compare these single 
modifications an increase in enrichment has to be allowed initially. Although this does not give a 
proposal for real conversion option the procedure makes some dependences of reactor performance 
and minimal enrichment requirements on various parameters more transparent. 
The modifications to the core geometry are the active height of the fuel element, the thickness of the 
meat and of the cladding and the coolant channel width. We also consider the possibility of a marginal 
increase in power for options where the power density is decreased because of an increase of the core 
volume. 
Table 1 outlines some of these modifications (mod. 1-6) and gives some approximated values for the 
enrichment to reach k(eff)ini=1.17 minimum at BOL and hence an acceptable cycle length (about 52 
days). The values were calculated with M3O code system developed in our group [11,12]. 
 

 Mod. 1 Mod. 2 Mod. 3 Mod. 4 Mod. 5 Mod. 6 
Thermal Power 20 MW 20 MW 22 MW 20 MW 20 MW 20 MW 
Fuelled height of core 70 cm 80 cm 80 cm 70 cm 70 cm 80 cm 
Meat thickness 0.60 mm 0.60 mm 0.60 mm 0.86 mm 0.60 mm 0.86 mm 
Cladding thickness 0.38 mm 0.38 mm 0.38 mm 0.25 mm 0.25 mm 0.25 mm 
Coolant channel 2.20 mm 2.20 mm 2.20 mm 2.20 mm 2.46 mm 2.20 mm 
Uranium inventory 43.25 kg 49.42 kg 49.42 kg 61.99 kg 43.25 kg 70.84 kg 
Required Enrichment 32–33% 26–27% 27–28% 27–28% 27–28% 24-25% 

Tab 1. First step considerations on modifications of the FRM-II fuel element design. 
Values modified compared to the current HEU-design are highlighted. 

 
 
In the following some explanations are given to the geometry changes considered.  

- Mod. 1: No changes to the geometry of the fuel element. The currently used uranium-silicide 
fuel will be replaced by monolithic UMo fuel and the uranium density in the periphery of the 
element will be halved (from 16 g/cm3 to 8 g/cm3). Enrichment of 32-33% is sufficient to 
reach a cycle length of 52 days. Mod. 1 is the reference option for the variants Mod. 2 to 
Mod. 6 (Fig 1).  

- Mod. 2: The core volume can be augmented to increase the initial reactivity. The easiest way 
to do this under the current geometry constraints (inner and outer radius of fuel element) 
would be the elongation of the fuel element (from 70 cm to 80 cm height). This geometry 
change reduces the required enrichment further. 
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- Mod. 3: The increase in core volume leads to a corresponding decrease of the power density in 
the core (Mod. 2). But as the average power density is the significant variable for the 
maximum possible neutron flux of a research reactor, it might be an obvious possibility to 
consider a moderate increase of the reactor power (here marginal 10%), to reproduce the 
original average power density and to increase the performance of the reactor further. This 
strategy is possible in principle, as the cooling system of the FRM-II core is designed for the 
current (higher) value of the power density.1 
As an increased power of 22 MW leads to higher reactivity losses and the burnup at EOL 
increases from 1040 MWd(th) to 1144 MWd(th) the enrichment must be increased as well 
compared to Mod. 2.  

- Mod. 4: The area between meat and cladding of the fuel element plate (aluminium) will be 
much smoother in monolithic fuel than in dispersion type fuels. For a given cladding thickness 
of 0.38 mm a typical lower tolerance value of 0.25 mm is given. One U.S. high flux reactor 
(HFIR, Oak Ridge) uses fuel element plates with a nominal cladding thickness of 0.25 mm. 
Therefore the option exists to investigate the use of reduced cladding thickness in monolithic 
fuel element plates. The core volume gained while reducing the cladding is used to increase 
the thickness of the meat from 0.60 mm to 0.86 mm. This measure increases the uranium 
inventory by 40% compared to Mod. 1 and leads to a significant increase of the core reactivity 
so that enrichment of 27-28% is sufficient to get the desired cycle length of 52 days (Fig. 1). 

- Mod. 5: Instead of increasing the meat thickness, reduction of cladding thickness (again with a 
constant number of fuel plates) can be used to widen the cooling channels (here: 2.46 mm 
instead of 2.20 mm). As the meat zone won’t be changed, this option reduces the total width 
of the fuel plate. Of course the thermo-mechanical and hydraulic stability of the fuel plate has 
to be re-evaluated. As shown in Tab. 2 the additional light water in the core reduces the 
required enrichment (27-28%). This effect is determined by the slightly softer neutron 
spectrum in the core which makes the core more transparent for neutrons coming from the 
moderator tank. 

- Mod. 6: A combination of Mod. 2 and Mod. 4. The uranium inventory is further increased by 
63% compared to Mod. 1 and thus reduces the enrichment requirement to about 24-25% 
(Fig 1). 

 
Fig 1.  Required enrichment to reach adequate k(eff)ini at BOL 

for tcycle=52 d for Mod. 1, Mod. 4 and Mod. 6. 
 
 
3. Optimization 

The strategies indicated in Tab.1 and Fig.1 to increase the initial reactivity give first hints which 
principal possibilities exist for the use of monolithic UMo fuel. These possibilities should not be 
considered as conversion candidates, but as starting points for further optimization of fuel elements 
using monolithic fuel. This optimization procedure is necessary because of two reasons:  

                                                 
1 The acceptability of such an increase of the power level might be debatable for licensing reasons. 
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- on the one hand in Mod. 1-6 not all relevant critical operation parameters like e.g. the 
maximum power density are kept within given limits. An optimization procedure would e.g. 
allow to flatten power density distribution in a fuel plate.    

- on the other hand the original HEU fuel element geometry was optimized for the FRM-II and 
one has to assume that a core using drastically depleted fuel has to be re-optimized to get an 
acceptable cycle length, a maximum flux performance in parallel of minimizing the 
enrichment requirements. 

The problem given is therefore the maximization of an objective function depending on a set of 
variables xi under constraints Cj, which can be solved using global optimization routines.2 In previous 
work [10, 12] we used as routine an iterative linear programming (LP) technique with a linearized 
objective function and linearized constraints.3 We considered neutron flux as objective function and 
most variables were kept constant in the LP-process.4 Two more realistic preliminary conversion 
option candidates based on Mod. 1 and Mod. 3 with marginal flux losses and meeting the constraints 
were thus identified. However, the initial reactivity to reach an acceptable cycle length was gained 
only by enriching the fuel and was not in the focus of the optimization routine so far. Further 
approaches to the optimization problem would include a wider set of variables as well as an additional 
approach by also choosing k(eff)ini as objective function.  
 

 
 
Fig. 2   k(eff)ini over the variation of coolant channel thickness (Meat thickness 0.6 mm, 

Cladding Thickness 0,38 mm, Height of fuel element 80 cm, Enrichment 19.75%). 
 

A first step to this optimization is the investigation of some functional dependencies of k(eff)ini. Fig. 2 
shows for example the functional dependence of k(eff)ini

 from the cooling channel thickness. Here the 
number of plates in the core is varying in contrast to a constant number of plates in Mod. 1-6 and 
k(eff)ini increases with wider cooling channels because of a higher content of light water in the core. 
Of course with a maximum k(eff)ini of ~1.45 a cycle length of 52 days can not be reached and the heat 
flux constraint (200 W/cm2) is still problematic for coolant channel thicknesses >3.0 mm as the 
available area for heat transfer is decreasing because of a reduced number of fuel plates. The variable 
set chosen in Fig. 2 shows one example of this optimization approach in principle, however it is not 
fulfilling all given constraints. 
 

                                                 
2 Variables are e.g.: height, inner and outer radius of fuel element, thermal power, enrichment, eff. uranium 
density, thickness of cladding, meat and cooling channel, density transition radius, density ratio. Constraints are  
e.g.: cycle length, av. power density, av. heat flux, power peaking factors. For further detail refer to [9].  
3 Assuming the objective function is convex. 
4 We only varied meat and coolant channel thickness, transition radius and density ratio of the uranium density 
discontinuity. 
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4. Conclusion 
Monolithic UMo fuel might be a viable option for the conversion of high-flux research reactors. 
However, it is a challenging problem to fulfill the requirements of an optimized flux, an adequate 
cycle length and a minimized enrichment of the fuel, if feasible below the international LEU limit of 
20%.  
The investigation of first step modifications (Mod. 1-6) shows that an optimization of these 
requirements is feasible. The use of the LP technique with a limited set of variables indicates, that the 
global optimization problem can be solved and gives preliminary conversion options. However it is 
necessary to widen the set of variables not kept constant to improve these results. One could also think 
of additional variables like a stepwise change of fuel density or while keeping the density constant a 
stepwise reduction of meat thickness. In principle shaping of the meat thickness over the length of the 
fuel element is thinkable to overcome problems with the power density distribution. In the future the 
optimization procedure as outlined above will be further developed and exemplified for the FRM-II.   
 

 
 

This work has been funded by the German Ministry of Science and Education (BMBF) and 
Berghof Research Center for Constructive Conflict Management  

 
 

References : 
[1]  P. Lemoine: Status of the French Program for the Development and the Qualification of High Density 

Fuel for the JHR Project, In: Proceedings of the 26th International Meeting on Reduced Enrichment for 
Research and Test Reactors (RERTR), Boston, USA, November 6-10, 2005. 

[2]  G.L. Hofman, M.R. Finlay, Y.S. Kim: Post-Irradiation Analysis of Low Enriched U-Mo/Al Dispersions 
Fuel Miniplate Tests, RERTR 4 & 5, In: Proceedings of the 26th International Meeting on Reduced 
Enrichment for Research and Test Reactors (RERTR), Vienna International Centre, Vienna, Austria, 
November 7–12, 2004. 

[3]  G.L. Hofman, M.K. Meyer: Progress in Irradiation Performance of Experimental Uranium-Molybdenum 
Dispersion Fuels. In: Proceedings of the 24th International Meeting on Reduced Enrichment for Research 
and Test Reactors (RERTR), San Carlos de Bariloche, Argentina, 3-8 Nov, 2002. 

[4]  G.L. Hofman, J.L. Snelgrove, S.L. Hayes, M.K. Meyern and C.R. Clark: Progress in Postirradiation 
Examination and Analysis of Low-Enriched U-Mo Research Reactor Fuels, Transactions of the 7th 
International Topical Meeting on Research Reactor Fuel Management (RRFM), March 9–12, 2003, Aix-
en-Provence, France, pp. 43–49. 

[5]  J.L. Snelgrove, P. Lemoine, and L. Alvarez: High Density U-Mo Fuels Latest Results and Reoriented 
Qualification Programs, In: Transactions of the 9th International Topical Meeting on Research Reactor 
Fuel Management (RRFM), April 10–13, 2005, Budapest, Hungary, pp. 60–68. 

[6]  J.M. Hamy, P. Lemoine, F. Huet, C. Jarousse, J.L. Emin: The French UMo Group Contribution to New 
LEU Fuel Development, In: Transactions of the 9th International Topical Meeting on Research Reactor 
Fuel Management (RRFM), April 10–13, 2005, Budapest, Hungary, pp. 69–75. 

[7]  C. Jarousse, P. Lemoine, W. Petry, A. Röhrmoser: Monolithic UMo Full Size Prototype Plates 
Manufacturing Development, The 27th International Meeting on Reduced Enrichment for Research and 
Test Reactors (RERTR), Boston, USA, November 6-10, 2005. 

[8]  C.R. Clark, J.M. Wright, G.C. Knighton, G.A. Moore, J.F. Jue: Update on Monolithic Fuel Fabrication 
Development, The 27th International Meeting on Reduced Enrichment for Research and Test Reactors 
(RERTR), Boston, USA, November 6-10, 2005. 

[9]  Glaser, A.: “About the Enrichment Limit for Research Reactor Conversion: Why 20% ?”, The 27th 
International Meeting on Reduced Enrichment for Research and Test Reactors (RERTR), Boston, USA, 
November 6-10, 2005. 

[10]  Glaser, A.: “Monolithic Fuel and High-Flux Reactor Conversion”, In: Proceedings of the 26th 
International Meeting on Reduced Enrichment for Research and Test Reactors (RERTR), Vienna 
International Centre, Vienna, Austria, November 7–12, 2004.     

[11]  A. Glaser, F. Fujara, W. Liebert, and C. Pistner: Mathematica as a Versatile Tool to Set-up and Analyze 
Neutronic Calculations for Research Reactors. In: Proceedings of the 25th International Meeting on 
Reduced Enrichment for Research and Test Reactors (RERTR), Chicago, Illinois, October 5–10, 2003. 

[12]  A. Glaser: Neutronics Calculations Relevant to the Conversion of Research Reactors to Low-Enriched 
Fuel, Dissertation, Department of Physics, Darmstadt Technical University, 2005. 

288



 

 

 

 

 

 

 

 

 
 

 

 

Session 5 
 

Innovative Methods in 
Research Reactor Analysis  

289



 

290



A SOPHISTICATED MONTE-CARLO-CODE SYSTEM FOR 
THE SAFETY AND CORE PHYSICS ANALYSIS OF FRJ-2  

 
 

R. NABBI and G. DAMM 
Research Centre Jülich 

Leo-Brandt-Straße, 52425 Jülich - Germany 
 
 

ABSTRACT 
 

By coupling MCNP and a depletion code (BURN) a sophisticated tool was developed for 
detailed core physics, neutronic safety analysis and optimum fuel management. The 
MCNP-BURN model consists of a detailed geometrical description of the reactor core and 
surroundings with 11,250 material cells. The accuracy of the model was verified by the 
simulation of criticality experiments and comparison with the measured distribution of 
average and local n-flux. The verification was extended to a long period of power history 
including recent measurements. The reactivity value of each individual core configuration 
at any burnup step could be predicted within 2σ standard deviation. The local flux was 
determined with a deviation of less than 5 %. In addition, MCNP-BURN was applied to 
determine the distribution of fission power in the individual fuel elements of the whole core 
as well as the safety parameters for different HEU and LEU core configurations. 

 
 

1.  Background 
 

For the analysis of the core physics, safety characteristics and optimum fuel management different 
numerical tools have considered for application to FRJ-2. Due to the limitation of the deterministic 
transport methods, resulting from orthogonal geometry modelling and application of few group cross 
section data, the MCNP Monte-Carlo code with the high level of numerical precision was 
employed/1,2/. Due to its static character it was coupled with a depletion code (BURN) to simulate the 
variation of the material composition taking place during burnup and power history. This code uses 
pointwise cross sections in the whole energy space and is capable of modelling complex neutron 
interaction in fuel and core structures for a detailed geometry/2/.  
 
For the application of the code system it was first checked against the results of measurements and 
finally approved by the German licensing authority for the analysis of safety aspects and core physics. 
During the further operational history of FRJ-2 the verification process has been extended to check the 
long term neutronic effects resulting from the continuous variation in the core loadings and 
configurations/3,4/. The present paper describes the capability of the MCNP-BURN code system and 
the results of the long term verification for further application to high power research reactor systems. 

 
 

2.  Description of FRJ-2 
 
The FRJ-2 is a DIDO-class tank-type research reactor cooled and moderated by heavy water. The core 
consists of 25 so-called tubular MTR fuel elements (FE) arranged in five rows of 4, 6, 5, 6 and 4 fuel 
elements (Fig. 1). It is accommodated within an aluminum tank 2 m in diameter and 2 m in height. 
The tank is surrounded by a graphite reflector 0.6 m in thickness enclosed within a double-walled steel 
tank. The active part of the tubular fuel elements is formed by four concentric tubes having a wall 
thickness of 1.5 mm and a length of 0.63 m. The tubes consist of fuel meat clad with pure aluminum 
and are accommodated in a shroud tube 103 mm in diameter. The fuel meat contains UAlx in an 
aluminum matrix with a U235 enrichment of 80 %. The annular water gap between the tubes has a 
width of about 3 mm leaving a central hole of 50 mm diameter filled with a thimble for irradiation 
purposes. 
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Fig. 1: Arrangement of the fuel elements and coarse control arms inside the reactor tank 

 
The reactor is equipped with two independent and diverse shutdown systems, the coarse control arms 
(CCAs) and the rapid shutdown rods (RSRs). The CCAs are lowered and raised manually around a 
pivot in order to control power levels during normal operation, whereas the RSRs are permanently in 
their upper position.  
 
 
3.  MCNP model and burnup recycling  
 
The MCNP model of FRJ-2 is a complete 3-dimensional full-scale model with a very high level of 
geometric fidelity. It comprises the reactor core, CCAs, core structures, beam tubes, the graphite 
reflector and the biological shield. The core region consisting of 25 fuel elements was modelled as a 
cylinder containing a square lattice with an array of cells representing the individual fuel elements. 
Each cell in the lattice contains a detailed model of each fuel element comprising the internal thimble, 
4 circular fuel tubes and the borated outer shroud tube. Each individual cell is divided into 15 axial 
and 35 radial and azimuthal material zones. The detailed segmentation of the whole core resulted in a 
model with 11 250 material cells. Due to the continuous change of the material composition in the fuel 
meat resulting from fuel consumption, every fuel segment of the MCNP model is coupled with a fuel 
depletion model (BURN).  In this way the variation of the neutronic states of the core is simulated by 
multiple linked burnup and MCNP calculations. In each time step - representing a time interval in the 
operation history - fuel burnup is determined on the basis of neutron cross sections and local flux from 
the previous step of the MCNP run.  The resulting local nuclide densities –zone-wise- are used in the 
next step of calculations with MCNP to generate the flux distribution and one-group cross-section data 
for the next burnup step. As an example of the MCNP-BURN run the flux shape in the core and in the 
individual fuel element at the core midplane is given in Fig. 2. 
 

      
Fig. 2:  Neutron flux distribution in the core (left) and in the fuel element facing the core 

center from the left side 
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To achieve a sufficient number of neutron tracks and score in all cells and consequently to reduce the 
estimated error of the physical values (keff and local neutron flux) all simulations were run for 1000 
cycles each with 1000 particle histories. By the statistical evaluation of 1 Mio. histories, a standard 
deviation of 0.001 was achieved for the multiplication factor (i.e. 0.10 % dk/k) and 0.05 for the local 
n-flux. 
 

 
4.  Results of Simulations 
4.1  Criticality States 
 
The neutronic and criticality behaviour of FRJ-2 was studied in detail by the simulation of past 
operating cycles with various core configurations and burnup distribution. In order to verify the 
geometrical model and the employed depletion routine, the criticality state (representing the 
multiplication factor) of the reactor core was considered for comparison.  
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Fig. 3:  Deviation of calculated multiplication factor from the reference value for 

the criticality state as a function of burnup step for 3 operating cycles  
 

For this purpose the eigenvalue was calculated for different burnup states and angles of the CCAs and 
compared with the critical angle known from the critical experiments at the beginning of a cycle and 
during operation. Accordingly (Fig. 3), the criticality state of the core at each time and burnup step is 
reproduced with a maximum deviation les than 0.5 % dk/k representing the accuracy of the model in 
the simulation of the neutronic conditions of the core. Due to the accurate calculation, the model is 
used to predict the reactivity value of the core of the actual operating cycle for refuelling the core and 
shuffling the fuel elements. The criticality after reloading the core is achieved as predicted by the 
model with a deviation of 0.4 % dk/k amounting to the 2σ confidence interval.  
 
4.2  Average and local distribution of n-flux 
 
The distribution of the average neutron flux in the core and in a fuel elements is given in Fig. 4. for 
comparison with the recent measurements performed during the 1st operating cycle in 2005. For these 
results, cobalt foils were irradiated in the central channels of all fuel elements. Taking the uncertainties 
of the measuring method resulting from the irradiation time and positioning of the foils into 
consideration, the calculated values are in good agreement with the experimental results in the whole 
core and after many cycles. The maximum flux appears in the central fuel element and decreases 
towards the outer positions.   In addition to the relative flux factors, the axial distribution of the n-flux  
was calculated in the central channel of the highest rated fuel element and compared with the results of 
the local measurement. The corresponding n-flux profile given in Fig. 4 was calculated from the 
reaction rate by using one group cross-section data. For this purpose the rate of the (n,γ) reaction for 
Co-59 was determined with MCNP-BURN. In this case 1.5 Mio. histories were simulated to achieve a 
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standard deviation of 4 %. According to Fig. 4 the maximum deviation amounts to 5 %. The maximum 
n-flux in the inner channel of the highest rated fuel element amounts to 2.80E14 n/cm²s at 20 MW 
power level. 
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Fig. 4:  Comparison of calculation by MCNP-BURN and measurement of the n-flux distribution 

in the core (left) and in the central fuel element (right) 
 
The comparison of the measurements and calculations for different core configu-rations and 

loadings  over a long period of power history shows that the coupled models of MCN-BURN is 
capable of precisely simulating the neutronic state of every core and verified for the calculation of 
flux, power and burnup distribution including safety parameters.  

 
 

5.  References 
 
[1] J.F. Briemeister Ed. MCNP- A General Monte Carlo N-Particle Transport Code LA-12625-M, 

Version 4B, Los Alamos National Laboratory, March 1997  
 
[2] F. Rahnema et al., Comparison of ENDF/BV and VI.3 for water reactor calculations Proc. Ann. 

Mtg. of American Nuclear Society, Vol. 76, pp. 324-325, June 1997 
 
[3] R. Nabbi and J. Wolters, Analysis of the Criticality States of the German Research Reactor 

FRJ-2 Using MCNP4B, Proc. VI. Intl. Conf. on Nuclear Criticality Safety, Versailles, France, 
Sept. 1999 

 
[4] R. Nabbi et al, “Characteristic differences of HEU & LEU cores at the German FRJ-2 Research 

Reactor”, Proceedings of RRFM-Meeting, 2002, Ghent, Belgium 

294



3−D FUEL BURN UP MODELING WITH MCNP&ORIGEN−S 
 
 

S. KALCHEVA and E. KOONEN 
SCK•CEN, Belgium Nuclear Research Centre 

Boeretang 200, B-2400 Mol - Belgium 
 
 
 

ABSTRACT 
 

The purpose of this paper is to highlight the importance of the applied detailed 3−D fuel 
modeling in the highly heterogeneous, high flux MTR reactor BR2 for the accurate 
assessment of the reactor safety characteristics during the reactor operation. The combined 
MCNP&ORIGEN-S full-scale 3−D heterogeneous geometry model with detailed 3−D 
isotopic fuel profile in the whole core is used for the neutronics calculations. The effects of 
three burn up profiles on the reactivity variations are investigated: axial burn up profile in a 
fuel plate, radial in a fuel assembly and azimuth depletion profile in each axial segment of 
the annular fuel plates. The uncertainties in the maximum values of the heat flux due to 
different orientations of the fuel element in the core are estimated. 
 
 

1.  Introduction 
The full-scale 3−D heterogeneous geometry computational model of the Belgian MTR BR2 with 
detailed 3−D isotopic fuel profile has been developed by MCNP&ORIGEN−S. The calculation model 
has been validated on comparison with the reactivity measurements of more than 20 operation cycles 
[1] and on comparison with thermal balance and γ-spectroscopy methods for the on-line determination 
of the linear power in fuel rods during a set of transient ramp tests, performed at the BR2 reactor [2]. 
The computational predictions for the shim rods position at various restarts during reactor operation 
are within 0.5$ (βeff=0.0072). Typical uncertainties of 4 to 6 % for the maximum linear power data and 
3 to 5 % for the average linear power values have been obtained. After that the computational model 
has been extended, including detailed azimuth modeling of the BR2 fuel [3]. 
 
 
2.  MCNP&ORIGEN-S 3−D fuel  modeling 
The distribution of the fuel burn up in the fuel elements becomes non-uniform during irradiation due 
to the high peaking factor in BR2: 2.1KKK RZ ≈×× ϕ , where KZ , KR and Kϕ are axial, radial and 
azimuth peaking factor of the fuel element, which is composed from six annular concentric fuel plates. 
The Monte Carlo code MCNP is used for evaluation of the detailed 3−D power distribution which is 
introduced into the 1−D depletion code ORIGEN−S to evaluate the 3−D isotopic fuel profile [1]. The 
3−D space distribution of the isotopic fuel depletion in a fuel element  j in the fuel zone ),z,(r lnm ϕ at 

arbitrary time step  is calculated using the information for the isotopic fuel depletion iT )(TB 1i
5
j −  and 

the total power distribution K in the previous time step T),z,r, lnm1 ϕ−(Ti
j
V i-1 [1]: 
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is the total power peaking factor in a fuel zone ),z,(r lnm ϕ  of the fuel element j during the irradiation 
time Ti; zn is the axial coordinate of the fuel zone n in the fuel element; lϕ  is the azimuth angle in 
azimuth fuel sector l in the fuel element; , is the fission power in the spatial segment ),z,r, lnm ϕ(Tp ij

),z,(r lnm ϕ  inside the fuel element; )(Ti

(0)

Pj

c5
j

and are the average fuel power and the total fuel meat 

volume of the fuel element  j; the constant C1 is determined with ORIGEN−S [1]: C1=0.125 [kg 
jV

235Ufresh.MW-1.days-1], that means about 8 MW.d per 1 kg 235U initially charged to the reactor is 
necessary for 1% depletion of  235U; [g.cm-3] is the initial 235U density in a fresh fuel. Each one 
of the 6 fuel plates of all 32 fuel elements is divided into axial zones by each 6 cm with varied isotopic 
fuel densities (see Fig. 1). The axial segments of the fuel plates are divided into azimuth sectors with 
heterogeneous isotopic fuel densities. Each depleted fuel composition, [ ]X%B5

j , which is evaluated 
with ORIGEN-S at the relevant depletion step Ti, contains about 80 fissile, 30 non-fissile (light 
elements) and fission product inventory of  1000 isotopes, from which the dominant ~ 100 nuclides 
are selected to be included into the MCNP model (see Table I). 
 

 
Figure 1. Axial heterogeneous isotopic fuel burn up profiles in the fuel plates of a FE with 
average fuel burn up: B . Similar distributions are evaluated using 

MCNP&ORIGEN−S for each  and for all ~ 100 isotopes of 
the fuel composition  (see Table I). 

%305
aver =

%,5B5
aver = %90%,....,8%,7%,6
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Light elements 
Actinides 
 
 
Fission Products 

C,  O, Al, 10B, 11B  
234U, 235U, 236U, 237U, 238U, 237Np, 238Np, 239Np, 238Pu, 239Pu, 240Pu, 241Pu, 242Pu  
75As, 81Br, 82Kr, 83Kr, 84Kr, 85Kr, 86Kr,  85Rb, 87Rb, 89Y, 93Zr, 95Mo, 99Tc, 101Ru, 
103Ru, 103Rh, 105Rh, 106Pd, 108Pd, 109Ag, 110Cd, 111Cd, 113Cd, 114Cd, 115Cd, 116Cd, 
120Sn, 127I, 129I, 135I, 131Xe, 134Xe, 135Xe, 133Cs, 134Cs, 135Cs, 136Cs, 137Cs, 138Ba, 
141Pr,  145Nd, 147Nd, 148Nd, 147Pm, 148Pm, 149Pm, 147Sm, 149Sm, 150Sm, 151Sm, 
152Sm, 153Eu, 154Eu, 155Eu, 156Gd, 158Gd, etc. 

Table I. Isotopic composition of the depleted fuel, evaluated with ORIGEN-S and used in the 
MCNP model.  

 
 
3.  Reactivity effects of 3−D fuel burn up profile 

3.1 Axial and radial burn up profiles 
The detailed 3−D relative power distribution is evaluated with MCNP for a few positions of the 
Control Rods bank during the operating cycle and in combination with ORIGEN-S is used for 
evaluation of the 3−D isotopic fuel profile at each depletion time step, allowing for the previous 
irradiation history of the fuel element. The reactivity effects of the 3−D fuel burn up profile have been 
investigated for a different number of the axial divisions (see Fig. 2).  
It was obtained that the reactivity effect between the used 24 and 12 axial zones with heterogeneous 
burn up in the fuel plates is negligible. The further decreasing of the number of the axial zones with 
heterogeneous fuel densities inserts a positive reactivity effect which is maximum for used 
homogeneous burn up (1 axial zone) and equal to: $5.1)ax12(ρ(hom)ρ(max)ρ +≈−=∆ . 

 
Figure 2. Axial distributions of the fuel burn up in the fuel plates of a FE, having an average 
burn up  and reactivity effects, resulting from different axial segmentations. %30)FE(B5

aver =
The contributions from different parts of the reactor core into the total reactivity effect due to the 
applied detailed 3−D fuel burn up profile are estimated on comparison with used homogeneous burn 
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up and presented in Table II. For FE, located in the channels in the 1st ring around the core centre, the 
higher the burn up of the FE, the higher is the reactivity effect.  

 het
FE

hom
FE ρρ −  het

FP
hom
FP ρρ −  

1 FE in H1/Central channel, B  %325
C/1H ≈ +0.013$ +0.032$ 

6 FE in 1st ring around core centre, channels A, B  %145
A ≈ +0.205$ +0.126$ 

6 FE in 1st ring around core centre, channels B,  %32B5
B ≈ +0.473$ +0.432$ 

5 FE in 2nd  ring around core centre, channels D,  %44B5
D ≈ +0.259$ +0.183$ 

9 FE in periphery, channels F&G,  %50B5
G&F ≈ +0.438$ +0.297$ 

Total +1.454$ +1.301$ 

Table II. Reactivity effects of heterogeneous fuel burn up profile, used in different parts of the 
core, determined on comparison with homogeneous burn up: ρ  − reactivity values for 
used homogeneous (heterogeneous) burn up in the whole fuel element (axial+radial fuel burn up 
profiles);  − reactivity values for used homogeneous (heterogeneous) burn up in the 
individual fuel plates of the fuel element (radial burn up profile). 

het
FE

hom
FE ρ,

het
FP

hom
FP ρ,ρ

 
 
3.2 Azimuth burn up profile and orientation of the fuel element 

The evaluated with MCNP azimuth power peaking factors in combination with ORIGEN−S 
are used for modeling of the azimuth fuel burn up in the annular fuel plates. The azimuth burn 
up profile is applied in the following spatial zones: (i) in each fuel plate of  the individual FE; 
(ii) in each axial segment of a fuel plate. In order to investigate the effect of the applied 
azimuth fuel burn up profile on the reactivity and heat flux values, 2 core models are 
considered (see Fig. 3). 
 

     
                                  Scenario 1                                                          Scenario 2 

Figure 3. MCNP scenarios of azimuth orientation of the fuel elements, modeled with detailed 
azimuth profile in each axial segment of the annular fuel plates: Scenario 1 − all FE are oriented 
with their highly burnt side to the core centre; Scenario 2 − all FE are oriented with their low 
burnt side to the core centre. 
 

In the first model, all FE from the central crown around the core centre are oriented with their highly 
burnt side to the core centre (Scenario 1) and in the second model − the FE are oriented with their low 
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burnt side to the core centre (Scenario 2). The reactivity effect between the both scenarios is: 
. $2.0ρρρ min

1
max
2 +≈−=∆

The azimuth peaking factor Kϕ in the hot plane of the outer fuel plates is high especially in the fuel 
elements, arranged around the reactor core centre: 1.41.3K ÷=ϕ . Therefore, the azimuth profile of 
the fuel depletion and the orientation of the fuel elements in the core is important for determination of 
the maximum value of the heat flux at the hot spot in the hot plane of the outer fuel plate. The detailed 
azimuth distributions of the heat flux in the hot plane of the outer fuel plate of FE, located in the fuel 
channels around the core centre is given at Fig. 4a. The initial azimuth fuel depletion profiles, obtained 
from irradiation in the previous irradiation cycles and used in the calculations of the heat flux, are 
depicted on Fig. 4b. It is seen that the variations of the maximum value of the heat flux due to different 
orientations of the FE in the core are within 10÷12% (Fig. 4a). 
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Figure 4. a) Variation of the heat flux values with the azimuth direction in the hot plane of a low 
burnt fuel element for the scenarios, shown at Fig. 3; b) Initial azimuth fuel depletion profiles, 
obtained from irradiation of the fuel elements in the previous cycles and used in the calculation 
of the heat flux at Fig. 4a. 

 
 
4.  Conclusions 
The reactivity effects of the detailed burn up profile in 12 axial segments in the fuel plates have been 
estimated on comparison with simplified profiles in 6, 3  and  1 axial zones. It was shown that 
decreasing of the number of the axial zones modeled with heterogeneous fuel burn up, inserts a 
positive reactivity effect, which is maximum for homogeneous burn up used in the fuel plates and 
equal to +1.5$. The uncertainties in the reactivity values, resulting from azimuth fuel profile in the 
annular fuel plates and due to different orientations of the fuel element in the core, are within 0.20$. 
The variations of the maximum values of the heat flux due to different orientations of a low burnt fuel 
element in the core are within 10÷12%.  
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ABSTRACT 
 

The impact of strong non-uniformity of neutron fluxes in the Belgian High Flux Materials 
Testing Reactor BR2 on the spatial distributions of the fuel burn-up and heat fluxes in 
complex annular fuel elements and on the irradiation conditions in various experiments 
performed in BR2 is discussed in the paper. The purpose was to develop a calculation 
approach for predicting 3-D fuel burn-up in multi-tube annular fuel elements. In the 
method presented here the spatial 3-D distribution of the fuel burn-up in plates of the multi-
tube fuel element is calculated using the 3-D distributions of the power peaking factor 
calculated in the registration mesh using the MCNP code linked with the burn-up module 
ORIGEN-S in the SCALE code. The presented approach permits to predict effectively the 
dependence of the fuel burn-up distribution in the fuel plates versus their position inside 
the core and versus their azimuth orientation. 
 
 

 
1.  Introduction  
Fuel elements of the Belgian High Flux Materials Testing Reactor BR2 have an annular form 
including 6 fuel rings of different radii with 3 curved fuel plates in each ring.  The initial fuel 
composition and uranium enrichment can be different not only in various fuel elements, but in various 
fuel rings inside of one fuel element. For example, in an experiment for testing the performance of a 
new type of fuel plates, the first 5 rings of the BR2 fuel element were made of high-enriched uranium, 
while the last 6th ring contained a low enriched uranium fuel.  
 
The spatial distribution of the fuel burn-up inside all fuel plates is dependent on the position of the fuel 
element inside the BR2 core (see Fig.1), on their azimuth orientation and on the irradiation history. 
The length of the fuel zones in the fuel elements is 76 cm and the diameter of the standard fuel 
element is about 8 cm. The axial power peaking factor in the fuel elements is about 1.6, while the 
azimuth peaking factor is about 1.2.  
 
The calculation of the detailed fuel burn-up distribution in the fuel plates inside the fuel element can 
not be directly and easy performed using the existing computer codes because of the complex 
geometry and of the absence of contemporary dedicated fuel burn-up analysis codes. The variation of 
the spatial distribution of the nuclide composition in the combined fuel element during the irradiation 
history can be determined using the spatial distribution of the heat fluxes inside the fuel element and 
the dependence of the fuel composition on the accumulated mean fuel burn-up calculated linking 
MCNP and ORIGEN-S codes.  
 
This approach permits to calculate the detailed 3-dimensional distribution of the fuel burn-up in 
complex fuel elements taking into account the change of irradiation conditions in various irradiation 
cycles. Examples of the registration meshes in fuel element containing 6 rings of fuel plates is shown 
in the left Fig.2, and for the fuel element containing 8 rings of fuel plates with another azimuth mesh 
of zones is shown on the right Fig.2.  
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Fig 1.  3-D MCNP simulation model of the BR2 reactor core containing inclined channels. 
 

 
Fig 2. View on the fuel plates in the annular multi-tube fuel elements with the regular 

meshes of registration cells and different fuel burn-up in each cell of the mesh.  
 
 
2. Calculation of fuel burn-up in complex fuel elements 
 
The calculation of the fuel burn-up distribution and the change of fissile nuclides concentration in the 
multi-tube annular fuel element are important for an accurate prediction of the irradiation conditions of 
the fuel elements. However, it is difficult to perform a direct calculation of the detailed spatial 
distributions of the fuel burn-up in various parts of the fuel element irradiated in different positions in 
the reactor core. Ordinary the mean fuel burn-up in the fuel element is calculated using the average 
neutron fluxes inside the fuel element (sometimes in small numbers of fuel zones). This simplified 
approach permits to predict accurately the irradiation history of the whole fuel element and the reactor 
core. However, the detailed information about the spatial distribution of the fuel burn-up in the fuel 
plates can not be obtained in this way very easily. 
 
Here we demonstrate the way for a detailed calculation of the fuel burn-up distribution in the annular 
milti-tube fuel element. The fuel burn-up and the fuel composition in the local fuel zone can be 
calculated using the mean burn-up in the fuel element (plate) and the power peaking factor. The 
regular meshes of registration cells are created in each fuel plate inside the multi-tube annular fuel 
element. Examples of the registration meshes are shown in Fig.2. Each cell {v}n {n=1,N} of the 
registration mesh has own radial, axial, and azimuth co-ordinates { ri , zj  ,θk }, {i=1,NR; j=1,NZ; 
k=1,Nθ}. 
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The dependence of fuel burn-up, β(v,T) expressed as the ratio of burned fissile atoms to their initial 
concentration in the registration cell {v}n versus the energy released in fuel zone at the end of fuel 
cycle T is determined as 
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where AU is the atomic mass number of the fissile element, NA is the Avogadro constant, Eeff is the 
effective fission energy, M(v) is the weight of the fuel in the cell {v} in the beginning of the irradiation 
period and P(v,t) is the power at the time t. The ratio of cross-sections <σc+σf>/<σf> inside the volume 
of the fuel element is a constant factor and the burn-up factor is dependent only on the accumulated 
released energy.  Nevertheless, this ratio depends on the fissile composition (for U and Pu the ratio of 
cross-sections is different). Similar expression can be written for the mean burn-up,β(T),  in the 
whole fuel element (or plate) 
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where PFE (T) is the total energy released in the fuel element, and Mtot is the weight of fissile nuclides 
in fuel element. The functional dependence of fuel burn-up, β(v,t), in the registration cell {v} at time t  
on the mean burn-up βFE(T) in the fuel element and on the specific power peaking factor kv(T)  can be 
obtained from Eqs.(1,2) 
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where P(v,T) and PFE(T) are the time-integrated powers in the particular fuel zone at the position {v} 
and in the whole fuel element (plate). The function kv(T) is a specific power peaking factor and is 
determined using the power distribution in the mesh {v} inside each fuel element. The ratio αν/αFE=1 
for the fuel element containing one type of fissile composition in all fuel plates. 
 
After N irradiation cycles (duration of N cycles is TN) the fuel burn-up, βv(TN), in each fuel zone {v} 
can be calculated   
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where βv(TN-1) is the fuel burn-up in the zone {v}  after the N-1 irradiation cycle, TN-1, andβFE(TN) is 
the mean burn-up in the whole fuel element in the end of the N irradiation cycle. The fuel burn-up 
βv(TN) in registration zone v after TN irradiation time can be rewritten 
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which gives the functional dependence of the local burn-up βv(TN) on the mean burn-up,β(TN), in the 
fuel plates after the Nth irradiation cycle, and on the change of the specific power peaking factors kv(Ti) 
during the irradiation. The presented expression takes into account the power flattening in the central 
‘hot zone’ due to the changing of the power peaking factors in different cycles. The mean fuel burn-up 
in the whole fuel element (plate) can be calculated for the mean operation power using the SCALE 
code. The dependence of the nuclide composition versus the released energy (or equivalently on the 

302



fuel burn-up) in the fuel element (plate) can be calculated only one time and kept in the form of a 
table. This table is used each time when it is necessary to obtain the fuel composition for the known 
local burn-up in the registration mesh. 

In the presented approach it is necessary to calculate the detailed distribution of the power peaking 
factors on the registration mesh. After that the distributions of the power peaking factors, kv, are used 
to obtain the distributions of the fuel burn-up in registration cells. The nuclide composition in the 
registration cell for the obtained fuel burn-up should be taken from the nuclide table (data base) 
containing the dependence of the fuel composition on the fuel burn-up.  
    In the case when the fuel burn-up must be calculated in the part of the fuel plate containing single 
dominant fissile nuclide, the thermal heat fluxes (W/cm2) can be used for calculation of the nuclide 
depletion. For example, the fuel burn-up in the fuel element containing dominant fissile nuclide 235U is 
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here ∆Ti is the duration of the irradiation period i, and q(Ti) (W/cm2) is the mean value of the heat 
flux in the time interval Ti on the surface of the fuel zone with the thickness of δƒ =0.061 cm. 
 
 
3. Example of the 3-D fuel burn-up in the combined fuel element  
 
The method described above was applied for calculation of the spatial distribution of the fuel burn-up 
and heat fluxes in an experimental fuel element. A registration mesh consisting of relatively small 
cells was created in each plate of the fuel element. The dimension of elementary cell was chosen so 
that the cross-section of the cell was about 1 cm2. In the example presented here the fuel element 
contained fuel plates with different initial composition in fuel rings. Due to the high non-uniformity of 
the thermal neutron flux density in the radial and azimuth direction, the irradiation of this fuel element 
was performed with different azimuth orientations in each irradiation cycle. The purpose of rotation 
was to reduce the azimuth non-uniformity of the final fuel burn-up distribution in the end of the last 
irradiation cycle. The position and the azimuth orientation of the fuel element in the successive 
irradiation cycles have been changed several times: in the second cycle the fuel element was moved to 
another channel with higher thermal neutron flux density and additionally rotated by 180 degree angle. 
In the third cycle the fuel element was returned back to the first irradiation position. The 
corresponding distributions of the fuel burn-up in the hot spot position in the fuel plate are depicted in 
Fig.3 in three separate bar graphs for each irradiation cycle. In the second graph we can see the change 
of the position of the hot spot due to the azimuth rotation of the fuel element in the second irradiation 
cycle.  
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Fig 3-1 Variation of the spatial distributions of the fuel burn-up in the central hottest part of one fuel 

plate due to the change of the azimuth orientation of the fuel element and its position in the 
reactor core in several successive irradiation cycles 
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Fig 3-2 Variation of the spatial distributions of the fuel burn-up in the central hottest part of one fuel 

plate due to the change of the azimuth orientation of the fuel element and its position in the 
reactor core in several successive irradiation cycles 
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Fig 3-3 Variation of the spatial distributions of the fuel burn-up in the central hottest part of one fuel 

plate due to the change of the azimuth orientation of the fuel element and its position in the 
reactor core in several successive irradiation cycles 

 
 
4. Conclusion 
 
The calculation approach described here permits to predict the detailed distribution of the fuel burn-up 
in complex multi- tube annular fuel element using the mean fuel burn-up in the whole fuel element 
along with the information about distributions of peaking power factors in the plates.  
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ABSTRACT 
 
The analysis of an alternate design of BR2 fuel element type "W_6n" containing 400 g235U 
highly enriched in the form of UAlx dispersed in Al powder and having a surface density of 
0.060 g235U/cm² has been presented at the RRFM-2004 in a partial way. After calculating the 
Cadmium consumption and having proved the hot spot factor doesn't jeopardize the reactor 
operation. The 36 Cd wires diameter positioned in each indent of the side-plates has to be 0.8 
mm. This new fuel element is expected to be the most reactive fuel element used in the BR2 
complex and for safety reason it has to be less reactive than the former fuel element type 
"A_6n" containing 244 g235U highly enriched at 93% and no burnable poison and having the 
same geometry; the storage, transportation baskets, and operational procedures for loading in 
the reactor have been built for this highly reactive fuel element.   

 
1. Introduction 
 
The geometry of standard BR2 fuel elements consists of 6 
concentric fuel plates and 3 sectors and side-plates with the 
following nominal values 
Beryllium pitch: 9.644 cm and diameter: 8.42 cm 
outer diameter   3 inches or 7.62 cm 
fuel length    30 inches or 76.2 cm 
fuel thickness   0.02 inch or 0.051 cm 
plate thickness   0.05 inch or 0.127 cm 
water gap    (>0.27 cm)  0.30 cm    
side-plate width   0.22 inch or 0.56 cm 
distance between fuel and side-plate:   < 0.20 cm 
distance between wires (estimated)  0.28 cm 
diameter of Cadmium wires    0.08 cm 
length of Cadmium wires = BR2 fuel length         fig 1.  Fuel element type W 
 
The new fuel element will be high reactive as soon the Cd wires are burnt, and this will occur for a 
mean burn-up of about 10-15 % in 235U. The fission products have to be analysed more carefully for 
their contribution in criticality problems. The fission products cross-section will be calculated by the 
code MCNP-4C and its libraries according to the neutron spectrum in the fuel meat.  
An example is a cluster of 7 fuel elements in hexagonal lattice in water with a pitch of about 9 cm. 
This gives the most critical value:  k.eff ≈ 0.9  calculated by the code MCNP-4C. This result 
determines the maximum mass of 235U highly enriched contained in the BR2 fuel element with 
Cadmium wires. 
The reactivity variation during an operation cycle with this alternate design of BR2 fuel element type 
"W_6n" containing 400 g235U highly enriched has also to be considered. The worth of the shim rods 
bundle must be sufficient for compensating the reactivity variation of burning fresh fuel containing 
Cadmium wires arranged in the core loading with partially burnt fuel elements. During the operation at 
nominal power during 21 or 28 days, the anti-reactivity margins have to be preserved and have to be 
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calculated by the code MCNP-4C. Indeed, the maximum mass of U-235 allowed in a fuel element and 
the anti-reactivity margins are the main parameters to determine the economy and performance of the 
BR2 reactor. 
 
 
2. Consumption of fuel and of burnable poison. 
The effective macroscopic cross-section of Cadmium wires has been determined [1] 
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For a mean burn-up in 235U: βmean=10%, βmax=14%, 15.0)14.01ln( =−−=b  and δr = - 0.03 cm. 
 
The comparison of four types of fuel 
elements containing in the same 
geometry uranium enriched at 93%, 
the reactivity variation in an unitary 
channel in a core loading of 9 kg 235U 
was calculated to determine the burn-
up offering the maximum reactivity. 
Calculation has involved 15 axial 
positions for calculating the variation 
of uranium isotopes and fission 
products in power.      table 1.    Content of BR2 fuel element type 6n 

² A G W6 W8 
U-235 [g] 244 400 400 400 
U-tot [g] 271 430 430 430 

enrichment 93% 93% 93% 93% 
U-X U-Al4 U-Alx~3 U-Alx~3 U-Alx~3 

U.tot [g/cm³] 0.77 1.31 1.63 1.63 
B.nat (B4C) [g] 0 3.8 0 0 

Sm.nat (Sm2O3)  [g] 0 1.4 0 0 
36 Cd wires diameter   0.06 cm 0.08 cm

 
One obtains the mean axial burn-up 
of 11% for the fuel elements with 
Cadmium wires of 0.6 mm and a 
mean axial burn-up of 14.5% with 
Cadmium wires of 0.8 mm (fig.2) . 
The effective isotopes cross-sections 
available in the MCNP-4C code [2] 
calculated in the fuel meat of BR2 
fuel elements enriched at 93% have 
been substituted in the "table of 
simple integral neutron cross-
sections data" [3]. The transient in 
fuel composition and in fission 
products (mainly Xe-135 and Sm-
149 radioactive sequence) shows the 
fuel element is most reactive 3.7 
days after shut-down.         fig 2. reactivity versus burn-up  

reactivity variation of fuel element in power,
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3. Reactivity of a cluster of 7 fuel elements in water 
 
The BR2 installations have been designed for the fuel element type A 6n containing 244g235U enriched 
at 93% and no burnable poison. The dry storage of fresh fuel, the storage of partially burnt fuel in the 
pools of the BR2 complex, the transfer baskets, the manipulation procedures for loading the reactor 
could not be reviewed for the new type of fuel containing Cadmium wires. Safety specifications 
appeal that a cluster of 7 fuel elements in water could not be critical. 
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The criticality of the reference fuel type A 6n containing 244g235U enriched at 93% has been evaluated 
with the code MCNP-4C [2]. Similar evaluation is made for fuel elements containing 400 g235U 
enriched at 93% partially burnt. Along 10 paths of the thermal neutron flux axial distribution were 
calculated the reduction of the Cadmium diameter and the concentration of isotopes: 235U, 236U, 237Np, 
238U, 135Xe, 149Sm, 151Sm and other fission products 3.7 days after shut-down. Here is made the 
demonstration that fuel elements with Cadmium wires diameter 0.6 mm doesn't satisfy the reactivity 
criterion. The fuel elements with Cadmium wires diameter 0.8 mm satisfy the reactivity criterion. 
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fig. 3 criticality for a cluster of 7 BR2 fuel elements in water 

 
 
4.  Operational BR2 cycle  
 
BR2 cycles are operated for 21 - 28 at a nominal power of 26.5 MW in the central ring (channels A & 
B). Routinely 6 - 9 fresh fuel are loaded in the second ring (channel C and D) reached a burn-up of 
about 15% and partially burnt fuel elements are loaded in the channels A and B reaching 30% and 
45% burn-up; after theses paths the partially burnt fuel elements are loaded in external positions.  
The variation of reactivity during reactor operation could be 4.5 $. Indeed the 6 shim rods having a 
worth of 12 $ have to insure the anti-reactivity margins at the minimum of the Xe-Sm transient (2.7 $). 
In the basic configuration 10 of 30 fuel elements (5 repetitive batches of 6 fresh or partially burnt fuel 
elements), containing no experimental device nor He-3 poisoning in the Beryllium matrix, it seems 
that fuel elements with Cd wire 0.8 mm are more suitable (fig. 4). 
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Fig. 4. Reactivity in basic configuration 

When comparing real operational cycles, we have to note (1) the presence of 3He (~3 $) in the 
Beryllium matrix at the beginning of cycle and (2) in these calculation only the type of fuel has been 
modified and not the Uranium masses.  
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reactivity [$] variation in loading 2004-01A,
versus energy produced [MWd]
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reactivity [$] variation in loading 2002-04
versus energy produced [MWd]
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Fig. 5a. Reactivity variation during standard cycle  Fig. 5b. Reactivity variation during cycle 
  with 9 fresh fuel elements 

reactivity [$] variation in loading 2003-03A
versus energy produced [MWd]
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Fig. 5c. Reactivity variation during long cycle of 28 days 

 

cycle number of 
fresh fuel 

energy produced 
[MWd] 

d $ 
observed 

Cd wire 0.8 mm 
(Xe - min ) $ 

2004-01A 6 1200 2.05 2.75 
2002-04A 9 1200 2.12 2.92 
2003-03A 10 1800 4.79 6.84 

Table 3. Typical operation cycles 
 

But 6 fresh fuel elements are not sufficient to maintain the equilibrium between fresh fuel and 
eliminated burnt fuel elements. Indeed normal usage is 6.2 fuel el. for 1000 MWd produced. for 9 
fresh fuel elements the movement of the shim rods is increased. For longer operational cycle, new 
mobile absorbers are needed to maintain the characteristics of an operation of 28 days. Anyway the 
initial transient requires 2.5 $ in the shim rods in absence of Sm as burnable poison to compensate the 
Xe-135 transient. 
 
 
5. Conclusion 
 
At the first feasibility study were determined 
1 the blackness of the Cadmium wire and the rate of the effective diameter reduction in relation with 

the burn-up of fuel elements containing 400g235U highly enriched, 
2 the hot spot factors for the parameters of the radial, azimuthal and side-plate effect, 
3 the hypothesis the fuel element type 6n containing 400g235U highly enriched and 36 Cd wires and 

partially burnt will be less reactive than the former fuel element type "A 6n" containing 244g235U 
highly enriched and no burnable poisons. 
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Presently were determined 
4 The fuel element type "W6" containing 400g235U highly enriched and 36 Cd wires diameter 0.6 

mm is the most reactive at a mean burn-up of 11%, 3.7 days after shut-down; the fuel element 
"W8" having Cd wires at diameter 0.8 mm is the most reactive at a mean burn-up of 15%. 

5 A cluster of 7 fuel elements of type "W6" in water can be more reactive than for the type "A", but 
7 fuel elements of type "W8" in water is always 
less reactive than for the type "A". 

6 Theoretically the fuel elements type "W8" could 
allows longer operation cycle than the currently 
used fuel element type "G" with burnable poisons, 
when the reactor operates systematically with 5 
batches of 6 fresh and partially burnt fuel 
elements. 
But 

7 Comparison of real operation cycles shows the 
danger of insufficient anti-reactivity in the shim 
rods bundle having a worth of 12 $. The reactivity 
variation during an operational cycle has to be less 
than 4.5 $. Cycles longer than 1600 MWd will not 
be feasible unless mobile absorbers were installed 
in the core loading. 

8 Experimental determination of the reactivity 
variation during Cd wire reduction should also 
been foreseen by irradiation of some prototype fuel 
elements. 

Fig.6  Design of side-plate containing 
Cadmium wires diameter 0.8mm 
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ABSTRACT 
 

A fuel burn-up model in a reduced reactor geometry (2-D) is successfully developed 
and implemented in the Batan in-core fuel management code, Batan-FUEL. 
Considering the bank modal operation of the control rods, several interpolation 
functions are investigated which best approximate the 3-D fuel assembly radial 
power distributions across the core as function of insertion depth of the control rods. 
A combination of exponential and S-shape interpolation functions shows the lowest 
least-squared error, for the oxide and silicide typical working core of RSG GAS 
reactor. 
 

 
1. Introduction 
The Batan in-core fuel management code, Batan FUEL [1], is extensively used in the core conversion 
program of RSG-GAS reactor [2].  The code is flexible and easily modified to response future demands. 
In Batan-FUEL code, two-dimensional (X-Y and R-Z reactor geometries), multigroup neutron diffusion 
theory is adopted to produce the neutron flux and power density distributions. Since the calculations 
involved in the code are conducted within the 2-D reactor geometry the code only demands a small 
computer memory and short computation time. However, the 3-D nature of the reactor or core geometry 
requires a special technique to keep the accuracy of the final burnup calculation results. A direct burn-up 
calculation model in 3-D reactor geometry is still considered too expensive and impractical for routine 
in-core fuel management since the 3-D neutron flux and power distributions must be calculated. 
Therefore, most in-core fuel management codes are still limited in 2-D XY reactor geometry but with a 
special treatment on the axial (Z) direction, in particular, if control rod effect on the power distribution 
must be considered accurately. 
  
In the normal operation of RSG GAS, the eight (8) control rods are operated in a bank mode (all rods are 
inserted into the core at the same depth). This bank mode operation of control rods ensures the radial and 
axial power peaking factors below the prescribed limit values. Fortunately, this bank mode operation of 
control rods simplifies the burn-up calculation model in 2-D XY reactor geometry.  
 
In this paper a burn-up calculation model in a reduced reactor geometry that is in 2-D XY reactor 
geometry, is proposed and implemented in Batan-FUEL in-core fuel management code. The proposed 
burn-up calculation model is expected to valid over a wide range of core configurations of research 
reactors. The model is then applied to the oxide and silicide typical working core (TWC) of RSG GAS 
reactor. The calculation results are then checked by the rigorous 3-D calculation results. 
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2. Theory and Calculation Model 
During reactor operation the burnup level (B) is calculated according to the following equation which 
actually shows the energy generation per initial heavy metal loading (Wo) in the fuel element: 
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where the power generation by the m-th fuel element (Qm) with its volume Vm. The neutron flux 
distribution, φ(x,y,z),  needed in the equation is obtained from the solution of the reactor eigenvalue 
problem of the neutron diffusion equation: 
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(M and F are migration and leakage and fission operators, and keff is the eigenvalue) while the absolute 
value of the neutron flux is determined by the reactor power (P) normalization: 
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In the exact (3-D) burnup calculation model, the 3-D neutron flux distribution can be produced directly 
from the 3-D solution of Eq.(2), and in turn, the burnup equation, Eq.(1), can be solved without any 
approximation. 
 
Proposed 2-D Burnup Calculation Model 

If it is assumed that the fuel elements have identical height (H) and the zero point of z-axis is located at 
the core bottom, then one can define the radial power peaking factor as: 
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where the 2-D power density distribution is defined as 
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so that the power generation by the m-th fuel element, Eq.(2), can be simplified into 
MmQFQ AVEmm ,...,1for         ==                                            (6) 

It can be observed in Eq.(5) that if one can seek a 2-D power density distribution qz(x,y) which is close to 
the one obtain from Eq.(2) then the burn-up calculation can be conducted without solving the 3-D 
eigenvalue neutron diffusion problem. 
 
In general, there is no simple way to obtain such 2-D power distribution or power distribution in a 
reduced reactor geometry, however, for some limited cases, a simple approach or model can be created 
based on the physical understanding on the behavior of the flux neutron distributions as in the following. 
Firstly, under the assumption that the properties of each fuel element are uniform in the axial direction 
within the core then the radial power peaking factor distribution obtained from 2-D XY reactor geometry 
is very close to the one obtained form the rigorous 3-D XYZ reactor geometry (this hypothesis will be 
proven later).  
 
Secondly, in the practical operation of nuclear reactors the control rods are inserted into the core. If the 
control rods are fully inserted into or fully withdrawn from the core then the above mentioned 
assumption is still valid. However, the problem becomes complicated when the control rods are partially 
inserted even in a bank mode operation since a strong heterogeneity exists in the core axial direction. 
 
The proposed 2-D burn-up calculation model based on the following hypothesis: the 2-D power peaking 
factor distribution can be generated from a simple interpolation function which depends on the insertion 
depth of the control rods (operated in the bank mode), where the interpolation function passes two 
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boundary points, that is, the power peaking factor when the control rods are fully withdrawn and fully 
inserted, respectively. 
 
The advantages of the proposed calculation model are, firstly, the boundary points, i.e. the radial power 
peaking factor distributions when the control rods are fully withdrawn or fully inserted can be obtained 
within 2-D calculations in XY reactor geometry. Secondly, the interpolation function contains a small 
number of constants which do not depend on the fuel element index, m, and may be valid over a wide 
range of core configuration and fuel composition. 
 
Within this burn-up calculation model, 3-D neutron diffusion calculations involving several positions of 
the control rods are only needed for determining the proper interpolation function and its constants. 
Once the interpolation function and its corresponding constants are determined then the following 
routine in-core fuel management can be done using just 2-D neutron diffusion calculations. 
 
Mathematically, the above assumption can be reformulated as follows. It is assumed that, 
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where r denotes the position of the control rods in the core. The interpolation function is a continuous 
function in the form of 

MmHrrg m ,...,1   and   ),0(for    )( =∈                                          (8) 

and satisfied the following boundary conditions 
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3. Results and Discussions 
There is no exact way to choose the best interpolation function for all cases. However, by observing the 
shape of the radial power peaking factor as function of the control rod position (from 3-D neutron 
diffusion calculations), the selection of the proper interpolation function may not be too difficult and the 
number of trial-and-error can be minimized. 
 
In the following the radial power peaking factors as function of the control rod position are given for 
RSG GAS (silicide) typical working core shown in Fig. 1. There are 40 standard fuel elements and 8 
control elements in the core. The power peaking factors have been calculated with Batan-3DIFF code for 
control rod positions of 0 (fully inserted), 10, 20, 30, 40, 50 and 60 cm (fully withdrawn). 
 
In the following, the results of the trial and error efforts for choosing the optimal interpolation function 
are given: 
 
1. Type-1: a linear interpolation function: 
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2. Type-2: an S-shape interpolation function. It is inspired from the analytical solution of the control 
rod reactivity as function of control rod position (r) within the core of height H. 
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3.  Type-3: an exponential function with one coefficient, C, is chosen as the following: 
 

Mm

H
rHg

H
rgrg

C

m

C

mm

,...,1for 

)(1)0()(

=







+



















−=

                             (12) 

4.  Type-4: a linear combination of the Type-2 and Type-3 interpolation functions  
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 Note: BE = Beryllium Element;BS = Beryllium Element with plug;CIP/IP = Irradiation Position;  

 PNRS/HYRS = Pneumatic/ Hydraulic Rabbit System;  

Fig 1.  Core configuration of RSG-GAS reactor with burnup class in the second rows. 
 
Table 1 shows the least square errors and the corresponding optimal coefficients for the oxide and 
silicide TWC of RSG GAS reactor. In Fig. 2 the resulted interpolated functions are compared to the 
radial power peaking factors (PPF) calculated by Batan-3DIFF code [3]. The core grid position of H-9 is 
chosen since the maximum squared error is located there. From Table 1, Figures 2a and 2b, it can be 
observed that the S-shape interpolation function has highest error of 1.613 and 1.535 for oxide and 
silicide core, respectively, while the linear combination of the exponential and S-shape interpolation 
function has lowest error.  Although the reshuffling and refueling strategy between oxide and silicide 
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TWC are different, the error and coefficient values in the both cores have maximum difference of 10% 
(in Type-3).  
 
The hypothesis formulated in Eq.(7) is proven by comparing the 2-D and 3-D neutron diffusion 
calculation results for the radial PPF as shown in Figs. 2a and 2b. For the Type-3 and Type-4, the relative 
difference of the radial PPFs between the 2-D and 3-D models are practically negligible. 
 

Interpolation Function 
Type-1 Type-2 Type-3 Type-4 

Typical 
Working 

Core Error 
(%) 

Coefficient Error 
(%) 

Coefficient Error 
(%) 

Coefficient Error 
(%) 

Coefficient 

Oxide 1.117 - 1.613 1.425 0.479 1.425 0.401 1.425 
Silicide 1.107 - 1.535 1.400 0.528 1.400 0.436 1.400 

Tab 1.   The least-squared errors and optimal coefficients vs type of interpolation function for oxide and 
silicide TWC of RSG GAS 
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Fig. 2.  The interpolated-radial PPF (2D-calculation) and 3-D calculated-radial PPF as a function of 

control rod bank position at H-9 core grid position for oxide and silicide TWC of RSG-GAS  
 
 
4. Conclusions 
Concerning the applicability of the interpolation functions, it can be concluded that the optimal 
coefficients of the interpolation functions are not very sensitive to the core configuration and core or fuel 
composition. Consequently, once the optimal interpolation function and its coefficients are derived then 
they can be used for 2-D routine operational in-core fuel management without repeating the expensive 
3-D neutron diffusion calculations. The combination of an S-shape interpolation function and an 
exponential function gives the best agreement with 3-D calculation results for all TWC cores. 
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ABSTRACT 
 

With the progress in computer technology and numerical methods, the capabilities of 
computer codes have been substantially enlarged. Consequently, advanced safety analysis 
and design optimisations are increasingly performed. The application of Best Estimate 
(BE) method and tools allows getting more realistic simulation of the complex processes 
taking place during the steady state operation and transients in Research Reactors. This 
paper presents the application of two international codes RELAP5 and CATHENA to the 
German FRJ-2 Research Reactor (RR) for the analysis of a hypothetical accident. The work 
mainly aims at the comparison of the results of the two sophisticated codes under the 
consideration of the modelling differences and the numerical approaches respectively. The 
work consists of the simulation of a hypothetical fast reactivity transient, which is assumed 
to be initiated by the failure of one shutdown arm causing a reactivity insertion by an 
amount of 2.7%dk/k during the reactor operation.  

 
1.  Introduction  
Enlarged commercial exploitation of Research Reactors (RR) has increased the consideration toward 
their safety issues. RR safety analyses are generally performed using conservative computational 
approaches [1]. However, recent availability of powerful computers and computational techniques 
together with the continuing increase in operational experience imposes the revising of some 
constraining safety margins. The application of Best-Estimate (BE) method constitutes a real necessity 
in order to get more realistic simulation of the phenomena involved during steady state and transient 
conditions and eventually the identification of design/safety requirements which can be relaxed [2].  
 
2.  Description of the Reactor 

2.1  General Description 
The DIDO is a tank-type research reactor (Fig 1) of British design commissioned at the beginning of 
the sixties. It is cooled and moderated by heavy water at atmospheric pressure. The core power is 
controlled by six Coarse Control Arms (CCAs) moving between the fuel element rows (Fig 2). In the 
case of a reactor scram they drop into the position of maximum reactivity absorption by gravity. The 
second shutdown system consists of three rapid shutdown rods positioned at the periphery of the core. 
They are fully out during normal operation and are shot in on demand by a pneumatic actuator. The 
primary circuit, as shown in Fig 1, is housed in a closed but not airtight plant room beneath the reactor 
block. The reactor hall is a steel shell designed for an overpressure of 300 mbar. The main cooling 
circuit consists of the three main pumps, two shutdown pumps, three heat exchangers and all 
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associated valves and pipe network. The operation of all three main pumps is required for full power 
operation establishing sufficient velocity in the channels of the fuel elements. 

2.2. Core Configuration 
The core generates a power of 23 MW in 25 tubular MTR Highly Enriched Uranium (HEU) (80 – 90 
% Uranium-235) fuel elements arranged in five rows of 4, 6, 5, 6 and 4 fuel elements, at a maximum 
inlet temperature of 58°. Each of the 25 fuel element consists of four concentric fuel tubes. The height 
of the active fuel zone is approx. 60 cm. The core is accommodated within an aluminium tank 2 m in 
diameter and 3.2 m in height. The tank is surrounded by a graphite reflector 0.6 m thick enclosed 
within a double-walled steel tank. In this framework 15 groups of delayed neutrons (including photo-
neutrons) issued from [3] were adopted in absence of the real kinetic data of the FRJ-2 core. 
 

 
Fig 1. Global view of the cooling 

system of the FRJ-2 

 
Fig 2. FRJ-2 core and CCA 

arrangement inside the reactor tank 

3. Nodalization and problem modeling 

The nodalization of the FRJ-2 plant was carried out by considering the information  issued from 
CATHENA output data listing and the layout of the FRJ-2 plant (see Fig 3). The resultant RELAP5 
flow diagram is depicted in Fig 4. The adopted plant nodalization includes a simplified idealization of 
the whole primary circuit with the main standard components of a RR such as the reflector zone, the 
reactor aluminium tank, the main coolant pumps, and the heat exchangers. The reactor tank was 
modelled as a big volume (component 210) connected to the upper core zone (component 105) and the 
suction part through the pipe component 380. The RELAP5 nodalization contains more than 500 
hydrodynamic and almost 4000 heat structures meshes. For the whole primary circuit the same 
nodalization has been applied according to the CATHENA model. 
 

 
Fig 3. Nodalization for CATHENA 

 
Fig 4. Nodalization for RELAP5 

The secondary side was modelled as two boundary conditions volumes (Tmdpvol 430 and 420) and 
one pipe (410) for the heat exchange with the primary side (400). The RELAP5 core nodalization 
consists of a detailed model of the highest rated fuel element with five annular flow channels.  This 
allows detailed simulation of local phenomena that occur inside the fuel assembly. The remaining 24 
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fuel elements are considered individually. Each one consisting of 4 fuel tubes is only represented by 
one which  is surrounded by an outer and inner cooling channel.  The cooling channels are 
hydraulically connected to the lower and upper part at the core.     
 
The CATHENA model consists of an exact model of the highest rated fuel element – as RELAP5 one 
– and 3 further models representing the remaining 24 fuel elements which are divided in 3 groups 
according to the power level in the core [4]. Concerning the modelling of hydrodynamical processes 
no significant differences are expected between two codes. Details of the constitutive relationships are 
outlined in [5], [6].  

4. Description of the transient 

The transients considered herein consist of a   hypothetical reactivity accident without SCRAM . It is 
assumed that the initiating event – according to [7] – is the drop of CCA of the highest reactivity value 
by a random disconnection from the electromagnetic clutch connecting the lifting rod to the gear. The 
CCA then drops down from the current position to the shut down position. As it reaches the shutdown 
position, a breakage of a support mechanism is assumed due to hitting the stops so that the arm swings 
out of the core. The fracture of the central absorber arm (CCA) during operating condition (23 MW) 
causes first a maximum reactivity absorption followed by a positive reactivity insertion. The added 
reactivity reaches almost $3.33 (+2.27%dk/k) within a period of one second at the normal condition. 
This high value of the inserted positive reactivity into the core leads to power excursion in case of loss 
of all other absorber system.  
 
5. Calcultions Results 

5.2. Steady State Calculations 

The main results for the steady state are summarized in Tab 1 for comparison with the results of 
CATHENA calculations, which have been collected from [7]. This is a preliminary qualification about 
the performed plant nodalization and the adopted heat transfer and flow models. Therefore it could be 
concluded at this calculation level that the RELAP5 input data reflect the FRJ-2 operational conditions 
as modelled by the CATHENA code within minor differences. 
 

Parameter  CATHENA RELAP5 
Core Inlet Pressure Mpa 0.14 0.14 

Maximum Fuel Temperature K 413.15 392.25 
Average Heat Flux KW/m2 816 845.00 

Core Inlet Flow Kg/s 503 503.12 
Maximum Inlet Core Temperature K 331.25 331.04 

Core Average Outlet K 342.15 341.98 

Tab 1. Main steady state achievement compared with experimental data 

5.3. Simulation of the Reactivity Transient 

The transient under consideration is governed by relatively large amount of negative reactivity 
followed by a positive reactivity addition into the core as a consequence of the CCA failure. 
Accordingly, the core power response exhibits a sharp rise resulting from the fast course of the 
transient and slow response of the cooling system. As shown in Fig 5, typical behaviour of reactor 
power following a positive reactivity insertion is observed. After a small period of power decrease, 
due to the negative reactivity insertion, the core power begins to rise rapidly when the CCA leaves the 
central part of the core. During the first stage of the transient an increase of the fuel cladding 
temperature takes place.  
 
According to Fig 6, the most effective feedback contribution limiting the external reactivity results 
from the change in the density of the moderator (void generation) and in the fuel temperature as well. 
The maximum reactivity effect of void amounts to $ 0.6. The void effect becomes effective at 580 ms 
until  680 ms  as a consequence of void generation resulting from changes in the heat transfer 
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conditions at the wall-coolant interface. The CATHENA  code predicts higher void formation until 
705 ms, as shown in Fig 7,  that contributes to the differences in the excursion phase. The 
discrepancies may also result from the uncertainties due to the adopted material properties that 
influence the heat transfer rate from the surface to the coolant. The difference is associated also to the 
difference in the mathematical models as well as to boundary conditions connected with the inserted 
CCA reactivity variation.  
 
The reduction of the total reactivity in the further course of the transient is a consequence of a 
continuous increase of the fuel temperature due to the Doppler effect. The energy released during such 
power excursion leads to a fast fuel temperature rise, as shown in Fig 8. The agreement between 
results of the two codes is good in the initial phase of the transient. After 0.74 s the fuel temperature 
increase is continued in case of CATHENA. The difference is explained by the effect of fuel and 
moderator temperature feedback, as well as the behaviour of the other fuel elements. Earlier limitation 
of fuel temperature indicates a higher feedback mechanism which is probably caused by high void and 
temperature coefficient in case of RELAP. The interruption of the evaporation process comes earlier in 
according to RELAP5 that causes the flooding of the voided zone. Accordingly, the highest rated fuel 
element temperature exceeds the melting point of the fuel clad so that further reduction in power 
remains without any influence on the fuel temperature. The calculation was continued for the time 
after reaching the melting point of the cladding in order to study self limiting behaviour due to the 
Doppler feedback effect. The melting point of the fuel cladding is assumed 660°C and is reached after 
about 0.64 s in both codes. 
 
The response of the coolant temperature is depicted in Fig 9. The agreement is quite good between the 
results of the two codes at the beginning of the transient and quite different during the excursion 
phase. These differences are of particular significance with respect to the consequence of transients. 
Differences could be attributed to differences related to the calculated void fraction as well as the 
location of the transition boundaries between single phase, subcooled nucleate boiling and film boiling  
regimes including the effect of correlations employed. 
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Fig 5. Core power  
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Fig 6. Core reactivity  
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Fig 7. Variation of void fraction  
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Fig 9. Maximum coolant temperature   
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Fig 10. Relative Central fuel assembly 

mass flow rate  

6. Conclusion 

In this framework the thermalhydraulic system code RELAP5 was applied for the analysis of the 
dynamic behaviour of the FRJ-2 research reactor under anticipated hypothetical reactivity accident. 
The RELAP5 results were assessed by considering the code-to-code comparison using the results of 
the system code CATHENA. Due to the fast course of the transient and slow response of the  cooling 
system a rapid rise of the fuel temperature takes place; both codes predict fuel temperatures exceeding 
the melting point resulting in fuel element damage . Due to forced convection only a small fraction of 
the external reactivity added to the core is compensated by the temperature feedback mechanism. In 
general, the results of the two codes are in agreement and comparable in the initial phase of the 
transient. Differences appear when the flow regime undergoes to fully developed nucleate boiling. 
These differences are expected to be caused by differences in the adopted material properties and 
constitute relations  in two codes including  heat transfer correlations, criteria for the transition 
boundaries between the flow regimes. Another source for the discrepancies could be related to the fact 
that under low pressure conditions, a l numerical errors can lead to large variations in the numerically 
calculated void fraction. The analysis of the differences with respect to the models is subject to further 
investigations. 
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ABSTRACT 
 

Neutronic calculations of the IRT-200 research reactor with fuel assemblies (FA) of the 
IRT-4M type, containing low enriched uranium (19.75 %), performed by the Institute for 
Nuclear Research and Nuclear Energy (INRNE) jointly with the RERTR Program at 
Argonne National Laboratory (ANL), confirmed justness of selection of its initial core 
configuration. On the base of neutronic calculation results thermal hydraulic calculations 
were done by PLTEMP code. Three possible operational regimes have been considered and 
for each one of them the margin coefficient of the water onset of nucleate boiling (ONB) 
on the fuel element surface for the maximum power density fuel assembly has been 
determined. The calculations have been carried out for the core water inlet temperature of 
45 0С. The thermal hydraulic calculations demonstrated satisfaction of thermal hydraulic 
safety margins requirements even at 1 MW power level. 
 
 
 

1. Introduction 
 
Selection of the initial core configuration of the IRT-200 research reactor was carried out in close 
collaboration with scientists from RRC “Kurchatov Institute. The initial configuration for the LEU 
core was selected on the base of calculation results comparison for neutron flux value at the 
experimental channels and initial core excess reactivity value important for safety ensuring [1]. 
Calculation results for the control rods worth demonstrates that shutdown margins safety requirements 
are satisfied for the selected initial core configuration. The results of burn-up calculation indicated that 
the selected core would last about four years for continuous operation. FA power levels in the initial 
core configuration of the IRT-200 reactor were calculated using the diffusion theory by the REBUS 
code. All control rods were fully withdrawn in the REBUS calculation model [1]. More detailed and 
reliable data about FA power values were obtained by using MCNP calculation [2]. MCNP 
calculations were carried out for the model with shim rods located in positions providing critical state 
of the core. The results of the MCNP calculation were used for thermal hydraulic calculation of the 
initial core of the IRT-200 reactor. 
 
 
2. Thermal hydraulic calculations 
 
Reactor thermal hydraulic parameters have been determined by means of the PLTEMP/ANL V2.0 
CODE, developed in the Argonne National Laboratory, Chicago, USA, jointly with the Kyoto 
University, Japan [3]. The mathematical model permits to consider all factors, having influence on the 
thermal hydraulic parameters of reactor core and to calculate all values, characterizing the reactor core 

                                                      
* edited by ENS from the PowerPoint Presentation 
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cooling process. Division of power in the reactor core volume into 15 sectors along the axial axis is set 
in the model. The calculations have been carried out not only for each fuel element, but also for the 
separate fuel assemblies. Temperatures of both sides of tube surfaces have been determined. 
Calculations have been carried out for reactor operation regimes at power level of 200, 500 and 
1000 kW. Non-admission of water boiling at the fuel elements surfaces has been accepted as a safety 
margin criteria in the reactor operation. The calculated value of the onset boiling temperature at the 
fuel element surface ( tob ) is a function of the local pressure of water inside the assembly channel, the 
water saturation temperature and the local thermal flux density. 
 
The tob value is determined according to the Forster and Greif correlation: 
  tob = ts + 2.04 q 0.35 p -0.23  
 where: 
 ts – saturation temperature at pressure p, 0С 
 q – local heat flux, kW/m2  
 p – coolant local pressure, bar 
 The margin coefficient of the water onset boiling on the surface of the maximum power 

density fuel element (k) is determined by:  
 k = ( tob – tin )/ ( tmax – tin ) , 
 where tin – water temperature at core inlet. 
 
In the selection of safe thermal reactor regime (admissible power level) the regime of the maximum 
power density fuel assembly in the reactor core cell E2 has been analyzed. 
 
The minimum permissible margin coefficient of the onset boiling on the fuel element surface (ONB), 
is accepted equal to 1.45, the water temperature at the reactor core inlet is 45 0С. Each fuel assembly 
power as part of the total reactor power, as well as the volume power peaking factors according to the 
results from neutron calculations of the reactor initial core configuration (see Figure 2) are presented 
in Table 3 [2]. Data for the maximum power density fuel assembly in E2 cell are presented in Table 4 
and Table 5. The cooling of the reactor core is realized by a water flowing through the reactor core 
from top downwards. The necessary flow through the reactor core is ensured by means of an ejector 
and circulation pump. In according with results of hydraulic calculation of first cooling circuit in case 
of operation of one pump(84 m3/h) the water flow rate through reactor core and reflector is 226 m3/h. 
The water pressure drop in the reactor core by this - 3.55 kPa. 
 

 

321



 

 
 

 
 

 

322



 
 

 

 

323



 
 

 
 
3. Conclusion 
 
Results of the thermal hydraulic calculations of the initial core configuration of reactor IRT-200 show 
that reactor operation at power of 1000 kW is safety in case of operation of one pump of first cooling 
circuit. 
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ABSTRACT 
 

Most pool type research reactors with power in the range of 5 MW are potentially 
upgradeable to higher powers. A number of approaches are considered and discussed in this 
paper. Experiments have carried out to establish highest water flow rate through 5 MW 
Tehran research reactor core. It is conducted experimentally and verified analytically that 
steady state operation at 7.5 MW is quite possible with no changes in piping. With a new 
flow meter to be installed, even 8 MW operations are accessible. It is left to carry out pump 
room modifications for steady state operation at 7.5 MW. 

 
 
1. Introduction 
 

Tehran research reactor (TRR), employing low enriched Uranium (LEU) in form of well-known MTR 
type fuel elements has a service life of 38 years. Although this reactor is designed to operate at 5 MW 
as its nominal steady state power, but, nevertheless, it is potentially more capable and versatile than its 
original design implies. 
 
TRR has undergone core conversion in 1993 from original high-enriched Uranium (HEU) fuels to low 
enriched Uranium fuels. Since in any such conversions one encounters a weakening effect on overall 
neutron flux level, which is very important in research reactor operations, therefore it was highly 
desirable, upon core conversion completion, to increase power beyond nominal level. Employing 
larger amount of Uranium in each fuel assembly or using high density fuels in LEU cores would help a 
lot to retain flux level to the same extent as in HEU cores. But in any case, increasing power level 
would render a proportional increase in neutron flux level and thus improves vital irradiation capacity 
to its utmost extent. 
 
In this paper, a summary of different approaches to reach a higher steady state power is reviewed and 
subsequently the one most suitable from the point of cost, operability, safety, and ease of execution is 
considered and discussed in more detail.  In table 1 a summary of overall TRR parameters is shown. A 
schematic view of reactor containment and its peripherals is also shown in figure 1. 
 
 
2. Comparison of different schemes 
 
In order to upgrade steady state power up to 10 MW, a number of choices are conceivable. 
 
2.1 Installing a discharge pump in reactor hall: 
This option is to accelerate water flow through core. In this way power level of 10 MW is achievable 
with a 1000 m3/h pump installed on exit pipeline between reactor pool and hold-up tank (H.U.T). 
Embedded piping is left intact while 10” piping between exit butterfly valve and H.U.T is replaced 
with 16” pipe as well as larger valve in place of existing one. An alternate to this option is to add 
aforementioned discharge pump but leave valve and exit pipeline from butterfly valve to H.U.T as 
they are. Therefore water velocity in that segment would increase to the extent that erosion and 
vibration may undermine its lifetime and safety. A second alternate is to place discharge 1000 m3/h 
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pump inside existing H.U.T, instead of reactor hall, and leave everything else intact. Again, this 
generates a large pressure drop; too much a burden for a sound engineering project. 
 

Reactor type        Pool type 
Steady state power (MW)       5 
Core 
     Number of standard fuel elements in EQ. Core    22 
     Number and shape of control rods      5, fork type 
     Number of active plates per fuel elements: 
 Standard fuel elements       19 
 Control fuel elements       14 
     Water channel thickness (mm)       2.7 
     Loading of U235 (gm): 
 Standard fuel elements       290.7 
 Control fuel elements       214.2 
     Fuel meat density (gm/cm3)      4.760 
     Fuel meat weight percent (%): 
 U235         12.44 
 U238         49.78 
 O         11.17 
 Al         26.5 
     Void fraction (%)       10 
     Enrichment (%)        20 
     Fuel element dimensions (mm)      80.1 x 76.9 x 750 
     Lattice pitch (mm)       81.0 x 77.1 
Reactor pool 
     Pool surface area (m2)       57.24 
     Pool depth over core (m)       7.4 
     Volume (m3)        477.8 
     Primary pump mass flow rate (m3/h)     500 
     Maximum design pool temperature (0C)     38 

Hold up tank 
     Height (m)        4.54 
     Wet X-sectional area at bottom (m2)     89.24 
Containment 
      Inside diameter (m)       30 
      Building height (m)       13.7 

 
Table 1. TRR General specifications 

 
2.2 Replacing existing pipeline from pool to H.U.T 
One way to avoid fast water velocity within pipelines, and, at the same time maintain water flow 
through core by gravity is to replace all existing 10” pipelines, including those embedded within 
concrete, by a larger 20” piping. This requires an extensive demolition. 
 
2.3 Removing orifice plate 
The easiest and least expensive method is to remove existing orifice plate and fully opening butterfly 
valve. It is expected to reach to a flow rate about 850 m3/h. This would allow operation at slightly over 
8 MW power. A new transducer causing less pressure drops out to be installed. 
 
2.4 Forced flow using sealed H.U.T 
One way to enhance flow rate through core with existing pipeline in place, is to seal H.U.T and 
generate a negative pressure. A 1000 m3/h flow would be achieved but withstanding existing stainless 
steel cladding of H.U.T against warping make this a questionable task. Problems at the end of 
paragraph 2.1 would still be applicable for this option. 
 

326



 
Fig 1 Reactor containment and peripherals  

with emphasis on primary cooling circuit 
 

2.5 Forced flow using new H.U.T 
Design and construction of a new sealed tank to permit forced flow may be another alternative. High 
cost, and long reactor shut down time are the major drawbacks, as well as sacrificing passive safety 
feature built in original design. 

 
2.6 Use of parallel piping 
Parallel with existing 10” exit pipeline from reactor pool, still, another pipeline may be envisaged to 
connect core exit to H.U.T entrance. This new 16” pipe starts from lower plenum and reaches down to 
H.U.T. In order to prevent excessive demolition, one may take advantage of the second pool outlet at 
the open pool position (not shown in Fig 1) and lay this new pipeline at pool surface floor. The only 
constraint that imposed is that reactor would only be operable at stall end position. 
 
3. Best option 
 
A study performed many years ago [1] has revealed that the best choice for TRR upgrading is removal 
of orifice plate. In order to compare this option with other approaches, a number of criteria have been 
selected and each one of approaches mentioned earlier was evaluated against these criteria. These 
criteria were such as extent of demolition, cost, safety, technical difficulty, shut down time, and 
upgraded power level. In all varieties, a merit, 1 to 4, is assigned to each one of them. Evaluation table 
showed that removal of orifice attains the highest score. Contrary to other options for which 10 MW 
power is accessible, in this case maximum power is limited to 8 MW. Recently a series of experiments 
and evaluations are performed to check the feasibility of this approach [2]. In a related technical 
report, it is presented that even a better approach is feasible right now at our disposal. It is shown that 
even without orifice removal, by just fully opening butterfly valve and thus utilizing utmost capacity 
of existing pipeline, an approach even simpler is possible. To show correct flow rate with the existing 
device some modifications should be done on its instrumentation. Therefore, it was decided to go with 
this approach and verify this option in practice and execute it in a temporary manner as long as time 
permits. 

327



4. Discussion 
 
Prior to conduct major experiments, a series of checking and calibrations were done. As an example, 
all thermometers, flow meters, level meters, actual flow of primary pump, were all checked and 
calibrated. More importantly thermal power calibration performed precisely. Two series of flow 
measurements were conducted where in both, butterfly valve of primary circuit fully opened. In the 
first experiment, exit water flow through core was measured recording pool water descent and with a 
simple calculation actual instantaneous flow rate derived. At such high flow rates, designed flow meter 
on console is out of range and thus it is directly measured and values close to 800 m3/h are observed. It 
takes only few minutes that flow slows down below 700 m3/h. This time interval is too short to suit 
any meaningful power experiment. Therefore, in the second experiment, the same test was conducted 
but with primary pump is ON. In this way a rather longer durations having flow rate above 750 m3/h is 
achieved. Figure 2 shows the outcome of this experiment and shows how pool water level and thus 
flow rate behaves versus time. It is observed that flow rate in excess of 750 m3/h is maintained well 
within 15 minutes. 

 
Fig 2. Measurement of flow rate through TRR core with maximum valve opening 

while primary pump is ON 
 
Within such time period, power temporarily raised from 5 to 7.5 MW in order to check the stability 
and integrity of the system at this new level. Although radiation level in various reactor locations 
increased accordingly, to some extent, but, otherwise, no abnormality was occurred. 
 
It is also worth to mention that parallel to experiments, a series of theoretical evaluation were made 
and their outcome was quite satisfactory. Within all thermo hydraulic limiting parameters the most 
stringent one is maximum cladding surface temperature, which is set at 105 0C. This limiting factor is 
mainly imposed due to Aluminium corrosion effect in aqueous solutions [3], which slowly starts to 
increase above 120 0C. In order to relax clad limiting surface temperature, three cases with 105, 110, 
and 115 0C were compared. According to TRR safety analysis report [4], DNBR and redistribution 
ratio should be above 2. As it is shown in table 2, a maximum upgraded steady state power level of 7.0 
MW is possible within all limiting factors and also taking into account uncertainties [2]. It is worth to 
mention that calculations were conducted assuming pool average temperature fixed at 38 0C and 
increased flow rate at 700 m3/h, while in reality both limits are relaxed in favour of slightly higher 
power. 
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Thermal hydraulic 
parameter 

105 0C 
Wall temperature 

criteria 

110 0C 
Wall temperature 

criteria 

115 0C 
Wall temperature 

criteria 
Maximum heat flux 

(W/cm2 ) 53.7 58.3 63.0 

Temperature rise in hot 
channel (0C) 20.8 22.6 24.5 

Redistribution 
minimum ratio 2.1 2.0 1.8 

Minimum 
DNBR 3.5 3.2 2.9 

Upgraded power 
(MW) 6.4 7.0 7.5 

Equilibrium core with 27 FE                                Increased flow rate: 700 m3/h 
Total peaking factor: 3                                         Coolant Vel. within fuel channel: 1.93 m/s  

Tab 2. Comparison of TRR thermal-hydraulic parameters based on maximum cladding temperature 
 
 
5.  Conclusion 
 
Power upgrading of TRR with minimal modifications in structures and installations is considered. It is 
tested experimentally and substantiated analytically that raising present level of 5 MW to upgraded 7.5 
MW is quite feasible and is the easiest and least expensive approach. It is left for detailed analysis to 
guarantee safety and integrity of reactor in all credible situations. 
 
A modest change in pump room installations to increase coolant flow rate may serve the purpose. 
Although present orifice device with minimal change in instrumentation may still serve the purpose, 
but installation of a sensor causing less obstacle to water flow would further improve final result. 
Preliminary studies to carry out works have just begun. 
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ABSTRACT 
 
Increasing demand for the Mo-99 fission product from irradiation plates in the SAFARI-1 
reactor has necessitated inclusion of the target plates in reload planning calculations with 
the OSCAR-3 code. Three methods were implemented and the results were evaluated 
against plant data, prior calculations and past reload planning experiences. Single cycle 
evaluation showed a significant increase in reactivity (∼2000 pcm). Fuel economy and 
cycle length predictions improved. Thermal flux reduction of up to 20% in target irradiation 
positions was seen with little effect elsewhere in the core. It is clear that the inclusion of 
target plates in the core model is essential for accurate core planning and core follow 
calculations. 
 
 

1. Introduction 
 
Fission Mo-99, an important nuclear medicine isotope, is produced in SAFARI-1 by irradiation of 
45% enriched U-235 target plates. During reactor operations, flux and power distributions are 
routinely measured and used to infer fuel burn-up. In the past these quantities were also routinely 
calculated without the target plates in the core model. Despite this omission good agreement between 
the plant data, OSCAR-3 code system [2] results and experience from reload planning was 
consistently found. However, with increased target loading, a larger impact from target plate 
irradiation on core parameters could result, necessitating explicit modelling of on-power loading and 
unloading of target plates. In this paper we investigated three different methods of introducing the 
target plates in the SAFARI-1 model of the OSCAR-3 code system. The results of calculations, using 
these methods, for single as well as multi-cycle calculations are presented.  
 
 
2. The SAFARI-1 research reactor 
SAFARI-1 is an MTR type tank-in-pool reactor licensed to operate at 20MW. The coolant and 
moderator is light water and cooling is achieved via primary  and  secondary  heat  exchange  systems. 

 
Fig 1. SAFARI-1 core layout 
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MTR-type fuel elements, 5 control rods, 1 regulating rod, in-core irradiation facilities and reflector 
elements. The locally produced fuel elements are manufactured from ~90 wt% enriched uranium-
aluminium alloy. Conversion to LEU fuel is planned for the future. Effective control of the reactor is 
established using fuel-follower type cadmium control rods.  At present, Mo-99 production thimbles 
are located in 6 in-core flux traps, in each thimble the target plates occupy about a third of an assembly 
height. The target plates are loaded in rigs and are irradiated for about 3-7 days, which may vary from 
cycle to cycle. Extracting irradiated target plates and reloading the rig with fresh plates takes about 
two hours.  
 
 
3. Models and methods  
It is widely known that multi-group nodal methods can be successfully used to support research 
reactor operation and utilisation [3]. The OSCAR-3 reactor calculational system makes use of the 
nodal method in day-to-day calculations [1][4] of the SAFARI-1 research reactor. OSCAR-3 is based 
on modern reactor physics methods and uses response matrix transport solutions to tabulate few group 
cross-sections. Few group diffusion parameters are produced from a fine group structure (172 XMAS 
group structure), for use in a 3-D global diffusion solver, MGRAC [1][5].  
 
Detailed models of target plate irradiation rigs were set up and defined in OSCAR-3 to produce these 
burn-up and temperature dependent few group diffusion parameters and cross sections. Using the cross 
section mixtures created, the various assembly types that comprise the SAFARI-1, including target 
plate assemblies may be prepared.  
 
On-power loading and unloading of Mo-99 target plates is not provided for by the OSCAR-3 code. In 
this study, a model for inserting shutdown banks (provided in OSCAR-3) was conveniently utilised to 
simulate the insertion or withdrawal of Mo-99 production rigs. An advanced solution to such scenario 
is implemented in the developmental code, OSCAR-4 [6]. The SAFARI-1 core model with no target 
plate irradiation rigs in any of the six-irradiation positions was used as a reference case. Three 
different methods of target plate insertion were used. 
 
In Method 1 the reference model is modified to include stationary target rigs in all six Mo-99 
irradiation positions. The target plates remain in position and will be overly depleted by the EOC. 
Method 2 includes the dynamics of the irradiation process by inserting and withdrawing the same 
target plates according to schedule without introduction of fresh plates. This takes into account the 
two-hour reload period but over depletion still occurs. The third method, that is, Method 3 simulates a 
real irradiation in that new target plates are loaded as per schedule.  
 
The effects (relative to the reference) of the three methods on core parameters such as reactivity, cycle 
length, flux, power, burn-up economy, safety and ease of use were compared.  
 
 
4. Results and discussion 
Single cycle analyses for a representative SAFARI-1 cycle, with full cycle depletion history such as 
assembly exposures and isotopic inventory information, were conducted. The results for the three 
methods are presented below:   
 
4.1. Reactivity comparison 
On average, positive reactivity effects (relative to the reference case) of ∼2038 pcm, 1788 pcm and 
1832 pcm were observed for Methods 1, 2 and 3 respectively as shown in Fig 3 below. Effects due to 
plate insertion and removal as well as depletion are also seen. 
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   Fig 2. Single cycle reactivity effects due to target introduction using three different methods 

 
Average reactivity effects for Methods 2 and 3 are smaller than for Method 1. This may be explained 
by the drop in reactivity when the target plates are removed in Methods 2 and 3. Differences between 
Methods 2 and 3 are negligible. An improvement in cycle length, hence fuel economy, is also to be 
expected due to the reactivity increase. 
 
4.2. Cycle length and fuel burnup effects 
The additional reactivity as a result of the target plates leads to “fuel savings” in regular fuel elements 
and an increase in cycle length. The cycle length, full core mass, consumed fuel and fuel saved (at 
18.5 days into the cycle) was determined for each method relative to the reference case. The results are 
shown in Tab 1. Method 3, as a result of regular fresh target loading, has more mass remaining at 18.5 
days, a substantially longer cycle length and higher power contribution to the core. Results for 
Methods 1 and 2 are very similar indicating that the two-hour load step is not an important feature for 
the model. Method 3 becomes important when “fuel savings” and cycle length are of concern. 
 

U-235 Fuel Masses (g) 
Methods 

Percentage 
Improvement in 

Cycle Length 
Full Core U-235 

Mass at 18.5 Days 
Consumed Fuel 

BOC to 18.5 Days 
Fuel Saved 

(grams) 
Reference  - 6197.54 438.56 - 
Method 1 4.8 6210.99 425.11 13.45 
Method 2 4.3 6210.82 425.28 13.28 
Method 3 6.4 6217.72 418.38 20.20 

     Tab 1. Cycle Length improvement and fuel economy comparison for the three methods 

 
4.3. Perturbation in thermal flux 
Comparisons in thermal neutron flux change as a result of target plates loading and unloading have 
been made for all positions. Method 3 was used due to the important effects of fresh target loading. 
The results for Mo-99 irradiation positions (C3, E3, F8), one other irradiation position (F6), as well a 
fuel assembly (D3) are shown in Tab 2. Effects were examined two hours after insertion of the targets 
and two hours before removal. The general effect at all Mo-99 target positions is reduction in thermal 
flux with accompanying spectrum hardening. This can be understood as a result of water displacement 
when target plates are loaded. About 65% of the fuel assemblies show spectrum hardening of less than 
4% (like D3) with a softening of ∼0.8% for the rest. Other irradiation positions show negligible change 
in spectrum. 
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Positions % difference in thermal flux 
(Target plates in vs. target plates out) 

% difference in spectrum ratio 
(Thermal to total) 

C3 (Mo-99) -13.8 -15.2 
D3 (Fuel) 4.0 -3.4 
E3 (Mo-99) -13.9 -14.4 
F6 (other) -3.1 -0.1 
F8 (Mo-99) -20.0 -15.7 
Tab 2.  Comparison in thermal flux and spectrum ratio due to target plates loading and 

unloading 

 
4.4. Assembly power peaking 
The average axial power per assembly was analysed at BOC, when targets are unloaded (case 1) and 
when targets are loaded (case 2) for all methods. Loading occurred in target positions C3, E3 and F8 
only. The peak assembly was identified (in brackets) and its average axial power density recorded. In 
addition the average core power density effect relative to the reference case expressed as a percentage 
was calculated. The results are shown in Tab 3. 

Power density (W.cm-3) and % change relative to average core power 
density Cases 

Reference Method 1 Method 2 Method 3 

BOC 211 (C6) 
- 

207 (D3) 
-3.12% 

207 (D3) 
-3.12% 

207 (D3) 
-3.12% 

Case 1  229 (C5) 
- 

219 (C5) 
-3.10% 

222 (C5) 
-1.26% 

222 (C5) 
-1.26% 

Case 2 229 (C5) 
- 

219 (C5) 
-3.10% 

218 (C5) 
-3.04% 

220 (D3) 
-3.18% 

Tab 3. Assembly power density and percentage difference in average core power density 
relative to the reference case 

The results show that D3 peaks at BOC and when fresh targets are inserted, otherwise the peak is in 
C5 (regulating control rod). Power peaking effects are small in general. Reduction in average power 
density relative to the reference case is attributed to smaller total fuel volume of the reference. This is 
best observed during loading/unloading for Method 3. Therefore more power needs to be delivered by 
fuel assemblies in the absence of target plates. This may be of importance to safety analysis.  

4.5. Multi-cycle analysis 
o investigate the difference between long and short-term impact on core parameters, 28 actual 
SAFARI-1 cycles, starting from the beginning of 2003, and spanning nearly 3 years, were studied 
using Method 1. Reactivity effects of Method 1 relative to the reference case and the U-235 mass 
difference (fuel only) between reference case and Method 1 are shown in Figs 4 and 5 respectively.  

 
              Fig 4. BOC reactivity effects         Fig 5. BOC U-235 mass difference [grams] 
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A steady increase in reactivity of up to about 3310 pcm accompanied by savings in U-235 of up to 
about 100 grams is seen in Figs 4 and 5 respectively. Variations are due to fresh target loading at 
BOC. As expected a steady state in uranium savings is reached at a value that can be judged from the 
multi-cycle analysis only. 
 
 
5.  Conclusions 
 
Including the Mo-99 target plates in the core model is essential for accurate core follow and reload 
calculations. Target plates inclusion were shown to have an important effect on reactivity, with single 
cycle effects of ∼2000 pcm and multi-cycle effects ∼3310 pcm. Single cycle evaluation showed 
improvement in cycle length of about 6 %, resulting in ∼20 grams improvement in U-235 depletion. 
Only Mo-99 positions show appreciable spectral perturbation (20% thermal flux reduction and 16% 
hardening), whilst other irradiation positions remain practically unaffected. Power peaking was shown 
to be relatively small with a change in core average power density within 4% at BOC. Multi-cycle 
calculations are important in providing estimates on fuel economy. Method 1 is sufficient to model all 
essential target plate effects except for multi-cycle calculations of fuel economy where Method 3 
might have to be used as suggested by the results of Tab 1 in Section 4.2. 
 
Work on the calculational support provided for the SAFARI-1 reactor will continue and the 
improvement of the current calculational methods will be implemented. This will ensure improved and 
safe SAFARI-1 reactor operation, yielding an environment for flexible development and commercial 
programs. 
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