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Kim (KAERI, Korea)  

• Update on Fuel Fabrication Development and Testing at Argonne National Laboratory 
C.R. Clark1, T.C. Wiencek, M.R. Finlay, R.L. Briggs, D.M. Wachs, S.L Hayes, G.L. Hofman 
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• ANL Progress on the Coopertion with CNEA for the Mo-99 Production: Base-Side Digestion 
Process 
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• Prospects of WWR-SM Reactor LEU Conversion and Spent Fuel Shipment Activity Status 
A. Rakhmanov, B. Yuldashev, U. Salikhbaev (INPAS, Uzbekistan)  

• Core Configuration of the Syrian Reduced Enrichment Fuel MNSR 
M. Albarhoum (AEC, Syria)  

• What the Difference to Use LEU and HEU Fuel Elements Separately or Together in a 
Research Reactor 
Şadi Kaya, Gulsen Ustun (CNRTC, Turkey)  

• LVR-15 Reactor Performance and Transformation to Low Enriched Fuel 
J. Kysela, J. Ernest, M. Marek (NRIR, Czech Republic)  

• Flux Enhancement Options for an LEU-Fueled MIT Reactor 
Thomas H. Newton, Jr., Edward E. Pilat, and Mujid S. Kazimi (MIT, USA)  

• Nuclear Facility of the National Academy of Sciences on the Basis of Highly Enriched 
Uranium 
S. Chigrinov, V. Bournos, I. Serafimovich, Yu. Fokov, C. Routkovskaia, N. Voropay , H. 
Kiyavitskaya (JIPNR-Sosny, Republic of Belarus)  

• Accelerator-Driven Subcritical Assembly: Concept Development and Analyses 
Y. Gohar, J. Bailey, H. Belch, D. Naberezhnev, P. Strons, I. Bolshinsky (ANL, USA)  

• Performance of PARR-1 with LEU Fuel 
S. Pervez, M. Latif, I.H. Bokhari and S.Bakhtyar (PINSTECH, Pakistan)  

• Monolithic Fuel and High-Flux Reactor Conversion 
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A. Röhrmoser, W. Petry, K. Böning, N.Wieschalla (TUM, Germany)  

 
SAFETY, SPENT FUEL, AND REGULATORY ISSUES  
 

• Use of Computational Fluid Dynamics (CFD) Tools for Fuel Assembly Analysis 
P. L. Garner and T. Sofu (ANL, USA)  

• Safety Analysis of the WWR-M Reactor in Ukraine to Allow Operation Using LEU Fuel 
Y. P. Mahlers and A. G. Dyakov (KINR, Ukraine)  

• The Renewed Spirit of Y-12 
D. Wall (NNSA, USA), M. Hassler, E. Parker (BWXT Y-12, USA)  

• Y-12 Product Improvements Expected to Reduce Metal Production Costs and Decrease 
Fabrication Losses 
M. Hassler, E. Parker (BWXT Y-12, USA)  

• The Need to Address the Larger Universe of HEU-Fuelled Reactors, Including Critical 
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F. N. von Hippel (Princeton University, USA)  

• Technical Economical and Legal aspects of Repatriation of Russian-Origin Research Reactor 
SNF to Russia 
Smirnov A., Kanashov B., Efarov S. (R&D Company “Sosny”, Dimitrovgrad, Russia) 
Lebedev A., (TENEX, Moscow, Russia) Kolupaev D., (“Mayak” plant, Ozersk, Russia)  

• Successful Completion of a Time Sensitive MTR and TRIGA Indonesian Shipment 
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• Logistics of the Research Rector Fuel Cycle: AREVA Solutions 
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• A Mobile Melt-Dilute Module for the Treatment of Aluminum Research Reactor Spent Fuel 
H. Peacock, D. Fisher, T. Adams, R. Sindelar, N. Iyer (SRNL, USA), D. Sell, K. Allen, E. 
Howden, B. Westphal (ANL, USA)  
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WELCOME ADDRESS TO THE 26th INTERNATIONAL MEETING ON 
REDUCED ENRICHMENT FOR RESEARCH AND TEST REACTORS 

Yuri Sokolov 

Deputy Director General 
Department of Nuclear Energy 

International Atomic Energy Agency 
November 8, 2004 

 

Good morning Ladies and Gentlemen, I am Yuri Sokolov, Deputy Director General for 
Nuclear Energy.  On behalf of the Director General of the International Atomic Energy 
Agency, I am pleased to open this 26th International Meeting on Reduced Enrichment for 
Research and Test Reactors. 

It is an honour for me to welcome you this morning.  While the IAEA has been a vigorous 
supporter of the RERTR programme since its inception, this is the first time that the annual 
meeting has been held here at IAEA Headquarters.  We hope you enjoy your visit to the 
IAEA and to Vienna, and please feel free to ask our staff for any assistance or information 
that you may require.  

I would like to thank all the attendees for being able to participate in the meeting this week.  
Many of you have travelled a long way to be here, and are taking valuable time from your 
busy schedules. We look forward to a highly successful meeting, with approximately 170 
participants from  36 countries and two organizations.  The programme promises to be quite 
interesting, with diverse presentations encompassing policy, technical, and programmatic 
matters as well as two interesting field trips planned at the end of the week. 

This year’s meeting comes at an opportune moment, with both challenges and opportunities 
facing the RERTR programme, member states, the IAEA, and research reactor operators.  
Consequently, it is important to not only look back upon the successes of the RERTR 
programme since the last conference, but more importantly to look forward to see how we can 
work together to achieve RERTR’s objectives of minimizing and eventually eliminating the 
civil use of HEU. 

RERTR and the related fresh and spent fuel return efforts have gained new momentum with 
the launching of the Global Threat Reduction Initiative (GTRI) by U.S. Energy Secretary 
Abraham here in Vienna on May 25, 2004.  All of the activities we will be discussing this 
week are included within the framework of the GTRI.As many of you know, the international 
programmes to qualify high density, LEU, dispersion fuels based on U-Mo alloys have run 
into unexpected technical difficulties that will delay qualification.  A number of the 
presentations this week will address the problems that have been encountered.  Hopefully, we 
will also hear about technical approaches to overcome the difficulties, as well as other 
promising approaches.  

At the same time, it is encouraging that the international resolve to reduce and eventually 
eliminate HEU in international commerce appears to have strengthened.  In the past year, 
fresh HEU at research reactors in different countries have been returned to the country of 
original enrichment.  In all these examples, the return of the fresh fuel was accompanied by 
plans for conversion of existing reactors or design of new reactors to use LEU, as well as for 
the repatriation of spent research reactor fuel.  
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The IAEA, particularly the Department of Technical Cooperation and my Department of 
Nuclear Energy have played an important role in implementing these fresh fuel return 
activities.  In addition, several of the reactor conversion projects will be carried out under the 
auspices of IAEA technical cooperation projects and with important involvement of the 
Department of Nuclear Energy. 

The IAEA has also supported the “third leg” of the RERTR triangle, the repatriation of spent 
fuel to the country of original enrichment.  The U.S. spent fuel acceptance programme has 
been operating for more than eight years, and was originally scheduled to terminate in 2006.  
We are expecting to hear important announcements concerning the extension of the U.S. 
programme during this conference and we know that many of you are eager to hear good 
news in this regard. 

At the same time, the IAEA has been working hard with the U.S. and Russia to initiate the 
Russian research reactor spent fuel return programme.  We are eager to see the first successful 
shipment in this programme, continue to assist it every way we can, and look forward to 
presentations this week on both the Russian RERTR and spent fuel return efforts.  

In closing, I would first like to thank the U.S. Department of Energy, National Nuclear 
Security Administration, and the RERTR Programme at Argonne National Laboratory for 
being the main sponsors of the conference, and for their support and assistance in organizing 
this meeting.  I would like to thank them as for their confidence in the IAEA, as they 
requested us to host the conference on rather short notice.  I would also like to thank the 
Department of Energy for its financial support of fresh fuel return shipments carried out in 
cooperation with the IAEA as well as for its support to reactor conversions worldwide. 
 
We would also like to express appreciation to the corporate and institutional sponsors of this 
conference:  the Australian Nuclear Science and Technology Organization, Edlow 
International, MDS Nordion, Nuclear Assurance Corporation, Nuclear Cargo and Service, 
NUKEM, and Transport Logistics International.  Their generous contributions have enabled 
us to hold the kind of conference that RERTR participants have come to expect. 
 
I would also like to thank the two hosts of our field trips on Friday: the Atominstitut of the 
Technical University of Vienna, particularly Dr. Helmut Bock. Dr. Bock and his staff at the 
Institute’s research reactor are important collaborators with many programmes at the IAEA.  
Also Dr. Sandor Toszer at KFKI in Budapest, as well 
 
I would like to add a word regarding one of our IAEA staff members whom many of you 
know very well.  Iain Ritchie will be retiring from the IAEA next spring, making this his last 
RERTR meeting representing the Agency.  Iain has been a “pillar” of the research reactor 
community, and his knowledge, experience, and energy will be sorely missed.  Please join 
with me in recognizing Iain’s many achievements to research reactors, RERTR, and spent fuel 
return efforts. 
 
Before giving the floor to the next speaker, I would like to thank all the members of the 
Organizing Committee for their hard working in preparing this meeting, which I am certain 
will be a great success. I look forward to a week of exciting interchange of ideas and 
experience. I wish you all a fruitful meeting and an enjoyable stay in this beautiful city of 
Vienna. 
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2004 International Meeting 
on Reduced Enrichment for Research and Test Reactors (RERTR) 

Vienna, Austria 
8 November 2004 

 
DOE/NNSA Introduction 

 
 

Good morning and thank you for having me here today. 

 

It's a pleasure to welcome you all to this year's International RERTR Meeting.  

 

I know very well how much effort goes into arranging a conference of this scope, and I 

congratulate all the organizers for their hard work. 

 

I'm pleased to see here so many scientists from so many countries.  Heaven knows there are 

enough meetings of policymakers in the capitals of the world, so it's nice to briefly join a group 

that can actually solve the technical issues associated with the policy problem at hand.  

 

The evolving threat of international terrorism and nuclear proliferation has manifested itself in a  

very compelling way in recent years; the tasks before us are unspeakably serious and some are 

technically complex.  That's why it's so important that experts such as you continue to work 

together to minimize and eventually eliminate the use of HEU in civil nuclear applications, 

throughout the world, and as soon as possible.   

 

As you already well know, the most common civil use of HEU is in research and test reactors, 

either as fuel or targets.  About 150 such reactors currently use HEU fuels.  Research reactors 
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and the use of uranium as targets in reactors play indispensable roles in the production of 

medical radioisotopes, radiation therapy, nuclear training, material testing, and scientific 

research.  However, in nearly all cases, these missions can be accomplished without significant 

penalties using low enriched uranium fuels and targets, which would avoid the proliferation risk 

associated with HEU.  To date, the RERTR program has made possible the partial or full 

conversion to LEU fuel of 39 reactors in 22 countries – reducing civil commerce in HEU by 

about 4 metric tons, sufficient material to manufacture over 100 nuclear weapons.  In addition, 

since the start of the RERTR program in 1978, 21 research reactors in 16 countries have been 

built using an LEU fuel.  This trend indicates that we are having an effect, that we are changing 

the way people think about research reactors.  The focus for new construction is almost 

exclusively on LEU designs using fuels developed by the RERTR program. 

 

This has been a very interesting year for the RERTR program in terms of milestones and, 

regrettably, setbacks.  As many of you know, we experienced some serious fuel performance 

problems with the uranium-molybdenum dispersion fuel this year.  On a more positive note, 

however, we had a major nonproliferation breakthrough with Libya and are now cooperating 

with Libyan experts to convert their research reactor and critical assembly to LEU fuel. 

 

So while we have made progress, we still have a large task before us, both to eliminate the use of 

HEU in current and future research reactors, and to secure fresh and spent HEU fuel where it still 

exists.  As the global proliferation threat continues to evolve and terrorists continue to pursue 

WMD capabilities, technologies, and expertise, we need a more comprehensive and directly 

focused effort to respond to these threats.  As a result, in May of this year here in Vienna, Energy 
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Secretary Abraham launched a new effort – the Global Threat Reduction Initiative, or GTRI, 

whose purpose is to consolidate and focus our efforts under common management to pursue 

these two main and complementary objectives. 

 

The RERTR program is a central element of the GTRI for nuclear threat reduction.  Under the 

newly-established GTRI, the U.S. Department of Energy has consolidated the three key 

programs – RERTR, the U.S. Foreign Research Reactor Spent Nuclear Fuel (FRR SNF) 

Acceptance Program and the Russian Research Reactor Fuel Return (RRRFR) Program – which 

work in concert to bring about the elimination of HEU as a source of proliferation concern at 

research reactors and radioisotope production facilities around the world.  The RERTR program 

relies on the fuel return programs to provide much needed incentives for conversion of research 

reactors overseas and to help countries deal with the back end of the fuel cycle, while the fuel 

repatriation efforts depend on the RERTR program to create the technical basis for world 

community of LEU-fueled research reactors.  To effectively leverage these incentives, maximize 

resources, and enable the development of an integrated strategy, we have consolidated these 

programs within GTRI to help accelerate the U.S. HEU minimization policy.   

 

Energy Secretary Abraham also announced that we will accelerate the conversion of the 

remaining 66 civilian research reactors targeted by the RERTR.  The Secretary has committed to 

convert about half of these reactors, for which LEU fuel is currently commercially available, 

over the next three to five years.  In addition, we have enhanced our efforts, both domestic and 

international, to focus attention and resources on the development of high density fuels to enable 

conversion of the remaining reactors for which LEU fuel is not currently available.  Also, we 
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will be convening at the end of this week the first international workshop for those involved in 

the research of these potential new fuels. 

 

In addition, we haven't lost sight of the fact that the United States has a responsibility to convert 

its own domestic research reactors.  To this end, eleven U.S. civilian research reactors have 

already been converted from the use of HEU to LEU fuel.  Moreover, we have committed to 

complete the conversion of our remaining domestic civilian research reactors by 2013.  We will 

also continue to press the large commercial medical isotope producers to convert to an LEU 

production process. 

 

The GTRI is also accelerating the fuel repatriation programs.  With regard to the Foreign 

Research Reactor Spent Nuclear Fuel program, Secretary Abraham has instructed the appropriate 

offices within the Department to undertake the actions necessary to extend the deadline of the 

original program.  The extension of this deadline will allow us to complete our work to return 

this U.S.-origin research reactor spent nuclear fuel.  A final agency decision with respect to the 

extension of the Acceptance program will become effective upon completion of the requisite 

environmental review and publication of a Record of Decision, in accordance with the 

Department’s National Environmental Policy Act regulations.  My colleague from the 

Department of Energy, Mr. Chuck Messick, will present more information on this topic later this 

morning. 

 

We will continue to work closely with our colleagues in the Russian Federation and the 

International Atomic Energy Agency under the Russian Research Reactor Fuel Return program 



 5

to accelerate repatriation of all fresh and spent Russian-origin nuclear fuel currently residing at 

research reactors around the world.  As part of our acceleration efforts, all Russian-origin fresh 

HEU fuel will be returned to Russia by the end of 2005 and all Russian-origin spent nuclear fuel 

will be repatriated to Russia by 2010.  Thus far, our joint efforts have resulted in the return to 

Russia of almost 100 kilograms of fresh HEU from Serbia, Romania, Bulgaria, Libya, and 

Uzbekistan. And, we are planning the pilot shipment of spent HEU fuel from Uzbekistan for 

early 2005. 

 

These countries were among one hundred participants in the recent Global Threat Reduction 

Initiative International Partner’s Conference that took place here in Vienna on September 18th 

and 19th.  The conference was co-sponsored by the United States and the Russian Federation, 

and supported by the IAEA.  Nearly 600 representatives from 100 IAEA Member States attended 

the conference, whose purpose was to build international support for national efforts to secure 

and disposition high-risk nuclear and other radioactive materials that pose a threat to the 

international community.  The conference was an overwhelming success and many participants 

expressed an interest in cooperating in various elements of the GTRI.  We hope to maintain the 

momentum from that conference as we work together with the international community to 

combat the threat of nuclear and radiological terrorism. 

 

In conclusion, it is my sincere hope that you will have a personally and professionally-rewarding 

time in Vienna this week as you work on the technical issues of the RERTR program.  This 

Meeting is the international forum for presenting the premier research in this field, and every 
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year your efforts generate ever greater participation.  The success of the RERTR program 

depends on the spirit of international collaboration that brings us together today. 

 

I'm authorized to assure you that the U.S. Department of Energy fully supports the RERTR 

program and will continue to support it.  Like you, I look forward to the time when weapons-

grade uranium is no longer needed for civilian purposes and is therefore no longer in circulation 

anywhere in the world. 

 

I wish you the best of luck and good fortune in your discussions over the course of this week, 

and I appreciate the opportunity to be with you as you begin your consultations. 
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STATUS AND PROGRESS OF THE RERTR PROGRAM 
IN THE YEAR 2004 

Armando Travelli 
Argonne National Laboratory 

Argonne, Illinois, USA 

ABSTRACT 

The overall status of the RERTR program at the time of the last RERTR meeting 
is reviewed and the progress achieved since that meeting is described. 

In the fuel area, unexpected failures of LEU U-Mo dispersion plates and tubes 
under irradiation testing have prompted a revision of the plans to qualify these 
fuels.  While potential solutions to the difficulties with U-Mo dispersion fuels are 
being explored in collaboration with our international partners, greater emphasis 
has been placed on accelerating development of monolithic LEU U-Mo fuel.  The 
feasibility of converting several Russian-designed research reactors to LEU fuels 
has been addressed, and progress has been made in the development of LEU-
based 99Mo production processes.  The Russian RERTR program has made 
significant advances. 

A very important event of 2004 was the USDOE establishment of the Global 
Threat Reduction Initiative (GTRI).  This new program accelerates and combines 
under the same USDOE management several programs, including RERTR, which 
aim to secure, remove, or dispose of, nuclear and other radioactive materials 
throughout the world that are vulnerable to theft by terrorists. 

 
INTRODUCTION 

 
The International Atomic Energy Agency (IAEA) has always been a strong supporter of the 
activities of the RERTR program, almost from the program’s very beginning.  To list just some of 
the ways in which the IAEA supported the RERTR program, it was at the IAEA Headquarters that 
representatives of the RERTR program met in 1980, as part of Group 8 of the International Fuel 
Cycle Evaluation (INFCE), to discuss the feasibility of operating research reactors with LEU fuel.  
Also beginning in 1980, the IAEA sponsored, coordinated, and published a series of guidebooks [1, 2, 

3] identifying and resolving the main problems that can be expected to occur when HEU research 
reactors are converted to the use of LEU fuels.  Many international scientists have received IAEA 
fellowships to study reactor conversions at Argonne National Laboratory and elsewhere, and the 
IAEA has sponsored attendance at International RERTR Meetings by many international scientists 
who otherwise could not have attended.  The IAEA actively participates in trilateral arrangements 
for the return of Russian-supplied research reactor fuels to the country of origin.  Last but not least, 
the IAEA co-sponsored most of the International RERTR Meetings and always assumed an active 
role in the discussions that took place at those meetings.  The RERTR program is grateful to the 
IAEA for these contributions, and is very appreciative of the IAEA decision to host the 2004 
International RERTR Meeting at its headquarters. 
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OVERVIEW OF THE PROGRAM STATUS IN 2003 
 

By October 2003, when the most recent International RERTR Meeting was held [4], many important 
results had been achieved in the fuel development area: 

1. The qualified uranium densities of the three main fuels which were in operation with HEU in 
research reactors when the program began had been increased significantly with LEU (UAlx-Al, 
from 1.7 g/cm3 to 2.3 g/cm3; U3O8-Al from 1.3g/cm3 to 3.2 g/cm3; and UZrHx, from 0.5 g/cm3 to 
3.7 g/cm3).  A new LEU fuel type, based on U3Si2-Al had been developed, qualified, and 
licensed [5] with uranium densities up to 4.8 g/cm3.  This fuel type had been widely accepted and 
was fabricated routinely for more than twenty research reactors by several international fuel 
fabricators. 

2. The effort to develop new advanced LEU fuels with higher effective uranium loadings had been 
restarted in 1996 after a pause of about six years.  Five batches of samples (RERTR-1, -2, -3, -4, 
and -5), each containing 32 microplates formed with a variety of promising fuel materials, had 
been irradiated between 1997 and 2001 in the Advanced Test Reactor (ATR) in Idaho.  
Postirradiation examinations of these samples had indicated very promising behavior of U-Mo 
alloy particles dispersed in an aluminum matrix, with Mo content between 6% and 10% and 
uranium densities up to 8-9 g/cm3.  Two RERTR-4 miniplates, containing monolithic LEU U-
Mo fuel with uranium density of 15.6 g/cm3 and irradiated to up to 75% burnup, had yielded 
excellent preliminary results.  

3. Monolithic LEU U-Mo fuel had become the most promising fuel material to convert several 
U.S.-designed research reactors and, possibly, Russian-designed research reactors.  A large 
fraction of the 2003 fuel development effort was dedicated to the development of a fuel 
fabrication process that could be used to produce fuel elements containing monolithic U-Mo. 
A promising method to produce monolithic U-Mo fuel meat for fuel plates was developed, 
based on casting of thin ingots followed by cold rolling.  Several promising methods to bond 
an aluminum clad to a monolithic U-Mo meat were also identified.  These methods were 
based on Friction Stir Welding (FSW), Hot Isostatic Pressing (HIP), and Transient Liquid 
Pressure Bonding (TLPB). 

4. The back-end of the research reactor fuel cycle had become a very important issue for research 
reactor operators.  While reprocessing studies at the Savannah River Site (SRS) had 
concluded in 1983 that the RERTR fuels could be successfully reprocessed there, these 
results had been rendered moot by the end of reprocessing operations at SRS and by the 
expiration of the Off-Site Fuel Policy at the end of 1988.  A Record of Decision [6] had been 
issued in 1996 for a new DOE policy allowing, until May 2009, the return of spent research 
reactor fuel elements of U.S. origin irradiated before May 13, 2006.  Implementation of this 
policy through the U.S. Foreign Research Reactor Spent Nuclear Fuel Acceptance 
(FRRSNFA) Program had been very successful. A parallel program, the Russian Research 
Reactor Fuel Return (RRRFR) program, had been established to facilitate the return of 
Russian-origin fuel to its country of origin. 

5. Many reactors using or planning to use LEU silicide fuel intended to have their spent fuel 
reprocessed after termination of the FRRSNFA Program, but the closure of the SRS and 
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UKAEA reprocessing plants had created a potential problem.  The COGEMA plant in La 
Hague, France, which was the main remaining site where research reactor fuel could be 
reprocessed, had declared that it could not accept large quantities of silicide fuel.  Thus, 
development and qualification of LEU U-Mo fuel, which COGEMA had indicated it could 
accept, had become deeply intertwined with the back-end of the research reactor fuel cycle. 

6. Qualification of LEU U-Mo dispersion fuel with uranium densities of up to 6 g/cm3 was 
planned to occur through irradiation in the HFR-Petten of test elements fabricated by BWXT 
using atomized powder produced by KAERI.  This qualification, originally scheduled to 
occur in 2004, had been postponed to late 2006 mostly because of problems linked to patents 
obtained by KAERI in 1999-2000 and covering the use of spherical U-Mo particles in 
research reactor fuels.  To overcome these problems, BWXT was to fabricate two elements 
with uranium density of 6 g/cm3, with approximately half of the plates containing spherical 
powder and the rest containing comminuted powder produced by AECL.  Two other LEU U-
Mo dispersion fuel elements with uranium density of 7 g/cm3 were to be fabricated by the 
CNEA for irradiation in the HFR-Petten using both spherical powder and hydride/dehydride 
powder produced by the CNEA.  A two-element qualification test of LEU U-Mo dispersion 
fuel with uranium density of 7.0 g/cm3, jointly sponsored by RERTR, CEA, and ANSTO, 
was to be performed in the Osiris reactor during 2004.  These qualification activities were 
planned to occur in close cooperation with a parallel French fuel development program 
concentrating on the qualification of LEU U-Mo fuel with uranium density of 8 g/cm3.  
However, shortly before the 2003 RERTR meeting, a failure of the French FUTURE [7] test in 
BR-2 had raised concerns about the ability of that fuel to withstand high power rates. 

7. Cooperation with the Russian RERTR program had resulted in the qualification of WWR-
M2 LEU UO2-Al tube-type fuel with uranium density of 2.5 g/cm3.  This fuel was 
successfully irradiated in the WWR-M reactor at the Petersburg Nuclear Physics Institute 
(PNPI), and could be used in several Russian-designed research reactors.  Fuels under 
development for conversion of the other Russian-designed research reactors concentrated on 
the use of LEU U-Mo dispersion fuel.  Seventy-two mini-elements of the “universal” LEU 
U-Mo pin-type fuel design [8] developed by the A. A. Bochvar Institute for Inorganic 
Materials (VNIINM) were under irradiation in the MIR-M1 reactor at the Russian Institute of 
Atomic Reactors (RIAR), Dimitrovgrad, and one full-size assembly of the same fuel type 
was under irradiation testing at PNPI.  A tube-type design, developed by the Novosibirsk 
Chemical Concentrates Plant (NZChK) had been irradiation-tested in the IVV-2M reactor in 
Zarechniy and post-irradiation examinations were in progress.  Both fuel types were 
candidates for irradiation testing in the WWR-SM reactor in Uzbekistan. 

8. The feasibility of using LEU instead of HEU in fission targets dedicated to the production of 
99Mo for medical applications had been the object of intensive studies for several years.  
Procedures had been developed for dissolution and processing of both LEU silicide targets and 
LEU metal foil targets, and for both acidic and basic processes.  In particular, four metal foil 
targets of a new annular design had been irradiated at BATAN, in Indonesia, showing that 
aluminum can be used for target tubes and that uranium foils with nickel, zinc, or aluminum 
fission-recoil barriers can be removed from the target.  The acidic chemical process to be 
used in combination with this target had been demonstrated and was ready for a final test at 
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BATAN. However, this final demonstration was on hold because of the international 
situation caused by the September 11, 2001, attacks. 

 
9. Extensive studies had been conducted, with positive results, on the performance, safety, and 

economic characteristics of LEU conversions.  These studies included many joint study 
programs for about 41 reactors from 23 countries. 

 
10. Thirty-eight HEU research reactors had been converted to LEU fuels, or were in the process 

of converting.  In addition, LEU fuels were planned for the new Ongkharak TRIGA reactor 
in Thailand, the new MAPLE1 and MAPLE2 reactors in Canada, the new Jules Horowitz 
Reactor in France, the new China Advanced Research Reactor in China, and the new 
Replacement Research Reactor in Australia.   

 
11. The events of September 11, 2001, had changed greatly the importance assigned by the U.S. 

Government to the goals of the RERTR program and the urgency with which those goals were to 
be pursued.  On September 16, 2002, following up on the conclusions reached by Presidents 
Bush and Putin at their May 2002 Summit meeting, U.S. Secretary Abraham and R.F. 
MINATOM Minister Rumyantsev had issued a joint statement announcing that their Joint 
Expert Group had recommended that both countries should commit themselves to the 
“accelerated development of LEU fuel for both Soviet-designed and United States-designed 
research reactors.”  The Department of Energy had requested the U.S. Congress to authorize a 
significant increase of RERTR funding for the “Accelerated RERTR.” 

 
PROGRESS OF THE RERTR PROGRAM IN 2004 

 
The main events, findings, and activities of the RERTR Program during the past year are 
summarized below. 
 
1. On May 26, 2004, U.S. Secretary Abraham announced at the IAEA the establishment of the 

Global Threat Reduction Initiative (GTRI).  The new GTR office accelerates and combines 
under the same USDOE management several programs aiming to secure, remove, or dispose 
of, nuclear and other radioactive materials throughout the world that are vulnerable to theft 
by terrorists.  In particular, the RERTR program, the Foreign Research Reactor Spent 
Nuclear Fuel Acceptance (FRRSNFA) program, and the Russian Research Reactor Fuel 
Return (RRRFR) program are part of the new GTR office, in addition to radiological sources. 
 This is expected to increase significantly the efficiency with which the programs interact and 
operate.  The Secretary announced that approximately $450 million will be dedicated to 
GTRI over a span of nine years, during which GTRI is scheduled to accomplish its mission. 

2. Several events, in quick succession, dampened the hopes of the RERTR program for a rapid 
qualification of the U-Mo dispersion fuel.  The French IRIS-2 test in Osiris failed in 
November and was terminated prematurely.  The failure mode appears to be similar to that 
reported for the FUTURE test one month earlier.  The power density was lower than in the 
FUTURE test, but the uranium density was very high (8 g/cm3) in both tests.  In mid-
December, preliminary results from the post-irradiation examination of hexagonal fuel tubes 
irradiated to ~60% burnup in the IVV-2M reactor in Zarechniy, Russia, indicated that the 
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tubes had also failed through a similar mechanism.  In all three cases (BR-2, Osiris, and IVV-
2M), the fuel meat contained U-Mo dispersion fuel and had developed large pores at the 
interface between the U-Mo/Al interaction product and the aluminum matrix.  The plates 
experienced break-away swelling when these pores became interconnected.  No pores have 
been seen in the residual fuel or in the interaction product.  Unlike the other two failed tests, 
the Russian test had been run with moderate uranium density (5.4 g/cm3). 

3. The continued string of negative results for U-Mo dispersion fuel caused concern about the 
fuel element tests planned in the HFR-Petten and in Osiris.  While it appeared possible that 
the problems experienced in the failed tests would not occur under the more benign 
conditions planned for the new tests to be performed, the outlook was not favorable.  In 
addition, even if the tests were successful, lack of a clear understanding of what had 
happened in the failed tests would have made it very difficult to prove to regulatory agencies 
that the problem would not occur in other future tests or applications.  As a result of these 
considerations, it was decided to postpone the tests until better information was available, 
and to suspend any activity directly related to the tests. 

4. International fuel developers and experts have met several times since these failures 
occurred, to discuss different interpretations of the failure modes and different ideas about 
how the failures could be avoided.  Two sets of U-Mo dispersion miniplates are to be 
irradiated in the ATR to test some of these ideas.  Miniplates for RERTR-6 are being 
fabricated and planning is under way for RERTR-7.  Irradiation of RERTR-6 is scheduled to 
begin in February 2005, and irradiation of RERTR-7 is scheduled to begin in May 2005. 

5. The effort to produce U-Mo monolithic miniplates and full-size plates has continued, with 
the miniplates meant for irradiation in RERTR-6 and RERTR-7.  A larger and more powerful 
mill was procured and installed at ANL-West.  The ventilation system required to utilize the 
mill for radiological work is to be installed before the end of 2004.  The mill makes it 
possible to increase greatly the operation rate of Friction Stir Welding (FSW).  Scale-up 
activities with Transient Liquid Phase Bonding (TLPB) and Hot Isostatic Pressing (HIP) 
processes have also made progress, but so far the bonding obtained with TLPB is less 
satisfactory than the bonding obtained with FSW, and the bonding obtained with HIP is less 
satisfactory than the bonding obtained with TLPB. 

6. Postirradiation examinations of the miniplates irradiated in RERTR-4 and RERTR-5 have 
continued, with special emphasis on the clues that they could provide on the causes and 
remedies of the failures.  In general, silicon additions to the aluminum matrix appear to 
provide a promising cure.  Monolithic plates seem not to be affected by the problem, and 
their interaction layer is limited to 4-8 µm; however, the small size of the monolithic plates 
may have reduced the effective temperature at which they operated during irradiation.  

7. The fuel behavior modeling codes DART and DART-TM were improved, in collaboration 
with the CNEA, to take into account the products resulting from the interaction between U-
Mo particles and the aluminum matrix. 

8. As part of the Mo-99 effort, a digester was developed to assist CNEA increase their 
production capability from LEU targets.  A goal was to avoid the formation of a crust of 
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sodium diuranate and manganese dioxide on the upper part of the digester wall.  It was found 
that stirring and rinsing operations, carefully timed, allowed recovery of 95% of the solids.  
Tests run with IPNS-irradiated targets gave similar results and excellent (99.5%) Mo-99 
yield.  Studies on Thermoxid resins, which promise to improve significantly Mo-99 
extraction, provided encouraging results.  Cooperative tests of the Modified Cintichem 
process at BATAN are anticipated to resume soon. 

9. Cooperation with the Russian RERTR effort continued.  At the beginning of December, 
RERTR personnel met with Dr. Chernyshov, from JSC “TVEL,” and other Russian 
scientists, to discuss plans for joint activities.  Preliminary agreement was reached for 
irradiating full-size assemblies of both LEU U-Mo dispersion pins and tubes in the MIR-M1 
reactor, at RIAR, Russia, before they are irradiated abroad to high burnups.  Tragically, Dr. 
Chernyshov was killed in a terrorist attack on a Moscow subway shortly thereafter.  
However, it is expected that the activities of the Russian RERTR program will proceed in a 
manner consistent with the preliminary agreement that he had fostered.  Irradiation of LEU 
U-Mo dispersion pins continues at both PNPI and RIAR.  In particular, RIAR irradiations are 
expected to reach 70% burnup in late 2004, and all pins appear to have behaved well to date. 
PIEs of pins with 20% burnup showed no problems. 

10. Analyses have been performed for the conversion of several Russian-designed reactors.  In 
particular, calculations for the WWR-M at KINR, in the Ukraine, were performed and 
transmitted to KINR, where the safety analysis report of the conversion is proceeding.  
Preliminary work for the conversion of another HEU facility under design at KIPT, also in 
the Ukraine, has started.  An attractive LEU core design for the IRT-Sofia reactor was 
developed using IRT-4M assemblies.  A feasibility study for the conversion of the 10 MW 
IRT-1 reactor at the Tajoura Nuclear Research Center in Libya was completed, also using 
LEU IRT-4M fuel assemblies.  A feasibility study for the LEU conversion of the DRR, at 
Dalat, Vietnam, was completed using LEU WWR-M2 assemblies.  The dimensions and 235U 
loading of a pin-type fuel assembly for possible use in the WWR-SM reactor in Uzbekistan 
were finalized for fabrication of test assemblies.  Finally, an attractive option for the 
conversion of the 6 MW WWR-K reactor was identified and studied.  All of these studies 
resulted in attractive solutions for the core conversions, both in terms of fuel consumption 
and of experiment performance. 

11. To date, twenty research reactors have been fully converted to LEU fuels outside the United 
States, including ASTRA (Austria), BER-II (Germany), DR-3 (Denmark), FRG-1 
(Germany), IAN-R1 (Colombia), IEA-R1 (Brazil), JMTR (Japan), JRR-4 (Japan), NRCRR 
(Iran), NRU (Canada), OSIRIS (France), PARR (Pakistan), PRR-1 (Philippines), RA-3 
(Argentina), R2 (Sweden), R2-0 (Sweden), SAPHIR (Switzerland), SL-M (Canada), THOR 
(Taiwan), and TRIGA II Ljubljana (Slovenia).  Eleven research reactors have been fully 
converted in the U.S., including FNR, GTRR, ISUR, MCZPR, OSUR, RINSC, RPI, ULRR, 
UMR-R, UVAR, and WPIR.  Seven foreign reactors, GRR-1 (Greece), HOR (Netherlands), 
La Reina (Chile), MNR (Canada), SSR (Romania), TR-2 (Turkey), and TRIGA II Vienna 
(Austria), have been partially converted.  (ASTRA, DR-3, GTRR, ISUR, MCZPR, SAPHIR, 
and UVAR were shut down after conversion). 
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PLANNED ACTIVITIES 

1. The highest priority of the RERTR program during the next few years, contingent on DOE 
guidance and funding, will be to fulfill the commitments expressed by Secretary Abraham in his 
IAEA announcement of GTRI.  The RERTR program plans to pursue as expeditiously as 
possible LEU conversion of the reactors that can be converted with currently qualified fuels, and 
to develop, jointly with its international partners, the fuels that will make it possible to convert 
the remaining reactors within the time schedule outlined by Secretary Abraham.  This will entail 
aggressive development of LEU U-Mo fuels, in both dispersion and monolithic forms, for 
conversion of research reactors supplied by the U.S. and Russia.  

2. The unexpected behavior of LEU U-Mo dispersion fuels will be investigated and corrected, with 
the goal of qualifying this fuel type for application in research reactors.  Conclusion of this 
activity for plate-type fuel is scheduled to occur in 2010. 

3. Development, testing, and qualification of monolithic LEU U-Mo fuel will be pursued very 
aggressively.  The current goal is to achieve qualification of this fuel by the end of 2010. 

4. Development, testing, and qualification of both monolithic and dispersion LEU U-Mo fuel for 
conversion of Russian-designed research reactors will also be pursued very aggressively, in 
cooperation with the Russian RERTR program, with the goal of achieving qualification of these 
fuels by 2010. 

5. As qualification of these very advanced fuels proceeds with the strong impetus provided by 
GTRI, the qualified fuels will be used in the conversion of all remaining research reactors 
worldwide, in cooperation with the many partners of the RERTR program.  The overarching 
goal will be to ensure that by 2013 no HEU will be needed to support operation of research 
reactors anywhere. 

6. In parallel with fuel development and reactor conversion activities, the RERTR program plans to 
continue its cooperative efforts with all international isotope producers, medical and otherwise, 
to ensure that HEU ceases to be needed also for this important purpose. 

 
SUMMARY AND CONCLUSION 

• One of the most important events affecting the RERTR program during the past year was the 
decision by the U.S. Secretary of Energy to establish the Global Threat Reduction Initiative 
(GTRI), and his related announcement at the IAEA.  GTRI accelerates and combines under 
the same USDOE management several programs aiming to secure, remove, or dispose of, 
nuclear and other radioactive materials throughout the world that are vulnerable to theft by 
terrorists.  The RERTR, FRRSNFA, and RRRFR programs are part of GTRI, which also 
includes disposal of radiological sources.  Approximately $450 million will be dedicated to 
GTRI over a span of nine years, during which GTRI is scheduled to accomplish its mission. 

• Unexpected fuel failures that occurred during irradiation tests of U-Mo dispersion fuels in BR-2, 
Osiris, and IVV-2M have dampened the hopes for rapid qualification of this fuel type in plate-
type or tube-type geometry.  All qualification tests have been suspended and an intense fuel 
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development and testing program is in place to solve the problem.  Qualification of this fuel type 
is now scheduled for 2010. 

• Excellent progress has been made in the development of a fabrication process for monolithic 
LEU U-Mo fuel.  Most existing and future research reactors could be converted to LEU with 
this fuel, which has a uranium density close to 16 g/cm3.  Qualification of this fuel type is also 
scheduled to occur in 2010. 

• Irradiation tests of the new “universal” Russian LEU U-Mo pin-type fuel have been in 
progress for more than one year, and are scheduled to reach 70% burnup before the end of 
2004.  Irradiation of modified tube-type elements are to begin soon, while development of 
monolithic fuel is being pursued.  Postirradiation examinations of pins at 20% burnup give no 
indication of problems. 

• Studies and planning are in progress for LEU conversion of US-designed research reactors, with 
the goal that all these reactors will be converted by 2013.  Using the results of the fuel 
development effort of the Russian RERTR program, feasibility studies and preparations are in 
progress for the LEU conversion of several HEU research reactors supplied by the Russian 
Federation.  The overall goal is to achieve LEU conversion of all HEU research reactors by 
2013. 

• Continued progress is being made in the effort to eliminate all obstacles to the utilization of 
LEU in targets for isotope production, so that this important function can be performed 
without the need for weapons-grade materials. 

The goals outlined above are very ambitious, but achievable.  We intend to eliminate the inventories 
and traffic of weapons-grade uranium that research reactors now require while promoting their 
efficiency and safety.  We can achieve this objective by the year 2013, if all of us continue to work 
in harmony to prevent the possibility that any weapons-grade uranium might fall into the wrong 
hands. 
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ABSTRACT 
 
 

The IAEA has been involved for more than twenty years in supporting international nuclear 
non-proliferation efforts associated with reducing the amount of highly enriched uranium 
(HEU) in international commerce. IAEA projects and activities have directly supported the 
Reduced Enrichment for Research and Test Reactors (RERTR) programme, as well as 
directly associated efforts to return research reactor fuel to the country where it was 
originally enriched. IAEA efforts have included the development and maintenance of 
several data bases with information related to research reactors and research reactor spent 
fuel inventories that have been essential in planning and managing both RERTR and spent 
fuel return programmes. Other IAEA regular budget programs have supported research 
reactor fuel conversion from HEU to low enriched uranium (LEU), and in addressing issues 
common to many member states with spent fuel management problems and concerns. The 
paper briefly describes IAEA involvement since the early 1980’s in these areas, including 
regular budget and Technical Co-operation programme activities, and focuses on efforts in 
the past five years to continue to support and accelerate U.S. and Russian research reactor 
spent fuel return programmes.  

 
 
1. Introduction 
 
The IAEA has been involved for many years in supporting international nuclear non-
proliferation efforts associated with reducing the amount of HEU in international commerce. 
IAEA projects and activities have directly supported RERTR programme, as well as directly 
associated efforts to return spent research reactor fuel to the country of origin where it was 
originally enriched. IAEA efforts have included the development and maintenance of several 
databases with information related to research reactors and their spent fuel inventories that 
have been essential in planning and managing both RERTR and spent fuel return 
programmes. Other IAEA regular budget programs have been highly useful in supporting 
research reactor fuel conversion from HEU to LEU, and in addressing issues common to 
many member states in dealing with spent fuel management problems and concerns. This 
paper briefly describes IAEA involvement since the early 1980’s in these areas, including 
regular budget and Technical Cooperation programme activities, and focuses on efforts in the 



past five years to continue to support and accelerate U.S. and Russian research reactor spent 
fuel return programmes.   
 
 
2. Relevant IAEA Programs and Projects  
 
Research reactors have played an important role in the development of nuclear science and 
technology.  However, of the more than 650 research reactors constructed around the world in 
the second half of the twentieth century, at the present time only 275 are operating.  About 
375 research reactors have been closed, of which a bit less than half (168) have been 
decommissioned.  Further, of the 275 operating reactors, a significant number are under-
utilized and may be closed in the near future. Spent fuel management is a major consideration 
for many facilities. 
The IAEA has sought to address the changing needs of its member states in the research 
reactor field, by providing assistance with strategic planning for increased utilization, 
refurbishment, ageing management and spent fuel management.  At the same time, it has also 
addressed emerging non-proliferation concerns related to research reactors, such as assisting 
in the reduction of the use of HEU. 
(See http://www.iaea.org/NewsCenter/Features/ResearchReactors/reactors20040308.html and 
 http://www.iaea.org/NewsCenter/Features/ResearchReactors/security20040308.html) 
 
2.1 Regular Program 
 
2.1.1 Development of Activities on Research Reactor Spent Fuel Management 
 
The Agency’s programme related to research reactors, historically oriented toward utilization 
issues, began to expand after 1993 with the development of activities in the Department of 
Nuclear Energy relevant to research reactor fuel matters. Activities included meetings on 
techniques for the management of failed fuels from research reactors, advice to Member 
States through the Irradiated Fuel Management Advisory Programme (IFMAP), and 
assistance to developing Member States through the IAEA's Technical Assistance and Co-
operation programmes, among others. 
Recognising that the degradation of materials, equipment and facilities through ageing was 
becoming of serious concern to many operators, the Agency organised activities in the 
materials science field, including Co-ordinated Research Projects (CRP) on irradiation 
enhanced degradation of materials in spent fuel storage facilities, and on research reactor fuel 
cladding (aluminium alloys) for the monitoring and control of corrosion in wet storage. These 
programmes were supplemented by a series of Regional Workshops organised by the IAEA to 
deal with all aspects of spent fuel handling, management, storage and preparation. 
 
2.1.2 IAEA-Research Reactor and Spent Fuel Data Bases 
 
The IAEA has developed and maintains two research reactor-related databases. The Research 
Reactor Data Base (RRDB) contains data on 673 research reactors, based upon responses to 
questionnaires sent out annually by the IAEA to owners and operators of research reactors.  
The Research Reactor Spent Fuel Data Base (RRSFDB) contains data provided to the Agency 
on spent fuel inventories at 210 research reactors.  These data bases enable the Agency to 
analyse trends in research reactors worldwide, to plan the IAEA’s regular program and budget 
activities, as well as technical cooperation projects, and to support RERTR and spent fuel take 
back programs.  The IAEA is currently involved in an effort to merge the two data bases and 



other Agency data bases on research reactors (e.g. research reactor decommissioning) in order 
to simplify queries, strengthen data consistency, and to enhance their contributions to Agency 
programmes. 
In the period after September 11, 2001, certain information in the RRDB that had been 
publicly available through the IAEA’s web site was removed from public access due to 
potential security concerns.  
  
2.1.3 Research Reactor Subprogramme 
 
Recognizing the increasing importance of activities related to the back-end of the research 
reactor fuel cycle, and in response to an external evaluation, the IAEA initiated 
subprogramme D.2, Research Reactors, in the 2002-2003 IAEA Program and Budget.  
Activities which had previously been fragmented in different areas of the IAEA programme 
were integrated into this new subprogramme, representing the first holistic approach to 
research reactor technical issues. The subprogramme contained projects on effective 
utilization of research reactors (including qualification of new, high density, low-enriched 
uranium fuels), supporting modernization and innovative technology development, assistance 
on the research reactor fuel cycle (including support to RERTR), and facilitating transfer of 
knowledge on decommissioning and irradiated core materials.   
The external evaluation on research reactors also recommended the need for an Agency-wide 
policy and strategy to address in an integrated way the safe operation of research reactors, 
their optimum utilization, coupled with good management of the facility, the associated fuel 
cycle and radioactive waste, criticality safety, decommissioning and spent fuel storage and 
disposal.  Consequently, in March 2002, the IAEA created the position of “cross-cutting co-
ordinator” for research reactor activities, who is responsible for co-ordinating research 
reactor-related activities taking place across all IAEA departments, as well as relevant IAEA 
technical cooperation projects. 
 
2.2 Technical Cooperation Program 
 
The IAEA Technical Cooperation programme carries out projects in member states that 
provide assistance in areas related to research reactor utilization, fuel conversion, spent fuel 
management and repatriation of fresh and spent HEU fuel and safety. 
 
2.2.1 National and regional projects 
 
The IAEA has more than twenty active Technical Cooperation projects related to research 
reactors, regarding research reactor fuel, decommissioning and waste management, and 
utilization.  Many of these projects involve research reactor safety issues as well.  Projects in 
Brazil, Chile, Poland, and Romania involve assistance for the testing, qualification, or 
provision of low-enriched uranium fuel, which is directly supportive of the RERTR 
programme (see 3.1).  A regional project in Latin America aims to assist and encourage the 
development of regional approaches to research reactor spent fuel management.  An 
interregional project provides assistance for decommissioning of research reactors.  Three 
projects in Serbia, funded by the non-governmental organization Nuclear Threat Initiative 
supports the removal of the spent fuel from the RA reactor, decommissioning, and waste 
management 
Since 2000, there have been a total of sixteen completed TC projects related to research 
reactors, addressing research reactor safety, decontamination and decommissioning, 
utilization and fuel improvement. 



 
2.2.2 Fact-finding missions (RER/9/058) 
 
In association with IAEA support to research reactor fuel return programs (see below), the 
IAEA organized a series of fact-finding missions to research reactors to assess the fresh and 
spent fuel situations, under TC project RER/9/058, Safety Review of Research Reactor 
Facilities.  The initial missions took place in 17-23 June 2001 to Ukraine, Uzbekistan, and 
Yugoslavia.  Additional missions took place February 10-21 to Romania, Czech Republic and 
Latvia, March 16-22, 2003 to Kazakhstan, December 9-20, 2003 to Poland, Bulgaria, and 
Hungary and March 3-4, 2004 in Belarus.  IAEA, Russian, and other international experts 
have taken part in the missions, which have established the basis for spent fuel shipments 
from these countries. 
 
 
3. International Initiatives involving IAEA 
 
3.1 IAEA Activities Related to the RERTR Program 
 
The Reduced Enrichment for Research and Test Reactors Program (RERTR) was initiated by 
the U.S. in 1978, with the objective of developing the technologies necessary to convert 
research and test reactors from the use of fuels and targets containing highly-enriched 
uranium (HEU) to the use of fuels and targets containing low enriched uranium (LEU).  The 
RERTR program objective is to minimize and eventually eliminate the use of HEU in civil 
programs worldwide. 
The IAEA has been involved with and has fully supported RERTR since its inception, 
initially through its Department of Research and Isotopes (now named the Department of 
Nuclear Sciences and Applications). This included the development of international 
guidelines and standards to assist the overall reduced enrichment effort as well as providing, 
upon request, assistance to Member States for the conversion of specific research reactors 
through the coordination and facilitation of interactions between Member State reactor 
organizations and laboratories in France, Germany, and the U.S.  The IAEA also participated 
actively in the annual RERTR Conferences that began in 1979 and co-organized the 2004 
RERTR Conference in Vienna. 
Beginning in 1979, the IAEA convened meetings, which produced a series of IAEA 
Technical Documents (TECDOCS) directly relevant to the RERTR, as guides for the 
conversion of research reactors. 
After 1993, the IAEA Department of Nuclear Energy, Nuclear Fuel Cycle and Waste 
Management Division extended the scope of its spent fuel management programme to include 
programmes which focused specifically on spent fuels from research and test reactors. These 
activities cover the collection, analysis and dissemination of information on storage, 
management and related experience with spent fuels, formulation of norms and provision of 
technical assistance to developing Member States. 
This corresponded with the rising awareness that many research reactors were in or rapidly 
approaching a crisis situation and in every case, due to spent fuel storage and management 
problems and the constraints of national laws. It was clear that the capacity for spent fuel 
storage had been reached or was close to the limit at many research reactors and there were 
concerns from a materials' science point of view about ageing materials in ageing storage 
facilities.  Consequently, the IAEA's activities in this area were formulated to address these 
concerns and proved to be helpful to the RERTR program and to related efforts in the mid-
1990’s to repatriate spent research reactor fuel to the country of origin. 



 
3.2 Research Reactor Fuel Take Back Programs 
 
The IAEA has been an active supporter of the effort(s) to return research reactor fuel to the 
country of origin.  
 
3.2.1 U.S. Take Back Program 
 
In 1986, to further encourage foreign research reactor operators to convert to LEU fuel, the 
U.S. Department of Energy DOE "Off-Site Fuels Policy" was extended to include the 
acceptance of foreign spent nuclear fuel containing uranium enriched in the United States. 
The U.S. accepted foreign research reactor spent nuclear fuel until the program expired (in 
1988 for HEU fuels and 1992 for LEU fuels).   A number of urgent “relief” shipments of 
spent fuel of U.S. origin did continue to take place, however.  
During the period following the expiration of the U.S. Off Site Fuels program (which 
coincided with the creation of the research reactor fuels program in the IAEA Department of 
Nuclear Energy), the IAEA was involved as an observer in many of the meetings of the "ad 
hoc" group of research reactor operators, known as the Edlow/Egan Group. Beginning in 
January 1992 this Group kept up pressure on the U.S. DOE to accept US-origin spent fuel 
from foreign research reactors  
Toward the same end, the Director General of the IAEA, Dr. Hans Blix, wrote letters to 
Secretary O'Leary of the US DOE (1 July 1993) and Mr. Victor Michailov, Minister of 
Atomic Energy of the Russian Federation, (2 February 1995) suggesting that these major 
partners in RERTR could facilitate the non-proliferation goal of RERTR by taking back 
foreign research reactor fuel. 
A Record of Decision was published by DOE on May 13, 1996 to re-start the U.S. Foreign 
Research Reactor Spent Nuclear Fuel (FRR SNF) Acceptance Program with a deadline of 
May 13, 2006 for eligible fuel to be discharged from reactors and a deadline of May 13, 2009 
for fuel to be received in the U.S. 
With the re-initiation of the U.S. take-back program, the IAEA began a number of activities to 
assist member states eligible to ship spent research reactor fuels back to the U.S. The IAEA 
convened experts to develop guidance for Member States in this regard, which produced a 
Guidelines Document on Preparatory Work Prior to Return of Spent Fuel of US-Origin from 
Foreign Research Reactors", Draft IAEA-TECDOC (June 1996).  (Note: These documents 
and lectures from the training courses, below, are available on the ANL/RERTR website at 
http://www.td.anl.gov/Programs/RERTR/RERTR.html). 
In response to a request from the US Government the IAEA organized two interregional 
training courses on the "Technical and Administrative Preparations Required for Shipment of 
Research Reactor Spent Fuel to its Country of Origin," in cooperation with the Government of 
the United States through Argonne National Laboratory. The first course was held at Argonne 
in January 1997 and the second in May 1999, also at Argonne.  These courses included 
participants from Russian research reactors.  
The purpose of the courses was to provide participants with the technical, organizational and 
administrative information needed to prepare irradiated research reactor fuel for shipment to 
its country of origin, in this case, the United States.  
The aforementioned guidelines were later revised and expanded in scope into a “Guidelines 
document on Technical and Administrative Preparations Required for Shipment of Research 
Reactor Spent Fuel to Its Country of Origin, Draft IAEA-TECDOC (March 1999). 
The U.S. announced in April 2004 that the U.S. take-back program would be consolidated 
with DOE support for the Russian research reactor spent fuel return program. 



 
3.2.2 Russian Take-Back Program 
 
At the IAEA General Conference in September 1999, U.S. Energy Secretary Bill Richardson 
announced that the U.S. was prepared to work with Russia and the IAEA to manage and 
dispose of Russian-origin HEU research reactor fuel remaining in a number of countries.   
On 14-15 December 1999 the IAEA convened the first Ad Hoc Tripartite Meeting on the 
possible management and disposition of Russian origin fuel currently at foreign research 
reactors. The meeting reviewed the situation regarding fresh and spent Russian origin 
research reactor fuel in various locations around the world, Russian experience in regard to 
spent fuel transport, legal, policy and safeguards issues, criteria for prioritising sites; scenarios 
for a demonstration shipment and action plan, as well as financial issues.  
The Second Tripartite Meeting was held 27-29 March 2000 in Vienna, which included a 
presentation of the data and information collected by the IAEA, discussions of the IAEA role 
in the program as well as applicable Russian laws, regulations, and policies. It was decided 
that the IAEA should send a letter to targeted member states to assess their interesting in 
participating in a fuel return program. It was also decided that the site for a first 
demonstration shipment would be decided based on the responses to the letter, and the U.S. 
would provide funding for the shipment. 
IAEA Director General Mohamed ElBaradei sent a letter on 29 September 2000 to sixteen 
countries with inventories of Russian research reactor fuel (Belarus, Bulgaria, China, Czech 
Republic, Egypt, Germany, Hungary, Kazakhstan, Latvia, Libya, Poland, Romania, Ukraine, 
Uzbekistan, Vietnam, and Yugoslavia). There were thirteen responses, all positive (one with 
reservations) and three did not reply (one of these, Libya, later shipped fresh fuel to Russia in 
2004, see below). 
The third and fourth Tripartite Meeting were held in April and September 2001, which 
requested and reviewed fact-finding missions to Ukraine, Uzbekistan, and Yugoslavia to 
begin detailed planning for eventual spent fuel shipments.  Additional Tripartite meetings 
were held in November 2001, July 2002, and January 2003, the last of which included a 
report on the Vinca fresh fuel shipment which had taken place the previous August (though 
not a Tripartite shipment), progress on a possible fuel shipment from Uzbekistan, as well as 
for additional fact-finding missions to Latvia, Czech Republic, Romania, and Kazakhstan. 
The first shipment of the Tripartite Initiative took place on September 21, 2003 (see 
http://www.iaea.org/NewsCenter/News/2003/weapons20030922.html), fresh HEU fuel was 
returned from the Magurele research reactor in Romania to Russia (14 kg uranium total, 10 kg 
U-235). The U.S. provided the funding for the shipment, which was carried out by the IAEA, 
under IAEA TC project RER/9/058. In association with the shipment, the U.S. provide 
approximately $4 million to IAEA Technical Cooperation project ROM/4/024 for the full-
core conversion of the Triga research reactor at Pitesti, and committed to pay for the eventual 
repatriation of the Russian-origin spent fuel at Magurele (the U.S.-origin spent fuel at the 
Triga reactor in Pitesti is eligible for repatriation under the U.S. return program.). 
On November 7, 2003, U.S. Energy Secretary Abraham and Russian Minister of Atomic 
Energy  Rumyantsev issued a joint statement concerning the Russian return program, stating 
that a government-to-government agreement to provide the legal framework for the 
implementation of the Tripartite Initiative would be ready for signature.  The joint statement 
also committed to the development by the end of 2003 of a schedule of shipments of fuel.   
The Eighth Tripartite Meeting was held 3-4 December 2003 in Vienna.  The fresh fuel 
shipment from Romania in September was noted, as was an upcoming shipment from 
Bulgaria.  The U.S. announced that it had already contacted Ukraine, Kazakhstan, and 
Vietnam regarding future shipments including incentive packages.  Agreement was reached 



on a suggested schedule of both fresh and spent fuel shipments. Discussions also took place 
on the subject of a programmatic ecological expertise for the spent fuel shipments, as well as 
the potential spent fuel shipment from Vinca. A feasibility study using large scale transport 
and/or other casks was requested. 
The second tripartite shipment took place in mid-December 2003 (see 
http://www.iaea.org/NewsCenter/News/2003/bulgaria20031224.html), with approximately 17 
kg of 36% HEU removed from the IRT research reactor in Sofia.  Once again, the fuel 
removal was funded by the U.S. under TC Project RER/9/058, and the U.S. committed to 
assist Bulgaria with an LEU fuel core for a planned research reactor as well as to eventually 
ship the existing spent research reactor fuel to Russia.  
The third Tripartite shipment took place in early March 2004 (see 
http://www.iaea.org/NewsCenter/News/2004/libya_uranium0803.html) from the Tajoura 
Nuclear Research Centre near Tripoli. Libya, consisting of 80% HEU in the form of fresh 
fuel, in fuel assemblies containing about 13 kg of fissile U-235 as well as about 3 kg of 
uranium. The $700,000 fuel removal project was funded by the U.S. under TC Project 
RER/9/058, following Libya’s announcement in December 2003 that it was ceasing all 
activities related to development of nuclear, chemical, and biological weapons. This fuel 
removal was accompanied by a U.S. commitment to fund, under an IAEA TC project, the full 
core conversion for the Tajoura reactor, as well as a U.S. pledge to pay for the eventual return 
of the Russian-origin spent fuel at Tajoura.   
The fourth tripartite shipment took place on September 2004 (see 
http://www.iaea.org/NewsCenter/News/2004/uzbekistan.html), with about 10 kg of fresh 
reactor fuel transported by truck and air from the Institute of Nuclear Physics of the Academy 
of Sciences of Uzbekistan, near the country’s capital, Tashkent to the Russian Federation.  
Once again, the fuel removal was funded by the U.S. under TC Project RER/9/058. and the 
U.S. committed to assist Uzbekistan to eventually ship the existing spent research reactor fuel 
to Russia. 
The IAEA has considered organizing training courses in Russian for countries with Russian-
origin spent research reactor fuel in order to assist countries to prepare for spent fuel 
shipments. However, as no shipment of spent fuel has yet taken place, many of the procedures 
and required documentation are still to be developed. The Agency stands ready to assist 
Member States when the relevant information is available. 
The U.S. and Russia signed the bilateral agreement concerning the repatriation of Russian-
origin HEU research reactor fuel to Russia on May 27, 2004, under which more than a dozen 
countries are eligible to receive financial and technical assistance from the U.S. under the 
Tripartite Initiative. 
 
3.2.3  Global Threat Reduction Initiative (GTRI) 
 
The Global Threat Reduction Initiative (GTRI) was announced by U.S. Secretary of Energy 
Spencer Abraham at a speech at the IAEA on May 26, 2004.  
The stated goal of the program is to substantially expand existing national and international 
efforts in order to secure and remove high-risk nuclear and radiological materials that 
continue to pose a threat to the United States and the international community. GTRI is to be 
carried out in cooperation with the IAEA and other international partners, building upon 
existing efforts such as the RERTR programme, and the U.S. and Russian research reactor 
spent fuel return programs. IAEA Director General ElBaradei has expressed his support and 
the Agency’s willingness to work together to achieve the goals of the GTRI. There have been 
several discussions between IAEA and U.S. officials to clarify cooperative activities, and a 
GTRI Partners Conference was held in Vienna on September 18-19, 2004, which adopted 



conference findings supportive of the goal of accelerating and expanding relevant programs 
such as RERTR and the spent fuel take back programs. 
 
 
4.  Future Activities and Prospects 
 
The 2006-2007 IAEA programme and budget, is currently in the final stages of development 
before presentation to and review by member states.  It will continue to address the fact that 
60% of research reactors around the world are over 30 years old.   
Thus, the focus of the subprogramme will continue the transition from traditional support of 
fundamental research and training to helping facilities with strategic planning to increase 
utilization in more commercial areas, to refurbish and replace ageing equipment, in managing 
spent fuel inventories and supporting decommissioning.  In particular, the subprogramme will 
support regional and interregional thematic collaborations for enhance utilization and to 
promote solutions to the back-end of the research reactor fuel cycle.  
In addition, to contribute to non-proliferation efforts, support of RERTR and the programmes 
of repatriation of research reactor fuel to the country of origin are being strengthened.  The 
IAEA will provide technical support for the development and qualification of high-density 
fuels that will facilitate the conversion of a number of research reactor facilities which cannot 
use the existing LEU silicide fuel.  A Coordinated Research Project (CRP) on 99Mo 
production using LEU targets is being planned to begin in 2006 but may be able to be 
initiated earlier if funds are made available. 
New or extended TC projects in Bulgaria and Libya are expected to involve the design or 
conversion of research reactors with low enriched uranium cores. 
Additional fresh HEU shipments from several countries in the former Soviet Union and Asia 
are currently being planned, which will probably be carried out with IAEA assistance, with a 
goal of having all fresh HEU repatriated by the end of 2005. 
It is hoped that an initial shipment of spent Russian research reactor fuel (from either 
Uzbekistan, or the Vinca Institute in Serbia), will take place as soon as possible.   
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 During 2004 several activities related to RERTR topics has taken place. In what 
follows, a resume of those activities is presented  

1.1. VERY HIGH DENSITY FUEL DEVELOPMENT  
During 2004 the Nuclear Fuel Cycle Program has supported the activities of about a 
hundred of researchers and technicians involved on different aspects of VHD fuel 
development as R&D, miniplates, plates and fuel assemblies fabrication, irradiation 
and PIE analyses of VHD fuels.  
The technological challenges presented by the behavior of materials under 
irradiation for the development of VHD fuels were and are the main motivation for 
the participation of an increasing number of professionals and technicians. 
Two national meetings on these topics has taken place, the first on April 12th and 
13th, the second on September 8th and 9th In both meetings, more than 40 R&D 
works made by specialists from several technical groups, belonging to Nuclear Fuel, 
Material and Non Destructive Testing Departments were presented.  
The fields of work are: 
• Use of first principles atomic modeling, to develop stabilizing coatings or 

admissible matrix alloys 
• Out-of-pile diffusion couples testing (a special work will be presented during 

technical sessions). Plans for irradiation. 
• U-Mo based ternary compound modeling, to find the way to delay U α phase 

decomposition on grain boundaries  
• Development and fabrication of U-Mo powders and sheets (a special work will 

be presented during technical sessions) 
• Experimental development of particle and sheet coatings (a special work will be 

presented during technical sessions) 
• Fuel design 
• Hot rolling facility 
• Advanced welding techniques, Friction Stirring Welding process. Non-

destructive testing for welding assessment. 
• Development and testing of new fuels, new matrix alloys and new claddings. 
• 3-D modeling of fuel behavior under irradiation (a special work will be 

presented during technical sessions) 
• RA-3 10 MW irradiation plans. PIE facilities plans. 

Main improvements were: 
• Through atomic modeling and diffusion couples tests, a deeper understanding of 

fuel-matrix chemical compatibility was reached.  
The diffusion couples experiments were focused on investigating the possible 
effects of Al alloys on interdiffusion layer formation. Alloys containing Mg and 



/or Si as main alloying elements were used. A special work will be presented 
during technical sessions. Two features must pointed out here: 
o The thickness of the interaction is not influenced by the presence of alloys 

in Al 
o The presence of Si introduces changes in the reaction layer components. 

The diffusion couples tests have became a fast and cheap way to have in 
advance valuable information about fuel-matrix / fuel-cladding chemical 
compatibility on very high density fuels behavior. So it was decided to adopt the 
following admissibility criterion, regarding in-pile tests:   
o Previous to irradiation tests, fuel candidates must undergo diffusion couples 

tests. 
o Those candidates that succeed (a) tests will be irradiated as meat 

components of miniplates 
o Those materials used in miniplates that succeed (b) tests will be irradiated as 

meat components of full size fuel plates 
• Implementation of FSW technique applications 

Qualification of miniplate fabrication. Successful experiments were performed 
in order to encase UMo foils in Al using FSW technics 

• Development of Zry-4 MTR fuel cladding. Co-lamination fuel-cladding plans 
1.2. CNEA’S LEU MTR FUEL WASTE DISPOSAL PLANS 

The research and production reactor RA-3 is the only one in Argentina that, up to 
date, consumes fuel elements. At the maximum power of 10 MW its consumption is 
approximately 23 FE per year.  
Therefore, after 20 additional years of operation, the amount accumulated will be 
approximately 540 spent fuels, taking into account those which are in interim 
storage at present. This figure is equivalent to approximately 750 of kg heavy 
metals. 
Consequently, the management of the SF from the reactor RA-3 is a question that is 
receiving close attention in CNEA. 
The SF will be kept in interim storage until a geological repository is available for 
disposal. According to the current planning, this repository would be available in 
the year 2050 to receive the SF from the NPP´s or the HLW from their reprocessing. 
The main stages in the management of the MTR SF will be: 
o Interim wet storage 

At present the SF are in wet storage in a subsurface tube-type installation that is 
going to be replace by a pool-type facility with a capacity for 600 MTR SF. 
The new facility will be ready in the year 2006 and will permit a better control 
of the water chemistry enhancing the quality of the storage 
conditions.Conditioning for disposal 
After decay in the storage pool during 10 to 15 years, the SF will be conditioned 
for disposal and the resulting waste form, properly canned, will be installed in a 
dry storage system until the geological repository is availability. 
After several years of analysis and basic research on different processes, to 
move forward in the selection of the most suitable conditioning route, the 
following criteria were used: 



o Simplify the process flow chart, by discarding the initial step of decladding 
the fuel plates (previously considered) 

o Select the most proven chemical processes, by using the wet route, e.g., 
dissolution of fuel plates with nitric acid. 

o Minimize the volume of the final high-level waste form; by separating the U 
from the waste stream, to avoid the addition of depleted U for isotopic 
dilution.  

 A further separation of the Al is also considered, which will then contribute to 
the make up of the intermediate-level waste stream, instead of being part of the 
high-level waste. This Al separation is equivalent to the decladding step 
discarded at the beginning, it will also diminish the volume of the resulting 
waste form. 

o Interim dry storage 
o Final disposal 

1.3. MO99 PRODUCTION USING LEU TARGETS: TWO YEARS OF SUCCESS 
Since 2002 the domestic production of Mo99 and other fission radioisotopes is 
performed using LEU targets, fulfilling international technical and quality 
standards.  
Up to present more than 600 targets bearing LEU material have been fabricated 
irradiated and processed. Very recently CNEA has also become an international 
supplier of targets for Mo-99 production 

2. INTERNATIONAL FRAMEWORK: THE GTR INITIATIVE  
The main challenge to nuclear peaceful applications is how to continue and to improve 
bringing to the society the advantages of nuclear technology in safer and more secure ways. 
In this sense the recent formulation of the Global Threat Reduction Initiative pursues, 
among other goals the worldwide conversion of all civilian use reactors to low enrichment 
uranium before the end of the year 2013 including those of very high neutron flux. 
The GTRI has been publicly announced on May 26th, 2004 in this IAEA headquarters.  
Recently, the Global Threat Reduction Initiative International Partners’ Conference was 
held also here on September 18th and several speakers have clearly explained its goals and 
scheduling. During this Conference Dr. J. P. Abriata, President of the Atomic Energy 
Commission of Argentina has backed and shared the basic goals of the GTR Initiative. 
3. HISTORICAL INVOLVEMENT OF ARGENTINA IN THE PEACEFUL 

APPLICATIONS OF NUCLEAR ENERGY  
Such GTR Initiative is –and has been- encompassed by Argentina through many works and 
joint undertakings, international projects and own developments. Argentina through its 
state organizations and companies within the nuclear sector has a long tradition in terms of 
fulfilling: 

• Nuclear safety requirements,  
• Nuclear security requirements,  
• Non-proliferation policies and requirements  
• Nuclear material accountability.  

The collaboration of fuel groups of CNEA within RERTR goes back to the very beginning 
of this program. CNEA and the associated enterprises have been involved within the 
RERTR program for the last 25 years. Main milestones are: 

• International qualification program for LE uranium silicide based fuels: 



participation of CNEA since the beginning of this program 
• LEU MTR type design:  

o The Peruvian RP-0 facility and RP-10 reactor (1979-1980) 
o The Algerian NUR reactor (1984) 
o The Egyptian ETTR2 reactor (1991) 
o The Australian RRR reactor (2000) 

• LEU MTR core conversions 
o The Argentinean RA-3 reactor (1989) 
o The Iranian Teheran University reactor (1990), within the frame of an 

IAEA contract 
• LEU MTR fuel manufacturing: 

o Uranium oxide based fuel elements: 
 Argentinean RA-3 Reactor (core conversion) 
 Iranian Teheran University reactor (core conversion) 
 Algerian NUR reactor (first cores) 
 Egyptian ETTR2 reactor (first cores) 

o Uranium silicide based fuel elements: CNEA has also qualified as fuel 
manufacturer 

 At present CNEA fuel fabrication plant is taking the manufacture 
of 64 fuel elements for the ANSTO Replacement Research 
Reactor in Australia. 

As a result of the above-mentioned activities about 12000 fuel plates were fabricated 
and successfully irradiated. 
• International qualification program for VHD based fuels: since 1997 CNEA is 

involved on RERTR efforts to qualify U-Mo (dispersion and monolithic) based 
fuels for core conversion policy. Besides, we are exploring other VHD fuel lines 

• Participation within the Acceptance Program:  
o Recently CNEA has returned back to USA 207 HEU spent fuels (2000). 
o During the International Associates on GTR Initiative Meeting (September 

18, 2004, IAEA VIC, Vienna), the President of the Atomic Energy 
Commission of Argentina besides other initiatives, he offered, (provided that 
is available adequate financial assistance), the return of 42 HEU RA-6 fuel 
elements within the Acceptance Program. 

• LEU targets and chemical process for Mo99 production: already mentioned 
CONCLUSIONS: 
 
CNEA and its associated enterprises therefore already meets the objectives and goals of the 
GTRI and can contribute with technological expertise and services to these efforts. 
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ABSTRACT 
 

The reduced enrichment programs for the JRR-3M, JRR-4 and JMTR of Japan Atomic Energy 
Research Institute (JAERI) has been completed until 1999. The KUR of Kyoto University Research 
Reactor Institute (KURRI) has been partially completed and is still in progress under the Joint Study 
Program with Argonne National Laboratory (ANL). 

The JRR-3M using LEU silicide fuel elements is now well operating except small operational 
incident so far, and the utilities using neutron sources of reactor and irradiation examination were 
satisfied. 
JAERI established a “U-Mo fuel ad hoc committee” for feasibility study concerning future LEU fuel 
instead of the silicide fuel in 2001, and an installation of the U-Mo fuel was estimated from 2012, but 
during 2002 and 2003, the committee has been studied more detailed information and installation will 
be in 2016 instead of 2012 because U-Mo irradiation test result was not satisfied. 

The U.S. Policy of Foreign Research Reactor Spent Nuclear Fuels is strongly expected to extend 
the policy until U-Mo fuel installed.  

The Japanese Government approved a cancellation of the KUHFR Project in February 1991, and in 
April 1994 the U.S. Government gave an approval to utilize HEU fuel in the KUR instead of the 
KUHFR. Therefore, the KUR will be operated with HEU fuel until March 2006, and then the full 
core conversion with LEU fuels will be done. All KUR spent fuel elements will be sent to the U.S. by 
March 2008. 

 
 
1. Introduction 
 

Among fifteen research reactors and critical assemblies in operation in Japan, which are 
listed in Tables 1 and 2, those concerned with the RERTR program are the JRR-3M, JRR-4 
and JMTR of JAERI and KUR of KURRI.  These research reactors are shown in Table 3.    

In JAERI, the High Temperature Engineering Test Reactor (HTTR), which uses LEU fuels 
(Max. less10%) reached the first criticality in November 1998, and a full power test was 
completed in 2001. the coolant temperature of reactor became to 950℃ in April 2004. 

The RERTR program in Japan had been pursued extensively under the direction of the 
Five Agency Committee on Highly Enriched Uranium, which consisted of the Science and 



Technology Agency (STA), the Ministry of Education (MOE), the Ministry of Foreign 
Affairs(MOFA), JAERI and KURRI, which was held every three months. It had played a 
remarkable role in deciding policies related to the program, and the 92nd Committee was 
held in December 2000.  
  After this meeting, MOE and STA were joined as one Ministry (Ministry of Education, 
Culture, Sports, Science and Technology: MEXT) under the administrative reorganization 
policy in January 2001.  However, the Committee has not opened after MEXT started.  
The history of RERTR program in Japan is tabulated in Table 4. 



Table 1.   Japanese Research Reactors in Operation 
 

Name Owner Site Type and Enrichment Max.Power Start-up 
date 

UTR KINKl Kinki University Higashi-osaka H2O(UTR) U-Al 90% 1W 1961.11 

TRIGA-II 
RIKKYO Rikkyo University Yokosuka H2O(TRIGA) U-ZrH 20% 100kW 1961.12 

JRR-3M JAERI Tokai D2O(tank) 
H2O(pool) 

U 
UO2 

UAlx-Al 
U3Si2-Al 

Natural 
1.5% 
20% 
20% 

10MW 
10MW 
20MW 
20MW 

1963.9 
1972.1 
1990.3 
1999.9 

MuITR Musashi Inst.Tech. Kawasaki H2O(TRIGA) U-ZrH 20% 100kW 1962.3 

KUR KURRI Kumatori H2O(tank) U-Al 
U3Si2-Al 

93% 
20% 

5MW 
5MW 

1964.6 
1991.4 

JRR-4 JAERI Tokai H2O(pool) U-Al 
U3Si2-Al 

93% 
20% 

3.5MW 
3.5MW 

1965.1 
1998.7 

JMTR JAERI Oarai H2O(MTR) 
U-Al 

UAlx-Al 
U3Si2-Al 

93% 
45% 
20% 

50MW 
50MW 
50MW 

1968.3 
1986.7 
1994.1 

YAYOI University of Tokyo Tokai 
Fast 
Horizontally 
Movable 

U 93% 2kW 1971.4 

NSRR JAERI Tokai H2O(TRIGA) U-ZrH 20% 300kW 1975.6 

HTTR JAERI Oarai Graphite-He(gas
) 

UO2 
Particle 

9.9% 
(Max) 30MW 

 
2002.3 

 



 
             Table 2. Japanese Critical Assemblies in Operation 
 

Name Owner Site Type and enrichment   Max. 
Power 

Start-up
date 

TCA JAERI Tokai H2O(tank) UO2 
UO2-PuO2 

2.6% 
4% 200W 1962. 8 

NCA Toshiba Kawasaki H2O(tank) UO2 1-5% 200kW 1963. 12

FCA JAERI Tokai 
Fast 
Horizontally 
Split 

U 
U 
Pu 

93% 
20% 2kW 1967. 4 

KUCA KURRI Kumatori Various 
multi-core 

U-Al 
UAlX 

93% 
45% 

100W 
1kW(short 
    time) 

1974. 8 
1981. 5 

STACY JAERI Tokai 
Homogeneous 
Heterogeneous 
Tank type 

U 
Pu 

4, 6, 
10% 200W 1995. 2 

TRACY JAERI Tokai Homogeneous 
Tank type U 10% 

10kW 
5x109W 

(transient) 
1995.12 

 
 
 
 
 

Table 3.    Research Reactors Relevant to RERTR in Japan 
 

Name Power(MW) First Critical Fuel Enrichment Conversion 

 KUR(KURRI) 
 
 KUHFR(KURRI) 

 
JRR-3M(JAERI) 

 
 JRR-4( JAERI) 

 
 JMTR (JAERI) 

      5 
 

30 
 

20 
 

  3.5 
 

50 

1964 
 

canceled 
 

1962 
 

1965 
 

1968 

HEU-LEU 
 
 
 

LEU-LEU 
 

HEU-LEU 
 

MEU-LEU 

(2006) 
 
 
 

1990 
 

1998 
 

1994 

 
 
 
 
 
 
 
 

Related Critical Assembly 

KUCA(KURRI) 0.0001 1974 HEU-MEU 1981 

 



Table 4.  History of Reduced Enrichment Program for Research and Test Reactors in Japan 
 

1977. 11 

1977. 11 

 

1978. 5 

1978. 6 

1978. 9 

1979. 5 

1979. 7 

1980. 1 

1980. 8 

1980. 9 

1981. 5 

1983. 3 

1983. 8 

1983.11 

1984. 3 

1984. 4 

1984. 4 

1984. 9 

 

1984. 10 

1984. 11 

 

1985. 1 

1985. 3 

 

1985. 6 

Japanese Committee on INFCE WC-8 was started. 

Joint Study Program was proposed at the time of the application of export 

license of HEU for the KUHFR. 

ANL-KURRI Joint Study Phase A was started. 

Five Agency Committee on Highly Enriched Uranium was organized. 

ANL-KURRI Joint Study Phase A was completed. 

Project team for RERTR was formed in JAERI. 

ANL-KURRI Joint Study Phase B was started. 

ANL-JAERI Joint Study Phase A was started. 

ANL-JAERI Joint Study Phase A was completed. 

ANL-JAERI Joint Study Phase B was started. 

MEU UAlx-AI full core experiment was started in the KUCA. 

ANL-KURRI Phase B was completed. 

MEU UA1x-Al full core experiment in the JMTRC was started. 

ANL-KURRI Phase C was started. 

ANL-JAERI Phase B was completed. 

ANL-JAERI Phase C was started. 

MEU-HEU mixed core experiment in the KUCA was started. 

Irradiation of 2 MEU and l LEU UA1ｘ-Al full size elements in the JRR-2 was 

started. 

Irradiation of LEU UAlx-Al full size elements in the JRR-4 was started. 

Thermal-hydraulic calculations for the KUR core conversion from HEU to 

LEU were performed. 

Irradiation of MEU UAlx-Al full size elements in the JMTR was started. 

Irradiation of MEU UAlx-Al full size elements in the JMTR was completed.  

Irradiation of LEU UxSiy-Al miniplate in the JMTR was started. 

Irradiation of LEU UxSiy-Al miniplate in the JMTR was completed. 



1985. 10 

 

1986. 1 

1986. 5 

1986. 8 

1987.11 

1988. 7 

1988. 12 

1990. 3 

1990. 11 

1992.5 

1993.11 

1994.1 

1994.9 

1995.12 

1996.12 

1998.7 

1999.9 

 

2000.3 

 

2002.3 

 

2004.4 

Neutronics calculations for the KUR core conversion from HEU to LEU was 

performed. 

Irradiation of MEU UAlx-Al full size elements in the JRR-2 was started. 

Irradiation of MEU UA1x-Al full size elements in the JRR-2 was completed. 

The JMTR was fully converted from HEU to MEU fuels. 

MEU UAlx-Al full core in the JRR-2 was started. 

PIE of MEU, LEU UAlx-Al full size elements in the JRR-2 was completed. 

Irradiation of LEU UAlx-Al full size elements in the JRR-4 was completed. 

LEU UAlx-Al full core test in the new JRR-3 (JRR-3M) was started. 

Full power operation of 20MW in the JRR-3M was started. 

Two LEU U3Si2-Al elements were inserted into the KUR core. 

Two LEU U3Si2-Al elements were inserted into the JMTR core. 

The JMTR was fully converted from MEU to LEU with U3Si2-Al fuel. 

ANL-JAERI Phase C was completed. 

The JMTRC was shutdown. 

The JRR-2 was shutdown. 

The JRR-4 was full converted from HEU to LEU with U3Si2-Al fuel. 

The JRR-3M was fully converted from LEU UAlx-Al fuel to LEU U3Si2-Al 

fuel. 

The decommissioning plan for the VHTRC was submitted to the Japanese 

Government. 

The HTTR operation has been started after the Functional Test completed by 

the Japanese Government. 

Core Outlet Gas (He) Temperature of HTTR was reached to 950℃.  

 



2. Current situation of research reactors relevant to the RERTR program in Japan 
 
2.1 Japan Atomic Energy Research Institute (JAERI) 
 
(1) JRR-3M 

The JRR-3M was fully converted to LEU silicide fuel (4.8gU/cm3) with cadmium wires of 
burnable absorber in September 1999 so as to decrease the number of spent fuels generated 
in a year. 

After converted to LEU silicide fuel in September 1999, the JRR-3M has a lot of beam 
researches and users, many papers were also released so far, and no special problem related 
fuel was occured. 
 
(2) JRR-4 and JMTR  

JRR-4 and JMTR are in very good condition for operation after the conversion to LEU 
silicide fuels. 

The JMTR was completely converted to the LEU fuel in January 1994.  The LEU fuel is 
a silicide fuel (U3Si2) with 4.8gU/cm3, and burnable absorber of cadmium wires is placed in 
each side plate of fuel element. The LEU silicide fuels allowed an extension of JMTR 
operating days without refueling that has been taken a 26-day operation from a 12-day 
operation by HEU fuels core. 

The JMTR experienced to stop operation so often due to functional problems, then a 
re-evaluation taskforce was started in 2003, and the report of the taskforce was submitted to 
President of JAERI. The report said that the reactor will continually operate until May 2006 
at least, and an Operation plan after 2006 will be studied deeply until 2006. 

After the conversion, the LEU fuel elements have been used in JMTR without any trouble 
related fuel until October 2004. 

 
(3) Spent Fuel Management  

Spent fuels from JRR-3M, JRR-4, JMTR and JMTRC are stored in their storage facilities.  
And these spent fuels will be shipped to U.S. under the FRR SNF Acceptance Program of 

U.S., and seven shipments of JAERI have been successfully carried out since 1997. 
  Recently, we are facing difficult issues concerning a transportation cask licensing and 
budget for transportation. But we will make an effort to solve these issues.  

 
2.2 Research Reactor Institute, Kyoto University (KURRI) 
 

The Kyoto University Research Reactor (KUR, 5MW) has been operated since 1964 using 
HEU fuel. The KUR has been still utilized for boron neutron capture therapy. Since February 
1990, ten chief medical doctors of six groups treated over 100 patients of cancer.  

In order to increase the number of patients, the upgrade of the KUR Heavy Water Facility 
was completed. The main improvement of the facility is (1) to realize an epithermal neutron 
field in addition to thermal neutrons, and (2) to irradiate patients during continuous operation 
of the KUR, which were licensed in June 1998.  Recently, treatment of head and neck 
cancer patients is increasing in addition to brain tumor and melanoma. 

According to the government policy, Kyoto University tried to convert the KUR to use the 
LEU fuel, and two LEU silicide fuel elements have been loaded to the core in May 1992.  
In 1991, the Japanese Government approved cancellation of the Kyoto University High Flux 
Reactor (KUHFR) project.  In 1994, the U. S. Government gave an approval to utilize HEU 



fuel in the KUR instead of the KUHFR, since Kyoto University already prepared HEU fuel 
for KUHFR.Therefore, the KUR will be operated with HEU fuel until the end of March 
2006.  

As spent fuel, the 5th shipment was done in September 2003 and the 6th in 2004 under the 
U.S. spent fuel acceptance policy of foreign research reactors. All KUR spent fuel elements 
produced in the KUR operation with HEU fuel will be sent completely by March 2008. 
 

Kyoto University has a strong intention to continue the KUR operation with LEU fuel 
after 2006. In order to realize the plan, the issue of LEU spent fuel management is needed to 
solve as soon as possible. 

 
 
2.3 Other Facilities 

 
The Rikkyo University TRIGA Mark II reactor was shut down in 2002 and its spent fuel 

was sent back to U.S. in 2003. 
 

The TTR spent fuels of Toshiba Company was also sent to the U.S. in 2003. 
 

Musashi Institute of Technology also has a TRIGA Mark II reactor and its spent fuel will 
be sent to the U.S. in near future. 
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ABSTRACT 
 

In the past decades Austria  operated three research reactors, the 10 MW ASTRA reactor at Seibersdorf, 
the 250 kW TRIGA reactor at the Atominstitut and the 1 kW Argonaut reactor at the Technical University 
in Graz. Since the shut down of the ASTRA on July 31th, 1999 and its immediate decommissioning 
reactor and the shut down of the Argonaut reactor in Graz on August 31th, 2004 only one reactor remains 
operational for keeping nuclear competence In Austria which is the 250kW TRIGA Mark II reactor. 

 
 
1. Introduction 
 
The TRIGA reactor Vienna is used intensively for students education and training, all reactor 
systems are in excellent condition, spare fuel elements are available to operate this reactor for 
another 10 to 15 years and at present there is no indication whatsoever that this reactor should 
be closed down in the coming years. 
 
The Argonaut reactor Graz was shut down on August 31, and will be decommissioned 
starting in late 2004. The fuel shipment is planned during 2005. 
 
This paper will discusses the present decommissioning state of the ASTRA reactor, the 
planned fuel shipment of the Argonaut fuel and gives an outlook of possible options for the 
TRIGA reactor. 
 
2. Historical survey 
 
In the period between 1959 to 1965 three research reactors were built and operating until 
1999. The first reactor was the MTR type ASTRA reactor at the Austrian Research Centre 
Seibersdorf (ARCS, www.arcs.ac.at) which for a long period was the main research facility 
for nuclear research in Austria as well as the planning centre for a nuclear power plant. As it 
is well known this nuclear power plant at the site of Zwentendorf (730 MWe BWR) was 
never put into operation due to a public negative referendum in 1978. This also effected the 
further development of nuclear research and in particular the programs at the ARCS. For 
several non-technical reasons the 10 MW ASTRA reactor was finally shut down on July 31, 
1999 and immediately decommissioning started. 
 
The second reactor was planned as typical university training and education reactor, a TRIGA 
Mark II (www.ati.ac.at) reactor was selected and was first critical on March 7, 1962. This 
reactor is well maintained and utilized and is in operation without any specific deadline for 
shut down. 
 
The third reactor was a Siemens ARGONAUT reactor also to be used for university training 
and education at the Technical University of Graz, it became critical for the first time in May 



17, 1965, the maximum licensed power is 1 kW but it operated only at 10 W. The reactor has 
been shut down on August 31th, 2004 and decommissioning  will start by end of 2004. 
 
3. Present situation 
 
3.1 The ASTRA reactor at Austrian Research Centers Seibersdorf (ARC) 
 
After 39 years (1960 to 1999) of successful operation, the 10 MW multipurpose MTR 
research reactor ASTRA at the Austrian Research Centers Seibersdorf (ARC) is now in the 
advanced state of decommissioning. During 2002 the EIA was prepared. A public hearing 
was held on December 19, 2002 which was followed by a license to decommission on April 8, 
2003.  
 
Preparation work has already been presented at the RRFM 2004, the actual concrete cutting 
started in January 2004. Before the primary water was finally drained from all systems 
directly connected with the tank and the lower hot cell (usually filled with primary water), the 
surfaces of the liners were cleaned and stabilized to prevent continuing oxidation and hence 
occurrence of dust. The liner of the tank was removed to a level 3 meters below the upper 
floor. The concrete surfaces of the upper hot cell (designed for dry use) were cleaned of 
contamination. All connections e.g. electricity, pressurized air, primary water supply were 
disconnected from the shield, wires and tubes were removed. In preparation of the intended 
cutting work on the first section of the biological shield working platforms were installed in 
the pool and in the upper hot cell. Additional measures were taken to control the drain of the 
cutting fluid and to remove concrete and steel particles from the solution. Calculations show 
that about 8 tons of cake is to be expected which should be inactive waste by definition. 
Therefore careful collection and preparations to achieve clearance is essential. 
 
•First cut: 

•33 blocks 
•average weight 7-9 tons 
•total mass 230 tons •
total cutting area 130 m2 

•Second cut: 
•50 blocks 
•average weight 8-9 tons 
•total mass 400 tons •
total cutting area 220 m2 

•Third cut:  
•15 blocks 
•average weight 7-9 tons 
•total mass 110 tons 
•total cutting area 50 m2 

•Fourth cut: 
•depends on the results of 
   3rd cut 

 

Fig. 1. Biological shield - concept of block cutting 
 



Work carried out in 2004 were 
 

• the dismantling of the inactive parts of the biological shield,  
• radiological clearing of the removed materials,  
• dismantling of the primary and secondary water installations in the pump room,  
• cleaning and radiological identification of the metal parts for further conditioning   
• cutting of the biological shield up to cutting level number 3 (see Fig. 1) 
• removal of the graphite of the thermal column 
• and decision about the further method for dismantling the active zones of the 

biological shield.  
 

The project's final goal is the release of the buildings for unrestricted use and immediate 
dismantling was chosen to be the optimum decommissioning strategy. From today's view the 
estimated completion of the project is expected around June 2006, which is about 6 months 
later than the original planning predicted. 
 
3.2 The TRIGA reactor at the Atominstitute Vienna 
 
The operation of the reactor since first criticality averaged 220 days per year, without any 
long outages. The TRIGA-reactor is purely a research reactor of the swimming-pool type that 
is used for training, research and isotope production (Training, Research, Isotope Production, 
General Atomic = TRIGA). The reactor core consists presently of 81 fuel elements (3.75 cm 
in diameter and 72.24 cm in length), which are arranged in an annular lattice. Two fuel 
elements have thermocouples implemented in the fuel meat which allow to measure the fuel 
temperature during reactor operation. At nominal power (250 kW), the centre fuel 
temperature is about 200 °C. 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. A 
summary of the fuel situation is shown in table 1. 

 
Number of FE Location Cladding Enrichment Remarks 

  Al SST   
81 + 

3 stor. 
core 57 27 75 FE 20% 

9 FE 70% 
2 instr. FE 

11 fresh fuel 
storage 

- 11 20% 2 instr. FE 

8 spent fuel 
storage 

8 - 20% 1 instr. FE 

1 hot storage 
facility 

1 - 20% cut into 3 
pieces 

total:  104  66 38 84  FE  
 

Table 1: Fuel element situation at the TRIGA Vienna as of 1. 10. 2004 
 

The TRIGA reactor is heavily used for training and education of students in the nuclear field 
but also used for national and international training courses with the IAEA and with 
neighbour countries (Germany, Czech Republic, Slovak Republic, European Nuclear 
Engineering Network - ENEN). Many cooperation projects exist with the IAEA as the 
TRIGA reactor Vienna is the closest nuclear facility to the IAEA and the irradiation services 
have increased since the shut down of the ASTRA reactor although in many service requests 



the TRIGA cannot offer the requested power and neutron flux. In view of remaining the only 
research reactor in Austria both the government and the academic environment has interest to 
keep this nuclear facility alive for as long as possible. At present there is no indication from 
the government that an imminent shut down of this facility is taken into consideration. 
 
3.3 The ARGONAUT Reactor in Graz 
 
The Reactor Institute Graz, attached to the University of Technology Graz, Austria, operated 
a low power Siemens-ARGONAUT Type reactor (10 W) for education and training in the 
academic field (Fig. 2). 
 

 
 

Fig. 2. Pictorial view of the Siemens-Argonaut-Reactor Graz. 
 
From May 1965 to April 1985 the Siemens-ARGONAUT Reactor (SAR), located in Graz, 
was driven alternatively by an annular core with 234 low enriched (20% U 235) fuel plates 
and an asymmetrical one-slab loading with 125 high enriched (90% U 235) fuel plates. Since 
1985 all low enriched fuel plates have been located in a dry storage because on 50% of the 
plates the aluminum cladding was damaged by corrosion. During the reactor operation from 
1965-1985 the average reactor power was 1-10 W (107-108 neutrons/cm²s). The last core was 
composed of 108 fuel plates (90% U 235) from the second delivery at 1969, while 17 fuel 
plates, also enriched at 90%, were stored in the fresh fuel storage. The SAR-Graz was finally 
shut down on August 31, 2004. All fuel plates (low and high enriched) will be returned to 
USA by 2005. A contract has been signed in summer 2004 with NAC to ship the fuel plates 
from Graz via the port of Koper/Slowenia to Savannah River not later than end of 2005. 
 
As the shielding construction consists of individual concrete blocks assembled together the 
dismantling of this structure does not pose any technical problem. Further due to the low 
power level only a very few components will show a slight increase of activity and will be 
considered as low active waste. Therefore it is expected that the decommissioning of the 
ARGONAUT reactor will proceed  smoothly and should be finished in a very short period. 
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ABSTRACT 
Interpretation of the post irradiation data of U-Mo/A1 dispersion fuel mini plates 
irradiated in the Advanced Test Reactor to a maximum U-235 burn up of 80% are 
presented.  The analyses addresses fuel swelling and porosity formation as these fuel 
performance issues relate to fuel fabrication and irradiation parameters.  Specifically, 
mechanisms involved in the formation of porosity observed in the U-Mo/A1 interaction 
phase are discussed and, means of mitigating or eliminating this irradiation phenomenon 
are offered. 

 
I.  Introduction 
 
 Results from the postirradiation examination of miniplate test RERTR 4 and 5, as 
well as irradiation test data were presented at the 2004 RRFM meeting [1].  Examinations 
have continued since and isotopic burnup analyses have been performed.  The results to 
date are briefly reviewed and summarized.  A preliminary analysis of the nature and 
behavior of the U-Mo Al interaction product is presented, including proposed means of 
eliminating the porosity formation associated with the interaction.   
 
II. Metallographic Analysis 
 
 Examples of transverse cross sections taken at the axial midplane of several 
miniplates are shown in Fig. 1.  These sections represent the microstructure of mini-
plates positioned along the length of the test assembly. 
 



 
 
Figure 1. Transverse cross section of U-xMo RERTR 4 mini-plates containing atomized 
fuel powder. a) V6001M -10Mo, Capsule A, b) R6003F-7Mo, Capsule B, c) S6004C-
6Mo, Capsule C, d) V6022M-10Mo, Capsule D. 
 
 All but the miniplates from the upper test tier of the assembly, exhibit local areas 
with relatively large size gas pores.  These areas coincide with the peak fission rate 
positions in the plates. 
 Meat swelling data of individual plates at the various axial positions in the 
assembly area are shown in Fig. 2.  The swelling data for RERTR -5 (peak 235U burnup 
of 50%) are from plate immersion volume measurements, whereas the data for RERTR-4 
(peak burnup of 80%) were derived from the center of the metallographic sections.   The 
difference in swelling in test RERTR-5 between miniplates made with mechanical and 
atomized fuel powders is due to the larger as-fabricated porosity in the former.  Although 
there were signs of initial local porosity formation in test RERTR-5, the magnitude did 
not register in the overall meat swelling. 
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Figure 2. Meat swelling of mini-plates from RERTR-4 and RERTR-5 experiments as a 
function of their position in the irradiation device. The device consisted of 4 capsules, 
each capsule contained two rows of four plates.  All measurements are taken in the non-
porous, center region of the plate, except for the single data set as marked. 
 
 In the higher burnup test, RERTR-4 however, there is a clear difference in meat 
swelling between the central part of the plate and the location with porosity see Fig. 3.  
The axial distribution of these different locations is shown in Fig. 2.  The additional 
swelling in the porous regions can be accounted for by the measured pore volume. 
  



 
 

Figure 3. Plate thickness across the width of mini-plate S6004C-6Mo (RERTR-4). 
 
 Quantitative metallography was performed on several fuel plates to determine the 
volume fraction of the constituents of the fuel meat.  The data in Table I combined with 
meat swelling values were used to determine the U-Mo fuel particle swelling as shown in 
Fig. 4 for U-10 wt. % Mo.  The fuel swelling, as previously reported, can be divided in 
two regions, separated by the onset of recrystallization of the fuel. 
 The fuel swelling rate and magnitude over the entire range test conditions remain 
remarkably stable and predictable. 
 
Table 1. Initial and final volume percent of fuel (VoF – initial), aluminum (VoAl – 
initial) and interaction (V I). Note final totals do not add up to 100 as values have been 
corrected for swelling.  Y – Interaction layer thickness, ∆Vm – meat swelling.   

Plate 
No. 

VoF 
(%) 

VoAl 
(%) 

Y 
(µm) 

V F 
(%) 

V I 
(%) 

V Al 
(%) 

∆Vm 
(%) 

RERTR-5 
V6018G 39.3 60.1 7 36.9 30.5 29.6 9 
V8005B 52.1 47 14 53.1 48.4 11.5 12 
V6019G 39.3 60.1 15 39.7 58.4 17.2 15 

RERTR-4 
V6001M 39.3 60.1 12 43.8 55.8 12.6 12 
V6022M 39.3 60.1 17 39 67.1 9.1 15 
V6015G 39.3 60.1 19 41.3 65.3 7 13 
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Fig.4 Swelling behavior of U-Mo vs. burnup 

 

III. Irradiation Behavior of Fuel-Al Interaction product 
 
 The most striking observation to be made from the metallography of those areas 
of the miniplates, and the full size plate of the FUTURE experiments, that have a 
developed large pores is the, apparently, viscous nature of the material (the fuel-Al 
interaction product) in which the pores grow in Fig. 3. This behavior resembles that 
previously found in U3Si and U6Fe (see section B).  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 and 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. 
 
 Doolittle [2] has developed an expression for the fluidity � or the viscosity � of 
amorphous materials. 
 
� = � -1 = A” exp [ -B1/Vf ] (1) 
Where Vf is the free volume 



 
Fig.5 Examples of break-away swelling in amorphous U-compounds 

 
 

 
 

Fig.6 Volume increase as a function of exposure for U3Si 



A” is the fluidity per unit fision 
And B1 = Nv*f the number density per volume entities with a value larger than some 
critical value that allows for a diffusion event to occur. 
 
 The free volume Vf  is a material-specific property, its value is reached at a 
relatively low damage dose before any appreciable fission product swelling has occurred, 
as for example in U3Si in Fig. 6.  The quantity B1 however, depends in some way on the 
irradiation damage rate in the case of nuclear fuel materials. 
 
 Figure 7 depicts the, in this case, ion irradiation induced fluidity for several 
compounds, showing the correlation between �, (�) and Vf. The free volume model is 
consistent with the irradiation experience, amorphous U3Si and U6Fe having a large value 
for Vf whereas amorphous U3Si2 with virtually zero Vf does not.  Although this analysis 
is far from rigorous, it does allow the following conclusion:  Amorphized uranium 
compounds having appreciable free volume exhibit fluid-like behavior and growth of 
large fission gas bubbles when gas accumulates with burnup. In the absence of hard 
evidence i.e. neutron or x-ray diffraction, it is presumed that the (U-Mo) Alx interaction 
product is amorphous and has a relatively large value for free volume, accounting for its 
fluid-like behavior under fission damage. 
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Fig.7 Fluidity vs. free volume 

 
 
 Experiments with ion irradiation on metallic glasses [3] have shown that � has a 
relatively weak temperature dependence in the operating range of our fuel tests.  The 



fission (damage) rate dependence that may enter the parameter B1 in equation (1) needs 
further study.  However, it appears that the fluidity is overwhelming controlled by the 
free volume, Vf.  It appears therefore, that the solution to the problem of porosity 
formation lies in the reduction of this parameter.  As this parameter is primarily a 
function of composition, in essence in the nature and strength of the chemical bonds of 
the materials, appropriate alloy additions to the constituents involved in the formation of 
the interaction product appears to be the most effective means to stabilize the U-Mo/Al 
interaction product.   
 
IV. The Case for Silicon 
 
 Alloy theories show that elements of group IV A in the periodic table to the right 
of Al should strengthen the bonds in U-Al compounds. Indeed Si, Ge and Sn promote the 
formation of UAl3 and suppress the formation of the higher Al compound, UAl4 in U-Al 
alloys [4]. As the interaction product formed in U-Mo/Al dispersions consists of a mix of 
relatively weak components in the range of Al4-7, it is likely that these group IV elements 
will have a similar effect, i.e. promote the formation of (U-Mo) (Al,Si)3. Early diffusion 
couple tests with U-Mo against a Al-Si alloy appear to substantiate this [5]. The 
interaction zone formed in this experiments was indeed (U-Mo) (Al,Si)3, very similar to 
the interaction product formed between U3 Si2 and Al, which was found to be stable in 
dispersion fuel irradiation tests.   
 Although this compound amorphized in pile, the extra Si bonds evidently reduced 
the free volume in the amorphous interaction product and the next mini-plates irradiation 
test (RERTR-6) will therefore include several U-Mo dispersions with a range of Al-Si 
alloy matrix composition to hopefully establish the efficacy of Si in stabilizing the 
interaction product against large pore formation. 
 
V Conclusions 
 
 Irradiation test of LEU, U-Mo dispersion fuel have shown that the irradiation 
behavior of this uranium alloy fuel is very stable and predictable. However, the 
interaction phase formed by interdiffusion of U-Mo and matrix Al develops large fission 
gas pores at high power densities. It appears that this interaction phase is amorphous and 
of low viscosity under fission damage. Incorporation of Si into the interaction phase is 
thought to improve the irradiation behavior of the U-Mo/Al dispersion fuel. 
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ABSTRACT 

 
Since May 2003, one RECH-1 fuel element has been submitted to irradiation at the HFR-
Petten, Holland. By November 2004 the irradiation has achieved its pursued goal of 55% burn 
up. This irradiation qualification service will finish in the year 2005 with PIE tests, as 
established in a contractual agreement between the IAEA, NRG, and CCHEN.    
This report presents the objectives and the current results of this fuel qualification under 
irradiation. Besides, a brief description of CHI/4/021, IAEA’s Technical Cooperation Project 
that has supported this irradiation test, is also presented here.  

 
1. Introduction 
 
Chile’s RECH-1 reactor, a 5 MW open pool reactor, has been in operation since 1974, and in 
1985 was converted from HEU (80% enrichment) to LEU (45% enrichment) fuel. In 1995 a 
LEU U3Si2 -Al fuel fabrication program started with the licensing and implementation stage 
of the fuel fabrication plant. A local qualification stage followed in 1998 that resulted in the 
fabrication of four fuel elements. They were introduced in the RECH1 reactor core, two in 
December 1998 and two in July 1999, as “leader” LEU fuel elements. Since 1999 the 
standard fuel fabrication has been in progress, resulting in 47 fuel elements delivered to the 
reactor by November 2004, and two modified fuel element are expected for 2005, after 
approval of some design modifications by the Chilean Regulatory Board. 
 
At the very beginning of the local qualification, it was realized that the time required for this 
qualification was going to be longer than the fabrication stage and, in order to advance the 
RECH-1 LEU fuel conversion, an external qualification was required. This report presents 
the current results of the irradiation test started in May 2003, and a description of IAEA’s 
CHI/4/021 technical cooperation project that has made this irradiation possible.   
 
2. Irradiation Objective 
 
The objective of the irradiation test and subsequent PIE is to provide the experimental 
evidence needed to qualify the RECH-1 test fuel element fabricator, i.e. CCHEN’s Planta de 
Elementos Combustibles-PEC, as a manufacturer of LEU fuel elements for research reactors. 
This qualification should be achieved when it can be demonstrated that, throughout their 
entire utilisation period at full nuclear and thermal load conditions, the element: 
• Has shown rigidity enough to withstand the mechanical and hydraulic forces associated 

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

and cracking) of the fuel plate cladding; 
• Has not released either fuel 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 cannot 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 cannot be maintained; 

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

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

 
The irradiation test program has addressed and will address all the above listed qualification 
requirements and will further include all necessary measurements and analyses to determine 
the conditions at which the test irradiation has been carried out. The execution of the 
irradiation and subsequent Post Irradiation Examination (PIE) is dedicated to NRG, Petten, 
under a contractual agreement between IAEA, NRG and CCHEN. The irradiation test name is 
"CHIP" an acronym for CHilean Irradiation Project and the HFR project code is TP349. 
 
 
3. RECH- 1 Test Fuel Element 
 
The design of the RECH-1 test fuel element (LCC01) is based on drawings supplied by NRG, 
together with an agreed specification[1]. This RECH-1 test fuel element has been designed 
and manufactured according to the basic specifications of the current HFR LEU fuel elements. 
The main characteristics of the RECH-1 test fuel element, as compared with the standard HFR 
fuel element, are presented in Table 1. 
 

Table 1.  Main characteristic of RECH-1 (LEU) vs Standard HFR(HEU) 
Characteristic RECH-1 (LEU) HFR (HEU) 
Element identification code LCC01 - 
Manufacturer CCHEN’s  (Chile) CERCA (France) 
Number of fuel plates 16 23 
TotU [g] 1159.7 483.87 
235U mass [g] 229.1 450 
Enrichment [%] 19.75 93 
Burnable poison [g] Not applicable 1.0 (10B) 
Upper inlet section  Open, square area  Cylindrical piece 
Fuel matrix U3Si2-Al UAlx-Al 
U-density [g.cc-1] 3.4 1.2 
Fuel volume fraction [%] 32 20 
Porosity [%] 3 < 5 
Meat thickness [mm] 0.61 0.51 
Plate thickness [mm] 1.53 1.27 
Coolant gap [mm] 2.46 2.18 
Total heat transfer surface [m2] 1.26 1.74 
Total coolant cross section [cm2] 27.18 33.5 

 
Figure 1 shows horizontal cross sections of the RECH-1 LEU and the HFR HEU element, 
while in Figure 2, an overall view of the RECH-1 test fuel element is given. 
 
 



 
 

 
 

Fig 1.  RECH-1 LEU test fuel 
 

 
 

Fig 2.  Horizontal cross sections 
 
As stipulated in the contractual agreement between CCHEN, NRG and IAEA, prior to the 
delivery by the Chilean side and acceptance by NRG of the LCC01 LEU fuel element, a 
qualified inspector of NRG visited the fuel production plant (PEC) in Chile, and performed the 
following qualification steps: 

• Qualification of the fuel plate and fuel element production, inspection and equipment 
procedures, including fabrication control and testing procedures. The inspection 
results of this qualification step were reported[2]; 

• Qualification of the actually produced fuel plates, including the corresponding QA 
reports [3]; 

• Qualification of the actually produced LCC01 fuel element, including the 
corresponding QA reports [4]. 

 
After these qualification steps the LCC01 fuel element was accepted by NRG in November 
2002, but only in March 2003 its transport to the HFR- Petten was possible, after solving 
problems related to international transport licenses, and air cargo bureaucracy.   
 
4. Irradiation Test 
 
During the irradiation only off-line measurements, like visual inspection and coolant gap 
measurements have been performed. Prior to the start, a hydraulic test of the RECH-1 test fuel 



element was carried out to verify, qualify and compare the hydraulic behaviour of the RECH-1 
test fuel element with reference measurements of standard HFR fuel element. 
 
4.1 Irradiation Program 
The irradiation started in cycle 2003-05, May 2003. Initially, the element would be irradiated 
in the HFR up to a burn up of at least 55 % 235U. This initial target burn up was achieved in 
almost 13 HFR cycles, prior to cycle 2004-06, about 58% according to the calculation of HFR 
code “HFR-TEDDI”. Due to possible uncertainties in the neutronics computations, the in-pile 
test of the RECH-1 test fuel element has continued until a calculated HFR-TEDDI burn up of 
approximately 65 % 235U. This means that the irradiation program has extended up until 
approximately 18 HFR cycles, finally ending in November 2004. 
The RECH-1 test fuel element has been irradiated in HFR position H7 (or equivalent position 
H3) throughout the entire testing period. Figure 3 shows the irradiation positions in the HFR. 
 
 

 
1 RECH-1 LEU test fuel element CHIP (LCC01; 

position H7 or equivalent position H3) 
 Standard HEU fuel element position 
 Control Rod element position 
 Beryllium reflector element 
 Core irradiation position (experiments) 

 
 

Fig. 3.  HFR core irradiation positions including RECH-1 test fuel element 
(H7 or H3 equivalent position) 

 
Figure 4, presents a view from above the HFR core, and shows the core loading pattern at the 
start of irradiation cycle 2003-05. The RECH-1 test fuel element position is clearly identified. 

 
 
 



 
 

Fig. 4.  HFR core loading pattern at the start of cycle 2003-05 
 
4.2 Hydraulic Test. 
Prior to the irradiation start, on 8-10 April 2003 and on 14-15 April 2003, the LCC01 fuel 
element was submitted to hydraulic tests. The test objective was to verify, qualify and 
compare the hydraulic behaviour of different fuel elements at a hydraulic out-of-pile test loop 
available at the HFR-Petten. In this particular test the reference measurement was made 
against element F1466, a standard HFR HEU element. Moreover, the measured experimental 
values were compared to RELAP5 expected values [5]. Figure 5 presents the hydraulic 
resistance data for both series of measurements [6].  

 

 
 
 

Fig. 5.  Hydraulic Test data. 
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4.3 Visual Inspection  
The LCC01 fuel element was inspected visually prior to the first cycle and after cycles 
1,3,5,7,9,11,13,14,15,16,17 and 18. If deviations had been detected, then the irradiation would 
have been suspended until an approval from the Reactor Manager and the Petten Reactor 
Safety Committee had been obtained. Fig. 6 shows two pictures obtained at these visual 
inspections. 
 

 
 

Fig. 6.   Visual inspections 
 
4.4 Gap Measurement 
Cooling channel gap measurements, by means of a calliper, have been carried out at regular 
intervals throughout the irradiation time. At distinct cycles, the coolant gaps have been 
checked with a specially designed calliper with an upper dimensional limit of 2.15 mm 
corresponding to the lower limit of the coolant gap. This coolant gap (go- no go) measurement 
has been done on 5 gaps (arbitrarily) after every other cycle (1,3,5,7,9,11 and 13), and during 
the supplementary irradiation after each cycle (14 to 18). Prior to irradiation all the gaps were 
measured. The lower limit of the coolant gap is based on maximum plate-thickness tolerance 
and maximum swelling behaviour for U3Si2- Al fuels [7]. The coolant gap measurements of 
the RECH-1 test fuel element have shown no deviations from the initial values, so far [8]. Fig 
7 shows a picture of this gap measurement. 
 

 
 

Fig. 7.  Cooling channel gap measurement. 



 
4.5 Burnup calculations. 
Using the HFR core management code, HFR-TEDDI, the total calculated burnup after 13 
cycles was ≈ 58 % 235U [9]. But considering that the operational experience has indicated that 
this code tends to overestimate the burnup by a maximum of 10 % [10], the adapted/corrected 
calculated burnup is about 52 %, as shown in Figure 8.  

Fig. 8.  Adapted burnup of 235U of the RECH-1 test fuel element “CHIP” after 13 cycles. 
 
Since irradiation Cycle 03/2004, the RECH-1 test fuel element has been irradiated in core 
position H3. This core position is symmetrical with regard to H7 position, flux levels are 
identical in both positions, and will result in a more homogeneous burnup of 235U in the entire 
element. Considering the centre of the core, the element has been irradiated slightly more from 
the north at position H7 and slightly more from the south when at position H3. 
 
At the end of irradiation cycle 2004-10, November 2004, on completion of 18 irradiation 
cycles, the RECH-1 test fuel element average burnup approaches the extended target burnup 
level of 65 % 235U. So far the irradiation has been successful and no deviations from the initial 
values have been observed during the periodic coolant gap measurements. When the 
irradiation program finishes, the RECH-1 test fuel element with regard to in-pool cooling 
requirements and transport decay heat generation, will be submitted to the same limitations 
applied to standard HFR fuel elements. This implies that for the ≈ 65% burnup element, a 
cooling time of 6 months must be observed prior transport to the hot cells laboratories (HCL).  
 
4 PIE Tests 
 
After dry transport to the HCL, the irradiated RECH-1 fuel element will be submitted to 
significant PIE. This PIE, considering that the U3Si2 used in this fuel element is an 
internationally qualified and licensed type of fuel [10], consists of: 
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• Visual Inspection of the complete fuel element; 
• Gamma scanning of the assembled fuel element; 
• Visual inspection of one removed plate; 
• Gamma spectrometry on the removed plate (3 axial lines) 
• Thickness measurement on the removed plate (1 axial scan) 
• Oxide layer thickness measurement on the removed plate on ten (10) positions of the 

fuel plate.  
 
5 TCP CHI/4/021 
 
By the year 2000, the fabrication program in progress pointed out two main issues in which 
optimization was possible and needed:   

• Fabrication issues: mainly related to QC issues where implementation and training in 
ultrasonic and gamma scanning were needed to improve the controls and 
measurements for the metallurgical bond and the U235 content in the fuel plates, 
respectively. 

 
• Qualification Issues: the current operation of the RECH-1 reactor indicated that 55% 

burn up would be achieved by the year 2008 at best.  
 
These issues had been addressed and solved through the presentation in 2000, approval in 
2001 and implementation during 2002 until 2004, by means of a technical cooperation project 
supported by IAEA, Project CHI/4/021. This technical cooperation project has made it 
possible for CCHEN’s Fuel Fabrication Plant – PEC, to solve the issues indicated above 
through the following actions: 
• Implementation at the fuel fabrication plant of the ultrasonic and Gamma scanning 

tests for fuel plate’s fabrication; equipment received at the plant site in November 
2003; 

• Scientific visits and training for technical personnel directly involved in the above 
mentioned techniques from 2002 to 2004;  

• What’s more, it has made a contract possible (2001-937) between IAEA, Nuclear 
Research and Consultancy Group (NRG), and CCHEN, concerning the irradiation and 
post-irradiation tests for qualification purposes of a fuel element fabricated in Chile, 
LCC01. This contract was signed in November 2001, and the development of the on-
going activities involved in this contract has been presented in this report. 

 
The irradiation at the HFR-Petten, experiment TP 349 CHIP has recently ended. The only 
pending activity in this TC Project is the PIE that will soon proceed, after a decay period of 6 
months for the irradiated LCC01 fuel element.   
 
6 Conclusions 
 
The conclusion at this stage of the RECH-1 test fuel qualification is that the successful 
irradiation results enhance CCHEN’s expectations to qualify its fuel fabrication plant as a 
manufacturer of LEU fuel elements for research reactors. 
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ABSTRACT 
 

This paper reviews recent U-Mo dispersion fuel development, irradiation testing and post-
irradiation examination (PIE) activities at AECL.  Low-enriched uranium fuel alloys and powders 
have been fabricated at Chalk River Labs, with compositions ranging from U-7Mo to U-10Mo.  
The bulk alloys and powders were characterized using optical and scanning electron microscopy, 
chemical analysis, X-ray diffraction and neutron diffraction analysis.  The analyses confirmed that 
the powders were of high quality, and in the desired gamma phase.  Subsequently, kilogram 
quantities of DU-Mo and LEU-Mo powder have been manufa ctured for commercial customers.  
Mini-elements have been fabricated with LEU-7Mo and LEU-10Mo dispersed in aluminum, with 
a nominal loading of 4.5 gU/cm3.  These have been irradiated in the NRU reactor at linear powers 
up to 100 kW/m.  The mini-elements achieved 60 atom% 235U burnup in 2004 March, and the 
irradiation is continuing to a planned discharge burnup of 80 atom% 235U.   Interim PIE has been 
conducted on mini-elements that were removed after 20 atom% 235U burnup.  The PIE results are 
presented in this paper. 
___________________________________________________________ 

 
1.  Introduction 

High density U-Mo dispersion fuel is being developed as a replacement for U3Si and 
U3Si2 dispersion fuels in research and test reactors [1].  This international program has 
been undertaken to provide fuel with the higher densities needed to extend the use of 
low-enriched uranium (LEU) in research reactors, and to provide a fuel that is more 
easily reprocessed than silicide fuel [2].  Although both U3Si and U3Si2 dispersion fuels 
perform well in AECL’s research reactors, and in reactors that operate on LEU fuel 
supplied by AECL, the alternative UMo fuel offers an attractive option to close the back 
end of the fuel cycle should reprocessing of spent fuel be required.  The UMo fuel 
development at AECL builds on the program that was previously used to successfully 
develop U3Si and U3Si2 dispersion fuels for the NRU and MAPLE-type reactors [3].  A 
phased approach has been adopted, with the initial focus on UMo alloy development, 
powder fabrication and characterization.  The second phase is focussed on prototype fuel 
fabrication, irradiation testing and performance analysis.  Final scale-up and commercial 
implementation would follow after successful qualification and licensing.   

This paper reviews recent U-Mo dispersion fuel development, irradiation testing and 
post-irradiation examination (PIE) activities at AECL.  



2.  Experiment 

To obtain information on the performance and behaviour of U-Mo dispersion fuel under 
prototypical research-reactor conditions, we decided to irradiate mini-elements with a 
loading of 4.5 gU/cm3.  This is approximately 43% higher than the reference loading for 
the NRU or MAPLE reactors.  The higher fissile loading in this fuel could be used to 
compensate for higher parasitic reactivity loads in experiments, to extend the fuel cycle 
(i.e., time between refuelling) or to reduce the refuelling requirements for a fixed 
operating cycle length, thereby reducing the fuel-cycle cost.  Eight mini-elements were 
tested in NRU, four containing U-7wt% Mo, and four U-10wt% Mo particles dispersed in 
an Al matrix.  Irradiating the two alloy compositions side-by-side allows for fuel 
performance comparisons under nominally identical operating conditions. 

In addition, out-reactor tests were conducted to assess the thermal stability of the UMo 
dispersion fuel.  Four mini-elements were heat-treated under vacuum (~10-6 torr) at 
300°C, which is the maximum predicted fuel centreline temperature for fresh fuel under 
the irradiation conditions in NRU.  The mini-elements were heat-treated for 1440 h, and 
diameter measurements were taken at 160 h intervals. 

In a separate experiment, samples of the Al-U7Mo and Al-U10Mo fuel cores, about 
25 mm long, were heat-treated in a tube furnace at 400 and 500°C for 15 h under vacuum 
(~10-6 torr).  After the heat treatment, the samples were visually examined, photographed 
and the dimensions and weights of the samples were measured.   Subsequently, samples 
were heated to 700°C in vacuum and argon, to evaluate the fuel behaviour under extreme 
high-temperature conditions.  Metallographic examinations and neutron diffraction 
analyses (NDA) were performed to assess the microstructure and phase changes.  

 
3.  Fuel Fabrication 

The Al-U7Mo and Al-U10Mo mini-elements were fabricated at the Chalk River Labs 
(CRL).  Details of the fuel core compositions are given in Table 1.  

Table 1.  Nominal U-Mo Mini-Element Fuel Core Composition. 
 

Al– U-Mo Mini -element  
Fuel Core Loading  

Al - 71.2 wt % U7Mo Al - 72.4 wt % 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 mass, g  15.9 15.9 
U density in fuel, g/cm3  4.5 4.5 
Linear loading, gU/cm 1.4 1.4 
Mass 235U/cm, g/cm 0.3 0.3 

 
A description of the typical mini-element manufacturing process and the dimensions are 
given elsewhere [3].  The U-Mo alloys were made by vacuum induction melting the 
constituent metals, followed by casting.  Cast billets 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 using a proprietary process at Chalk River.  The powder 
was characterized using optical and scanning electron microscopy (SEM), chemical 
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analysis, and X-ray and neutron diffraction analyses (NDA).  The NDA pattern (Fig. 1) 
shows the as-fabricated powder retained the γ (U, Mo) phase.  UMo powder was mixed 
and blended with Al powder, extruded into cores, and fabricated into mini-elements. 
 
In 2003, several kg quantities of DU-7Mo and LEU-7Mo powder were produced on a 
commercial basis at AECL.  Fig. 2 shows the typical morphology of the LEU-Mo powder 
produced at Chalk River. 
 

 
Fig. 1  Neutron diffraction pattern of as-
fabricated UMo powder. 

 

 
Fig. 2  U-7Mo powder fabricated at CRL.  

 
4.  Irradiation History 

The UMo fuel test irradiation started in the NRU reactor on 2003 May 12, and Phase I (to 
20 at% burnup) was completed on 2003 July 14.  After each phase, a string of mini-
elements was removed for interim examination, replaced with dummies, and the test rod 
was returned to the reactor to continue the irradiation.  Table 2 shows the irradiation 
history to the end of 2004 September.  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. The power history for the UMo fuel 
irradiation is shown in Fig. 3.  During the first two phases of the irradiation, the element 
linear rating was limited to maximum 100 kW/m. In subsequent phases the power was 
allowed to decline with burnup, as would be typical in service. 

 

Table 2:  Irradiation of UMo Fuel in NRU 

Fig. 3  Power History of UMo Fuel. 

In/Out of Reactor atom% burnup 
YY/MM/DD U-10%Mo U-7%Mo 
In: 03/05/12 0 0 
Out: 03/07/14 20.04 20.20 
In: 03/09/16 20.04 20.20 
Out: 03/11/ 12 39.32 40.40 
In: 04/01/22 39.32 40.40 
Out: 04/03/29 59.72 60.62 
In: 04/07/30 59.72 60.62 
In: 04/09/15 68.00 69.19 



5.  Post-Irradiation Examination 

Underwater visual examinations were conducted after each phase of the irradiation and 
the fuel was found to be in good condition with no evidence of defects, deformation, or 
oxide spallation.  

Gamma-scans were collected after 20 at% burnup.  The mini-elements were rotated about 
the longitudinal axis and scanned with a lithium-drifted germanium detector. 

Immersion density was measured in the as-discharged condition, and again after the 
surface oxide layer was chemically stripped using a hot solution of 79% distilled water, 
20% phosphoric acid and 1% nitric acid.  The results were used to calculate the core 
swelling. 

The dimensions of the mini-elements were measured at five axial locations.  The cladding 
diameter was measured between opposing pairs of fins. 

Fuel samples were extracted from the midplane, dissolved in nitric ac id, and analyzed 
using thermal ionization mass spectrometry (TIMS) for U isotopic abundance.  For the 
uranium analysis, the U was separated from the fuel matrix by HPLC.  The burnup was 
calculated from the pre- and post- irradiation isotopic ratios. 

Samples were cut from the midplane (transverse) and ends (longitudinal) of the mini-
elements, then mounted and polished for optical metallography (OM).  Radial slices were 
cut from the transverse samples, then mounted adjacent to as- fabricated core samples for 
scanning electron microscopy.  The concentration profiles for the major phases in the fuel 
were determine using Wavelength Dispersive X-Ray (WDX) analysis on the SEM.  Line 
scans and large area X-ray maps were collected to assess the partitioning of the 
cons tituent elements.  

 

6. Results 
 
6.1 PIE Results 

Visual examination revealed the usual grey surface oxide layer over the heated surfaces, 
with a darker oxide on the endplug region (Fig. 4).  No unusual features were observed. 

The gamma scans (Fig. 5) show a relatively uniform distribution of fission products along 
the fuel cores. This is typical of LEU mini-elements that are irradiated near the axial 
midplane of NRU where the flux profile is relatively flat.  The step change in activity at 
each end corresponds to the drilled out annular region where the end plug is inserted into 
the fuel core.  The higher activity at the end of the solid core and drilled out section is 
consistent with end-flux-peaking effects.  Uranium isotopic analysis results are shown in 
Tables 3.  The calculated burnup, 20 at% U-235, is in good agreement with the physics 
code predictions. 

Table 3.  Uranium atom ratios in UMo Fuel after Phase 1 Irradiation 

Sample I.D. 235/238 234/238 236/238 
U-10%Mo 49-1B 0.1974 (1) 0.001502 (4) 0.01289 (4) 
U-7%Mo 59-1B 0.1990 (1) 0.001511 (5) 0.01294 (3) 

*the error for one standard deviation is given in parenthesis, corresponding to the last digit 



The diameter measurements indicated that the cladding strain was ~ 3% at the midplane 
of both mini-elements, and ~ 2% at the ¼- and ¾-plane locations.  Immersion density 
measurements indicate that the fuel cores swelled by 5.7 vol% for the U-10Mo and 
5.9 vol% for the U-7 Mo fuel.  The swelling in the UMo fuel is consistent with the 
microstructural changes discussed below.  Metallographic samples showed  ~ 2.6-2.9% 
diameter increase (midplane), consistent with the average immersion density swelling. 

 

 
Fig. 4  UMo mini-

elements after 40 at% BU 

 
Fig. 5  Gamma scans of U-7Mo and U-10Mo mini-elements 

after 20 at% burnup. 

 

The OM examination revealed signification reaction between the fuel particles and 
aluminum matrix.  Fig. 6 shows the microstructure of the UMo fuel.  At the periphery, 
evidence of the Al matrix (white) and original discrete UMo particles (dark grey) 
remained, but thick reaction layers (light grey) had grown at the fuel-particle/matrix 
interface.  At the centre region, interaction between the UMo and Al almost fully 
consumed the Al matrix, and the U-Mo-Al reaction product has become the major phase, 
surrounding residual kernels of the UMo particles.  As seen in Fig. 6, the reaction front at 
the UMo kernel interface has a scalloped profile, and in the U10Mo fuel this interface 
line was decorated with small bubbles, possibly containing fission gas.  A similar 
scalloped reaction front was observed in the U7Mo fuel but fewer bubbles were evident.  
The SE images in Fig. 7 more clearly show the extent of reaction between the UMo and 
Al, from periphery to centre.  The swollen fuel-particle boundaries are well delineated 
even where the fuel has completely reacted and consumed the Al.  Voids were observed 
in the centre region, in part due to pull-out during sample preparation, despite vacuum 
impregnation.  Radial cracks were also observed out to about mid-radius. 

Figures 8 and 9 show the SE images and large area X-ray maps for U, Mo and Al in the 
two fuels.  The Al maps show that the matrix was fully consumed beyond the mid-radius 
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region of the U10Mo sample (Fig. 8), while residual islands of Al could be seen in the 
U7Mo sample (Fig. 9).  Interdiffusion has homogenized the composition in the central 
region in both samples, with higher concentrations of U and Mo detected only in a few 
residual kernels. 
 

 
Clad/Core Periphery, U10Mo 

 
Centre, U10Mo 

 
Scalloped reaction front with bubbles 

 
Clad/Core Periphery, U7Mo 

 
Centre, U7Mo 

 
Scalloped reaction front, U7Mo. 

 
Fig. 6  Optical micrographs of U10Mo and U7Mo fuels after 20 at% burnup. 

 

5013   Periphery, U7Mo 5014   Midradius, U7Mo 
 

5015   Near Centre, U7Mo 
 

Fig. 7  SEM SE images of U7Mo fuel after 20 at% burnup. 
 
Semi-quantitative X-ray line scans (Fig. 10) show the U, Mo and Al distribution with the 
fuel.  The U distribution appears relatively homogeneous within the kernel, and within 
thick interfacial layers.  The average composition of the U-Mo-Al reaction product was 
found to be between 77 and 82 at% Al, with a U/Mo ratio ~ 3, corresponding to phases 
denoted as (U, Mo)Al3 and (U, Mo)Al4.4 [4].  Similar compositions were reported in 
UMo-Al diffusion couples [5] and in fuel samples irradiated at high temperature [6].  
Both UAl3 and UAl4 have lower densities than the starting material [7].   



SEI SEI 

U U    

Mo Mo 

Al Al 
Fig. 8  SE image and large area X-ray maps of U, 
Mo and Al distribution in the Al-U10Mo fuel core. 
Each image shows the 20 at% BU sample (lower 
left), and an adjacent as-fabricated sample (right). 

Fig. 9  SE Image and large area X-ray maps of U, 
Mo and Al distribution in the Al-U7Mo fuel core.  
Each image shows the 20 at% BU sample (rig ht), 
and an adjacent as -fabricated sample (top left). 



6.2.  Thermal Compatability Assessments 

The 4 mini-elements that were vacuum annealed to 300°C for 1440 h appeared to be 
unchanged from the as-fabricated condition.  The dimensional and immersion density 
measurement taken at 160 h intervals showed negligible changes, indicating that the 
UMo fuel is stable under these test conditions.  Fuel core samples that were heated to 
400°C for 15 h also showed negligible volume changes, but after 15 h at 500°C, the U-
7Mo core diameter increased by 5.8%, and the U-10Mo core diameter increased by 7.9%.  
The core samples heated to 700°C for 1 h showed diameter increases (∆d/d) of ~ 20-22%.  
The cores were analysed by NDA, and the results are shown in Table 4.  NDA patterns 
and micrographs of the fuel sample annealed to 700°C are shown in Fig.11.  The Al was 
completely consumed and only γ-U (no α) and UAl3 were identified.  Several 
unidentified peaks were observed in the diffraction pattern from the 700°C samples; these 
could not be matched with known phases in the materials database so the weight 
percentage results shown in Table 4 are normalized. 
Table 4.  Thermal Compatability of Al-UMo Fuel and NDA results (wt% of each phase detected). 

ID Composition T, °C Time, h ∆d/ d, % Al γ-U α-U UO2 UAl3 
          
B Al-U10Mo 400 15 0.16 26 55 13 6 n.d. 
A Al-U10Mo 500 15 7.87 21 38 25 5 11 
D Al-U7Mo 400 15 0 25 44 26 4 n.d. 
C Al-U7Mo 500 15 5.83 22 34 26 3 15 
"Vac" Al-U10Mo 700 1 20.2 n.d. 14 n.d. n.d. 86 
"Ar"  Al-U10Mo 700 1 21.9 n.d. 14 n.d. n.d. 86 
 
7.  Discussion 

The UMo fuel core swelling is significantly higher than observed in comparable silicide 
fuels where, under equivalent irradiation conditions, 5-6 vol% swelling is typically 
observed after ~ 80 at% burnup [7].  At the low burnup achieved in NRU, the 
contribution of fission products to swelling is expected to be negligible.  The swelling is 
attributed to the interaction of U-Mo-Al and the formation of lower density reaction 
products.  The interdiffusion of UMo and Al is clearly temperature dependent, forming 
thick reaction products at the hot centre of the fuel core and thinner interfacial layers at 
the cooler periphery.  The microstructural evolution at mid-radius appears to be 
consistent with that observed in a high-power test irradiation (FUTURE) in the BR2 
reactor [6] and in out-reactor annealing tests [4,5].  The UMo fuel was irradiated to 33% 
burnup in BR2 and swelled by 13 vol%.  Considering the higher loading (8.4 vs. 
4.5 gU/cm3) and the higher burnup achieved (33 vs. 20 at%), the core swelling in NRU 
seems consistent with the trend.  The FUTURE experiment was prematurely terminated 
because of excessive swelling of the plate fuel, and PIE revealed the linking up of voids, 
which could lead to break-away swelling and pillowing of plate-type fuel.  Voids were 
observed at the Al matrix/reaction layer interface in both mini-elements, which can be 
attributed to the Kirkendal effect associated with the diffusion of Al and movement of 
vacancies [6].  However, similar linking up of voids and break-away features were not 
observed in the mini-elements.  The mechanical restraint offered by the finned cladding 
in our cylindrical pin designs helps to restrain swelling of the fuel core. 

The combined effect of voids and the large volume fraction of reaction product in the  



                             

  
Fig. 10  Semi-quantitative line scans of Al-U10Mo (left) and Al-U7Mo (right). 

 
 

 

 

Fig. 11  Neutron diffraction analysis pattern and micrograph of Al-U10Mo fuel annealed at 700 °C for 1 h. 
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central region will reduce the thermal conductivity of the core as the lower conductivity 
reaction product replaces the high conductivity Al matrix.  At constant power, the net 
effect would be an increase in fuel central temperature. However, the fuel temperature 
during irradiation is a complex function of power with time and the thermal properties of 
the core.  The negative feedback effect of phase change on fuel thermal conductivity 
further complicates the calculation.  Hayes has treated the issue in detail and is 
developing a model to accommodate these changes in plate-type fuel [8].  A similar code 
is not yet available for pin-type fuel.  Further work is required to assess the maximum 
fuel temperature achieved during irradiation in NRU. 

 

8.  Conclusions  

Al-U10Mo and Al-U7Mo dispersion fuel elements have been fabricated at Chalk River 
and successfully irradiated in the NRU reactor to burnups above 70 at% U-235 depletion.  
Irradiation to 20 at% burnup, at linear element ratings up to 100 kW/m, results in fuel 
core swelling of approximately 6 vol%.  At low burnup, the contribution of fission 
products to swelling is expected to be negligible.  PIE shows that the core swelling is 
largely the result of U-Mo-Al interaction, which forms a reaction product with lower 
density than the as-fabricated dispersion.  Porosity has been observed in the fuel core, but 
this does not appear to cause unacceptable swelling or blistering of the mini-elements 
under the conditions tested.  The mini-elements are expected to achieve the design 
burnup of 80 at% U-235 by the end of 2004. 
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ABSTRACT

Qualification of new MTR fuel needs the irradiation in research reactors under representative neutronic, heat
flux and thermohydraulic conditions. The experiments are performed in France in the OSIRIS reactor by
irradiating MTR full size fuel plates in the IRIS device located in the reactor core. The fuel plates are easily
removed from the device during the shutdown of the reactor for performing thickness measurements along the
plates by means of a swelling measurement device.

Beside the calculation capabilities, the experimental platform includes :

• the ISIS neutron mock-up for the measurement of neutron flux distribution along the plates,

• the y spectrometry for the purpose of measuring the activities of the radionucleides representative of the
power and the burnup and to compare with the neutronic calculation. Owing to the experience feedback,
a good agreement is observed between calculation and measurement,

• destructive post irradiation examinations performed in the LECA facility (Cadarache).

New irradiations with the IRIS device and at higher heat flux are under preparation for qualification of MTR
fuels.

1. Introduction

Qualification of fuels for plate-type MTR needs the irradiation in research reactor under
representative neutronic, heat flux and thermohydraulic conditions. CEA is engaged since the
1980s in the reduction of enrichment of MTR fuel by studying the behavior under irradiation
of full-sized plates, initially on silicide plates and more recently on UMo plates. Experiments
on UMo full-sized plates are indeed one feature of the French UMo fuel development
program.
The first experiments were performed in the SILOE reactor (Grenoble) by irradiating silicide
plates in the dedicated IRIS device. After the definitive shutdown of SILOE at the end of
1997, a new IRIS device is operated in the OSIRIS reactor (Saclay) for the qualification of
MTR full-sized plates.
The CEA experience feedback in operating successfully the IRIS device from 1994 consists
of irradiations of:

• U3Si2 plates with enriched U of 19.75% 235U,
• homogeneous and mixed U3Si2 plates for the FRM 2 reactor,



• UMo plates with a high fuel loading, in order to cover the needs of a wide range of
reactors and to anticipate the high performance expected for the next MTR generation
like the JHR project in France. These experiments are named IRIS 1 and IRIS 2 in [1].

In order to make use of the irradiation, the OSIRIS reactor is surrounded with other
capabilities forming an experimental platform.
This paper describes our capabilities in the field of MTR fuel testing and qualification. As a
conclusion, we will consider the future irradiation experiments to be performed in the OSIRIS
reactor.

2. The experimental platform

To be successfully completed the qualification experiment calls for a wide range of facilities
and skills provided by the experimental platform :

• The OSIRIS reactor with the ISIS neutron mock-up,
• The capabilities of neutronic, thermic and thermohydraulic calculations,
• The irradiation device,
• A thickness measurement device providing a fine evaluation of the swelling of each

irradiated plate versus the burnup,
• The y spectrometry examination for determination of the burnup and of the profiles of

the fission products,
• The post irradiation examinations (PIE) undertaken in the LECA facility (Cadarache).

The experimental platform is shown on figure 1.

Neutron flux
measurements

Thermohydraulic
calculation

MTR FUEL QUALIFICATION
EXPERIMENT

ost irradiatio
examinations

Fig 1. The experimental platform

2.1 The reactor

The OSIRIS research reactor is rated at 70 MW thermal power and is of open-core pool type.
The MTR fuel irradiations are carried out in the core which can accomodate up to 16
experiment devices in locations where the fast neutron flux (> 1 MeV) is between 1 and 2
1018 n/m2.s. Structures placed outside the core can simultaneously receive many other devices
at the periphery. OSIRIS cycle lengths range from 3 to 5 weeks. The intercycle phases are
turned to account for examination and swelling measurement of the experimental plates.
The reactor is associated with the ISIS neutron mock-up (700 kW thermal power). ISIS
reactor is especially intended for acquiring knowledge of reactor and irradiation neutronics,
such as thermal neutron flux profiles.



2.2 The irradiation device

The IRIS device is of the same geometry as a OSIRIS standard
fuel element. It is cooled by the water of the reactor core cooling
system. The device is made up of an Al alloy body connected to
an upper assembly that prevents the plates from sliding out as the
water flow is upwards. The top set can be retracted during the
reactor inter-cycle unloading of the device in order to remove the
fuel plates for observation and swelling measurement (see figure
2). The IRIS device can be loaded with four plates, either inert or
fuel plates, separated by inert Al alloy plates [2].

Fig 2. The IRIS irradiation device

The experimental plates are 641.9 mm long, 73.3 mm wide and 1.27 mm thick. The maximum
weight of Utot per plate is 500 g and that of 235U 100 g.
The main advantages of the IRIS device are :

• It is reusable,
• The ability of load and unload the plates between reactor cycles,
• The ability of follow up irradiation of plates after removal of some other plates,
• A large choice of irradiation conditions according to its location in the reactor

core,
• A maximum swelling of each plate of 250 (im, value above which cooling of the

plates inside the test channel could be disturbed,
• A maximum 235U burnup of 80% (on an average) on the plate,
• The survey of the plate cladding status by detection of any failure of the cladding.

Up to now the device was operated during 16 reactor cycles.

2.3 The swelling measurement device

At the end of each irradiation cycle the plates are removed from the device after a few hours
radioactive decay of fission products. After inspection by means of a submerged camera to
detect possible imperfection or corrosion indication on the cladding, the fuel plates are placed
one by one onto a specific thickness measurement bench immersed in the OSIRIS working
pool.
The plate to be measured is slipped into upright grooves till the measurement position. The
bench represented schematically on figure 3 includes two LVDT (Linear Voltage Differential
Transformer) sensors arranged in opposition. This differential method avoids problems
associated with the positioning of the plate. The sensors can be moved horizontally or
vertically over the surface of the plate, while remaining in contact, by means of step by step
motors. Measurement of plate thickness are carried automatically, for instance according to 5
lenghtwise plotting lines with a predifined advancement pitch and one crosswise trace at the
maximum flux plane. Specific measurement modes are also used for scanning some areas
more precisely. Two reference gauge plates are fixed on the device to calibrate the system at
each measurement campaign. Measurements on a notched calibration plate are carried out
before and after each campaign on fuel plates in order to ascertain that system performance
does not become degraded over time.



LENGTHWISE MOVEMENT MOTOR

Fig 3. The plate thickness measurement device

The measurement bench is qualified with repeatability tests on the reference gauge plates and
with thickness measurement and temperature tests on a notched calibration plate. Combined
with an assessment of the systematic and random measurement error these tests yield an
overall uncertainty of ± 9.9 (im (with k=2). Adding the correctness error of 6 (im to this
uncertainty gives a maximum uncertainty of ± 15.9 (im.
As an example figure 4 depicts the evolution of a UMo plate thickness with irradiation for one
lengthwise measurement.
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Fig 4. Plate thickness variations with irradiation cycles

2.3 The neutronic calculations



The IRIS irradiation device is not
provided with means of neutron flux
measurement. A particular attention is
therefore paid to neutronic calculations
for monitoring the irradiation. The
neutronic monitoring carried out in the
context of fuel plate qualification
consists in determining the following
for each irradiated plate :

• release of heat and burnup
reached (overall effects),

• the fission sources in each
mesh for determining the radial
distributions of heat flux and
burnup,

• the heat flux, the fission
density and the burnup in the
maximum flux plane
corresponding to the median
plane (local effects),

• fission products activity for
comparison with gamma
spectrometry measurements,

• the residual power and the
fission products inventory at
the end of the irradiation

• the maximum peak surface
power density for safety
assessment.

The complete calculation sequence is
shown in the following flowchart:

APOLLO

neutronic constants

Power and burnup per plate
Fission sources per mesh

treatment !PEPIN

1
Heat flux distribution in the
median plane
Heat flux in the median
plane in the interest zones
Distribution of burnup and
horizontal form factors

Fission products inventory
Activity in median plane
Residual power

Burnup
Fission densities

The fission products activity issued from the neutronic calculation scheme is used for
comparison with measurement in the context of y spectrometry scanning (see hereafter) for
the purpose of measuring the activities of the radionuclides representative of the power and
the burnup as well as the respective vertical and transversal distributions.

2.3 The gamma spectrometry

Gamma-ray spectrometry is a non destructive examination technique commonly used in
nuclear fuel studies. The results provided by spectrometric analysis in the frame of fuel plate
qualification irradiation consist in :

• validating the neutronic calculations and hence the irradiation monitoring,
• relating the plate swelling profile and evolution to the power or to the burnup,
• evaluating the integrated fission densities.

The spectrometer bench is submerged in the reactor pool, near the core (figure 5). This
enables a flexible and rapid transfer of the plates to be scanned without conveying through hot
cells. The table supporting the plate is vertically and horizontally moved by stepping motors
in front of the adjustable collimator. The motors step is adapted to the aimed spatial
resolution. The radiation is detected by a Ge HP crystal with a very good efficiency (< 1.8



keV) and the complete spectrum (< 3MeV) is stored for further
analysis. The cooling and acquisition times are optimized
according to the nuclides of interest. In the case of fuel plates the
examined nuclides range typically fiom 131Te-Ito137Cs.

Fig 5. The y spectrometry device

A first set of results concerns the spatial distributions of radionuclides counting in order to :
• study the behaviour of fission products,
• select the nuclides of interest for the irradiation (i.e. burnup and power),
• calculate the form factors on the interest zones of the plate.

Averaged power distributions over irradiation duration can be given fiom 132Te-1,131Te-I,
14OBa-La or 95Zr-Nb analysis according to their lifetimes. Figure 6 illustrates the power
distribution obtained from 95Zr-Nb. For longer irradiation duration (several reactor cycles),
137Cs depicts the best the burnup and is reprentative of the whole fissions fiom the start of
irradiation.
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• 0-0,1
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Fig 6. power distribution on a UMo plate

Other informations are obtained from quantitative analysis as a result of the counting rates
• of interest zones with an increased statistics,
• of y standard radiation sources in order to quantify each fission product activity.



These activities are used for comparison with the values issued from neutronic calculations.
From the experience feedback a good agreement is observed betwen calculation and

measurement either in absolute value or in relative distribution (figure 7)
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Fig 7. comparison between measurements and calculations

2.4 Measurement of neutron flux profiles

As no instrumentation is implemented in the IRIS device the thermal neutron flux axial
profiles are measured in the ISIS neutron mock-up reactor at the selected locations.
Measurements are performed by the mean of gold foil detectors mounted on Plexiglas blades.
These blades are placed, while ISIS is shut down, in the middle of the water channel between
the fuel plates to be irradiated during 20 minutes. A cadmium shield to correct the epithermal
activation part covers one detector. Plexiglas material is chosen for its neutron absorption and
scattering characteristics, similar to the water. Typically 9 to 15 detectors are used to establish
the axial flux profiles and the form factors in the fissile zone of each plate.
The detector activities are determined by y spectrometry in the OSIRIS spectrometry
laboratory, with one of the detectors being calibrated in the Henri Becquerel National
Laboratory (French standards laboratory).
Besides these measurements ISIS can also be used for safety assessment (measurement of
reactivity effect, quantification of flux raise at the edges of the fissile zone).

2.5 Thermohydraulic calculations

Thermal-hydraulics simulations are performed thanks to two different computer codes:
SIRENE-4 devoted to the system calculations and FLICA-3M devoted to the core
calculations. Both codes are linked, SIRENE-4 providing boundary conditions for FLICA-
3M.

The SIRENE-4 computer code uses a single-phase thermal-hydraulic flow model and allows
steady states and transients calculations. It is written in a modular way allowing to describe
easily the different components of the hydraulic system. For instance OSIRIS uses the
following modules: the core with the upper and lower plena, the pipe, the heat exchanger and
the pump modules. A point kinetics model with six delayed neutron groups is used to
calculate the power evolution during transients. The three heat exchangers are lumped in one
equivalent heat exchanger axially meshed. A similar modelling is adopted for the four pumps.
The pump model is a point model: the pressure elevation through the pump is given by a
parabolic low function of the rotation speed and the volume flow rate.



The primary system and the swimming pool are likewise described. Temperature, mass flow
rate and heat exchange coefficient are prescribed on the secondary system side of the heat
exchangers as boundary conditions. Another set of boundary conditions (temperature,
pressure) is given at the top level of the swimming pool to take into account the free level at
atmospheric conditions.
Within the frame of OSIRIS safety studies essentially two kinds of accidents are simulated:
loss of pumps and line breaks. Calculations are performed till the natural circulation
stabilizes.

The FLICA-3M computer code is a two-phase flow sub-channel analysis code. The
hydrodynamic model is a four equations model: the mass conservation equation, the
momentum and energy balance equations for the mixture and one phasic energy balance
equation to account for thermal disequilibrium encountered essentially for subcooled boiling
flows. The model also includes empiric closure relationships for frictional pressure drop, heat
exchange, wall superheat, slip ratio between phases, evaporation and condensation. FLICA-
3M allows steady states and transients calculations. The calculation domain is divided into
several fluid channels axially meshed. Various refinement levels are implemented in order to
achieve a precise calculation in the hottest channel. Thermal-hydraulic and thermal coupling
can be used between different channels. It is then possible to see the effect of a radial power
distribution along a fuel plate in term of mass flow rate axial repartition.

SIRENE-4 and FLICA-3M are used together to evaluated safety margins during normally and
abnormally situations. Under normal operating conditions the flow across the core is checked
to be entirely in liquid phase. During incidental or accidental conditions safety criteria have to
be respected. During accidental transients, the most often used safety criterion is related to the
flow excursion phenomenon. The occurrence of flow excursion has to be avoided since at low
pressure this phenomenon is immediately followed by ebullition crisis. Hence, among all
safety criteria, the most limitative is the Onset of Nucleate Boiling.

A complete work of validation has been achieved and is regularly extended.
To validate SIRENE-4, periodical piezoelectric lines (pressure measurements at different
points of the primary system) are exploited. FLICA-3M validation is based on both Onset of
Flow Excursion experiments and reactor elements characterization. The global calculation
scheme is validated using on-site loss of pumps tests.

2.6 Post irradiation examinations

A wide range of post irradiation examinations are carried out at CEA-Cadarache LECA
facility after irradiation. They included non destructive and destructive examinations. These
characterizations are essential to assess microstructure evolutions during irradiation [3].
First of all, visual observations and dimensional measurements are done in order to choose
location of interest for destructive examinations sampling and check outer appearance of the
cladding (oxide layer, pitting, ...).
Fuel microstructure is observed by
metallographic examinations. The main
objective is, by comparison with fresh fuel
microstructure [4], to have a general
behaviour understanding of its evolution, i.e.
aluminium consumption, porosity (shape and
location), meat clad contact, ... (Fig. 8) Fig 8 : UMo/Al fuel microstructure



Then, scanning electron microscope examinations are done for microstructure examination at
higher magnification. For example fission gas bubbles shape and location are studied versus
burnup on polished samples (Fig. 9).
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Electron probe microanalysis (EPMA) characterisation gives complementary information on
major chemical component repartitions. Thereby, EPMA on IRIS1 experiment has shown
fission product accumulation at interdiffusion phase and aluminium interfaces [4]. Moreover,
quantitative analysis of concentration profile gave interesting results on aluminium location.
Indeed, the EPMA on IRIS1 samples established that, for the studied irradiation conditions,
no aluminium diffusion is observed in UMo particles and the global composition of the
UMoAl interaction product exhibits a higher aluminium content than assumed until this new
result [3],[5], i.e. a global composition which could be written as "U-M0AI7". X-ray
diffraction gives the structural evolution of the fuel.

3. Conclusion

The facilities and resources described above allow to irradiate and to qualify MTR fuel plates
in the OSIRIS reactor. Two irradiation programs on UMo fuel are now under preparation.
The aim of the first program is to find a cure of the unexpected behaviour encountered on
UMo dispersion plates during qualification irradiations in French, US RERTR and Russian
experiments [1].
The second program consists in irradiating UMo plates for the FRM 2 reactor for the selection
and the qualification of the plates composition. The irradiations will be carried out at clad
temperature higher than 100°C corresponding to peak surface power density on the IRIS
plates about 300 W/cm2. As the maximum peak surface power density on the IRIS plates is
limited to 231 W/cm2 for safety reasons, test irradiations have been carried out recently with a
fuel plate instrumented with thermocouples in the IRIS device in order to check the
thermohydraulic models especially during the shutdown transients of the reactor primary
pumps. Results of these tests will be used to get authorization from the Nuclear Regulator for
irradiating plates at maximum peak surface power density of about 300 W/cm2.
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ABSTRACT 
 
The proper and safe estimation of the uncertainties associated with the results of neutronics 
calculations is crucial for the design studies of the future Jules Horowitz Reactor (JHR). 
However, the neutronics characteristics of this innovative core and, in particular, the use of 
the new UMo/Al fuel preclude the use of the existing qualification databases.  
The need for specific experimental data for this fuel was met by the VALMONT 
programme, which consisted in the precise measurement of the reactivity effect of fuel 
samples in the MINERVE reactor. These measurements, corroborated by γ-spectroscopic 
analysis on irradiated UMo/Al fuel, allow to qualify the HORUS3D/N neutronics 
calculation route for this fuel. Moreover, the application of the representativity method 
allowed to reduce the uncertainty on the reactivity, due to the uncertainties of the basic 
nuclear data of the Uranium isotopes, by a factor of 3.  
 

 
1. Introduction 
 
In the design of a new type of reactor, the uncertainties associated with the results of the 
neutronics design calculations are a major concern. The consequences of an inexact 
knowledge of these uncertainties may reach from overly conservative and costly design 
margins, performance and irradiation quality questions to substantial safety issues. 
 
This is particularly true in the case of the new Jules Horowitz Reactor (JHR), which is 
going to use the new UMo/Al LEU high-density fuel in an advanced core design [1]. 
 
The HORUS3D/N neutronics calculations route [2], used for the development of the JHR 
core, is being developed within the framework of a rigorous verification-validation-
qualification methodology [3], which has been applied with great success in the neutronics 
domain at CEA: after analytical verification of the neutronics codes and benchmark 
validation against a continuous energy Monte-Carlo code, the confrontation of the 
computational results with experimental results allows to qualify the application of the 
computational route to a given problem. For the qualification of HORUS3D/N, however, 
it is not possible to use the existing extensive qualification database: as it is focused on 
UOX and MOX fuels, it lacks representativity with regard to the specific neutronics 
particularities of the JHR core and its fuel: 

− an enrichment close to 20%, compared to 3–5% in common LWR applications, 
− the presence of the resonant absorber Molybdenum and its potential interaction 

with the resonances of the Uranium isotopes (Figure 1), 
− a particularly high moderator / fuel  volume ratio (JHR: 4.2, PWR ≈ 1.4). 
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Figure 1: Total neutronics cross sections of  235U (red), 238U (blue) and 95Mo (green)   

Furthermore, the statistical evaluation of the uncertainty of the calculated begin-of-life 
(BOL) reactivity, based on the propagation of the basic nuclear data uncertainties, 
identified the fuels' Uranium component as critical element (cf. §2.2). 
 
The VALMONT (Validation of Aluminum/Molybdenum/Uranium fuel for Neutronics) 
programme addressed these needs for representative experimental data with high precision 
measurements in the MINERVE facility. The programme comprised reactivity effect and 
γ-spectroscopic measurements on samples and a test rod with the JHR's UMo/Al fuel. 
 
This paper presents the motivation and the background of the VALMONT programme, the 
experimental techniques employed and the results obtained, and explains the methodology 
used to transpose the experimental results to the reactor case. 
  
2. Background 
 
2.1. Description of the Jules Horowitz Reactor 
 
The Jules Horowitz Reactor (JHR) is CEA's future reactor for technological irradiations 
and will be the centerpiece of the future European Fission Platform. Currently in the phase 
of final definition, it is going to be located in Cadarache (France) and is foreseen to reach 
first criticality by 2013. 
 
The JHR core will develop a thermal power of about 100 MW and will be cooled and 
moderated by light water. The preliminary core design (Figure 2) consists of 46 
assemblies, arranged in a hexagonal lattice inside a rectangular aluminum matrix with a 
size of about 70 cm by 70 cm. The fuel assemblies consist of 3 x 6 cylindrical fuel plates, 
maintained by 3 Aluminum stiffeners (Figure 3). 
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Figure 2 : Cross-section of the JHR core 
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Figure 3: Cross-section of the JHR fuel assembly

The external diameter of the assembly is about 8 cm for an active height of 60 cm. The 
fuel plates are composed of the UMo7/Al–meat (with an 235U enrichment of less than 
20%) and AlFeNi cladding. The central cavity of the assembly can host either an 
Aluminum filler, a Hafnium control rod or an irradiation test device. Special test devices 
can take the place of an entire fuel element. The core is bordered on two sides by a 
Beryllium reflector, which contains out-of-core irradiation device positions. Mobile 
irradiation devices can approach the core in the water reflector on the remaining two sides. 
 
2.2. Propagation of uncertainties 
 
In order to estimate the uncertainties of the HORUS3D/N results, due to the uncertainties 
of the basic nuclear data, the propagation of these uncertainties was analyzed. This 
propagation methodology is based on the linear Law of Error Propagation, which assumes 
a linear relationship between the basic uncertainty σx of a nuclear parameter (i.e. on the 
cross section of a nuclear reaction x, such as absorption, fission, …) and the resulting 
uncertainty RR,f of a global, calculated parameter f (e.g. the reactivity) of the reactor. In 
multi-energy group representation, the basic uncertainty σx takes the form of an variance-
covariance matrix and the relationship can be expressed as 
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with j, k as group indices and ∂ f/∂ x  as sensitivity coefficients of parameter f  with regard 
to the reaction x. The resulting uncertainties for all nuclei and all reactions are summed up 
to give the propagated uncertainty of the global parameter: 
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with S being the sensitivity vector. The sensitivity coefficients can be obtained by direct 
calculations or by Standard Perturbation Theory, which is implemented in the neutronics 
codes. 
 
Ideally, the variance-covariance matrices σx are furnished by the evaluator of the nuclear 
data, as they reflect the experimental uncertainties in the measurement of these data. 



During the analysis of the HORUS3D/N propagated uncertainty, however, important 
uncertainty data turned out to be missing in the JEF-2.2 library and had to be 
reconstructed with a new methodology [4], based on the comparison of different 
evaluations.  
Concerning the reactivity at begin of life (BOL), the propagation analysis concluded at an 
uncertainty of 1 700 pcm (2σ), with the sole uncertainty on the 235U cross-sections 
contributing as much as 1 200 pcm (2σ). The subsequent most important contributing 
elements were identified as 27Al (the Aluminum components account to 45% of the core 
volume), light water and Beryllium.  
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Figure 4: Major contributions to the total propagated uncertainty of the BOL reactivity due 
to uncertainties of the basic nuclear data (percentages correspond to the fraction of the total 
variance); the 235U uncertainties (cf. inset) are dominated by the multiplication factor, due to 

its importance (high sensitivity factor) 

To reach the goal of a BOL-reactivity uncertainty of less than 1000 pcm (2σ), as required 
by the reactor design team, specific experimental measurements were hence needed to 
reduce the statistical uncertainty. 
 
3. The VALMONT Programme 
 
The basic principle of the VALMONT programme consists in the direct and precise 
measurement of the reactivity effect of fuel samples, using the MINERVE reactor's 
oscillation method (see below). In order to differentiate the physical effects of the fuel 
components and their concentrations, a sequence of 5 samples was devised (Table 1). 
 

Sample Caracteristics 
"APur" neutral Al2O3 sample, serving for the normalization of the 

sequence 
"UappAl" UAlx sample with depleted Uranium at low density 

(2.2 gU/cm3), to asses the effect of the 238U 
"UAl20" UAlx sample with 20%-enriched Uranium at low density, to 

measure the effect of enrichment 
"UMo/Al 2.2" UMo/Al sample with 20%-enriched Uranium at low density, to 

analyze the effect of the Molybdenum component 
"UMo/Al 8" reference JHR-fuel, with 20%-enriched Uranium at high density 

(8 g/cm3), to evaluate the effect of the Uranium density 



Table 1: Samples of the VALMONT oscillation programme sequence 

This sequence was completed by a sample with natural Molybdenum in an Al2O3 matrix 
("AMo"), to verify the correct treatment of the different resonant Mo-isotopes. 
 
The samples, with a length of 10 cm and a diameter of 8 mm, consisted of circular, 
compacted pellets in a Zircaloy cladding. An annular form was adapted to the UMo/Al 
fuel samples (Figure 5), in order to limit their reactivity worth and to achieve the required 
fuel/moderator ratio and, thereby, spectral representativity. The samples were fabricated 
by CERCA (Romans), where particular attention was paid to the geometrical and isotopic 
characterization. 
 

 
Figure 5: Cylindrical (UAlx) and annular (UMo/Al) fuel pellets of the oscillation programme 

 
The oscillation programme was supplemented by γ-spectroscopic measurements on a test 
rod, composed of annular UMo/Al pellets and irradiated in the center of the MINERVE 
reactor. These measurements included the determination of the modified conversion rate, 
which is defined as the ratio of capture in 238U to total fission rate. This factor allows to 
verify the treatment of the self-shielding problem. 
 
The results of the measurements are presented after a brief description of the MINERVE 
reactor and the oscillation technique. 
 
4. The MINERVE Reactor 
 
The experimental MINERVE reactor is a pool type reactor operating at a maximum power 
of 100 watts. MINERVE is dedicated to neutronics studies of different reactor types by 
means of high-precision measurements of the reactivity effects of small fuel or absorber 
samples. 
 
MINERVE's core (Figure 6) is composed of a driver zone, consisting of HEU plate-type 
MTR elements and surrounded by a graphite reflector, and a central cavity which houses 
the experimental zone with a lattice of fuel rods. The use of different lattices allows to 
simulate the neutronics conditions of a large range of reactors, spanning from PWRs 
(UOX and MOX) to FBRs. For the VALMONT programme, the "R1-UO2" lattice, 
consisting of UO2 rods with an 235U-enrichment of 3% was used.  
 



 
Figure 6: Cross section of the MINERVE reactor 
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Figure 7: Scheme of the MINERVE rotary 
absorber 

The experimental technique consists in placing alternatively different samples in the 
center of the core in order to measure the associated reactivity variation. Therefore, the 
center of the lattice is occupied by the rod-like oscillation device, which permits to place 
alternatively two different samples in the mid-plane of the reactor. One of these samples is 
the reference sample, placed in the bottom of the oscillation rod, while the other with the 
material to be measured is charged in the upper part of the rod.  
During the measurement, the oscillation rod moves periodically between an upper and a 
lower position. A Boron chamber placed in the driver zone, called pilot chamber, detects 
the small variation of the reactor power induced by the oscillation of the samples. This 
pilot chamber commands a rotary absorber in such a manner as to compensate the 
reactivity variation and to maintain criticality. The rotary absorber, called "pilot absorber", 
consists of two concentric cylinders with overlapping Cadmium sectors (Figure 7). The 
rotation of the inner cylinder exposes or hides a variable Cd surface area. The shape of the 
Cd sectors has been chosen in such a way as to assure a constant differential efficiency 
with regard to the rotation angle of the absorber. The determination of the rotation angle 
of the absorber hence permits a measurement of the reactivity effect, with an accuracy of 
about 3% (1σ). The linear range of the rotary absorber is yet relatively small (about 
±10 pcm), what limits the maximum reactivity worth of the sample to be analyzed. For 
each sample, five measurements are performed, each measurement consisting of 
20 oscillation cycles with a period of 2 minutes.  

As explained above, the reactivity effect is measured in terms of absorber rotation angle 
(or "pilot units") and is therefore not directly comparable with the results of the neutronics 
calculations (expressed in pcm or "calculation units"). The normalization is achieved by 
measuring a series of special, very well characterized samples, representing a very precise 
variation of a single neutronics parameter, which is supposed to be calculated perfectly. In 
the case of the VALMONT programme, a series of 7 UO2 samples with enrichments from 



0.72% to 4.9% was used. Figure 8 plots the measured reactivity effect (ordinate) against 
the calculated reactivity effect (abscissa). The slope of the regression line corresponds to 
the factor to be used to convert the pilot units to calculation units. 
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Figure 8: Normalization of  the absorber rotation angle (measured in "pilot units", ordinate) with regard to 
the calculated reactivity effect (in "calculation units", abscissa); error bars correspond to 2σ measurement 

accuracy. 

 
5. Experimental Results 
 
Figure 9 shows the results of the experimental measurements of the VALMONT samples 
by plotting the measured reactivity effects (ordinate, converted to calculation units) 
against the calculated values (abscissa). The y-error bars correspond to the measurement 
accuracy (2σ); the calculation uncertainties (x-error bars), which are due to uncertainties 
in the material balance of the samples, are to small to be visible. The plot is normalized on 
the signal of the inert Al2O3 ("APur") sample. 
 

-150

-100

-50

0

50

100

150

200

250

-150 -100 -50 0 50 100 150 200 250

calculated reactivity effect [c.u.]

m
ea

su
re

d 
re

ac
tiv

ity
 e

ffe
ct

 (c
on

ve
rt

ed
) [

c.
u.

]

UMoAl8

UAl20%

UMoAl2.2

UappAl

AMo

APur

 
Figure 9: Calculated (abscissa) vs. measured (ordinate) reactivity effects of the VALMONT samples;  

error bars correspond to 2σ measurement accuracy. 



Besides the excellent over-all agreement between measurement and calculation, illustrated 
by the closely confined scattering of the points around the diagonal, the detailed analysis 
leads to several comments: 

– The absorbing effect of the "AMo" natural Molybdenum sample is calculated with 
a deviation of only 3.7% (measurement precision: 1.9% at 2σ). This very good 
result is due to the utilization of a cross-section library, which includes a synthetic 
"natural" Molybdenum isotope and therefore enables to take into account with high 
precision the self-shielding interactions of the different natural isotopes. 

– The deviations of the different VALMONT fuel samples are depicted in detail in 
Table 2, along with the experimental uncertainties. One remarks a change of sign 
in passing from the depleted UO2 sample (UappAl) to the 20%-enriched UAlx 
sample (U20%Al) and from the low- to the high-density UMo/Al samples 
(UMo/Al2.2 and UMo/Al8); these deviations, however small, are thought to be 
linked to approximations in the self-shielding calculation scheme. Further analysis 
is currently being performed. 

– The deviations of the UAlx and UMo/Al fuel samples with the same Uranium 
loading of 2.2 g/cm3 are identical within the measurement precision; this testifies 
that the effect of the Molybdenum is correctly taken into account in the neutronics 
calculations. 

– The deviation experiment-calculation of the RJH reference fuel sample 
("UMo/Al8") amounts to 2.4 c.u. and is thereby within the experimental 
uncertainty of 2.8 c.u. (2σ). From a qualitative point of view, this result marks the 
qualification of the neutronics route for this fuel. 

 
Sample 235U-Enrichment

[% mass] 
U density 
[g/cm3] 

Deviation 
C – M 
[c.u.] 

Experimental 
Uncertainty 
(2σ) [c.u.] 

"UappAl" 0.47 2.2 – 4.8 ± 0.9 
"UAl20%" 19.8 2.2 + 7.2 ± 0.9 
"UMo/Al 2.2" 19.8 2.2 + 5.4 ± 1.6 
"UMo/Al 8" 19.8 8.0 – 2.4 ± 2.8 

Table 2: Deviation (calculated effect – measured effect) of the four fuel samples of the 
VALMONT programme 

Concerning the γ-spectroscopic measurements, the analysis of the conversion factor is the 
most informative. A total of three rods were analyzed in the VALMONT programme: the 
UMo/Al test rod (V), the driver-lattice rod next to the test rod (U0) and another one farther 
away (U1), supposed to be representative for the unperturbed, homogenous lattice. The 
results, listed in Table 3, show the usual over-estimation of about 2% for the lattice rods, 
even for the perturbed spectrum next to the test rod (U0). The deviation for the test rod is 
well within the measurement uncertainty, what evidences the absence of compensation 
phenomena with regard to the self-shielding. 

Rod  Measurement Calculation result Deviation (C – M)/M 
UMo/Al test rod 0.1056 ± 3.2% 0.1064 + 0.7% 
lattice rod U0 0.5197 ± 4.4% 0.5293 + 1.8% 
lattice rod U1 0.4985 ± 3.2% 0.5088 +2.1% 

Table 3: Measurement and calculation results for the modified conversion factor (exp. uncertainties 
correspond to 2σ) 



6. Transposition to the Reactor Case 
 
The utility of the reactivity effect measurement can be extended beyond the qualitative 
assertion of qualification by the use of the representativity method as defined by ORLOV 
[5]. This method, which permits to extract a quantitative relationship between the 
experimental set-up and the reactor case, is based on the similarity of the sensitivity 
profiles of the experiment and the reactor case with regard to an integral response. The 
correlation coefficient of this relationship is called representativity coefficient rRE, and is 
defined as: 
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with SE as the sensitivity vector of the global parameter (ie. the reactivity) in the 
experimental set-up, SR as the sensitivity vector in the reactor case and 2

xσ as the variance-
covariance matrix of the basic nuclear data (cf. Eq. 1).  
 
The numerator of Eq. 2 represents formally the covariance between the experiment and the 
reactor response to a given perturbation. That means, the higher rRE, the higher is the 
transferability from the experiment to the reactor case, with a value of 1 in the case of 
perfect representativity. Considering the Uranium isotopes of the fuel, the rRE coefficient 
of the VALMONT / RJH configuration amounts to 0.985, what indicates an excellent 
representativity. 
The weighting with the uncertainty matrix 2

xσ  of the nuclear data in the numerator of 
Eq. 2 allows furthermore a quantitative interpretation of the coefficient: as it compares the 
effect of the nuclear data uncertainty in the both systems, it enables us to reduce the 
propagated reactivity uncertainty of the reactor system on the base of the measurements in 
the experiment.  
The propagated uncertainty of the reactor RR (cf. Eq. 1) has its equivalence in the 
experiment, named RE : 
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With an experimental uncertainty σE, which represents the precision of the reactivity 
measurement in the experiment, the reduced reactor uncertainty RR~  can be given as [5]: 
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In the VALMONT experiment, the ratio of experimental precision σE to propagated 
uncertainty RE amounts to EE R/σ  = 0.25, what equals to a reduction of the propagated 
reactor uncertainty to RR RR /~  = 0.3. 



For the reactor case, the uncertainty due to the uncertainties of the basic nuclear data of 
the Uranium isotopes is hence reduced from 1300 pcm to 400 pcm. Taking into account 
the remaining uncertainty contributions (cf. Figure 4), the total BOL reactivity uncertainty 
is reduced to 1200 pcm, dominated now by the Aluminum (responsible for 69% of the 
total variance). 
 
7. Conclusion and Outlook 
 
The measurements of the VALMONT experimental programme, conducted in CEA's 
MINERVE reactor, successfully qualified the HORUS3D/N neutronics route for the 
calculation of the RJH UMo/Al fuel. It allowed furthermore to reduce the uncertainty in 
the begin-of-life reactivity uncertainty, due to uncertainties in the basic nuclear data of the 
Uranium isotopes, by a factor of about 3. 
 
Further γ-spectroscopic measurements are being undertaken to investigate the minor 
deviations observed in the experimental sequence. To this end, the γ-spectroscopic 
equipment will be fitted to measure directly the samples concerned. Concerning the 
reduction of the total reactivity uncertainty, the focus shifts now to the Aluminum, were 
recent re-evaluations of the nuclear data promise to reduce significantly the uncertainties. 
 
The results of the VALMONT programme will be used in the first part of the nuclear 
licensing procedure of the JHR. The second part of the dedicated experimental 
programme, named AMMON, is a partial mock-up of the JHR's core, consisting of an 
array of seven JHR fuel assemblies within a driver core lattice. It is currently in the 
feasibility study phase and scheduled to take place in the Cadarache-located EOLE reactor 
in 2008. 
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ABSTRACT 
 

   To verify the irradiation performance of the HANARO fuel at a high power and a high 
burnup, in-pile irradiation tests were performed. Two test fuels for a higher burnup irradiation 
and one test fuel for a higher linear heat rate had been designed and fabricated. All the test fuel 
assemblies were made of 6 fuel elements located in the outer ring of the hexagonal fuel 
assembly and 30 aluminum dummy elements. The test fuel assemblies were irradiated in the 
HANARO core. The maximum discharged burnup and linear power were 69.9 at% average and 
85.5 at% peak with an 83 kW/m average and 121.6 kW/m peak, respectively. Detailed non-
destructive and destructive PIE, such as the measurement of the burnup distribution, fuel 
swelling, clad corrosion, dimensional changes, fuel rod bending strength, micro-structure, etc., 
were performed. It was verified through the irradiation tests that the HANARO fuel maintains a 
proper in-pile performance and integrity even at a high power of 121 kW/m and up to a high 
burnup of 85 at%.  

 
 

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. The hybrid-type core is composed of an inner and 
outer core. The inner core, with a 0.5 m effective diameter and 1.2 m in height, has 23 
hexagonal and 8 circular flow channels. Each hexagonal flow channel, formed by a 
hexagonal flow tube, is loaded with a hexagonal fuel bundle which has 36 fuel elements. 
The circular flow channel formed by a circular flow tube is loaded with a circular fuel 
bundle which has 18 fuel elements.  
  When the reactor operating license was issued for HANARO in 1995, the limitation 
for its rated power was imposed by the regulatory body, KINS(Korea Institute of 
Nuclear Safety). KINS required KAERI to obtain more fuel performance data at a 
higher linear rate which would prove fuel integrity[1]. To resolve this issue, fuel 
irradiation tests were performed in HANARO.  To verify the irradiation performance 
of the HANARO fuel at a high power and burnup, in-pile irradiation tests were 
performed using the three test bundles. 
  Detailed non-destructive and destructive PIE(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. 
The measured results were analyzed/compared with the predicted performance values 



and the design criteria. It was verified that the HANARO fuel maintains a proper in-pile 
performance and integrity even at a high power of 121 kW/m and up to a high burnup of 
85 at%.  
 
2. Background 
 
2.1 HANARO fuel 
   The HANARO fuel element is made of a cylindrical fuel meat and aluminum end 
plugs with 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 driver fuel contains low-enriched uranium(less than 
20 wt% U-235 in total uranium) in an U3Si inter-metallic compound dispersed in 
aluminum. 
  The fundamental fuel design requirements of an adequate fissile content, heat transfer 
capability, strength and dimensional stability are met for the KAERI's design and safety 
analyses. The design limits for a normal operation are for the �TONB, fuel temperature, 
and temperature drop across the aluminum oxide layer. The safety limits for anticipated 
occurrences and accident conditions are MCHFR and the fuel temperature. Also the 
amount of swelling shall not be greater than 20 vol%.   
 
2.2 Licensing Issues 
   For the verification of the fuel performance in the design stage of HANARO, 
KAERI relied on the AECL's experimental data. However, the maximum linear heat 
generation rate(LHGR) from the fuel element in the equilibrium conditions was quite 
close to the maximum value which had been experienced in the AECL's mini element 
irradiation tests. Thus KINS imposed a limitation for HANARO's rated power when the 
reactor operating license was issued. KINS required KAERI to obtain more 
experimental data at a higher linear rate which would prove the fuel integrity. 
 
3. Irradiation Tests 
 
3.1 Type-A Tests [2] 
   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.  
 
3.2 High Power Irradiation Test [3] 
   Another 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, maximum local burnup of 77 at%U-235, 
average linear power of 83 kW/m and maximum linear power of 121.6 kW/m.  Figure 
2 shows the linear power distribution of the high power test bundle along with the 
burnup. 
 
4. Post-Irradiation Examination 
 
4.1 Visual Inspection 
   In the service pool of the HANARO, an under-water visual inspection system was 
deployed. Periodical examinations 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. 
      
4.2 Swelling 
   Uranium silicide dispersion fuels in aluminum swell due to irradiation. In the case 
of HANARO, a limit of 20% volumetric swelling had been set. Swelling had been 
conservatively estimated to be less than 1 vol% per 10 at% burnup at a terminal burnup 
in the AECL performance tests[4]. The meat diameter changes were measured from the 
micrographs by averaging several circumferential data or the cross-sectional area of the 
meat. But we could not confirm that the cut surface was not perfectly perpendicular to 
the axis of the fuel rod. Therefore we preferred immersion density measurements over 
diameter measurements for the core volume change assessments. Figure 3 shows the 
irradiation swellings of the test specimens with an increase of the burnup. Maximum 
swelling reached to an about 18 vol% in the KFH-067(1) sample. Thus we increased 
three times the sample size in the same bundle since the larger volume mitigates the 
linearly not-even distribution of uranium. These samples(KFH-067(2)) showed a good 
swelling performance lower than 10 vol% at the highest burnup.       
 
4.3 Reaction Layer 
   The micrographs of the fuel cores revealed that a chemical reaction had occurred 
between the fuel particles and aluminum matrix as shown in Fig. 4. The reaction 
product was mainly confined to the peripheral regions of the fuel particles and was 
typically 5 µm thick after a 40 at% burnup and 20 µm thick after a 80 at% burnup as Fig. 
5. A small amount of porosity was noted at the edges of some of the fuel particles.  
 
4.4 Corrosion  
   An oxide thickness survey was done using each metallographic sample as illustrated 
in Fig. 6. The thicker oxides were created on the surfaces of the test fuel elements that 
had 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. 7. It was confirmed 
in the ANS (Advanced Neutron Source) corrosion test that the oxide film growth is 
dependent on the coolant water chemistry, and that a particularly sensitive increase is 
near pH 5[5]. 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. 
The thick oxides do not threaten the cladding integrity and appear to have no 
detrimental effect on the fuel element performance.  
 
5. Conclusions  
 
  The irradiation tests using the HANARO fuels were performed to verify the 
irradiation performance at a high power and burnup. The three test fuel bundles were 
used with 6 fuel elements located in the outer ring of the hexagonal fuel assembly. The 
maximum discharged burnup and linear power were 69.9 at% average and 85.5 at% 
peak with an 83 kW/m average and 121.6 kW/m peak, respectively. Through detailed 
non-destructive and destructive PIE, we could obtain the followings; 
  1) Some discolorations observed on the fuel surface were related to a kind of 

aluminum oxide layer caused by a local overheating. 
  2) Maximum swelling measured by the immersion density method was lower than 18 

vol% at a terminal burnup and this value satisfies the design limit of a 20% 
volumetric swelling. 

  3) The 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. 

  4) It was verified that the HANARO fuel maintains a proper in-pile performance and 
integrity even at a high power of 121 kW/m and up to a high burnup of 85 at%.  
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Fig. 1  Cross section of the irradiation test bundle 
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Fig. 2  Linear power distributions of the high power test bundle 
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Fig. 3  Volumetric swelling measured by the immersion density method 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4  Micrographs of the fuel particles and reaction layers 



 

Fig. 5  Reaction layer thickness of the fuel particle 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6  Micrographs of the oxide layers on fuel surface 
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Fig. 7  Oxide layer thickness of the fuel cladding surface 
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ABSTRACT 
 

The U.S. Global Threat Reduction Initiative (GTRI) has given a decisive impetus to 
the RERTR program’s longstanding goal of converting worldwide production of 
medical radioisotopes from reliance on bomb-grade, highly enriched uranium (HEU) 
to low-enriched uranium (LEU) unsuitable for weapons.  Although the four major 
isotope producers continue to resist calls for conversion, they face mounting pressure 
from a variety of fronts including: (1) GTRI; (2) a related, multilateral U.S. initiative 
to forge agreement on conversion among the states that are home to the major 
producers; (3) an IAEA effort to provide technical assistance that will facilitate large-
scale production of medical isotopes using LEU by producers who seek to do so; (4) 
planned production in the United States of substantial quantities of medical isotopes 
using LEU; and (5) pending U.S. legislation that would prohibit the export of HEU 
for production of isotopes as soon as alternative, LEU-produced isotopes are 
available.  Accordingly, it now appears inevitable that worldwide isotope production 
will be converted from reliance on HEU to LEU.  The only remaining question is 
which producers will be the first to reliably deliver sizeable quantities of LEU-
produced isotopes and thereby capture global market share from the others. 

 
 
1. Introduction 
 
 The advent of the U.S. Global Threat Reduction Initiative (GTRI) has given a 
decisive impetus to the longstanding goal of the RERTR program to convert 
worldwide production of medical radioisotopes from reliance on targets of bomb-
grade, highly enriched uranium (HEU) to targets of low-enriched uranium (LEU), 
unsuitable for weapons.  Although major isotope producers continue to resist calls for 
conversion, they face mounting pressure from a variety of fronts: (1) the GTRI, 
whereby the United States has established as a top foreign-policy priority the phasing 
out of remaining global civilian commerce in HEU; (2) a related, multilateral U.S. 
initiative to convene the states home to the world’s four leading producers of medical 
isotopes, together with representatives of the producers themselves, to reach 
agreement on conversion from HEU to LEU; (3) an IAEA effort to provide technical 
assistance to new and emerging producers of medical isotopes, to ensure their 
production processes rely on LEU rather than HEU; (4) plans for a new production 
facility in the United States that would produce substantial quantities of medical 
isotopes using LEU rather than HEU; and (5) pending U.S. legislation that would 
prohibit the export of HEU for isotope production as soon as sufficient alternative 
LEU-produced isotopes are available.  Accordingly, it now appears inevitable that 



  

worldwide isotope production will be converted from reliance on HEU to LEU.  The 
only remaining question is which producers will be the first to reliably deliver 
sizeable quantities of isotopes produced with LEU and thereby capture global market 
share from the others. 
 
 
2. History of Efforts to Promote Conversion of Isotope Production  
 
 The RERTR program was created in 1978 to phase out international civilian 
commerce in HEU to reduce the risk of such material being diverted or stolen to make 
nuclear weapons.  Initial efforts focused on reducing use of HEU as fuel in nuclear 
research and test reactors, which accounted for the bulk of civilian commerce.  
Toward this end, the program developed alternate reactor fuels of high-density LEU 
and assisted operators with conversion, an effort that has been highly successful and 
continues for Soviet-origin reactors and the few remaining western-origin reactors 
that have yet to convert [1].  As this effort rapidly succeeded in reducing commerce in 
HEU for fuel, the program expanded its attention to HEU used as targets for 
production of medical isotopes.  HEU commerce for isotope production has been a 
growing proportion of total HEU commerce owing both to the declining use of such 
uranium as fuel and the increasing use of it to produce isotopes to satisfy a growing 
medical demand.  Already, worldwide isotope production utilizes approximately 85 
kilograms of HEU annually, approximately ten percent of total civilian HEU 
commerce [2]. 
 
 For about 15 years, the RERTR program has worked to develop alternative 
LEU targets for medical isotope production.  The task is complicated by the fact that 
most isotope producers have a unique target design.  In addition, two opposite 
production processes are in commercial use, one relying on acid and the other on base 
dissolution.  Despite these challenges, the program has now successfully developed 
targets and processes for production of medical isotopes using LEU targets relying on 
both acid and base dissolution.  Argentina has successfully implemented a base 
dissolution process.  Indonesia has successfully tested an acid dissolution process, 
although the final demonstration of the system was postponed because of the terrorist 
attacks of September 11, 2004 [1].  In addition, Australia uses LEU targets of its own 
design, employing 2.1%-enriched uranium to produce isotopes for its domestic market 
and neighboring states.  The RERTR program is also working with Australia to 
improve the efficiency of this isotope production by converting to a 19.75%-enriched 
LEU target.  Several prospective new isotope producers also have worked with the 
RERTR to facilitate start-up of production using LEU.  For example, South Korea has 
a cooperative agreement with RERTR to focus on development of LEU targets and 
has withdrawn a previous request for HEU.  Russia is also exploring production of 
isotopes using LEU in a liquid core reactor.  
 
 A 1992 U.S. law, the Schumer amendment to the Energy Policy Act, 
significantly increased the incentive for reactor operators and isotope producers to 
convert from HEU to LEU for both fuel and targets.  With regard to the latter, the law 
explicitly prohibits exports of HEU for use as targets to produce medical isotopes 
unless all of three conditions are met: (1) no suitable LEU target has yet been 
developed, (2) the producer has pledged to convert as soon as a suitable LEU target is 
developed; and (3) the U.S. is actively developing a suitable LEU target.  Thus, unless 



  

reactor operators pledge to convert to LEU targets, cooperate in the development of 
such targets, and then convert when able, they risk losing access to HEU from the 
United States, which could halt their production of isotopes.  Although the U.S. 
Nuclear Regulatory Commission (NRC) has yet to block an export of HEU for use as 
targets to produce medical isotopes, the Commission has repeatedly cited its intent to 
enforce the Schumer amendment. 
 
 Despite this additional incentive, the world’s major isotope producers remain 
reluctant to convert, in part because they fear the potential expense of conversion 
could leave them at a competitive disadvantage relative to producers who refuse to 
convert.  To address this problem, in 1999, the Nuclear Control Institute proposed that 
all producers sign a pledge to convert from reliance on HEU to LEU.  The proposed 
pledge stated: “We, the undersigned current producers and planned producers of 
medical radio-isotopes . . . do hereby pledge – (1) To convert as quickly as possible 
from HEU to LEU targets for the production of medical radio-isotopes; and (2) To 
actively develop and/or cooperate in the development of specific LEU target designs 
and processes for our own production of medical isotopes, in order to enable such 
expeditious conversion.”  NCI contended that, “With such a level playing field, no 
producer would need fear being put at a competitive disadvantage by conversion” [3].  
 
 Initially, this proposal was embraced by the U.S. Department of State, the 
RERTR program, and several isotope producers, who slightly revised the pledge 
language and then signaled agreement in 2000.  But the U.S. Department of Energy 
halted this initiative in 2001, arguing to NCI that, “even if the U.S. Government were 
successful in obtaining such a pledge from the commercial producers of Moly-99, it 
would not result in the goals you seek.  Without the commitment of the governments 
involved to the conversion, the pledges of individuals from the producers will have 
little meaning.  For the U.S. Government to go directly to the producing entities in 
these countries could also be seen by the other governments as meddling in their 
internal affairs.  An approach that would have a better chance of success would be to 
call a meeting of the governments involved as a way of seeking a common policy in 
this area” [4].  As detailed below, the U.S. DOE has recently begun to pursue that 
alternative approach, somewhat belatedly. 
 
  
3. Continuing Opposition from Major Isotope Producers 
 
 Four large producers currently dominate the worldwide market for medical 
isotopes: MDS Nordion in Canada; Mallinckrodt in the Netherlands; Institut National 
des Radioelements (IRE) in Belgium; and the Nuclear Energy Corporation of South 
Africa (NECSA).  All four resist conversion.  Moreover, two of them, Nordion and 
Mallinckrodt, have attempted to undermine the Schumer amendment in order to 
guarantee themselves U.S. exports of HEU. 
 
 Nordion claims to be the world’s largest producer of medical isotopes.  
Historically, it has produced these isotopes at Canada’s aging NRU reactor using 
targets fabricated of HEU exported from the United States.  As early as 1990, the U.S. 
NRC expressed concerns about the danger posed by these continuing exports.  
Responding in December 1990, Atomic Energy Canada Limited (AECL) indicated its 
intention to build two new Maple reactors to produce isotopes and pledged to develop 



  

a new LEU target by 1998 for use in them, so as to "phase out HEU use by 2000" [5].  
However, AECL and its privatized counterpart Nordion reneged on this commitment, 
and instead designed their new Maple reactors and New Processing Facility to use 
HEU targets.  U.S. officials, following enactment of the Schumer amendment, made 
clear to the Canadians that further HEU exports would not be permitted unless the 
Canadians actively engaged in a program to convert to LEU targets.  Accordingly, in 
September 1997, when Nordion requested another export of HEU for the NRU, 
Canadian representatives also signed an exchange of notes, committing again to 
develop and convert to LEU targets – a commitment they have repeated several times 
since.  In 1999, the U.S. NRC explicitly warned Nordion that if it violated the 
Schumer amendment by failing to cooperate towards converting as soon as possible, 
“the Commission may modify, suspend, or revoke the license” for export of HEU to 
produce isotopes at its Maple reactors [6]. 
 
 Despite Nordion’s repeated commitments and the NRC’s explicit warning, 
Nordion initially cooperated only minimally with U.S. efforts to facilitate its 
conversion and then by September 2003 completely halted cooperation towards 
conversion [7].  At the time, Nordion contended that contrary to its previous 
assurances it could not convert its new processing facility to handle LEU targets 
without unacceptable interruption in the production of medical isotopes.  Nordion 
declared it would not proceed with conversion unless provided funding to construct an 
entirely new processing line, estimated to cost $90 million.  On February 26, 2004, 
NCI alerted the U.S. government to this situation.  On May 6, 2004, NRC and DOE 
officials called Nordion representatives to Washington and reminded them that the 
Schumer amendment required cooperation towards conversion as a precondition for 
exports of HEU.  Nordion quickly responded, in its annual report to the NRC on May 
19, 2004, that it was seeking “to resume discussions” with the U.S. government on 
conversion of its new processing facility [8].  Nordion also conceded in that report 
that the only remaining significant technical hurdle to converting to LEU targets is 
determining how to handle a larger volume and mass of waste, a challenge the 
RERTR program was addressing before Nordion suspended cooperation. 
 
 At the same time, however, Nordion joined forces with another large producer, 
Mallinckrodt, to lobby the U.S. Congress to eviscerate the Schumer amendment 
restrictions on exports of HEU for production of medical isotopes.  They drafted an 
amendment, persuaded Rep. Richard Burr (R-NC) to sponsor it, and succeeded at 
having it incorporated into the energy bill approved by the U.S. House of 
Representatives in 2003-04.  After the amendment drew critical attention in the press 
[9], however, it was not incorporated in the Senate version of the bill, despite the 
efforts of Sen. Christopher Bond (R-MO), who represents the home state of 
Mallinckrodt’s corporate headquarters.  A House-Senate conference version of the 
energy bill included a watered-down version of the amendment (discussed in greater 
detail below), but the overall bill died because of Senate opposition to many of its 
provisions. 
 
 In an additional effort to avoid conversion, Nordion earlier this year appealed 
in writing to the IAEA to endorse its continued reliance on HEU rather than 
conversion to LEU.  The IAEA rebuffed Nordion’s effort, however, instead telling the 
producer that the agency believed conversion to LEU was very important.  Moreover, 
the IAEA told Nordion that as a large producer of medical isotopes it was well-



  

positioned to lead global efforts to convert isotope production from reliance on HEU 
to LEU [10]. 
 
 
4. Global Threat Reduction Initiative 
 
 The U.S. government recently increased dramatically its efforts to phase out 
worldwide HEU commerce.  In a speech on May 26, 2004, here at the IAEA in 
Vienna, the U.S. Secretary of Energy launched a “Global Threat Reduction 
Initiative,” aimed at eliminating HEU commerce and securing existing stockpiles of 
high-risk nuclear materials.  He announced, “I have instructed the National Nuclear 
Security Administration to work closely with the Department of State and other 
agencies to develop the diplomatic strategy necessary to secure, remove, or eliminate 
these materials.”  On the same day, the U.S. Department of Energy made clear this 
policy applied to HEU for targets to produce medical isotopes: “This new initiative 
will build upon existing and long-standing U.S. nonproliferation efforts to minimize 
and eventually eliminate any reliance on HEU in the civilian fuel cycle, including 
conversion of research and test reactors worldwide from the use of HEU to the use of 
low-enriched uranium fuels and targets” [11].  In addition, a DOE fact sheet identified 
one of GTRI’s four top priorities as targeting “research reactors and medical isotope 
production processes worldwide for conversion to suitable LEU fuels and targets” 
[12]. 
 
 
5. Multilateral Initiative by the U.S. Department of Energy 
 
 As noted above, the U.S. Department of Energy is attempting to forge an 
agreement among the states that are home to the world’s four largest producers of 
medical isotopes, requiring these producers to convert as soon as possible from 
reliance on HEU to LEU.  So far, the initiative has been delayed by scheduling 
difficulties and the internal DOE reorganization to implement the GTRI.  An initial 
meeting of diplomats from the four states and the United States, along with 
representatives of the four producers in audience, was scheduled for June 2004 in Las 
Vegas, then rescheduled for Philadelphia, then rescheduled for Vienna last month, 
before being postponed again.  The DOE now aims to hold the meeting in 
approximately March 2005.  Despite such unfortunate delays, the U.S. official leading 
this effort within GTRI says that “conversion of isotope production is integral to 
RERTR,” declaring that the U.S. government will not relent in its efforts to ensure 
that all producers, including Nordion, convert to LEU [13]. 
 
 
6. IAEA Coordinated Research Project 
 
 Complementary to the U.S. initiatives, the IAEA is launching a multilateral 
effort to facilitate production of medical isotopes using LEU by existing and emerging 
producers.  An initial consultancy meeting will be held at the IAEA on November 15-
19, 2004, to “prepare a coordinated research project (CRP) on transfer and adaptation 
of LEU targets to produce” medical isotopes.  The terms of reference for this initiative 
state that the IAEA’s role is “to disseminate a technique which advances international 
non-proliferation objectives.”  The CRP has already been approved for 2006-09, but 



  

the IAEA hopes to obtain funds to commence earlier, in 2005.  The participants in the 
initial consultancy include three producers that already rely on LEU – in Australia, 
Argentina, and Indonesia – as well as representatives from the United States and the 
four major producers that still rely on HEU in Canada, Belgium, the Netherlands, and 
South Africa [14].  Emerging producers, such as in South Korea, likely also will be 
included in the CRP.  The objective is “to transfer know-how in the area of 99Mo 
production using LEU targets,” by establishing procedures and an experimental 
program for development of targets and processes to produce medical isotopes with 
high quality control.  This initiative will facilitate large-scale production of medical 
isotopes using LEU by producers who seek to do so.  
 
 
7. Planned U.S. Isotope Production 
 
 In a development with dramatic potential to shake-up the global isotope 
industry, a U.S. company, TCI Medical, has received public and private financing for 
its plan to produce medical isotopes in the United States relying on LEU.  The 
company’s innovative idea is to produce isotopes in the LEU liquid cores of new 
reactors, rather than utilizing targets.  Each reactor’s core would be drawn off 
approximately weekly to extract the isotopes in a column at a processing facility 
before being returned to the reactor.  TCI is cooperating with scientists in Kurchatov, 
Russia, who already employ a similar reactor concept using a liquid HEU core and 
who have received a grant from the Initiatives for Proliferation Program (IPP) to 
convert to a liquid LEU core.  TCI’s plan is to build two or three processing facilities 
and about five small modules each containing two 50 kw reactors, to avoid the 
requirement for forced cooling that would arise if they built a single, larger reactor.  
Together, these facilities are envisioned to meet the entire U.S. domestic demand for 
medical isotopes derived from 99Mo.  Production capacity would ramp up gradually 
if the company staggered the construction of the reactors [10]. 
 
 The start of construction for this project is currently held up by financing 
issues.  In addition to having received at least $8 million in private funding (from 
sources such as Canadian uranium supplier, Cameco Corp), TCI has been pledged $7 
million in financing from the state of New Mexico for product development and 
equipment – of which $2 million already has been received, and the next tranche of $3 
million is to follow ground-breaking.  However, TCI still needs an additional $5 
million to construct a 20,000 square-foot building for its facilities.  Its efforts to 
finance construction of this plant in Carlsbad have failed so far, apparently because 
the region is economically depressed, so banks are reluctant to risk funds on a 
building that would remain vacant if TCI’s project fell through.  Accordingly, TCI is 
considering moving the project to Albuquerque, where it would be easier to lease or 
construct a building.  But a recent press report also indicates the company may have 
found a national bank willing to support construction in Carlsbad.  In the meantime, 
TCI plans to break into the isotope business by purchasing 99Mo from another 
producer and processing it into pharmaceuticals at a small facility in Missouri [15].  
 
 While TCI’s plans in New Mexico remain temporarily in limbo, the company 
does not appear to face any insurmountable obstacles to eventual construction of its 
facility.  Once ground is broken, the company’s president John Rice estimates that 
only two to three years will be required to complete construction and obtain FDA 



  

approval for the isotopes.  Such estimates may be optimistic.  Still, it appears quite 
possible that TCI will be producing substantial quantities of medical isotopes in the 
United States using LEU before the end of the decade.  As explained below, this 
could have dramatic consequences for other producers who continue to rely on HEU.   
 
 
8. Pending U.S. Legislation Creates Preference for Isotopes Produced with LEU 
 
 As noted above, the Burr-Bond amendment, which was originally intended to 
eviscerate Schumer amendment restrictions on exports of HEU for isotope 
production, was watered down in the final House-Senate conference version of the 
energy bill that ultimately was blocked by the Senate earlier this year.  Among the 
changes to the amendment was one of potentially great importance, requiring that the 
U.S. NRC halt all further exports of HEU for targets to produce isotopes as soon as a 
sufficient supply of LEU-produced isotopes are available.  “At such time as 
commercial facilities that do not use highly enriched uranium are capable of meeting 
domestic requirements for medical isotopes . . . the Commission shall, by rule, 
terminate its review of [HEU] export license applications” [16].  
 
 This provision is noteworthy for several reasons.  It was approved by key pro-
nuclear Republican legislators on the relevant committees in both houses of Congress, 
indicating that a consensus now exists on Capitol Hill that HEU exports for isotope 
production should be terminated as soon as LEU-produced isotopes are available.  
This strongly suggests that Congress also believes that only LEU-produced isotopes 
should be used in the United States as soon as that becomes an option.  Although 
other aspects of the revised Burr-Bond amendment remain objectionable to NCI and 
to Congressional advocates of nuclear nonproliferation, this provision is not 
controversial and thus is likely to remain in the energy bill when and if it is enacted – 
which appears probable given that the newly elected Congress will have a larger 
Republican majority in the Senate.  Thus, ironically, an amendment originally drafted 
to pave the way for continued HEU exports for isotope production may have the 
unintended consequence of terminating them.   
 
 
9. Conclusion: Conversion Appears Inevitable and First Movers Will Gain 
Advantage 
 
 Putting all these pieces together suggests it is inevitable that worldwide 
isotope production will be converted from reliance on HEU to LEU.  Moreover, given 
the highly competitive nature of the isotope market and the premium that customers 
place on reliable supply once achieved, long-term market share is likely to shift to 
those producers that are first to reliably supply substantial quantities of LEU-
produced isotopes. 
 
 The United States will probably accelerate this trend by enacting preferences 
for LEU-produced isotopes, including banning exports of HEU for isotope production 
when sufficient quantities of LEU-produced alternatives become available.  Such 
alternatives are very likely to become available in the next few years through one or 
more routes.  One possibility is that TCI will succeed at producing large quantities of 
isotopes using LEU in the United States.  A second possibility is that the IAEA’s CRP 



  

technology-transfer initiative will enable one or both producers that already use LEU 
targets, in Argentina or Australia, to expand its production significantly, or enable an 
emerging producer to do so.  A third possibility is that the combination of the U.S. 
and IAEA initiatives will compel and facilitate the conversion of an existing large-
scale isotope producer from reliance on HEU to LEU.  In any case, once one producer 
successfully produces and reliably supplies large quantities of isotopes using LEU, the 
others will race to copy the example in order to preserve or expand their market share.  
Those who succeed at doing so quickly will thrive, while others will suffer 
economically.  Indeed, as is typical in new markets with barriers to entry, isotope 
producers could find themselves divided into “the quick and the dead.” 
 

Currently, the four large producers of medical isotopes are resisting 
conversion because they fear the costs could put them at a competitive disadvantage 
and thereby sacrifice market share.  This outlook is remarkably short-sighted from a 
business perspective.  In the long-term, the economic reality will be exactly opposite.  
Whichever producer is first to reliably supply substantial quantities of LEU-produced 
isotopes will dominate the worldwide market.  The only question is whether any of 
the existing large producers will figure that out before another producer does so and 
steals their market share.   
 
  
References 
 
[1] Dr. Armando Travelli, “Fuel Issues: Replacement of HEU,” presentation to 

IAEA Scientific Forum, September 22, 2004. 
 
[2] U.S. Government Accountability Office, “Nuclear Nonproliferation: DOE 

Needs to Take Action to Further Reduce the Use of Weapons-Usable Uranium 
in Civilian Research Reactors,” GAO-04-807, July 2004. 

 
[3] Alan J. Kuperman, “A Level Playing Field for Medical Isotope Production –

How to Phase Out Reliance on Highly Enriched Uranium,” 22nd Annual 
International Meeting on Reduced Enrichment for Research and Test Reactors, 
Budapest, Hungary, October 7, 1999. 

 
[4] Trisha Dedik, U.S. Department of Energy, email to author, October 1, 2001. 
 
[5] J.B. Slater, General Manager, Major Facilities Business Centre Operations, 

AECL Research, “The Program on Future HEU Supply for AECL’s 
Radioisotope Production Operation,” December 4, 1990, submitted in support 
of XSNM-02667. 

 
[6] U.S. NRC, Memorandum and Order, CLI-99-20, June 29, 1999. 
 
[7] Alan J. Kuperman and Paul L. Leventhal, NCI, letter to Chairman Nils J. Diaz, 

NRC, February 26, 2004. 
 
[8] G.R. Malkoske, MDS Nordion, “Maple Reactors and New Processing 

Facility,” Yearly Status Report for the U.S. NRC on the Progress of the 



  

Program and Canadian Cooperation in Developing LEU Targets for the Maple 
Reactors and the New Processing Facility, May 19, 2004. 

 
[9] R. Jeffrey Smith, “Measure Would Alter Nuclear Nonproliferation Policy: 

Energy Bill Provision Backed by Two Firms Would Ease Constraints on 
Exports of Bomb-Grade Uranium,” Washington Post, October 4, 2003, p. A2.  
Alan J. Kuperman, “Loose Nukes of the West,” Washington Post, op-ed, May 
7, 2003.  Alan J. Kuperman, “Running Risks with Uranium,” The News & 
Observer (Raleigh, NC), op-ed, November 21, 2003. 

 
[10] Confidential personal communications with author. 
 
[11] U.S. Department of Energy, “Department of Energy Launches New Global 

Threat Reduction Initiative; Will accelerate and expand the security and 
removal of proliferation-sensitive materials,” Vienna, Austria, May 26, 2004. 

 
[12] “Global Threat Reduction Initiative Highlights,” available at http://www.usun-

vienna.usia.co.at/Statements/Global_Threat_Reduction_Initiative_Highlights.
html. 

 
[13] Kasia Mendelsohn, personal communication with author, October 29, 2004. 
 
[14] International Atomic Energy Agency, “Terms of Reference: Consultancy to 

Prepare a CRP on Transfer and Adaptation of LEU targets to Produce 99Mo 
Through Fission, VIC, 15-19 November 2004, C-0751.” 

 
[15] Andrew Webb, “New Mexico’s Investment May Put Nuclear Medicine Plant 

in Carlsbad,” Albuquerque Journal, April 1, 2004  Andrew Webb, “Financing 
May Drive Firm to Build Nuclear-Medicine Plant in Albuquerque,” 
Albuquerque Journal, September 21, 2004.  Andrew Webb, “Bank May Back 
Carlsbad Plant,” Albuquerque Journal, September 25, 2004.  Andrew Webb, 
“New Mexico Officials Look to Expand High-Tech Development, Financing,” 
Albuquerque Journal, October 14, 2004. 

 
[16] Conference Report on Energy Bill, U.S. Congress, November 14, 2003. 
 



PIE OF THE 2ND IRRADIATION TEST (KOMO-2) FOR THE ATOMIZED U-
MO DISPERSION ROD FUELS AT KAERI 

 

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, D.S Sohn 

 
Korea Atomic Energy Research Institute 

150 Duckjin-dong, Yuseong-ku, Daejeon city, Korea 
 

 

ABSTRACT 
Two U-7wt.%Mo dispersion fuel rods with different fuel particle sizes, two U-
7wt.%Mo dispersion fuel rods surface-treated with pre-oxidation and Ni coating, 
one U-7wt.%Mo dispersion fuel rod with a poison material of Er2O3, a U-9wt.%Mo 
dispersion fuel rod, and a U3Si dispersion fuel rod were loaded in the KOMO-test 
(the 2nd irradiation test of U-Mo fuels in HANARO by KAERI). In addition, the 
monolithic U-Mo ring fuel was loaded to develop higher U-density fuel. The fuel 
assembly with the above 10 fuel rods was irradiated in HAHARO successfully from 
January 9, 2003 to January 27, 2004. After cooling them for about 3 months, the 
PIE has been performed. Most of the fuel particles were interacted with the Al 
matrix in the central area of the rod-type U-Mo dispersion fuels with a high linear 
power and a higher burnup than 60 at.%. Some large pores were observed between 
the particles in the central area of the fuel rods. However the swellings of the fuel 
meats are not large, at less than 17 %. The fuel of a larger particle-size distribution 
showed a better stability than the fuel of a smaller particle-size distribution. Any 
surface treatments were observed to have no improvement on the oxidation layer 
formation of the cladding surface. U3Si dispersion fuel used as a reference showed a 
much lesser interaction with the matrix Al when compared with the U-Mo 
dispersion fuel. In an examination for the tubular monolithic U-Mo fuel abnormal 
phenomena such as many bubbles and a large swelling happened due to an 
unexpected contamination of the silicon from the quartz tube used for a mold during 
melting & casting process.  

 

1. Introduction 
 

According to the non-proliferation policy under the reduced enrichment for research 
and test reactors (RERTR) program, low enriched uranium(LEU) fuel such as uranium 
silicide dispersion fuels are being used in research reactors. Because of a lower 
enrichment, higher uranium density fuels are required for some high performance 
research reactors[1,2]. U-Mo alloy with a high uranium density has been considered as 
one of the most promising candidates for a dispersion fuel due to its good irradiation 
performance. An international qualification program to replace the uranium silicide 
dispersion fuel with U-Mo dispersion fuel under the RERTR program is under way[3].  

KAERI has carried out a qualification of the U-Mo dispersion rod fuel for the back-
end option and a reactor upgrade by applying a higher U-density[4].  The first 
irradiation test (KOMO-1) in HANARO by KAERI for the U-Mo dispersion rod fuels 
revealed that the fuels with a U-loading of 6.0 g-U/cc were not acceptable due to a 
complete interaction between the U-Mo particles and Al matrix. The parameter with the 
strongest affect was concluded as the fuel temperature.  

In the 2nd irradiation test, lower U-density fuels were targeted in order to reduce the 



temperature. Lower uranium densities in the fuel meats were changed from 6. g-U/cc to 
4.5 g-U/cc and 4.0 g-U/cc for fuel meats with the 5.49 mm and 6.35 mm diameters, 
respectively. One U-Mo monolithic ring with Al cladding was loaded in order to avoid a 
severe interaction problem. In addition, two different particle sized fuels, two surface 
treated fuels with pre-oxidation and Ni coating, one fuel rod with a poison material of 
Er2O3, a fuel rod dispersed with U-9wt.%Mo powder, and a U3Si dispersion fuel rod 
were loaded.  

The fuel assembly consisting of the above 10 fuel rods was irradiated in HAHARO 
from January 9, 2003 to January 27 up to burnup of 60 at%. The average and the local 
maximum burnups were estimated as 60.8 at% and 71.2 at%, respectively. The 
irradiated fuel bundle was cooled in a cooling pool for about three months. Then a PIE 
was performed in the IMEF (Irradiation Material Examination Facility) facility. In this 
paper the results obtained from the PIE are reported from the aspect of a qualification of 
the feasibility of the U-Mo dispersion rod type fuel.  
 

2. KOMO-2 Test Procedures 
 

Centrifugally atomized U-7wt.%Mo, U-9wt.%Mo, and U3Si powder were used for 
the fabrication of the rod-type U-Mo dispersion fuel meats. As shown in Table 1, a 
standard fuel rod containing U-7wt.%Mo dispersion fuel meat with 4.0 g-U/cc and 6.35 
mm in diameter and a reduced fuel rod containing U-7wt.%Mo dispersion fuel meat 
with 4.5 g-U/cc and 5.49 mm in diameter were prepared. Two U-7wt.%Mo dispersion 
fuel rods with a small and large U-Mo particle size were loaded to evaluate the U-Mo 
size effect. Two U-7wt.%Mo dispersion fuel rods with pre-oxidation and Ni coating 
were included to investigate the influence of surface treatments. A U-7wt.%Mo 
dispersion fuel rod with burnable poison of Er2O3, a U-9wt.%Mo dispersion fuel rod, 
and a U3Si dispersion fuel rod were loaded. In addition, a monolithic U-Mo tubular fuel of 
OD6.2×t0.7×L3.25 was loaded to develop a higher U-density fuel. Linear power and 
B.O.L. temperature were calculated as shown in Table 1.  
 

Table 1. Design of rod-type U-Mo dispersion fuel for KOMO-2 test. 

Rod no. Characteristics U density 
(gU/cc)  

Meat  
Diameter

(mm)  

Meat 
Lentgh 
(mm) 

Linear 
Power 

(kW/m) 

BOL 
Temp. 

(�) 
494-L2 4.0 gU/cc U-7Mo 4.0 6.35  310 104.37 183.8 

494-BP2 Erbia 4.5  5.51  210 92.57 180.2 
492-LS1 U3Si 4.0  6.37 210 112.09 201.2 
494-SP1 Small grain 4.0 6.35  110 98.47 175.7 
494-LP1 Large grain 4.0 6.35  110 97.95 175.0 
494-Ni1 Ni coated  4.0 6.35  310 107.84 188.6 
494-H2 4.5 gU/cc U-7Mo 4.5 5.49  360 102.99 189.4 
489-T1 Tube 16.3 t0.68 3.25 150.32 302.9 

494-Ni2(P) Pre-oxidation 4.0 6.35  310 108.3 188.8 
491-H2 4.5 gU/cc U-9Mo 4.5 5.49 360 102.99 195.9 

 
The irradiation test bundle was loaded at the OR5 hole of HANARO on Jan. 9, 2003 

and was discharged on Mar. 7, 2003 for a visual inspection. After being loaded again on 
Jun. 5, 2003, the irradiation test bundle was discharged finally on Jan. 27, 2004. Fig. 1 
shows the variation of the linear power of each rod with respect to an increasing burnup. 
Average burnup was calculated as 60.8 at.%U-235 and the maximum local burnup was 
71.2 at.% of U-235 .  
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Fig. 1. Variation of the linear power with respect to burnup of fuel rods in KOMO-2 test. 

 
  

Table 2. Local maximum linear power and the centerline temperature of the U-Mo 
dispersion fuel rods in KOMO-2 test. 

 
Max. Linear Power 

(kW/m) 
Central Temp.  

(�) 
Burnup 

 (at%U-235) Rod No. 
Bottom middle top bottom middle top bottom Middle top 

494-L2 76.4 99.0 100.5 145.5 176.5 178.5 50 62 68 
494-BP2   77.7 85.5   157.8 169.6   62 70 
492-LS1   91.8 112.0   172.3 201.2   62 70 
494-SP1     94.2     169.9     62 
494-LP1     95.0     171.0     62 
494-Ni  107.8 92.3 46.5 188.5 167.3 104.6 65 62 40 
494-H2 62.0 84.0 98.3 134.2 167.3 188.9 50 62 68 
489-T1   150.3     343.8    64   
491-H2   81.8 102.8   164.0 195.6   62 68 

494-Ni2(P)   95.5 104.0   171.7 183.3   62 68 
 
3. Results and Discussion  
 

Table 2 shows the maximum linear power, central temperature (BOL) and burnup for 
each sample of the irradiated fuel rods. Central temperature was calculated using the 
maximum linear power and the initial conductivity of the fuel meat. But the central 
temperature will be higher because the reaction layer formation and swelling degrades 
the thermal conductivity of the fuel meat.  

The irradiation bundle was disassembled in the IMEF and a visual inspection of each 
rod was carried out as shown in Fig. 2. Cladding surface damage was observed at the 
maximum linear power area in the 4 g-U/cc U-7Mo dispersion fuel rod (494-L2) and 
U3Si dispersion fuel rod (492-LS1). While the Ni coated fuel rod (494-Ni1) showed a 
separation of the coated layers and cladding, the pre-oxidation treated fuel rod (494-
Ni2(P)) showed sound a surface appearance. Surface of the tubular U-Mo monolithic 
fuel rod also showed a sound appearance.  



         
(a) 494-L2        (b) 492-LS1   (c) 494-Ni1    (d) 494-Ni2(P)    (e) 489-T1 

 
Fig. 2. Post-irradiation appearance of the fuel rods observed at the area of local 

maximum linear power.  
 

Oxide layers at the surface of the fuel rod cladding were observed using an optical 
microscopy as shown in Fig. 3. Measured thickness of the oxide layer shows a linear 
correlation with linear power as shown in Fig. 4. Surface treatment was not effective in 
reducing the oxidation of the cladding surface during the irradiation test because the 
pre-oxidation treated fuel rod (494-Ni2(P)) and Ni coated fuel rod (494-Ni1) showed a 
thicker oxide layer formation.  
 

 
(a)494-L2             (b)494-Ni2(P)           (c)494-Ni1            (d) 492-LS1  
 

Fig. 3. Cross-sectional view of the irradiated fuel rods near the oxidation layer.  
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ABSTRACT 

 
Pin type fuel element (FE) of square form with twisted ribs was developed in VNIINM as an 
alternative for tube type FE of research reactors. 
Two variants of full-scale fuel assemblies (FA) are under test in the core of PNPI WWR-M 
reactor. One FA contains FE with UO2 LEU and other – UMo LEU. Both types of FE have an 
aluminum matrix.  
Results of the first stages of the test are presented. 

 
 
1. Introduction 

 
A number of tube type fuel elements are used in research centers of Russia. The most 
attractive is an idea to replace them with standardized pin type fuel elements, which are 
suitable for arrangement of various configurable assemblies. In this case, it will be feasible to 
supply all reactors by similar, thus more cost-efficient fuel elements. For WWR-M2 and 
WWR-SM type fuel elements it was succeeded to select pins that retain thermal and neutron 
reactor parameters (Fig. 1) [1]. 
 

p lug fuel meat p lugcladd ing
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Fig. 1.  Pin type fuel element. Longitudinal and cross-sections. 
 

During replacement of WWR-M5 fuel elements with tube type, the loss of specific power is 
unacceptable. Thus, specific heat-transfer surface is reduced from 6.6 cm-1 to (5.4÷4.5) cm-1. 
FA with pin type FE of small cross-section may be used with shrouds only. In case of small 
size of FA the volume part occupied by shrouds is considerable.  For WWR-M FA with pin 
type FE the only layout from 37 FE in triangular lattice will be used practically. In this case 



the thickness of shroud must be minimal and a circumscribed diameter  of FE will be nearly 
5.2 mm. That is useable for the number of other reactors. Thin shroud with sufficient strength 
may be done of zirconium. 
 
For the test on WWR-M reactor pin type FE of circumscribed diameter 4.85 mm were chosen. 
It is suitable variant for RRT type FA also. FE were placed in triangular lattice but the FA 
shroud was made from aluminum and had a big thickness. In this case the shroud had the 
same dimension as the outer FE of WWR-M2 FA. The gaps bettwen of outer WWR-M2 and 
standard WWR-M5 FE are sufficient for reliable cooling.  This circumstance provided the 
joint operation of testing and standard (WWR-M5) FA without the worse of its cooling 
conditions. 
 
VNIINM researchers have developed pilot assemblies with pin type FE at LEU for testing in 
WWR-M reactor in Gatchina [2]. Pin type FE with composition from U02 and UМo in 
aluminum matrix have successfully passed pre-reactor tests and are being tested on MIR 
reactor under loads that exceed standard ones for swimming pool type reactors [2, 3]. The task 
of this study is to test the structure of FA. Detailed description of FE and preliminary stage of 
these tests was reported during RERTR-2003 Meeting [4]. 

 
2. Fuel assembly structure 

 
FA was developed and manufactured in VNIINM. Thirty seven (37) FE were placed inside 
hexahedron aluminum alloy shroud of 0.8 mm thickness. Landing stem and the top assembly 
capture precisely match in size with similar parts of WWR-M2 FA (Fig. 2). 
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Fig.2. WWR-M2, test and WWR-M5 fuel assemblies 



 
 

Position of 37 FE is fixed by a lattice in the top part of the assembly and remains free in the 
bottom part. Spacing between FE shall be provided by close packing of them with contacts 
between twisted ribs. 
 
In the real condition of sufficiently prolonged operation the examination of some designer’s 
decisions connected with an arrangement of real FE in close packing is necessary. It concerns 
specifically the substantiation of FE fixing absence in lower lattice. It demands the careful 
approach of the load increasing during the tests. 
 
Parameters of FE in assemblies are given in Tables below. 
 

Table 1 
Parameters of fuel granules 

 

 
 

Table 2 
Geometrical characteristics of FE 

 
Circumscribed diameter, mm 4.85 
Thickness of fin, mm 0.4 
Cladding thickness, mm 0.3 min 
Square sides, mm 2.93 
Length, mm 550.5 
Fins twisting step, mm 320 
Square section, mm2 9.0 
Fuel meet section, mm2 5.12 
Perimeter, mm 15.6 

 
 
 

Table 3 
Features of fuel 

 
No Fuel 

composition 
Average 

uranium-235 
load per FE 

(g) 

Uranium 
concentration 

in fuel  
(g/ cm3) 

Length  
of fuel 
meat 
(mm) 

Volume share 
of fuel 

component 
(%) 

1 (UMo) + Al 2.62± 0.13 5.3 500± 20 33.9 
2 UO2 + Al 1.27± 0.06 2.7 500± 20 31.0 

 
 

 Uranium-molybdenum 
 alloy 

Uranium dioxide 

Granules size, µm 160÷60 100÷60 
Uranium content, % 90.8 87.13 
Enrichment, % 19.7 19.6 
Density, g/cm3 17.23 10 

 



Table 4  
Fuel assembly 

 
Characteristics of FA Fuel 

UO2+Al 
Fuel 
(U-9%Mo)+Al 

Quantity of FE in a FA 37 37 
U-235 content in a FA, g 48.0 93.8 
Water flow area, mm2 467.3 467.3 
Cooling surface, m2 0.288 0.288 
Hydraulic diameter, mm 2.74 2.74 
Volume of fuel, cm3 94.8 94.8 
Volume share of water 0.523 0.523 
Total length of FA, mm 748.5 748.5 
Across flats dimension, mm 32 32 

 
3. Procedure and results 

 
Pilot assemblies are loaded in reactor core instead of standard FA of WWR-M5 type (Fig. 3).  
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Fig. 3.  WWR-M reactor core with pilot assemblies 



Cells for loading were selected based on permissible power. Before loading, both pilot 
assemblies were tested for leak tightness and according to test plan, leak tightness will be 
periodically tested in the course of test. Leak tightness check is performed in a special loop-
type channel on power operation [2, 3]. 
 
This method enables to detect leakage of fission fragments from the fuel element at the level 
of 10-7 from generation of fragments in fuel element.  Serious  leak tightness at the level of 
10-4÷10-3 may be detected by state of fragment activity in water of the primary circuit and 
based on readings of standard reactor instruments controlling delayed neutrons. 
 
By autumn 2004, burnup of 24.1% on dioxide fuel and 7,7% on UMo fuel was achieved in 
pilot assemblies. Both assemblies demonstrated good results. Tests are continued. To achieve 
60% burnup under accepted conditions, it is required to have 280 effective days in total for 
fuel elements with U02  and 560 days for fuel elements with UMo fuel. 
 
During the tests the specific power in the cell volume 250 kW/l was achieved. With taking 
into account the volume of FE in the cell the power in fuel space 330 kW/l was achieved for 
FE with UO2 fuel, that is typical for pool reactor FA. So, the maximal power foreseen by test 
program was achieved. Specific power was nearly more than it for the most WWR-M2 FA 
with tube type HEU FE in spite of the decreasing of heat flux density on the FE surface. 
 
The results of leak tightness tests shows the good condition of pilot FA. 
 
It should be mark that the sizes of tested FA was chosen with the consideration of its loading 
to reactor active core together with the permanent WWR-M5 FA without change for the 
worse of neighbouring FA cooling condition. It was the reason of some decreasing of outer 
shroud sizes . For active cores of WWR-M and WWR-SM reactors from only new FA the 
distance between the neighbouring FA shrouds may be decrease essentially that will lead to 
some increasing of FE sizes with conservation of it’s manufacturing technology and to better 
filling of cell volume by FE. It will ensure the specific power increasing nearly on 8%.  
 
The most effective way to accelerate test in several times, it is reasonable to develop a special 
loop in reactor, but until now we restrained our efforts by principle review of such option. 
Partial increase of burnup rate may be achieved by reduction of safety factor before boiling, 
but it requires introduction of more refined calculations in reactor operation. So far, we make 
raw assessments to possible transition from diffusion model to Monte-Carlo model in weekly 
calculations of loads. The “simplest” method to accelerate tests is to extend time of reactor 
operation to 4 thousand hours per year, but until now we have to save money in this aspect. 
 
In conclusion, authors express deep gratitude to R.G. Pikulik, chief engineer of reactor, for 
his support, L.V. Tedoradze, E.A. Konovalov, D.A. Kapitonov for measurements of leak 
tightness and G.V. Paneva for giving current calculations of reactor loadings. 
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Abstract 
The second irradiation fuel experiment, KOMO-2, for the qualification test of 
atomized U-Mo dispersion rod fuels with U-loadings of 4-4.5 gU/cc at KAERI 
was finished after an irradiation up to 70 at% U235 peak burn-up and subjected to 
the IMEF(Irradiation material Examination Facility) for a post-irradiation analysis 
in order to understand the fuel irradiation performance of the U-Mo dispersion 
fuel. Current results for PIE of KOMO-2 revealed that the U-Mo/Al dispersion 
fuel rods exhibited a sound performance without any break-away swelling, but 
most of the fuel rods irradiated at a high linear power showed an extensive 
formation of the interaction phase between the U-Mo particle and the Al matrix. 
In this paper, the analysis of the PIE results, which focused on the diffusion 
related microstructures obtained from the optical and EPMA observations, will be 
presented in detail. And a thermal modeling will be carried out to calculate the 
temperature of the fuel rod during an irradiation. 

 
1. Introduction 
During the in-reactor operation of a dispersion fuel, interdiffusion or chemical reactions 

between the fuel particles and matrix occur[1]. Intermetallic compounds in the form of UAlx 
are formed as a result of the diffusion reaction. Because the uranium aluminides are less dense 
than the combined reactants, the volume of the fuel meat increases after the reaction. In 
addition to the effect on the swelling performance, the reaction layers between the U-Mo and  
Al matrix induces a degradation of the thermal properties of the U-Mo/Al dispersion fuels[2]. 
It is important to investigate the thermal behavior of U-Mo/Al dispersion fuel according to 
reaction between the fuel particles and the matrix with the burnup and linear power. 

The first irradiation test(KOMO-1) in HANARO by KAERI for atomized U-Mo 
dispersion rod fuels revealed the fuels with U-loading of 6.0 g-U/cc to be not acceptable due 
to the complete interaction between U-Mo particles and Al matrix[3]. In the 2nd irradiation 



test(KOMO-2) lower U-density fuels with 4.0 and 4.5 g-U/cc were prepared in order to 
reduce the fuel temperature. 

The second irradiation fuel experiment, KOMO-2, for the qualification test of the 
atomized U-Mo dispersion rod fuels in KAERI was finished after irradiation up to 70 at% 
U235 peak burn-up and subjected to the IMEF(Irradiation material Examination Facility) for a 
post-irradiation analysis in order to understand the fuel irradiation performance of the U-Mo 
dispersion fuel[4]. 

Metallographic examination of the KOMO-2 test fuel rods by the optical observation has 
been completed recently [4]. Because of the fuels irradiated up to a high burn-up became very 
brittle in nature, it was difficult to prepare the irradiated sample for the EPMA. Therefore, an 
examination of the EPMA(Electron Prove Micro Analysis) of several samples with different 
local burn-ups and sample locations for the 4 g-U/cc U-7Mo/Al fuel(494-L2) has been 
conducted recently.  

In this paper, the analysis of the PIE results, which focused on the diffusion related 
microstructures, recently obtained from the optical and EPMA observations, will be presented 
in detail. And a thermal modeling will be carried out to calculate the temperature of the fuel 
rod during an irradiation. 

 
2. Results and Discussion 
Fig. 1 shows the metallographic cross sections, from the fuel meat center to the periphery, 

of the 4.0 g-U/cc U-7Mo /Al dispersion fuel meat (494-L2) with the burn-ups of 50 % BU, 
62% BU, and 68 % BU, respectively. These three fuels were irradiated at the top, middle, and 
bottom sections of the fuel rod with different BOL(beginning-of-life) temperatures. The same 
optical presentation for the 4.5 g-U/cc U-7Mo/Al dispersion fuel meat (494-H2) is also shown 
in Fig. 2. At the 50% BU, the local peak BOL temperatures were 145.5oC for 494-L2 and 
134.2oC for 494-H2, respectively. Fuels at 50% BU appeared to exhibit sound irradiation 
performance due to lower BOL temperature, as expected, although interaction layers seem to 
develop at the fuel meat center by an interdiffusion of the U-Mo and Al. As the irradiation 
burn-up increases up to 62% BU and 68% BU, with higher BOL temperature, however, 
almost all of the U-Mo particles and Al matrix react into the uranium aluminide phase with 
the remaining very small fraction of pore-like defect, the volume fraction was measured to be 
about 1.9 %, in which the microstructure at the fuel center(494-H2) seems to be similar to the 
UO2, also the dispersion fuel having interaction layers can only be seen at the periphery. In 
the case of the 4 gU/cc fuel(494-L2) at a high BU, a considerable amount of pore-like defects 
was observed mostly at the full interaction region in the fuel meat. The volume fraction of the 
defect was measured to be 9.5%. But in the periphery area of both fuels, no pore-like defect 



was observed even after 68% BU. However, it is of importance to note that there is no break-
away swelling in the rod type U-Mo/Al dispersion fuel although there is a considerable 
amount of pore-like defects and/or an extensive interaction between the fuel particle and Al.  

The interaction layer thickness of the fuel particles was measured along the radial 
direction and is represented in Fig. 3. The 50% BU samples appeared to have a layer 
thickness of about 25~35 µm at the center and 7~12 µm at the periphery due to a temperature 
gradient along the radial direction.(see Fig. 3) In the case of the fuels with a higher BOL 
temperature, 62% BU and 68% BU, only a few of the unreacted U-Mo particles at the 
periphery can be seen due to a full reaction of the U-Mo particle with Al, and the thickness of 
the interaction layer increased rapidly and was measured to be up to ~40-60 µm even at the 
periphery region. As previously reported, the fuel meat swelling of the rod type U-Mo/Al fuel 
appeared to be more proportional to the linear power than the U-235 burnup[4], thus, it is 
mostly dominated by the formation of the interaction phase. 

Figures 4-7 represent the scanning electron microscopy of the 494-L2 meat fracture 
surface from different temperatures and irradiated burnups. At the center of the fuel meat 
irradiated to 50% BU(Fig. 4), the microstructure of the fuel particle shows a typical low 
temperature irradiation behavior, similar to the RERTR experiment[5-6]. Small fission gas 
bubbles in the unreacted U-Mo have been formed at the recrystallized grain boundaries. 
However, a trace of fission gas bubbles along the grain boundary is also visible in the 
interaction phase. This phenomenon is attributed to an enhanced formation of the interaction 
phase having low thermal conductivity, its formation increases the fuel meat temperature, 
which allows the interaction phase to continue to grow even after recrystallization take place 
at about 30~40% BU. The BSE(Back Scattered Electron) observation(Fig. 4(f)) indicates that 
no compositional difference appeared to exist in the interaction phase. Fig. 5 is the fractured 
surface SEM images from the middle-to periphery of the fuel meat irradiated to 68% BU, e.g., 
taken at a location representing an on-going full reaction between the U-Mo fuel and Al 
matrix, in which sample (b) was at the periphery(lower temperature) side and sample (f) was 
at the meat center(higher temperature) side, respectively. Some of the unreacted aluminum 
remains between the interlayer-formed fuel particles without any signal of a pore formation. 
Fission gas bubbles in the unreacted U-Mo (sample (b)) irradiated under a rather lower 
temperature, remains uniform implying a stable swelling behavior of the fuel. A trace of 
fission gas bubbles in the interaction phase with a thickness of about 40 µm is also observed, 
but its size and population is larger than that in Fig. 4. As the fuel temperature increases, 
however, it is of significance to note that there seems to exist two different reaction layer 
layers, the inner and outer layers. The outer layer, formed at the initial stage of an irradiation 
under a relatively low temperature, exhibits no bubbles inside representing a stable swelling 



behavior. 
In the inner reaction layer, many bubbles were precipitated along the recrystallized grain 

boundaries with the remaining bubble free interaction islands that are suspected of having 
different chemical compositions with the outer layer. Moreover, the BSE observations of the 
two layered morphologies appeared to exhibit the same phase.  

Characterization of the reaction layer was also carried out by an EMPA analysis for the 4 
g-U/cc fuels (494-L2) with different burnup and location, as shown in Fig.8. Similarly to the 
previous out-of-pile experiment result[7], it is certain that the reaction layer tends to have a 
composition of (U,Mo)Al4  when the irradiation temperature is relatively low. (U,Mo)Al3 
structured phase was identified, even though at both inner and outer layers, for the fuel 
irradiated at the higher temperature condition. The formation of (U,Mo)Al3 phase in the fully 
reacted fuel might be also caused by the change in the boundary condition of diffusion 
process because of the consumption of both the unreacted U-Mo and Al matrix. 

The two layered microstructure at the fuel meat center appeared to become diminish as the 
irradiation of the fuel was progressed at the higher temperature (see Fig. 6). There are also 
weak traces of fission gas bubbles in the fuel particle center, implying that an extensive 
interdiffusion reaction due to very high temperature had already finished at a lower burnup. 

According to the mass balance calculation, if interdiffusion reaction product is assumed to 
be (U,Mo)Al3, all the U-7Mo/Al dispersion fuel with a fuel loading of 4.5 gU/cc should react 
into the uranium aluminide phase resulting in a very small volume change because the 
apparent density of 4.5 gU/cc fuel meat(6.79 g/cm3) is closely similar to that of UAl3(6.8 
g/cm3). When considering the dispersion fuel of 4 gU/cc, there should be a volume increase of 
about 5 % due to a full interdiffusion reaction and remain the matrix Al of 18.2 vol%. These 
calculations are coincident with the measured volume fraction data of aluminum including a 
porosity at the fully reacted fuel zone irradiated to a high burnup, e.g., the dominant phase in 
the interdiffusion layer formed in U-Mo/Al dispersion fuel should be (U,Mo)Al3 phase. 
However, the apparent swelling measured from the meat irradiated to 68% BU was to be 
15.6% for 4 gU/cc and 11.2% for 4.5 gU/cc, respectively, implying that there is still a 
considerable difference in the volume change. This discrepancy, about 10-11% in volume, 
could account for the swelling by an accumulation of fission products in the interaction phase 
as well as an accumulation of solid and fission products in the U-Mo alloy particles[5].  

Because the interaction phase formation rate is strongly temperature dependent and the 
main effect of the interaction product is the reduction of the thermal conductivity of the fuel 
meat, it is of significance to establish the maximum temperature of fuel meat under an 
irradiation condition. The 2nd irradiation test, KOMO-2, for the rod type U-Mo/Al dispersion 
fuels with U loadings of 4-4.5 gU/cc showed a sound irradiation behavior without break-away 



swelling, in general, but exhibits a very extensive formation of the interaction phase at the 
fuel meats with BOL temperatures of above ~160oC. However, there is no available data to 
know the relation of the interaction phase formation with burnup, it is very difficult to predict 
a detailed temperature history of the irradiated fuel, because the fraction of the interaction 
product as well as the linear power changes as the burnup increases. There is also a 
temperature gradient along the radial direction of the fuel meat, the extent of the interlayer 
formation can vary widely, and thus it is rather difficult to predict the progress of a real 
temperature. 

Therefore, in this study, we recalculated the BOL temperatures of the fuel meat with the 
power history under the assumption of no interlayer formation during irradiation, that means 
the lower limit of fuel temperature[8]. The maximum temperature profiles of the fuel meat 
were also calculated by assuming that the fraction of the interaction phase is the same as the 
fraction at the end of an irradiation. By applying this concept, we modified the thermal 
conductivity of the fuel meat at the end-of-life by dividing the fuel meat into multiple rings, 
after measuring the volume fractions of each phase at the end of an irradiation. Thus the peak 
temperature history with the burnup was calculated. Figure 8 represents the potential 
temperature changes of the 4.5 gU/cc fuel (494-H2) as functions of the burnup and the radial 
distance from the meat center. This result shows the initial and final temperatures that the fuel 
meats have experienced during an irradiation period. The peak temperatures of the fuels at the 
final burnup was calculated to be 143 oC (50% BU, 134.2oC BOL), 280 oC (62% BU, 167.3oC 
BOL), and 334 oC (68% BU, 188.9oC BOL), respectively. Therefore, the fuel meat having a 
peak BOL temperature above ~170oC appeared to exhibit an extensive reaction. Moreover, as 
shown in Fig.8(d) of the temperature distribution of irradiated fuels along the radial direction, 
it is also found that the full reaction zone corresponds to the radius of the dispersion fuel meat 
that has irradiated at the final temperature above ~170oC.  

From the above result, it is thought that there should be some critical temperature to 
accelerate the diffusion reaction to make fuel meat covered by the interaction phase in the U-
Mo/Al fuel under an irradiation condition. However, the real peak temperature of the fuel 
meat as the burnup increases is difficult to predict because the growth rate of the interaction 
layer is dependant on many variables such as U-loading, Mo content, temperature, fission rate, 
BU, etc. 

Recently, we have launched to develop thermal modeling by using FEM in the rod type U-
Mo/Al fuel in order to predict the temperature change of fuel meat during irradiation due to 
the formation of the interaction phase, in which both the interlayer growth kinetics at different 
fuel meat locations as well as the reduction of the thermal conductivity with burnup will be 
also considered.[8] 



 
3. Summary 
The 2nd irradiation test, KOMO-2, for rod type U-Mo/Al dispersion fuels with U loadings 

of 4-4.5 gU/cc showed a sound irradiation behavior without any break-away swelling, in 
general, but exhibits very extensive formation of interaction phase in the fuel meats with BOL 
temperatures of above ~170oC. The swelling of the rod type U-Mo/Al fuel appeared to be 
more proportional to the linear power than the U-235 burnup which is mostly dominated by 
the formation of the interaction phase. (U,Mo)Al4 phase appeared to form dominantly at the 
lower temperature region. But (U,Mo)Al3 structured phase was identified at the interlayers, 
both inner and outer layers, formed at the higher temperature. The fuel meat having a peak 
BOL temperature above ~170oC appeared to exhibit an extensive reaction. From the above 
result, it is thought that there should be some critical temperature to accelerate diffusion 
reaction to make fuel meat to be covered by interaction phase in the U-Mo/Al fuel under 
irradiation condition. 
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Fig. 3. Variation of measured interaction layer thickness depending on the radial 
distance in the fuel meat. 
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Fig. 4. SEM fractographs of U-7Mo/Al (494-L2) irradiated to 50% BU taken at the fuel 
meat center. 
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Fig. 5. SEM fractographs of U-7Mo/Al (494-L2) irradiated to 62% BU taken at the fuel 
meat middle-to-periphery. 



    

(a) (b) 

 

    

(c) (d) 

    

(e) (f) 

 
Fig. 6. SEM fractographs of U-7Mo/Al (494-L2) irradiated to 68% BU taken at the fuel 
meat middle-to-periphery. 
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Fig. 7. SEM fractographs of U-7Mo/Al (494-L2) irradiated to 68% BU taken at the fuel 
meat center. 

0 2 4 6 8 10 12 14 16
0

10

20

30

40

50

60

70

80

90

100

 

 

At
. %

Distance (µ m)

494-L2(50% BU)
Fuel Center

 Al
 U
 Mo

U-Mo Reaction Layer Al

 

0 2 4 6 8 10 12 14 16 18
0

10

20

30

40

50

60

70

80

90

100

 

 

A
t.%

Distance (µm)

494-L2(60% BU)
Fuel Pheripery

Al
U
Mo

U-Mo Reaction Layer

 

          (a) 50% BU, Fuel Center               (b) 62% BU, Fuel Periphery 

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60

70

80

90

100

 

 

A
t.%

Distance (µm)

494-L2(68% BU)
Outer Periphery

 Al
 U
 Mo

U-Mo Inner Layer Outer Layer

   

0 10 20 30 40 50 60 70 80
0

10

20

30

40

50

60

70

80

90

100

 

 

At
.%

Distance (µm)

494-L2(68% BU)
 Inner Periphery

 Al
 U
 Mo

Inner Layer Outer Layer

    

(c) 68% BU, Fuel Inner Periphery         (d) 68% BU, Fuel Outer Periphery 
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Fig. 8. Calculated temperature history of the 4.5 gU/cc U-Mo/Al fuel meat(494-H2).  
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ABSTRACT 

In its effort to develop research reactor fuel with a high fissile loading, Argonne National 
Laboratory has continued its advanced fuel development efforts.  Monolithic fuel, where 
the fuel is in the form of a single fuel foil, is being developed as the ultimate in fuel 
loading capacity.  Work has been done on different monolithic fabrication methods that 
have resulted in process refinements.  Effort is also underway to develop a uranium-
molybdenum dispersion fuel plate that will be resistant to the irradiation shortcomings 
noted in previous tests.  Alloying additions to the aluminum matrix are being 
investigated.  These fuels are being fabricated for use in irradiation experiments 
scheduled for insertion in 2005. 

 
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 a fuel type 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]. 
 
This US RERTR effort has focused fuel development on producing high density research 
reactor fuel using the binary uranium-molybdenum system (Mo content 6-10 wt.%).  This 
metallic system allows higher uranium loading densities than are available in the 
traditional compound fuels (aluminides, silicides, oxides, etc.).  While these alloys have 
shown favorable in-pile behavior at lower flux and temperature conditions, there remains 
a set of irradiation parameters above which the fuel demonstrates some detrimental void 
formation (figure 1-left).  This void formation is noticeable along the interface between 
the reaction layer and the unconsumed aluminum in the matrix [2]. 
 
The reaction layer is primarily created during in-pile testing where the elevated 
temperatures and irradiation enhanced diffusion help drive the phenomenon.  The 
reaction product building on the surface of the fuel slows thermal conduction by adding a 



layer of insulation to the fuel.  This drives up temperatures, leading to more reaction 
product and enhancing the potential for detrimental void formation. 
 
Two methods are being investigated as a possible means to counteract the void formation 
problems noted in some of the dispersion fuel plates: switching from dispersion to 
monolithic fuel and modifying the aluminum dispersion matrix material to inhibit the 
formation of the reaction product. 
 
Unlike dispersion plates, where the fuel is in the form of a powder dispersed in an 
aluminum matrix, monolithic fuel consists of a single alloy foil clad in aluminum (figure 
2).  The interface area between the fuel and the aluminum of monolithic fuel is orders of 
magnitude lower than it is in dispersion fuel, leading to less reaction product, better heat 
transfer out of the fuel zone and, subsequently, cooler fuel plates.  Early studies of the 
irradiated U-Mo monolithic fuel plates indicate that the reaction product layer is 
substantially lower (figure) with the single fuel foil.  The void formation noted in some 
dispersion fuel plates is eliminated altogether [2]. 
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The second method being targeted is the addition of silicon to the dispersion matrix.  It 
has been noted that the reaction layer formed at the fuel-aluminum interface is noticeably 
thinner where the fuel is in contact with the cladding material (Aluminum 6061 alloy) 
than where it is in contact with the unalloyed aluminum matrix.  A literature review has 
indicated that the additions of silicon (Al 6061 contains 0.4-0.8 wt.% Si) to the aluminum 
deter the formation of the interaction layer that is the precursor to the void formation 
noticed in previous tests [3]. 
 
Fabrication of both monolithic and modified matrix dispersion fuel has required 
additional fuel development to produce plates suitable for in-pile testing. 
 
Fabrication Development 
 
Fabrication of the monolithic fuel type by the traditional roll-bonding process has been 
shown to be inadequate for the production of fuel plates as the process will tear the fuel 
foil with the reduction needed to bond the aluminum cladding [4].  To fabricate the 
monolithic fuel plates, three candidate methods for assembly have been identified: 
friction stir welding (FSW), hot isostatic pressing (HIP) and transient liquid phase 
bonding (TLPB) [5]. 
 
-Friction Stir Welding 
FSW, where the fuel plate assembly is welded together by the force of a rotating pin 
(figure 3) plastically deforming the material to bond the aluminum cladding to form a 
hermetic seal and bonding the aluminum cladding to the fuel foil [6], has shown the most 
promise of the three methods currently being targeted.  Recent development efforts have 
resulted in an improved process that is being used to fabricate test fuel on a miniplate 
scale.   
 
These improvements include refining various processing parameters and a modified tool 
design that eliminates the need for a previously used constraint sled [5].  A beveled edge 
on the tool face surrounding the shoulder serves to force the material in the vicinity of the 
processing area to flatten, reducing warping in the finished plate (figure 3-e).  Faster tool 
travel speeds have resulted in an assembled plate that can be processed quicker and with 
less warpage than was previously possible. 
 

Plastic
Deformation
RegionTool Contact

Causing Heat
And Pressure

a

First
Plate

Fuel Foil

b c d

Disrupted
Interface

Pin
Shoulder

e Beveled Edge

Second Plate

Rotating
Tool

Pin

 
Figure 3 Schematic of the friction stir welding process (vertical scale exaggerated). a) Monolithic 
fuel assembly. b) FSW tool makes contact with assembly generating heat. c) Tool is plunged into 
the work piece causing plastic deformation in the region around the tool pin. d) Tool is translated 
across the surface of the material, bonding cladding to cladding and smearing cladding onto fuel 
foil. e) Close-up of the FSW tool showing the beveled edge to mitigate warping of work piece. 



 
Uranium clad in aluminum 6061 processed by FSW sheet is shown in Figure 4. This 
SEM micrograph shows no visible porosity and no reaction layer at the fuel-aluminum 
interface.  As FSW tends to refine the grain size of the cladding material, an annealing 
process in undertaken to relieve residual stresses and homogenize the grain size of the 
material.  This annealing step results in a thin <5µ reaction layer.   
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Figure 4. Friction stir welded U-10Mo fuel-clad interface.  As-processed interface (left) showing 
no voids or reaction layer. Heat treated interface (500ºC for 30 min) is shown at right with 
minimal (<5µ) reaction layer. 
  
-Transient Liquid Phase Bonding 
TLPB, a specialized case of diffusion bonding, is performed by using silicon as a rapidly 
diffusing interlayer between the aluminum cladding plates.  The silicon is applied in 
powder form between the cladding plates and between the cladding and the fuel foil.  The 
assembly is placed under uniaxial pressure and heated above the eutectic temperature 
(577 ºC) where a liquid phase forms and acts as a flux to disrupt any surface oxide layer. 
The press is held at temperature and pressure for 30 minutes and then is cooled allowing 
the eutectic phase to diffuse and solidify into the bulk cladding [7].  The action of this 
transient liquid phase forms both a bond in the cladding and a bonded interface between 
the aluminum and the fuel foil. 
 
Examinations of the bond formed by the TLPB process show some problems.  SEM 
micrographs reveal void formation and some cracking along the interface between the 
fuel and the cladding (figure 5).  This apparent formation of a brittle phase is also noted 
in the ultrasonic scan (see below) of the fuel plate which shows some non bonded regions 
in the fuel zone.   
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Figure 6. Hot isostatic pressing.  Bonding test of aluminum 6061 cladding to a surrogate stainless 
steel foil.  The large crack in the reaction layer is not of direct concern since the reaction layer in 
a fueled plate would be of a different composition.  The layer thickness (~35µ) is a problem since 
the steel is much less reactive with U-Mo than the aluminum cladding material. 
 
-Modified Matrix Processing 
The U-Mo modified dispersion fuel underwent only minimal fabrication development to 
arrive at a state suitable for irradiation testing.  The traditional fabrication method for 
dispersion fuel was used substituting different aluminum alloys for the standard pure 
aluminum in the matrix.  The addition of alloying constituents to the aluminum results in 
a tougher material that is much harder to suitably fabricate in a deformation process such 
as rolling. Compact blending, pressing and rolling parameters all were altered subtly to 
achieve the desired fuel plates. 
 
-Ultrasonic Bonding Analysis 
Ultrasonic testing (UT) is the only method being used that can non-destructively examine 
the bonding of the fuel plate itself. Tests have been performed on the fabricated plates to 
examine the bonding, both in the cladding-cladding and the cladding-fuel regions.  The 
samples were inspected for debonds using standard ultrasonic through transmission 
techniques.  The transducers are a pair of 15 MHz focused transducers with a 0.25 in. (6.4 
mm) diameter lens, focused at 0.5 in. (12.7 mm).  The raster scan parameters were 100 
mm by 30 mm, the raster index was 100µm, and the scan step was 100µm. The raster 
scan was performed with greater than a 50% beam overlap.  Tests have been conducted 
on both the FSW and the TLPB methods (as HIP has only undergone surrogate testing it 
has not been examined by UT).  UT shows both FSW and TLPB bonded over a 
substantial region of the plate.  The TLPB results show, however, two significant regions 
where there was not an acceptable bond (figure 7).  
 



 
Figure 7. Ultrasonic test of U-10Mo miniplates, white areas indicate fully bonded regions.  FSW 
plate (top) shows near complete bonding.  TLPB (bottom) shows large areas of debond in the fuel 
regions of the plate. 
 
Irradiation Testing 
 
-Test Vehicle 
The RERTR-6 (and later -7) irradiation test vehicle will undergo irradiation in a large 
“B” position, B-12 (RERTR-7 will be inserted in B-11) of the Advanced Test Reactor 
(ATR) in Idaho (figure 8-left).  Large B positions are vertical, 1.5-in. (3.8 cm) diameter 
holes located near reflector control drums adjacent to the south and west reactor lobes. 
 
In these experiments, the irradiation vehicle consists of a flow-through “basket” holding 
four vertically stacked flow-through capsules which contain the miniature fuel plates.  All 
fuel plates are exposed to and cooled by the reactor’s primary water coolant.  The eight 
fuel plates within each fueled capsule are positioned as two sets of four parallel fuel 
plates stacked axially on top of each other; a cross-section of a fueled capsule and reactor 
position is shown in Figure 8-right.  Flow-through spacers are included at both the top 
and bottom of the stack of fueled capsules to center the stack about the axial midplane of 
the 4.0-ft. (1.2 m) high core.  A flow orifice will be incorporated into the bottom of the 
basket to achieve the desired fuel temperatures. 
 
The flow-through capsules in the RERTR-6 experiment are designated from top-to-
bottom as “6A” through “6D”.  Each capsule holds eight fuel plates in a configuration 
such that the long dimension of the fuel plate is parallel to the coolant flow.  The large B 
positions receive primary reactor coolant which flows from top to bottom; thus, coolant 
flow enters the experiments at capsule “A” and exits at capsule “D”.  Table 1 (at the end 
of the document) shows the configuration of the fuel plates within each irradiation 
vehicle and within each capsule.  In this table, fuel plate positions 1-4 in each capsule are 
located vertically above positions 5-8. 
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Figure 8. RERTR-6 and -7 experiments.   A schematic of the ATR core is shown at left with the 
location of the RERTR experiments. A cross section view of the reactor experiment is shown at 
right.   
 
-Fuel Plates 
The miniature fuel plates fabricated for use in this test have external dimensions of 3.995-
in. (10.15 cm) in length, 1.000-in. (2.54 cm) in width, and 0.055-in. (1.4 mm) in 
thickness.  The dispersion fuel plates are fabricated using a square die (with rounded 
corners); thus, the fuel zones in the finished fuel plates are nominally rectangular in 
shape.  The fuel zone dimensions in these fuel plates are nominally 3.200-in. (8.13 cm) in 
length, 0.730-in. (1.85 cm) in width, and 0.025-in. (0.6 mm) in thickness.  All the 
dispersion fuel plates are clad in 0.015-in. (0.38 mm) thick Al 6061.   
 
Fuel powder for use in dispersion plate fabrication was produced at the Korea Atomic 
Energy Research Institute (KAERI) by atomization. This powder was provided without 
cost to the U.S. RERTR program.  Two pure aluminum matrix U-10Mo fuel plates have 
been included in the test matrix as control fuel plates having well-known irradiation 
performance characteristics. The remainder of the dispersion fuel is fabricated using an 
aluminum alloy for the matrix phase. 
 
To produce the dispersion plates, fuel powder is blended with aluminum powder and 
pressed into compacts.  The compacts are placed in Al 6061 picture frames, sandwiched 
between Al 6061 coverplates and roll bonded to final thickness.  The matrix material is 
varied throughout the experimental matrix to test the effect of alloy composition on 
irradiation behavior.  A total of five compositions are being tested: unalloyed aluminum, 
Al-0.5Si, Al-2Si, Al 6061 (0.4-0.8 wt.% Si) and Al 4043 (4.5-6.0 wt.% Si).  The binary 
composition Al-2Si was provided by the French group CERCA without cost to the U.S. 
RERTR program. 
 
The monolithic fuel plates have the same external dimensions as the dispersion plates.  
The fuel foil in the monolithic plates is a thickness of nominally 0.010-in. (254 µm). The 
fuel is sized using a die to punch a fuel sample, length 3.25-in. (8.25 cm) width 0.75-in 
(1.90 cm) with a corner radius of 0.125-in. (0.32 cm).  Two plates with a foil thickness of 



0.020-in. (508 µm) will be included in the experiment matrix.  The monolithic plates will 
be clad in 0.017-in. (432 µm) thick aluminum 6061 alloy for the thick foil plates and 
0.022-in. (559 µm) for the thin foil plates. 
 
The foil for the monolithic fuel plates was produced at Argonne National Laboratory by 
arc-melting LEU and Mo repeatedly to form a homogenous alloy.  This was cast into a 
coupon, rolled and annealed to form the foil of the desired thickness [5]. 
 
Both the monolithic and the dispersion fuel plates are sheared to final fuel plate length 
and width.  Finished fuel plates are cleaned and autoclaved in saturated water at 180°C 
for four to six hours to pre-film the cladding surface with a 0.1 mil (3 µm) thick 
corrosion-resistant boehmite layer. All fuel plates are fabricated using low-enriched 
uranium (~19.5% U235).  Confirmatory x-ray density measurements will ensure that the 
target loadings of 6 g-U/cm3 for the dispersion fuel or 15.3 & 16.0 g-U/cm3 for the 
monolithic fuel are achieved in the finished fuel plates. 
 
-Test Conditions 
Irradiation of this experiment in the large “B” positions of the ATR provides the highest 
thermal flux, thus highest fuel plate powers, for experimental fuel plates of this size in a 
flow-through channel.  Still, fuel temperatures are projected to be below the desired 
values using with an unimpeded experimental flow cross section.  A flow orifice will be 
incorporated into the bottom of the basket; the orifice is designed to reduce the flow 
velocity to 320 cm/sec in the region of the fuel plates. 
 
The 32 fuel plates in RERTR-6 generate a total of 111.4 kW at beginning-of-life.  The 
flow-through capsules allow cooling of the experiment by the primary reactor coolant 
which enters capsule “A” at 52°C and exits capsule “D” at 93°C.  Thermal calculations 
indicate that a peak cladding temperature of 169°C and a fuel temperature of 177°C at 
beginning-of-life are expected in the fuel plate located in capsule position 6-D7.  Over 
half of the fuel plates in RERTR-6 have peak fuel temperatures above 133°C at 
beginning-of-life.  It is anticipated that the experiment will remain in reactor for three full 
cycles and achieve a target burnup of ~50% U235 depletion. 
 
-RERTR-7 Irradiation Test 
The RERTR-7 fuel test is scheduled to be inserted in the ATR a few months after 
RERTR-6 experiment is placed in the reactor.  While the exact fuel matrix has yet to be 
finalized it will be similar to the previous experiment in several aspects.  The geometry of 
the fuel plates and experiment hardware will be identical.   
 
RERTR-7 will contain both monolithic and dispersion fuel plates identical to those 
contained in RERTR-6 with some additions that were not available for testing in the 
RERTR-6 test:  Two dispersion fuel plates supplied to the US RERTR program by the 
Argentine CENA program will be included.  The exact configuration of these plates is yet 
to be determined.  It is anticipated that the HIP process will be available for production of 
fuel plates in time for this experiment.  RERTR-7 will also contain some plates (both 
dispersion and monolithic) of a higher enrichment to test higher heat flux independent of 



elevated coolant temperatures.  These plates will be located at the top of the experiment 
stack. Predicted temperatures and power values for RERTR-7 are awaiting finalization of 
the experiment matrix for calculation.  The burnup of this experiment is anticipated to 
reach values of ~80% burnup.   
 
Conclusions 
 
Fuel development has continued at Argonne National Laboratory with further work on 
both the monolithic fuel plates and the modified matrix dispersion fuel.  Of the 
monolithic assembly methods friction stir welding has shown the most promise having 
good bonding in micrographs and in ultrasonic testing.  Transient liquid phase bonding 
shows signs of some brittle phase formation in the fuel cladding interface.  Development 
of hot isostatic pressing has, to date, been limited to surrogate tests.  Both FSW and 
TLPB will be used to fabricate plates for an upcoming irradiation test, RERTR-6.  This 
test will also include dispersion fuel that contains a matrix with silicon additions in an 
attempt to counteract some problems noted in earlier tests.  
 
An additional irradiation test, RERTR-7, will be also be conducted. This experiment will 
be irradiated to a target burnup of 80% U235 depletion.  It will test many of the same type 
of fuel plates that will be irradiated in the RERTR-6 experiment and incorporate the 
HIPed monolithic plates.  This experiment will be inserted in May of 2005. 
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Table 1. RERTR-6 Experiment Matrix 

Capsule 
ID Plate ID 

Nominal Fuel 
Composition (wt%)

Bonding 
Method*

Matrix 
Material 

Composition 

Fuel Zone 
Thickness 

(µm) 
6-A1 U-10Mo FSW -- 254 
6-A2 U-10Mo TLPB -- 254 
6-A3 U-7Mo TLPB -- 254 
6-A4 U-10Mo FSW -- 508 
6-A5 U-7Mo Roll Al-0.5Si 635 
6-A6 U-10Mo FSW -- 254 
6-A7 U-10Mo Roll Al-0.5Si 635 

6-A 
   
  
  
  6-A8 U-7Mo FSW -- 254 

6-B1 U-7Mo Roll Al 6061 635 
6-B2 U-7Mo Roll Al-2Si 635 
6-B3 U-10Mo Roll Al 635 
6-B4 U-7Mo TLPB -- 254 
6-B5 U-7Mo Roll Al 4043 635 
6-B6 U-7Mo FSW -- 254 
6-B7 U-10Mo FSW -- 254 

6-B 
  
  
  
  6-B8 U-10Mo Roll Al 6061 635 

6-C1 U-10Mo Roll Al 635 
6-C2 U-7Mo Roll Al 4043 635 
6-C3 U-7Mo Roll Al-2Si 635 
6-C4 U-7Mo FSW -- 254 
6-C5 U-7Mo Roll Al-0.5Si 635 
6-C6 U-7Mo TLPB -- 254 
6-C7 U-10Mo FSW -- 254 

6-C 
   
  
  
  6-C8 U-10Mo TLPB -- 254 

6-D1 U-10Mo TLPB -- 254 
6-D2 U-10Mo FSW -- 254 
6-D3 U-10Mo Roll Al 6061 635 
6-D4 U-10Mo FSW -- 254 
6-D5 U-7Mo Roll Al 6061 635 
6-D6† U-7Mo FSW -- 254 
6-D7 U-10Mo FSW -- 508 

6-D 
  
  
  
  6-D8 U-10Mo Roll Al-0.5Si 635 

* Plates designated ‘Roll’ contain dispersion fuel, all others are monolithic 
† Plate contains cladding material ‘pillars’ in the fuel foil 



Table 2. RERTR-7 Experimental Matrix (Draft) 

Capsule 
ID Plate ID 

Nominal Fuel 
Composition* 

(wt%) 
Bonding 
Method†

Matrix 
Material 

Composition 

Fuel Zone 
Thickness 

(µm) 
7-A1 U-10Mo (MEU) FSW -- 254 
7-A2 U-10Mo TLPB -- 254 
7-A3 U-10Mo (MEU) Roll Al-0.5Si 635 
7-A4 U-10Mo FSW -- 508 
7-A5 U-7Mo (MEU) Roll Al-0.5Si 635 
7-A6 U-10Mo FSW -- 254 
7-A7 U-10Mo HIP -- 254 

 
7-A 

  
 
 
 7-A8 U-7Mo FSW -- 254 

7-B1 U-7Mo Roll Al 6061 635 
7-B2 U-7Mo Roll Mg 635 
7-B3 U-10Mo Roll Al 635 
7-B4 U-7Mo TLPB -- 254 
7-B5 U-7Mo HIP -- 254 
7-B6 U-7Mo FSW -- 254 
7-B7 U-10Mo FSW -- 254 

7-B 
  
  
  
 7-B8‡ CNEA Roll  TBD 635 

7-C1 U-10Mo HIP -- 254 
7-C2 U-10Mo Roll Al-0.5Si 635 
7-C3 U-7Mo Roll Mg 635 
7-C4 U-7Mo FSW -- 254 
7-C5 U-7Mo Roll Al-0.5Si 635 
7-C6§ TBD TBD   TBD  TBD 
7-C7 U-10Mo FSW -- 254 

7-C 
  
  
  
  7-C8 U-10Mo TLPB -- 254 

7-D1‡ CNEA Roll  TBD 635 
7-D2 U-10Mo FSW -- 254 
7-D3 U-10Mo Roll Al 635 
7-D4• U-10Mo FSW -- 254 
7-D5 U-7Mo Roll Al 6061 635 
7-D6 U-7Mo HIP -- 254 
7-D7 U-7Mo TLPB -- 254 

7-D 
  
  
  
  7-D8 U-10Mo FSW -- 508 

* Fuel uranium is LEU unless noted 
† Plates designated ‘Roll’ contain dispersion fuel all others are monolithic   
‡ Plates to be provided by CNEA, exact composition to be determined  
§ Plate to be determined 
• Plate contains cladding material ‘pillars’ in the fuel foil 
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ABSTRACT 
 

Several failures in U-Mo dispersion fuel plates like pillowing and large porosities have been 
reported during irradiation experiments. These failures have been assigned to the formation of a 
large (U-Mo)/Al interaction product under high operating conditions. The modification of the 
matrix by alloying Al to change the interaction layer and improve its irradiation behavior, has 
been proposed. This paper reports diffusion experiments performed between U-7wt%Mo and 
various Al alloys containing Mg and / or Si. By the use of Optical Microscopy, SEM and X-
Ray diffraction, it was found that with a concentration of 5.2wt% or 7.1 wt%Si the interaction 
layer is constituted mainly by (U,Mo)(Si,Al)3  and no (U,Mo)Al4 is detected. As part of the 
studies of properties of the U-Mo alloys the time for isothermal transformation start at different 
temperatures of the γ phase is being evaluated for the present U-7wt%Mo alloy. These results 
are used to plan the future diffusion program that will include diffusion under irradiation at 
CNEA RA3 reactor.  

 
 
1. Introduction 
 
The dispersion of U-(7wt% to 10wt%)Mo alloy particles in Al matrix was considered to 
perform well under irradiation [1]. However qualifying experiments in full size plates had to 
be interrupted due to excessive swelling [2,3].. This phenomenon was also found, at initial 
state, in miniplates tested at 80% BU without signs of pillowing [4]. 
Not only the extent but the behaviour under irradiation of the interaction products are 
important in U-Mo /Al dispersion fuel. Post irradiation data and past experience suggest to 
change the characteristics of the interaction layer by alloying the Al of the matrix. First 
investigations of the irradiation results pointed at Mg as a beneficial presence. Nevertheless, 
further analysis showed that the influence of Si could be more important [4]. 
As a first contribution to solve this problem, this paper reports out of pile chemical diffusion 
experiments, performed at 550ºC and 580ºC using Al alloys with Mg and/or Si, as main 
alloying element. Previous experience in interdiffusion between U-7%wtMo/Al was used to 
set these experiments [5]. 
It has to be taken into account that the temperature range and/or the time in which diffusion 
experiments can be planned with a U-7wt%Mo alloy is limited due to the start of the 
decomposition of the metastable gamma U-Mo phase. The time for isothermal transformation 
start at different temperatures is being evaluated for the present U-7wt%Mo alloy. Based on 
these results, the convenience of using an U-9%wt Mo alloy to plan the diffusion studies 
under irradiation is discussed. 
 
 
2. Experimental 
 
Materials employed in this study were an arc-melted U–7wt% Mo alloy, pure Aluminium and 
five commercial Al alloys: three of them containing Mg and the other two Si as main alloying 
element, Table I. 



 
 Si Fe Cu Mn Mg Cr Ti 

6061 0.60  0.28  1.00 0.20  

5052 - - - - 2.5 0.25 - 

5083 - - - 0.70 4.40 0.15 - 

4043 5.20       

AA635 * 7.10 0.10   0.37  0.12 

 
Table I. Compositions of the commercial Al alloys wt% [6]. 

* Provided by the supplier. 
 
 
The chemical diffusion couples were triple sandwiches Al/(U-Mo)/Al-alloy. The Al 
counterpart was used to monitor the reproducibility of the tests. The U-Mo alloy was 
homogenized in composition by a thermal treatment of 2 hs at 1000°C. The couples were kept 
tight by a simple mechanical clamp. The details of the experimental set up were described 
elsewhere [5]. 
Optical Microscopy (OM), SEM and EDAX were used to characterize the reaction layers´s 
constituents. X–ray diffraction (XRD) was performed for the 4043 and AA635 samples. 

Diffusion couples were annealed at 580 °C or 550 ºC during 2 hs or (2+2) hs, Table II, in 
order to obtain measurable reaction layers, in reasonable short times. These times are 
supposed to be short enough to avoid the γ phase decomposition. Despite of this, certain 
percentage of decomposition was observed in some of the samples. 

For XRD analysis, successive surfaces at a small angle from the perpendicular to the diffusion 
direction were exposed by a careful polishing, and a spectrum was taken for each one. XRD 
measurements were performed with filtered Cu Kα radiation, in a Phillips PW 3710 X-ray 
diffractometer, with fixed slit. 
 
 
3. Results 
 
As a general feature no important reduction was observed in the thickness of the interaction 
layers (IL) between the U-Mo and the Al alloy, respect the one between U-Mo and pure Al. 
Moreover, for the 5083 alloy it resulted even larger. Table II summarizes the results compared 
with the Al side. In most of the samples, the interface between the IL and the Al alloy broke 
apart remaining the greatest part of the layer sticked to the U-Mo alloy. The values reported in 
Table II correspond to this part of the IL, so the actual thickness may be underestimated.  
 
 
 



Sample´s 
name * 

Time (hs) Temp. (°C) Thickness of the 
IL with Al (µm) 

Thickness of the IL 
with Al alloy (µm) 

6061 2 580 150 129 

5052 2 580 139 134 

5083 2 550 10 30 

4043 2 550 10 15 

AA635 2+2 550 20 20 

 
Table II. Diffusion annealings details and resulting IL.  

*Samples are named according to the Al alloy used in each one. 
 

Sample´s 
name 

 % at Al % at Si % at Mg % at Mo % at U 

Pure Al Near U-Mo 75 - - 3 22 

 Near Al alloy 81 - - 2 18 

6061 Near U-Mo 76 2 - 2 20 

 Near Al alloy 75 3 - 2 20 

5052 Near U-Mo 76 - 4 2 18 

 Near Al alloy 80 - 4 2 14 

5083 Near U-Mo 72 - - 3 25 

 Near Al alloy 76 - - 2 22 

4043 Near U-Mo 25 30 - 3 42 

 Near Al alloy 51 16 - 3 30 

AA635 Near U-Mo 18 38 - 4 40 

 Near Al alloy 49 22 - 3 26 

 
Table III. % at of the different elements in the IL between U-Mo and Al alloy measured by EDAX. 

 
 
3.1. Composition of the interaction layer 
 
Electron microprobe was not available at the time of these experiments, so concentrations 
were measured by EDAX and are shown in Table III. The compositions of the IL at pure Al 
side gave the same results for all the samples, Table III, and were in good agreement with 
previous investigations [5]: two bands, one containing 75 at % Al, 3 at % Mo and 22 at% U 
corresponding to (U,Mo)Al3 and the other containing 80 to 82 at % Al, 2 at % Mo and 18 at 
% U corresponding to (U,Mo) Al4. 



Fig. 2. 5083 sample´s interdiffusion layers. 
2 hs 550°C. Chemical etching.

U-Mo 

Crack 

IL 

3.1.1. Mg effect 
 
On samples 5052 and 5083, which contain Mg but not Si, both OM and EDAX analysis 
identified two different zones on the IL, Figs. 1, 2 and Table III. On sample 5052, 4 at% (2.5 
wt%) of Mg was found on both zones. This quantity is in good agreement with the original 
Mg content in the alloy. On sample 5083, on both zones, Mg content, if any, was not found. 
The content of Al is reduced compared to the Al side. 
 
 
 
 

 
 
 
On sample 6061, which contains 0.6 wt % of Si besides Mg, EDAX measurements identified 
∼2 at % of Si across the whole IL which is higher than the 0.5 at % of Si of the initial alloy. 
The composition of Al, 75 at%, is also rather homogenous. Mg was not detected on this IL. 
From the OM observations, the presence of two zones is not clearly defined. 
 
 
3.1.2. Si effect 
 
4043 and AA635 alloys containing 5.2 and 7.1 wt% of Si respectively, presented remarkable 
differences compared with all the samples which contain Mg as main alloying element. The 
IL between the U-Mo and these Al alloys resulted slightly wider than the ones between U-Mo 
and pure Al. The dissolution of Si precipitates was observed in the Al alloys near the 
interdiffusion layers, Fig. 3. 
 
 
 
 
 

Fig. 1. 5052 sample´s interdiffusion layers. 
2 hs 580°C. Chemical etching.
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OM and SEM showed that these IL have two zones, the thinner one, close to the U-Mo side, 
is in fact a two phase region with a very fine microstructure revealed at high magnification, 
Fig 4. The concentrations for this zone in Table III correspond to the average on window 
measurements. They indicated a high Si content. The other zone, wider and near the Al alloy, 
contains 55% less Si than the thinner one. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2. XRD 
 
X-Ray diffraction was performed on the IL of Al Si alloys, Fig.5. Besides the expected peaks 
associated to the structures of γU-Mo, Al and Si, the patterns showed the presence of the 
cubic structures U(Al,Si)3 [7] with lattice parameter a = 4.205 Å and Al20Mo2U [5]. No 
(U,Mo)Al4 was found. A small set of weak peaks couldn´t be clearly identified. 

Fig. 3. 4043 sample´s interdiffusion layers.2 hs 550°C. 
Mechanically polished. Diamond paste 1 µm. 
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Fig. 4. AA635 sample´s interdiffusion layer. (2 + 2) hs 550°C. SEM 

6 µm 
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3.3. Changes in the growing kinetics related to γ U-Mo decomposition. 
 
Something remarkable to expose here, is the fact that the IL, for both Si containing samples, 
didn´t show any change in the growing kinetics when the  γ U-Mo decomposes. This is really 
different compare to the pure Al behaviour which finds in the decomposition microstructure a 
short circuit for diffusion, Fig. 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Discussion 
 
The possible effects on the interaction layer by the addition of a alloying element to the Al 
have been studied for Mg and Si. 

Fig. 5. AA635 sample. XRD pattern 

Fig. 6. AA635 sample´s interdiffusion layer.(2 + 2) hs 550°C. Diamond paste 1 µm. 
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IL 

U-Mo 

Decomposition 



The overall behaviour concerning the layers´s thickness for 5052 and 6061 samples showed a 
slight reduction; for 5083, 4043 resulted bigger respect to the pure Al one. 
Concerning the samples with Al alloys containing Mg, the experiences reported in this work, 
made at 580 °C or 550 °C, do not allow to infer Mg as having any influence on the IL respect 
to the one with pure Al. Due to this similar behaviour, no longer than two hours experiments 
were planned and no XRD patterns were performed. 
On the other hand, although no reduction was observed with Si addition, important changes 
were found in the components of the IL for these Al alloys. Si presents an affinity with U-Mo 
alloy resulting in a migration towards it, motivating the presence of a significative quantity of 
Si in the IL and correspondingly less Al content on it. The Si concentration in the IL is higher 
than in the initial alloy and is supported by the dissolution of the precipitates next the 
interaction zone. 
As a result of Si presence, the phase (U,Mo)Al3, found next to U-Mo in the case of pure Al, is 
now (U,Mo)(Al,Si)3, but now is situated close to the Al alloy. It is the widest of the two zones 
that form the IL. This phase is the same reported in chemical diffusion experiments between 
U3Si and Al at 510 to 670 ºC [8]; it was also reported for silicide dispersed in Al matrix which 
has shown a satisfactory behaviour under irradiation [9]. A correlation between the lattice 
parameter with Si and/or Al in this phase has been published [7,10]. Based on this, and using  
XRD results of this work, this zone would contain ∼25 at%Si, ∼50 at%Al and ∼25 at%(U-
Mo). Nevertheless, according to Table III, the measurements report an excess in U and Mo 
particularly for 4043 sample. This can be attributed to the small thickness of the IL and the 
qualitative determination by EDAX. They are plotted on a U-Al-Si ternary representation, 
Fig.7 a. 
For the two-phase zone next U-Mo, some punctual and window EDAX measurements are 
plotted in Fig.7 b. They appeared located along the line between “1” and “2". 
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Fig. 7a. U-Al Si ternary representation 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Knowing that this is a two-phase zone, it is valid to consider that the points along the line, 
represent averages of different fractions of both phases. Points near “1” correspond to the 
phase (U,Mo)(Al,Si)3. The other phase in this zone would be represented by the points near 
“2” with the same excess in U,Mo concentrations. This let us consider that this phase could be 
USi2-x, reported in [7] accepting up to 16 at% of Al in solution or 25 at% according to [10]. 
The structure of this phase could be indexed with the small set of weak peaks mentioned in 
section 3, but XRD is not conclusive. More experiences should be made to enlarge this zone 
so that, more definite peaks would be obtained. 
 
Both Si samples did not show any change in the growth kinetic when the  γ U-Mo 
decomposes. Nevertheless, [5] reports that γ U-Mo decomposition increases significantly the 
width of the interdiffusion zone between U-Mo and pure Al, changing drastically the 
morphology of the interface. It seems that the growth of the phase containing Si is not 
sensible neither to the short circuits of diffusion of the microstructure of the decomposed  γ U-
Mo phase nor to the α U phase present in it. 
 
These are very hopeful results, but they need to be corroborated at irradiation temperatures. 
Thermal treatments at 300°C are in progress in order to confirm all of this. The growth 
kinetics of the phases that constituted a reaction layer may be different so the relative 
thickness may not be the same at lower temperature.  
 
It is the intention to go further in diffusion studies to determine characteristic parameters like 
activation energy (experiments at different temperatures) or kinetics (experiments at different 
times at a single temperature). Previous experience [5] showed that the characteristics of the 
interdiffusion zones are very different when γ U-Mo phase decomposition occurs, thermal 
treatments couldn´t be longer than two hours, being this a limit for the studies. Due to the 
importance of knowing the start of the decomposition for each temperature, studies for the 

Fig. 7b. U-Al Si ternary representation 
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alloy U-7wt% Mo with the same metallurgical characteristics than the alloy of this work are 
currently being done. Fig. 8 shows the results obtained up to now. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Because of the known effect of Mo on γ U-Mo phase stability, next diffusion studies will be 
made on U-9wt%Mo alloy. 
 
 
5. Conclusions  
 
The interdiffusion experiments made between 550 ºC and 580 ºC allow to conclude: 
 

1) Mg additions to Al didn´t report any important change on the characteristics or 
components of the interaction layer respect to the pure Al one. 

2) Si additions to Al introduced important changes in relation with the phases found 
inside the interaction layer: (U,Mo)(Al,Si)3 near the Al alloy, a two-phase zone 
consisting of (U,Mo)(Al,Si)3 and, probably, (U,Mo)(Al,Si)2-x near U-Mo alloy and 
Al20Mo2U. This last could not be optically located. No (U,Mo)Al4 was found. 
(U,Mo)(Al,Si)3, which is the main component of the interaction layer, is the phase 
reported as the interaction product in dispersion Si fuel elements. 

3) The interaction layer, for both alloys containing Si, is not affected when the γ U-Mo 
decomposes as remarkably happens in the case of pure Al. 
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Abstract 
 
In a monolithic U-Mo fuel design, in the absence of substantial interaction product 

development fuel swelling will be the primary deformation mechanism.  Irradiation-

induced recrystallization appears to be a general phenomenon in that it has been observed 

to occur in a variety of nuclear fuel types, e.g. U-x Mo, UO2, and U3O8.   The 

recrystallization process results in sub-micron sized grains that accelerate fission-gas 

swelling due to the combination of short diffusion distances, increased grain-boundary 

area per unit volume, and greater intergranular bubble growth rates as compared to that in 

the grain interior.  An expression has been derived for the fission density at which 

irradiation-induced recrystallization is initiated that is athermal and weakly dependent on 

fission rate.  The initiation of recrystallization is to be distinguished from the subsequent 

progression and eventual consumption of the original fuel grain.  The formulation takes 

into account the observed microstructural evolution of the fuel, the role of precipitate 

pinning and fission gas bubbles, the triggering event for recrystallization, as well as the 

evolution of recrystallization as a function of burnup.  The calculated dislocation density, 

fission gas bubble size distribution, and fission density at which recrystallization first 

appears are compared to measured quantities.   
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1. Introduction 

 Irradiation-induced recrystallization of UO2 nuclear fuels has been an active field 

of research since 1991 when the first paper on this subject was published [1].  In addition, 

recrystallization has been observed to occur in other nuclear fuels, e.g. U-x Mo, 

where 106 ≤≤ x , and U3O8 [2].  Three typical features characterize the process:  Xe 

depletion, pore formation, and grain subdivision that appears sequentially as the local 

burnup increases [3].   In the pre-recrystallized regions of the material, high dislocation 

densities and small fission gas bubbles are observed [4-5].  The recrystallized regions 

show a predominant feature of 15.0 −≈ mµ  pores surrounded by sub micron grains, with 

part of these grains being free of dislocations and gas bubbles [5-7].   The irradiation-

induced recrystallization mechanism has been attributed to the diminution of potential 

recrystallization sites due to interaction (pinning) with vacancy-impurity pairs [1,8], the 

buildup of stored energy in the material due to irradiation damage [9], stresses produced 

as a result of over pressurized fission gas bubbles [10], instability phenomena [11], defect 

saturation [12], and atomic cascades induced by fission fragments [ 13].  However, none 

of the above models have satisfactorily explained all of the observed dependencies as 

well as the sequence of events leading up to recrystallization.  For example, 

recrystallization is observed to initiate at preexisting grain boundaries and/or the surfaces 

of large, preexisting pores.  In addition the onset of recrystallization in uranium-

molybdenum alloy fuel for research reactor applications appears to be not at all, or very 

weakly, dependent on fuel temperature [2].  The evolution of the pre-recrystallized 

microstructure of the material is characterized by the transition from an interstitial-loop 

and tangled dislocation morphology [4] to that of a cellular (polygonized) dislocation 
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network consisting of relatively low-angle subgrains [14].  In addition, measurements of 

the change in the UO2 lattice parameter in fuel that has a recrystallized rim structure 

show that the lattice parameter increases toward the pellet edge and decreases again 

within the recrystallized rim zone [15].  Models based on the evolution of the damaged 

microstructure indicate that the increase in lattice parameter can be attributed to the 

nucleation and growth of interstitial loops [16].  The subsequent decrease in lattice 

parameter within the recrystallized rim region occurs because of stress relaxation 

commensurate with the recrystallization process. 

 To date, models based on the evolution of the damage microstructure have not 

been satisfactorily interfaced with a triggering event for irradiation-induced 

recrystallization, and the role of gas bubbles in this process has not been clearly 

delineated.  For example, several conflicting explanations have been put forward to 

account for evidence that xenon depletion, pore formation, and recrystallization begin at 

different local burnups [16].  In addition, a consensus has not been reached on the fission 

rate and temperature dependence of recrystallization [2, 17], on the role of composition 

and fabrication parameters such as grain size [18 ], or on the role of stress [19].   This 

paper, presents a model for irradiation-induced recrystallization that links the observed 

microstructural evolution of the fuel, the role of fission gas bubbles, and the triggering 

event for recrystallization. 

 

2. Calculation of bubble-size distribution on potential recrystallization nuclei 

 The evolution of a cellular dislocation structure is assumed to be an integral step 

leading to irradiation-induced recrystallization.  The walls of this cellular structure and/or 
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the grain boundaries of the resulting subgrain microstructure are considered to be 

potential recrystallization nuclei.  Classical conditions for a viable recrystallization 

nucleus are a size advantage and a high interfacial mobility [20].  In an application of a 

rate-theory approach to the microstructural evolution of a cellular dislocation network, 

Rest and Hofman associated nanometer-size bubbles with the walls of the cellular 

dislocation structure [16].  These bubbles act as a dragging force on a moving boundary 

and thus reduce the interfacial mobility.  If the bubbles are of sufficient size, the 

boundary will be effectively pinned and will be eliminated from the pool of potential 

recrystallization nuclei.  To determine this effect, the gas bubble distribution on the 

boundaries of the cell wall and/or sub-grain structure needs to be assessed. 

 Let ( )drrn be the number of bubbles per unit volume on the cell walls (and/or 

sub-grain boundaries) with radii in the range r to drr + .  Growth by gas atom collection 

from fission gas diffusing from the grain interior removes bubbles from this size range, 

but these are replaced by the simultaneous growth of smaller bubbles.  The distribution of 

intragranular gas consists primarily of fission gas atoms due to the strong effect of 

irradiation-induced gas-atom re-solution.  Bubbles appear on the cell walls and/or 

subgrain boundaries due to the reduced effect of re-solution ascribed to the strong sink-

like property of the boundary [21].  A differential growth rate between bubbles of 

different size leads to a net rate of increase in the concentration of bubbles in the size 

range r to drr + .  This behavior is expressed by [22] 

 

( ) ( ) dr
dt
drrn

dr
ddr

dt
rdn

⎥⎦
⎤

⎢⎣
⎡−=⎥⎦

⎤
⎢⎣
⎡ .      (1) 
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The growth rate ( dtdr / ) of a particular bubble is related to the rate ( dtdm / ) at which it 

absorbs gas from the matrix. For the small cell and/or subgrain sizes characteristic of the 

pre-recrystallized grain microstructure, the rate of precipitation is controlled by the gas-

atom diffusion coefficient D and the average concentration C of fission gas retained in 

the lattice, 

 

( ) .4/ DrCdtdm π=         (2) 

 

For the small bubbles that have been observed in the pre-recrystallized irradiated material 

[4], the relationship between size and gas content can be approximated by 

 

 ( )vbrm 3/4 3π= ,        (3) 

 

where vb  is the van der Waals constant.  Differentiating Eq. (3) and equating to Eq. (2) 

results in 

 

 rDCbdtdr v // = .        (4) 

 

 The temperature range where irradiation-induced recrystallization is observed to 

occur is relatively low (below that where thermal annealing of defects occurs).  As such, 

the gas-atom diffusion coefficient D is expected to be athermal with negligible 

intergranular gas bubble mobility.  Studies on the evolution of helium bubbles in 

aluminum during heavy-ion irradiation at room temperature have shown that bubble 
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coarsening can take place by radiation-induced coalescence without bubble motion [23].  

This coalescence is the result of the net displacement of Al atoms out of the volume 

between bubbles initially in close proximity.  The resulting non equilibrium-shaped 

bubble evolves toward a more energetically favorable spherical shape whose final size is 

determined by the equilibrium bubble pressure.  

  Bubble coalescence without bubble motion can be understood on the basis of a 

difference in the probability for an atom to be knocked out of the volume between a pair 

of bubbles and the probability of an atom to be injected into this inter-bubble volume.  If 

the bubbles contained the same atoms as that comprising the inter-bubble volume, the net 

flux of atoms out of the inter-bubble volume would be zero.  However, since the gas 

bubbles contain fission gas and not matrix atoms, the flux of atoms into the inter-bubble 

volume is reduced by the bubble volume fraction, i.e., the net flux out of volume is equal 

to )( BVVV −− λλ , where λ is the atom knock-on distance, and BV  is the bubble volume 

fraction.  It is assumed that most of the impacted atoms receive enough energy to travel 

distances λ  on the order of the inter-bubble spacing.  Thus, assuming that the atom 

displacement rate is proportional to the fission rate, the net rate of change in the 

concentration of bubbles in the size range r to drr + due to bubble coarsening without 

bubble motion is given by  

 

 ( ) ( ) drrnrF
dr
ddr

dt
rdn

⎥⎦
⎤

⎢⎣
⎡=⎥⎦

⎤
⎢⎣
⎡ 3

3
2 πλ ,      (5) 

 

where F is the fission rate. 
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 The overall net rate of change of the concentration of bubbles in a given size 

range is derived by subtracting the right-hand side of Eq. (5) from that of Eq. (1): 

 

 ( ) ( ) ( ) drrnrF
dr
ddr

dt
drrn

dr
ddr

dt
rdn

⎥⎦
⎤

⎢⎣
⎡−⎥⎦

⎤
⎢⎣
⎡−= 3

3
2 πλ .    (6) 

 

The equilibrium population of bubbles is obtained by setting Eq. (6) to zero  

 

 ( ) ( ) ( ) ( ) ( ) 0)(2
3
2/// 232 =−−− rnrF

dr
rdnrFdrrdnrDCbrnrDCb vv πλπλ , (7) 

 

where Eq. (4) has been used for dtdr / . 

 Equation (7) must be solved subject to the relevant boundary condition.  The 

above calculation assesses the viability of potential recrystallization sites in terms of 

interfacial mobility in the presence of fission-gas bubbles attached to cell walls and/or 

subgrain boundaries.  Given this consideration, Eq. (7) is solved subject to the constraint 

that the constant of integration is determined by integrating Eq. (7) only over those 

bubbles that are located on potential nuclei.  More bubbles than this may exist within the 

microstructure (e.g., on subgrain surfaces), but the assumption here is that, at a minimum, 

one bubble inhabits every potential nucleus.  Potential recrystallization nuclei are taken 

as the nodes, or triple points, of the cellular dislocation or subgrain structure.    If 0
rxC  is 

the initial density of such potential recrystallization nuclei, then the solution to Eq. (7) is 
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 ( ) 4

0

1
4

r
rC

rn rx

κ
κ

+
= ,        (8a) 

where 

 
DCb
F

v3
2 λπκ = .         (8b) 

 

 

3. Calculation of initial density of recrystallization nuclei 

 If, as discussed above, the potential recrystallization nuclei are taken to be the 

nodes, or triple points, of the cellular dislocation or subgrain structure, then the density of 

these nodes is given by 

 

 30 /1 lrx dC = ,         (9) 

 

where ld  is the cell size.  An equation linking the cell size and the dislocation density, 

dρ , can be obtained by minimization of the total energy (dislocation line energy plus the 

energy stored in isolated terminating dislocation boundaries), as follows [24]: 

 

 ( )νρ
π

ρ f
CCd

d
Al = ,        (10) 

 

where ( ) ( ) ( )ννν −−= 1/2/1f , ν is Poisson’s ratio, AC  is 3 for cubic cells, and ρC is 

within a factor of unity. 
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 The steady –state mobile dislocation density can be determined as follows [25].  

Consider a plane in the material upon which interstitial loops are nucleated at a rate nlK . 

When equilibrium is achieved, the nucleation rate of new loops equals the annihilation 

rate alK .  If it is assumed that the loop annihilation rate is proportional to the number of 

loops, lN , and inversely proportional to the distance between them, then 

 

 0
2/3

/ vNKal = ,         (11) 

 

where 0ν  is the rate of climb-controlled glide (i.e., it is assumed that loop glide across the 

plane to the cell walls is much faster than climb).  The line length corresponding to the 

loops is  

 lll DN4=ρ ,         (12) 

 

where the loop geometry is taken to be square, and lD  is the average loop size, taken to 

be equal to half the distance between them, i.e., 

  2/12
1

l
l N

D = .          (13) 

If L is the distance between planes, then the density of planes is ( )L2/3  and, from Eqs. 

(11 –13), the dislocation density dρ  is given by  

 

 
3/1

0

3
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

v
K

L
nl

dρ .        (14) 
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Under steady-state conditions iivv CDCD ≈  ( vD , iD  and vC , iC  are the vacancy and 

interstitial diffusivity and atom-fraction concentration, respectively), and the rate of 

dislocation climb is given by 

 

 iii DCB
b

v 1
0 = .        (15) 

 

where b is the magnitude of the Burgers vector, and iB is the relative bias between 

interstitials and vacancies for dislocations.  The rate of interstitial loop nucleation can be 

expressed as 

 

 3

2

2a
DC

K ii
in α= ,        (16) 

 

or, with reference to one plane, 

 

 3

2

3a
LDC

K ii
inl α= ,        (17) 

  

where a is the lattice constant, and 2/2 ai =α  is the rate constant for nucleation of 

loops as di-interstitials.  At temperatures less than one half of the melting temperature, 

defect loss due to recombination is dominant, and the interstitial concentration has an 

approximate solution given by 
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vri

i CD
KC
α

= ,         (18) 

 

where K is the displacement rate, and Ω= /4 ivr rπα  is the rate constant for loss of 

defects due to recombination, ivr  is the radius of the recombination volume, and Ω  is the 

atomic volume.  Substituting the steady-state solution for the vacancy concentration in 

the limiting regime where recombination is dominant, i.e.,
rv

v D
KC
α

=  along with Eqs. 

(15-18) into Eq. (14) yields the following expression for the dislocation density: 

 

 
6/13/13/23

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛=

r

v

ii

i
d

KD
DBLa α
α

ρ ,      (19) 

 

where the Burgers vector b has been taken equal to the lattice constant a.  Finally, using 

Eq. (10) in Eq. (9) gives the following result for the initial density of recrystallization 

nuclei: 

 
( )[ ]

( )3
2/3

0 /

ρ

πνρ
CC

f
C

A

d
rx = .        (20) 

4. Calculation of the time-dependent density of recrystallization nuclei 

 Small fission gas bubbles are almost invariable associated with small precipitates 

[14, 26-27].  Apparently, the small bubbles provide adequate space for the collection of 

impurity atoms.  Based on these observations, it is assumed that fission gas bubbles 
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containing precipitates are distributed on the walls of the cellular dislocation structure 

and/or the surfaces of the subgrain boundaries according to Eq. (8).  The assumption is 

also made that one bubble/precipitate exists at each potential nucleus (e.g. triple points of 

subgrain boundary microstructure). Precipitates having a size greater than a critical value 

can pin the boundary and preclude subsequent boundary movement [28-29].   Thus, 

nodes that have a bubble/precipitate with size greater than a critical size critr  will be 

pinned and will be eliminated from the pool of potential recrystallization nuclei.  Here it 

has also been assumed that there is a correlation between bubble and precipitate size, i.e. 

the bubble size is greater or equal to the precipitate size.  The density of viable 

recrystallization nuclei rxC  is obtained from Eq. (8) by integration over all bubble radii 

critrr ≥  and is thus given by the following expression: 
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∞

4
0

1
41

r
rdrCC

rcritrxrx κπ
κ ,      (21) 

 

Upon evaluating the integral on the right-hand side of Eq. (21) the expression for rxC can 

be simplified to 
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for 12 <<critrκ .  

   

5. Calculation of critical bubble/precipitate size 

 The subgrain growth rate for randomly distributed precipitates is given by [30] 

 ⎟
⎟
⎠

⎞
⎜
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⎝
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−−= 20

11
2
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pp

ps

ss

s

r
fR

RR
M
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dR

πα
γ

τα ,      (24) 

where pα  is a constant of the order unity, M is the grain boundary mobility, pf  is the 

phase fraction of impurity particles of average radius pr , 0
sR  is the average subgrain size, 

andγ is a factor that takes into account the lower force which acts on the dislocations 

when the precipitates are passed by climb.   Subgrains that are smaller than a critical 

grain size will shrink and eventually disappear and the grains that are larger than the 

critical grain size will grow.  The larger grains grow at the expense of the average 

subgrains until the average subgrains disappear.    For a given phase fraction of 

precipitates pf  subgrain growth will be precluded for precipitate sizes pr  greater than a 

critical precipitate size critr .  The condition for subgrain growth is given by setting 

0/ =dtdRs  in Eq. (24).  In this manner an expression for critr  can be derived and is given 

by 
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sp

p
crit Rn

r
γ

α
,        (25) 

where ( )3/4/ 3
ppp rfn π=  is the number of precipitates per unit volume, and the subgrain 

radius at which accelerated growth is initiated is taken to be at 02 sRR = .  Identifying the 
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average subgrain radius 0
sR  as 2/ld  where ld  is given by Eq. (10) and after substituting 

into Eq. (25) one obtains 

 
( )
( )24

3

ργπ

ρνα

CCn

f
r

Ap

dp
crit = ,       (26) 

  

 If it is assumed that the majority of precipitate nuclei are formed by direct 

production then 

 dp Fn φ= ,         (27) 

where φ  is the number of precipitate nuclei formed per fission event.  Finally, 

substituting Eqs. (8b), (20), (26) and (27) into Eq. (23) the concentration of viable 

recrystallization nuclei becomes 
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= ,     (28) 

where FtFd =  is the fission density, FtC β= , and where, at the relatively low 

temperatures where irradiation-induced recrystallization occurs, the gas atom diffusivity 

is athermal and can be expressed as FBD 0= , where 0B is a constant of proportionality.   

  

6. Calculation of trigger for irradiation-induced recrystallization 

 From a thermodynamic perspective, to become a viable recrystallization nucleus, 

a node must acquire a critical standard free energy *G∆ .  The equilibrium number of 

nuclei, *
in  per unit volume is given by [31] 
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 )/exp( *0* kTGnn ii ∆−= .       (29) 

 

The temperature dependence of rxC  in Eq. (29) is contained in the interstitial and vacancy 

diffusivities.  In general, these diffusivities are expressed as ( )kTDD iii /exp0 ε−=  and 

( )kTDD vvv /exp0 ε−= , where iε  and vε  are the interstitial and vacancy migration 

enthalpies, respectively.  Thus, comparing Eqs. (28) and (29) the critical standard free 

energy *G∆ that a node must acquire in order to recrystallize is given by  

 

 ( )ivG εε −=∆ 2/
6
7* ,         (30) 

 

and an expression for the critical fission density at which recrystallization will occur, dxF  

can be derived as 
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where xdx FtF = , where xt  is the time at which recrystallization is initiated.   

 It remains to determine 0
in  in Eq. (31).   It has been shown that the accumulation 

of dislocation loops leads to an increase in the lattice parameter [2] up to the point where 

recrystallization is initiated whereupon the lattice constant decreases [15].  0
in  is the basic 



 

 
 

 

17

entity out of which the clusters are composed.  For example, in the theory of nucleation 

of liquid droplets in a vapor, 0
in  is the number of single molecules per unit volume [31].  

The basic unit out of which the cellular dislocation network is composed is the interstitial 

loop.  0
in  is thus taken to be the athermal component in the expression for the loop 

density, i.e.,  
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= .  (32) 

 

Inserting the above expression into Eq. (31) results in the following expression for dxF : 
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= .  (33) 

 For UO2, substituting nominal values of the parameters { 0B =10-29 m5, 4.2=vε  

eV, 6.0=iε  eV} [35], { =λ 220Å, KxF 17105= } [36], { 31.0=ν , 3=AC , 1=ρC } 

[24], 8103 −= xL m, and 6103.2/ −= xpαφγ  in Eq. (37) leads to the simplified expression 

for dxF   (m-3): 

 15/224 )(10)4.58.3(
•

−= fxFdx       (34) 

where the lower value for the argument corresponds to UO2 and the larger to U-10Mo. 

The fission density at which recrystallization is predicted to initiate as given by Eq. (34) 

is athermal and very weakly dependent on fission rate. 
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7. Comparison of Theory with Data 

 In Figure 1 the calculated dislocation density obtained using Eq. (19) is compared 

with data obtained at two different operating temperatures.  In general, although the 

calculated results follow the trend of the data, the calculation at the lower temperature is 

greater than the measured quantity.  However, as reported in Ref. [4] “…when measuring 

the number of dislocations by the Ham method, it is very hard to separate extremely 

tangled dislocations.”  The range of values for the calculated dislocation density for the 

83 GWd/t fuel shown in Fig.1 reflects the reported ±  50ºC uncertainty in measured 

temperatures [5].   

 The total number of boundary bubbles per unit volume V
gbN  can be estimated by 

solving Eq. (7) subject to the relevant boundary condition concerning the rate at which 

bubbles are formed at their nucleation size 0r .  Nucleation is postulated to occur in 

regions of high defect concentration caused by the collision of fission fragments with the 

lattice.  The highest defect concentrations are assumed to occur on or very near grain 

boundary surfaces and/or the surfaces of large preexisting pores.  Consequently, the rate 

of bubble nucleation is taken to be directly proportional to the rate of fission-product 

generation 2F.  The constant of proportionality α  ( 25.0=α  [22]) is the average number 

of bubbles induced to precipitate on the boundary by each fission fragment.  It follows 

from a consideration of the growth rate of freshly nucleated bubbles that 

 

 ( ) ( )
0

//)2(0 rrdtdrdrFdrrn == α ,      (35) 

 

and by substitution from Eq. (4) 
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 ( ) DCbrFrn v/2 00 α= .        (36) 

 

The solution of Eq. (7) subject to the boundary condition expressed by Eq. (36) is 

 

 ( ) 4
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= .      (37) 

 

Eq. (37) represents the total number of bubbles, i.e. those on potential nucleation sites 

and on the grain/cell surfaces.  This is to be compared to Eq. (8) that represents the 

number of bubbles on the potential nucleation sites.  The total concentration of bubbles 

on the boundaries is then given by 
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DCb
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,    (38) 

 

Although it is true that, in general, the constant-density approximation given by Eq. (3) 

applies to bubbles on the order of 1 nm in size or smaller, for the relatively low 

temperatures under consideration in this paper ( 4.0/ <MTT ) the contribution to Eq. 38 

from bubbles having radii substantially larger than 10 nm is small. 

 The bubble density V
gbN  as given by Eq. (38) is inversely proportional to the 

square root of the fission density.  At dxF = 1.8 x 1027 fissions/m3, V
gbN = 3 x 1023 

bubbles/m3.  The average value of the square of the bubble radius is given by 
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r ave .       (39) 

 

Thus, the average bubble radius is proportional to the fission density to the ¼ power and 

has a value of 7.6 nm at dxF = 1.8 x 1027 fissions/m3.  This is to be compared to the value 

of critr =4.5 nm at this fission density.   

 Figs. 2 and 3 show the calculated bubble density (using Eq. 38) and diameter 

(using Eq. 39), respectively, as a function of burnup compared with data of Refs. [4] and 

[5].  In general, although the calculated quantities follow the trends of the data the 

calculated bubble density is somewhat lower and the bubble diameter somewhat higher 

than the measured quantities.  The reason for this apparent discrepancy could be 

associated with the use of FtC β=  for the average gas concentration in the lattice.  This 

expression ignores the experimental observation that recrystallization appears to be 

initiated on or near the original grain boundaries and/or the surface of large preexisting 

pores.  An assessment of the effect of original grain boundaries on recrystallization 

kinetics will be addressed in a future publication. 

 Fig. 4 shows the calculated bubble density as a function of bubble diameter 

obtained using Eqs. (38) and (39) compared with data.  The theory relates the bubble 

density to the inverse square of the bubble diameter.   This relationship reflects the 

assumed equilibrium nature of the gas bubbles.  This result is to be compared to that of 

Ref. [5] where the bubble density was found to depend on the inverse of the bubble 

diameter to the 2.6 power.  This dependence is characteristic of a mixed state comprised 

of equilibrium and over-pressurized bubbles. 
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 Fig. 5 shows the fission density at which recrystallization is estimated to occur in 

uranium oxide fuels as a function of irradiation temperature.  The average fission rate for 

the three irradiations shown in Fig. 5 were similar (i.e., ≈7.6 x 1019- 1.5 x 1020 m-3s-1) 

Also shown in Fig. 5 is the calculated dose using Eq. (34) with an average fission rate of 

1.1 x 1020 m-3s-1.  As is evident from Fig. 5 the theory follows the trends of the data. 

 

8. Discussion 

 As shown by Eq. (33), the critical fission density at which recrystallization is 

predicted to occur is athermal (i.e., the temperature-dependent factors cancel each other 

out) and is inversely proportional to the atom-displacement rate to the 2/15 power.   The 

theory presented above is also consistent with recent observations of recrystallization in 

U-10Mo alloy [1], where the onset of recrystallization occurs near the original grain 

boundaries and appears to be independent of temperature in the range of 350 – 550 K.     

 If one assumes that the observed bubbles in the rim region are located at triple-

point junctions, i.e., the sites that comprise viable recrystallization nuclei, then the 

density of observed bubbles should be approximately equal to the density of these nodes.  

Spino, Vennix, and Coquerelle derived a value of 1710≈ /m3 for the density of pores 

having an average diameter of 1.25 µm based on measured two-dimensional data at a 

fractional radial position of 0.996 in fuel that reached an average burn-up of 40.3 

GWd/tM [6].  The density of viable recrystallization nuclei calculated from Eqs. (20) and 

(23) at xtt =  (i.e., at the onset of recrystallization in UO2) is ≈ 19106x  nuclei/m3.  At this 

point the initial density of nuclei (given by Eq. (20)) has been reduced a factor of 2.3.  

Given that some pore coalescence has most likely occurred between the onset of 
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recrystallization where bubbles are in the nanometer size range and Spino’s observation 

of micron size pores in the fully recrystallized rim region, this calculated value for the 

density of viable nuclei is consistent with the pore density estimated in Ref. [6].  

 The derivation of Eq. (33) is based on equivalence between the thermodynamic 

description given by Eq. (29) and a kinetic description given by Eq. (28).  The concept of 

“thermodynamic equilibrium” incorporates the requirement that there should be no fluxes 

passing through the system.  Diffusion, however, is concerned with material transport and 

is a process which is essentially irreversible.  In a state of equilibrium, diffusion fluxes 

should disappear.  Nevertheless, a thermodynamic description, both as a means of 

approaching the phenomenon as well as a means for the calculation of parameters has 

been found to be extremely useful for the analysis of migration of atoms by diffusion [34].  

Finally, reasonable agreement between theoretical predictions and experiment justifies 

assumptions upon which the theory is based, although, a priori, these assumptions might 

not appear to be well founded. 

 In the application of the previously developed irradiation-induced recrystallization 

model of Ref. [8] to irradiated UO2 fuel at relatively low temperatures, an athermal 

diffusion coefficient is utilized for vacancy-impurity pairs that interact with and 

immobilize potential recrystallization nuclei.  For vacancy migration enthalpies of ≈  2 

eV, the predicted fission density at which recrystallization occurs is proportional to 1/T 

and independent of fission rate.  The relatively weak temperature dependence is due to 

the combination of athermal pair diffusion, recombination-dominated defect behavior, 

and recombination-dominated vacancy-impurity pair behavior that cancels out an 
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exponential dependence on temperature.  For migration enthalpies > 2 eV both the fission 

rate and temperature dependence of the recrystallization dose become much stronger. 

 The new theory of irradiation-induced recrystallization described in this paper has 

several advantages over the model described in Ref. [8].  First, the present model 

provides for a mechanistic calculation of the evolution of the microstructure leading up to 

recrystallization whereas the previous model expressed the initial (equilibrium) density of 

recrystallization nuclei in terms of a formation enthalpy.  Second, as shown in Fig. 5 for 

UO2, and observations of the onset of recrystallization in U-10Mo fuel irradiated at 

different temperatures indicates that recrystallization in this material is athermal, or at a 

minimum, very weakly temperature dependent [2], consistent with the findings of the 

new theory.  In addition, the new theory accounts naturally for observations of fission gas 

bubbles and precipitates in a defected microstructure [2, 16]. 

 The theory presented above relates the critical standard free energy *G∆ that a 

node must acquire in order to recrystallize to the electronic properties of the material 

by ( )ivG εε −=∆ 2/
6
7* .  The interstitial loop formation enthalpy (e.g., see Eq. (32)) is 

given by ( ) kTiv 2/2/ εε − .  Thus, the critical standard free energy *G∆ that a node must 

acquire in order to recrystallize is 7/3 of the loop formation enthalpy.  This relationship 

underlies the fundamental connection between damage microstructure and irradiation-

induced recrystallization explored in this paper. 

A consequence of Eq. (30) is that materials where 2/vi εε >  have a negative *G∆  and 

are precluded from recrystallization (and, equivalently, from interstitial loop formation).  

This may be the reason why bubbles have not been observed in certain irradiated 
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materials.  For example, bubbles resolvable with a scanning electron microscope (SEM) 

have not been observed in UAlx [37].  Bubbles confined to the bulk (lattice) material 

cannot grow to appreciable sizes at low temperatures due to the effect of irradiation-

induced re-solution.  Only when sinks, such as grain boundaries, are present in the 

material can bubbles grow to SEM-observable sizes.  The strong sink-like nature of a 

grain boundary provides a relatively short recapture distance for gas that has been 

knocked out of a bubble due to re-solution, and as such neutralizes the “shrinking” effect 

of the re-solution process.  These grain-boundary bubbles grow at an enhanced rate as 

compared to those in the bulk material [21 ]. 

 Irradiation-induced recrystallization provides new grain boundaries upon which 

bubbles can nucleate and grow at an accelerated rate.  Prior to recrystallization, SEM 

resolvable bubbles are generally not observed in UO2 or in uranium alloy fuels.  If 

recrystallization does not occur in UAlx, then this would offer a basis for understanding 

the absence of such bubbles in SEM micrographs of the irradiated material at high burnup 

[37]. 

 Substituting nominal values of the interstitial and vacancy migration enthalpies in 

UO2 [35] ( vε =2.4 eV, and iε =0.6 eV) into Eq. (34) gives *G∆ ≈  0.7 eV.  The mobility 

of high angle grain boundaries is temperature dependent and is often found to obey an 

Arrhenius type relationship of the form  
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The apparent activation energy Q  may be related to the atom-scale thermally activated 

process that controls boundary migration (and, thus, recrystallization).  The value of Q  

for migration of high angle boundaries in metals of high purity is in the range of 0.25 – 

1.25 eV [38].  This is to be compared to the value of *G∆ ≈  0.7 eV estimated above. 

  

9. Conclusions 

 An expression is derived for the fission density at which various nuclear fuels 

undergo irradiation-induced recrystallization.  It is based on the evolution of a cellular 

dislocation network upon which impurity atoms and fission gas bubbles nucleate and 

grow.  The model assumes that most fission gas bubbles contain precipitates in 

accordance with experimental observation.  The bubble-size distribution is calculated as a 

function of fission rate and temperature.  Bubble coarsening occurs as a result of 

radiation-induced coalescence of bubbles without bubble motion.  Precipitates that are 

greater than a critical size effectively pin triple-point nodes of the resulting subgrain 

network, thus eliminating them as potential recrystallization nuclei.  Recrystallization is 

induced when the density of viable recrystallization nuclei equals the equilibrium number 

of nuclei calculated based on thermodynamics.  The basic entities out of which these 

nuclei are composed are interstitial loops.  The resulting expression for the fission density 

at which recrystallization is predicted to initiate is athermal, and weakly dependent on 

fission rate.   For UO2, ( ) 15/229
2 /103.8 FxUOFdx =  m-3.  The critical standard free energy 

*G∆ that a node must acquire in order to recrystallize is given by ( )iv εε −2/
6
7 .  A 
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consequence of this relationship is that materials that have 2/vi εε >  are precluded from 

irradiation-induced recrystallization. 
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Fig.1. Calculated dislocation density obtained using Eq. (19) compared with data as a 
function of temperature and burnup. 
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Fig.2. Calculated bubble density as a function of fuel burnup obtained using Eq. (38) 
compared with data. 
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Fig.3. Calculated bubble diameter as a function of fuel burnup obtained using Eq. (39) 
compared with data. 
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Fig.4. Calculated bubble density as a function of bubble diameter obtained using Eqs. (38) 
and (39) compared with data. 
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Fig.5. Calculated recrystallization dose as a function of irradiation temperature obtained 
using Eq. 34 compared with data. 
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A collaboration agreement between ANL/USDoE and CNEA Argentina in the area of Low 
Enriched Uranium Advanced Fuels has been in place since October 16, 1997 under the 
“Implementation Arrangement for Technical Exchange and Cooperation in the Area of Peaceful 
Uses of Nuclear Energy. An annex concerning DART code optimization has been operative since 
February 8, 1999.   
Previously, as a part of this annex a visual FASTDART version and also a DART THERMAL 
version were presented during RERTR 2000, 2002 and RERTR 2003 Meetings. During this past 
year the following activities were completed: 
• Optimization of DART TM code Al diffusion parameters by testing predictions against reliable 
data from RERTR experiments.  
• Improvements on the 3-D thermo-mechanical version of the code for modeling the irradiation 
behavior of LEU U-Mo monolithic fuel 
Concerning the first point, by means of an optimization of parameters of the Al diffusion through 
the interaction product theoretical expression, a reasonable agreement between DART 
temperature calculations with reliable RERTR PIE data was reached. 
The 3-D thermomechanical code complex is based upon a finite element thermal-elastic code 
named TERMELAS, and irradiation behavior provided by the DART code. An adequate and 
progressive process of coupling calculations of both codes at each time step is currently 
developed. Compatible thermal calculation between both codes was reached. This is the first 
stage to benchmark and validate against RERTR PIE data the coupling process. 

 
DART IMPROVEMENTS HISTORY 

 
Dr. J. Rest created DARTi code, and improving versions were developed in collaboration between ANL 
and CNEA, Argentina 
DART has been applied to uranium silicide, uranium oxide, and uranium-molybdenum alloy dispersion 
fuels 
 
Previously, as a part of mentioned annex purposes were developed  

• A visual FASTDARTii version, which includes a windows environment, which facilitates setting 
up plate/rod geometry, fabrication properties, thermal hydraulic conditions and power history. 
Also has a graphical interface, which provides for automated plotting of results This code version 
is able to simulate the irradiation behavior of silicide and U-Mo fuels. (RERTR2000 and 2002). 

• It was also developed the DART THERMALiii version, which includes a 1-D heat transfer model 
(RERTR 2003). It includes a thermal subroutine developed under the assumptions of  
• Steady state reactor operating conditions on each time step Neutronic Flux cosine distribution 
along axial direction (no anisotropy) 
• Changes in inlet coolant temperature and/or power are modeled as a suite of steady states (no 

transients) 
 
During 2004 a twofold goal was pursued and achieved: 
 



• Optimization of DART TMiv version code Al diffusion parameters by testing predictions 
against reliable data from RERTR experiments.  
• Improvements on the 3-D thermo-mechanical version of the code for modeling the irradiation 
behavior of LEU U-Mo monolithic fuel 
 

DART TM VALIDATION RESULTS: 
 

DART TM new version endows to mentioned improvements a mechanistic thermal-mechanical fuel 
plate/rod/tube performance code for analysis of irradiation behavior of monolithic and Al-dispersion fuel 
designs. It includes the following models 

• Mechanistic fission-gas swelling model 
• Mechanistic models for irradiation-induced recrystalization and amorphization 
• Mechanistic model for formation and growth of Al matrix – fuel interaction product 
• Multi-node analysis for modeling radial and axial flux gradientsThe thermal conductivity model 

accounts for evolving composition of meat, as fabricated and irradiation-induced porosity in fuel, 
as well as the matrix-fuel interaction product 

• The code version includes capability to model fission-gas behavior in amorphous fuel (e.g. U3Si, 
U3Si2) as well as in an amorphous interaction product, e.g. (U, Mo)Al7 

• Also includes a mechanical model for the calculation of hydrostatic stress based on stepwise 
yielding (swelling hard sphere inducing yielding of matrix Al) 

• The inclusion of irradiation enhanced creep/stress relaxation is modeled by the introduction of an 
effective matrix Al yield stress  

• Hydrostatic stress is dependent on composition of meat (i.e., relative volume fractions of fuel, 
interaction product, and Al matrix)  

• Gas-bubble swelling rate is a function of hydrostatic stress 
• In turn the relative volume fractions depend on the gas-bubble swelling rate and on (temperature-

fission driven) reaction rate 
 
The full interrelation of all mentioned models were tested and compared against RERTR tests sets of data. The 
simulation capabilities of DART TM version were tested against reliable PIE data from several RERTR 
experiments. 
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Fig.1 Comparison of DART-TM vs. PIE on RERTR 3 data. Reaction layer thickness (edge and center). Fig 2 
Meat volume fractions 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Comparison DART-TM vs.-PIE on RERTR 5 data. Meat volume fractions 
 

This comparison between DART TM calculation and reliable PIE data shows a reasonable agreement. As long 
as reaction layer thickness and meat volume fractions evolution are dependent on temperature (and fission 
density, an input data) this agreement validates the thermal prediction of DART TM version. 

 
3-D VERSION CODE IMPROVEMENTS. COUPLING BETWEEN DART AND TERMELAS 
 
 The development of VHD fuels, particularly monolithic fuels, demands improved simulation tools. 
There is needed a representation able to include 3-D facts as 

• Stress and strain depiction 
• Asymmetries in irradiation conditions (neutron flux, cooling with restrains) 
• Anisotropy in material properties (simulation of fabrication flaws, hot points, etc) 

 
On this regard, to keep an adequate track of these issues, a coupling process between DART and a 
thermal elastic finite element code (TERMELAS) due to Eng. R. Saliba, was presented during the 
previous RERTR2003 meeting and is being carried on. 
 
The TERMELAS code is able to calculate the temperature and the stresses and strains during 
irradiation simulation, provided of power density data on each meat node, cooling conditions on 
peripheral nodes and fission product swelling, among material constants, etc. 
 
This coupling process implies sharing, on each simulation time stage, swelling data, thermal 
conductivity evolution data, temperature distribution and stress-strain data. 
 
The first goal of this task was to find if there exists, consistency between the temperatures predicted 
by each code. DART TM temperature calculation has been backed by the agreement found between 
the evolution of some temperature dependent variables as meat fraction volumes and reaction layer 
depth (for dispersed fuels). 
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Figure 4 V6019G 61st irradiation day. Temperature prediction. Cladding and meat frontal sights 
 
This way of checking temperature was made at open loop: no feedback (stresses, strains) was sent to 
DART TM. Several comparisons made, showed that whenever TERMELAS was fed with DART 
output data, as thermal conductivity, fission product swelling, cooling regime values, etc, the 
temperature evaluation of TERMELAS was alike that calculated by DART  
 
Next steps on this way are: 

• To complete the temperature consistency analysis  
• To define a DART TERMELAS close loop tests criteria to assess meaningful outcomes and 

subsequent tests. 
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ABSTRACT 
 

The Australian Nuclear Science and Technology Organization (ANSTO) has 

produced Mo-99 using Low Enriched Uranium (LEU) UO2 targets for nearly thirty 

years. The Replacement Research Reactor (RRR) provides ANSTO with a good 

opportunity to review and improve the current Mo-99 production process.  

Uranium target design improvements were performed through a collaborative 

effort with Argonne National Laboratory under the auspices of the RERTR 

program.  The ANSTO program was also focused on identifying a manufacturer  

for LEU foil targets.  To this end, ANSTO contracted CERCA to develop the 

methods for LEU foil  target manufacture  This paper, presents the latest results 

and conclusions of this program. 

 
Introduction 
ANSTO currently produces Mo-99 using uranium dioxide pellets enriched to 2.2% 
uranium-235. This method consists of irradiating the pellets in the HIFAR reactor at 
an average flux of 8 x 1013  n/cm2/sec2. This process has been in operation for over 20 
years but is limited by the amount of Mo-99 which can be produced with the 2.2% 
enrichment level of the target.  With a new research reactor being built it was decided 
to review this process and develop an alternative target with a higher enrichment level. 
It was important that any new target had an enrichment level of less than 20% 
uranium-235 to comply with Australia’s non-proliferation commitments. 
 
ANSTO and Argonne National Laboratory (ANL) entered into collaboration in 1999.  
The collaboration focused on the development of ANL’s uranium metal foil target 
concept for application in the HIFAR reactor.  ANL had undertaken some early 
irradiations of this target and were keen demonstrate the target technology for Mo-99 
production.  The target consisted of a uranium metal foil sandwiched between 
concentric cylinders of aluminium.  
 
The uranium metal foil is removed from the target body for processing. This removes 
a bulk of aluminium which then does not need to be dissolved, thus reducing the 



volume of liquid waste from any processing technique. This is an important 
consideration for any manufacturer but in particular for those converting HEU targets 
to LEU. In order to prevent spot welding of the foil to the aluminium cylinders by 
fission fragments the uranium target foil was wrapped in another foil of appropriate 
thickness.   For ANSTO’s process using nitric acid dissolution of the target the 
uranium foil was wrapped in nickel foil. 
 
The Mo-99 target development program was conducted in two phases.  The purpose 
of the concept phase was to evaluate the use of LEU foils for Mo-99 production.  A 
prototype target (LEUFR) was irradiated, processed and Tc-99m generators prepared 
and evaluated according to ANSTO protocols.  This phase was regarded as successful.  
The second phase of the program was directed at HIFAR validation of an annular 
LEU target that would be similar to that used in the Replacement Research Reactor 
(RRR) and establishing the long-term manufacturability of the LEU foil targets. 
 
Concept Testing 
In order to test the target concept ANSTO developed four targets which were given 
the acronym LEUFR. The nickel electroplated uranium metal foils were provided by 
ANL with U-235 enrichment of 19.81%. The LEUFR prototype target was designed 
to fit existing HIFAR irradiation rigs.  The initial irradiation was thermocoupled to 
validate the thermalhydraulic codes used to predict behaviour of the target during 
irradiation at a flux of 0.7x1014 n.cm-2s-1 for 6 days.   This and subsequent LEU foil 
irradiations were processed in the usual manner, and Tc-99m generators produced and 
evaluated.  Whilst not used for medical applications, the Tc-99m produced met all 
specifications. The results of this investigative program were reported at the RERTR 
2002 meeting in Bariloche, Argentina [i[1]]. 
  
One problem experienced during this concept testing was the post-irradiation removal 
of the uranium foil from the target. Testing prior irradiation indicated target 
disassembly was easily achieved in three cuts - two for the can ends and one 
longitudinal cut.  The longitudinal cut through the outer aluminium sleeve allowed the 
two aluminium cylinders to slide apart permitting easy foil removal. However, after 
irradiation, this proved not to be the case. The aluminium cylinders did not come apart 
and considerable effort was required to separate the uranium foil from the target. It 
was determined that any future development of the target should be accompanied by 
the development of an effective can opening device.  It was also established that 
thinner walls than those used in the LEUFR concept aid disassembly. 
 
 
Scale-up Activities 
Initially, the program of work was to test “full-size” uranium metal foil targets in 
HIFAR and then convert production over to the new target, contingent on successful 
irradiation trials, regulatory approvals and necessary infrastructure being in place.  As 
the program of work proceeded this aim was found to be impossible since (a) power 
loads and unloads in HIFAR were not possible with new targets and rigs (b) no post-
irradiation target cooling facilities existed in HIFAR i.e. post-irradiation target 
cooling required HIFAR shutdown for in-core cooling.  Such an interruption to 
normal operations could not be sustained while maintaining other reactor services for 
radioisotope production and neutron beam use.  Therefore the scope of the 



investigation in HIFAR was modified in order to demonstrate the irradiation of a 
small number of “full-size” LEU targets in HIFAR followed by processing. 
 
Approval from the Australian Radiation Protection and Nuclear Safety Agency 
(ARPANSA) would be required prior to undertaking irradiation and processing 
experiments.  Thus, the development program at ANSTO focused on studies required 
to  
(a) address all safety aspects associated with irradiation of 19.75% enriched metal 
foils in HIFAR (target and rig design, operation, excursion conditions, etc) 
(b) demonstrate compliance with Operating Limits and Conditions for heat flux and 
power for HIFAR, and additional HIFAR license conditions 
(c) address all safety aspects and infrastructure modifications required for the 
processing of  19.75% enriched metal foils for Mo-99 production.  
 
 
Target Design Studies 
In order to derive a meaningful specification for target manufacture, ANSTO 
conducted a series of investigations to ensure optimum target design characteristics. 
  
The water tunnel facility at ANSTO was used to conduct flow visualisations and 
measurements at discrete locations within the narrow spaces in a transparent mock-up 
fuel element irradiation rig model.  The use of Laser Doppler Velocimetry (LDV) 
enabled collection of non-intrusive point velocity measurements.  Additionally, a 
three-dimensional computational fluid dynamics (CFD) model was used to investigate 
the hydraulics behaviour within a HIFAR fuel element model of the liner and 
irradiation rig, located in the central portion of the HIFAR fuel element. The flow 
visualisations and measurements substantially assisted in checking the CFD model 
predictions of the fluid flow.  The predicted flow behaviour was comparable to the 
experimental observations. Predicted velocities were also found to be in good 
agreement with LDV measurements.   
 
CFD simulation of the fluid flow through the various components of the mock-up fuel 
element model that included the irradiation rig and annular target cans was performed. 
Based on the experimental flow rate of 1.6965 kgs-1 and a base diameter of 0.3 m of 
the mock-up fuel element model, a very low flow velocity outside of the liner nose 
cone was predicted as portrayed in Figure 1(a). The fluid directed through the small 
bottom and side holes of the liner nose cone caused merging flows to interact, 
yielding a highly complicated flow structure.  This flow structure consisted of 
multiple vortices of recirculating flows (see Figure 1(b)). 



 
 
Near the bottom hole of the liner nose cone, the CFD model predicted a normal 
velocity of approximately of 3 ms-1. This predicted value was found to be in good 
agreement with the experimental LDV measurement of 2.6 ms-1, thus providing 
confidence in the reliability of the models employed in the CFD computer program. 
 
The rig and annular target prototypes pictured below are the result of a design 
approach integrating experimental and theoretical thermalhydraulic data with 
manufacturability and safety features for the HIFAR situation. Nominal uranium foil 
dimensions were provided to CERCA at this stage.  In parallel, further CFD 
calculations were undertaken in order to ensure that an LEU foil of nominal thickness 
120 micron would comply with HIFAR operating limits and conditions during 
irradiation and excursion scenarios. 
 

  
Figure 2:  ANSTO prototype rig and annular targets for HIFAR 

Figure 1 (a): Flow distribution velocity 
contours predicted inside and outside of the 
liner nose cone. 

Figure 1 (b): Flow distribution velocity 
vectors  predicted inside and outside of 
the liner nose cone. 



 
It was established through neutronics calculation that a total power of 32.7 kW (15.3 
kW for the upper target and 17.4 kW for the lower target) would be produced during 
irradiation. The heat generation of 15.3 kW and 17.4 kW was provided as input of 
volumetric heat sources to the heat transfer calculations in CFX5.6 for the upper and 
lower foils respectively. Constant thermal conductivities for the aluminium and 
uranium were employed for the heat transfer calculations. The inlet temperature of the 
heavy water in all the calculations was taken to be 45oC. The mass flow rate entering 
the fuel element was 16 kgs-1 while the amount of bypass coolant flow in the liner was 
taken to be 5% obtained through the water tunnel experimentii[2] . 
 
The temperature distributions of the upper and lower uranium foils, which are located 
within the aluminium targets are pictured in Figure 3. Since the lower foil was 
irradiated at a higher power than the upper foil, the temperature in the lower foil 
achieved a maximum temperature of approximately 367oC. The maximum 
temperature of the upper foil was significantly lower reaching a temperature of 322oC. 
Figure 3 also illustrates the varying temperature distribution along the two targets. 
Owing to the high conductivity of aluminium, there exist only very small temperature 
differences within the finite thickness of the two targets. 
 
 

 
Figure 3:  Uranium metal foil temperature (K) distribution calculated by 

CFX5.6 
 
The temperature profiles of  aluminium walls adjacent to uranium metal foils are 
illustrated in Figure 4. The maximum temperature, predicted through computations, at 
the upper target is 92oC. The bypass flow is seen to be rather effective in cooling the 
lower target. As more heat is deposited into the coolant flow, the temperature 
increases as it progressed downstream as depicted by the higher temperature profiles 
for the upper target.  



 

 
Figure 4: Aluminium wall temperatures (K) distribution calculated by CFX5.6 

The wall heat flux distribution for the two targets is represented in Figure 5. Here, the 
model predicts a local maximum heat flux of 92.5 W/cm2.  In summary, it was 
calculated for the base case (10 MW reactor power) with 5% bypass flow that the 
maximum wall temperature predicted was 92 oC with a local maximum heat flux of 
92.5 W/cm2. The downstream exit temperature near the fins of the X216 rig is 
determined to be 60oC. The maximum temperature in the foil is 367oC.  These results 
complied with the HIFAR operating limits and conditions for heat flux and power. 
 

 



Figure 5:  Heat flux distribution for LEU target walls as calculated by CFX5.6 

1.  

2.  

3. CERCA Manufacturing Development 
Under the auspices of the U.S/DOE and through an agreement with ANSTO, CERCA 
has developed an industrial scale production process for manufacturing annular cans 
targets. The manufacturing process flow consists of four main stages and the scheme 
is outlined in Figure 6.  Each stage of the process is explained here after. 

 
Target design requires that the uranium foils should not have a preferential grain 
orientation to ensure that growth due to neutron irradiation does not occur in any 
specific direction and cause physical target failure. CERCA has access to technology 
for uranium foil production that grows isotropically under neutron irradiation. The 
foils are produced by cooling roll casting and have a thickness range between 100 and 
120 µm. The foils quality which is not yet stabilized has to be optimized. The main 
issue is the high thickness variation which has to be reduced as an acceptable range. 
This quality parameter plays a key role for obtaining the right U235 mass per target -
99Mo yield production as well - as achieving a perfect thermal contact of the 
components after assembling.  

 
 

4.  
 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 6 : Main Stages of CERCA's Annular Target Manufacturing Process 

  
The uranium foils were wrapped in nickel foil then placed in a longitudinal housing 
along the inner surface of the aluminium cylinder. The cylinders were swaged by 
drawing a plug along the cylindrical structure and then welded together along the 
circumference at both ends. Swaging causes plastic deformation of the internal 
aluminium cylinder and elastic deformation of the external cylinder which ensures a 
maximum contact between the aluminium surfaces and the nickel-wrapped uranium 
foils. This operation is now fully qualified and meets all the requirements.  

The assembled targets must provide a hermetic seal to fission products under 
irradiation conditions. This is assured by using a TIG welding process. CERCA 
demonstrated and validated the preparation and welding sequence on prototype 
samples, depleted and low enriched uranium targets. Target sealing integrity 
inspection is assured by a CERCA well known technology based on Helium leak test. 
This method was also qualified through sampling a significant number of annular 
targets. Moreover, a new industrial method for controlling the intimate contact of 
aluminium and uranium compounds after assembly was developed and validated by 
CERCA. All the manufactured uranium targets were found in compliance with the 
thermal transfer criteria requested for performing the irradiation planned by ANSTO.  

Mastering thermocouples implantation for in core instrumentation, specific 
instrumented annular cans targets were also manufactured. These instrumented targets 
were planned to be used by ANSTO for thermal code validation and safety 
demonstration during preliminary irradiations.  

From manufacturing point of view, the industrial annular can target production 
process was developed and important know-how was acquired. Uranium foil quality 
remains to be improved by reducing the thickness variation along the foil.  

 
 
 
Summary 
The targets CERCA has manufactured meet ANSTO specifications.  The theoretical 
calculations indicate that these LEU uranium foil targets could be safely irradiated in 
HIFAR.  Preliminary irradiation and small-scale processing of these LEU uranium 
foil targets indicates that the resulting Mo-99 and Tc-99m generators meet 
specification.  
 
In parallel with the target development effort, the current Mo-99 production facilities 
and process were evaluated to identify what changes were required as a consequence 
of using the low enriched targets.   This evaluation also had to take into account 



anticipated scale of production in the hot-cell facilities.  Key issues to address were: 
control and minimisation of radioactive gaseous emissions, criticality safe design of 
process equipment, criticality safe design of uranium containing liquid waste streams, 
compliance with ALARA for all equipment and facilities to be used at increased 
production levels, long-term management of uranium and fission product containing 
wastes  
 
The detailed design of required infrastructure was significantly more complex than 
had been anticipated from the preliminary design estimates.  Many of the design 
complexities were linked with the chemistry of ANSTO’s production process – an 
acidic process.  Thus, due to budgetary reasons, it has been decided not to progress 
implementation of  LEU foil targets as this time.    
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ABSTRACT 
 

 
Conversion from high-enriched uranium (HEU) to low-enriched uranium (LEU) targets for the 
Mo-99 production requires certain modifications of the target design, the digestion and the 
purification processes. ANL and the Argentine Comisión Nacional de Energía Atómica (CNEA) 
are collaborating to overcome all the concerns caused by the conversion of the CNEA process to 
use LEU foil targets. A new digester with stirring system has been successfully applied for the 
digestion of the low burn-up U foil targets in KMnO4 alkaline media.  In this paper, we report 
the progress on the development of the digestion procedure utilizing effective stirring and 
focusing on minimization of the liquid radioactive waste. 

 
 
1.  Introduction 
 

To reduce nuclear-proliferation concerns, the U.S. Reduced Enrichment for Research and Test 
Reactors (RERTR) program is working to limit the use of high-enriched uranium (HEU) by 
substituting low-enriched uranium (LEU) fuel and targets.  Low-enriched uranium contains 
<20% 235U. Technetium-99m, the daughter of 99Mo, is the most commonly used medical 
radioisotope in the world. Currently, most of the world’s supply of 99Mo is produced by 
fissioning 235U in targets containing HEU, generally 93% 235U. These producers include Institut 
National des Radioéléments (IRE), Mallinckrodt, and the South African Nuclear Energy 
Corporation Limited (NECSA).  The Argentine Comisión Nacional de Energía Atómica (CNEA) 
recently converted to using an LEU-Al dispersion target [1].   Targets for the production of 99Mo 
are generally either (1) miniature Al-clad fuel plates or pins containing U-Al alloy or UAlX 
dispersion fuel or (2) a thin film of UO2 on the inside of a stainless steel tube.  After irradiation, 
the 99Mo is recovered from the irradiated uranium and purified.   

To yield equivalent amounts of 99Mo, an LEU target must contain approximately five times the 
uranium as does an HEU target. Consequently, substituting LEU for HEU requires changes in 
both target design and chemical processing. Three major challenges have been identified in the 
substitution of LEU for HEU: (1) modifying the targets and purification processes as little as 
possible, (2) assuring continued high yield and purity of the 99Mo product, and (3) limiting 
economic disadvantages. 

The CNEA process has been described in the literature [1,2] and has much in common with the 
Mallinckrodt process; both processes are based on that developed by Sameh and Ache [3].  In 
this process, the irradiated targets are heated in sodium hydroxide solution.  The aluminum 
cladding and meat in the targets are dissolved to form sodium aluminate and the uranium is 
digested, forming a mixture of UO2 and Na2U2O7.  The digestion has to be carried out in 2 L of 



 

1.8-2.0 M NaOH solution to provide enough sodium hydroxide and volume to keep aluminum in 
solution.  If the volume is smaller or less hydroxide is used, aluminum hydroxide will 
precipitate, clogging the filter and preventing removal of the solution from the digester.  
Molybdenum is soluble in alkaline solutions as the molybdate ion, but the actinides and many of 
the metallic fission-products reside in the precipitate as the hydroxides.  Following filtration of 
the dissolver solution, the filtrate is fed onto an anion-exchange column, which retains 
molybdenum and some other anionic species.  A series of separation processes purifies the 
molybdenum to meet pharmaceutical standards.  

We have developed LEU metal foil targets that are wrapped in a thin aluminum-foil fission 
recoil barrier. The foil is held between two aluminum tubes that have been swaged for good 
thermal contact and welded closed at each end [4, 5].  The fission recoil barrier is present to 
prevent interaction between the uranium foil and the material of the target, allowing the foil to be 
removed from the target before digestion. The aluminum mass to be digested for these targets is 
significantly lower than for the HEU targets currently used by CNEA. Therefore, the LEU foil 
target can be digested in less than 400 mL of the alkaline solution, which results in a substantial 
decrease in the amount of liquid radioactive waste.  
 
2.  Progress 
 
Since reporting R&D results at the 2003 International RERTR Meeting [6], we have made 
progress aimed at the conversion of 99Mo production to LEU targets in two areas:  (1) 
developing   a production digester with stirring system and (2) modifying the process for 
digesting irradiated LEU foils by alkaline potassium permanganate solution. Each of these is 
discussed below. 
 
Prototype Dissolver for CNEA Production   
 
 
In 2003 ANL purchased a stainless steel vessel from Berghof™ (Fig. 1a). 



 

     
 
a)                                                               b) 

 
Figure 1.  The Berghof™ pressure vessel (a) and the digester set-up (b). 

 
The vessel is sealed by means of two knobs that require only a force equivalent to hand-
tightening. The vessel has been customized to meet the digestion process requirements: (1) the 
whole vessel is made of stainless steel 316 Ti, (2) the vessel has been rated up to Tmax=300 ºC 
and Pmax=3600 psig (250 bar), (3) a ⅜-in. (9.5 mm) dip tube (to the bottom of the vessel) was 
added in order to remove the liquid and the solids by vacuum without removing the lid after 
digestion, (4) a ¼-in. (6.4 mm) port for adding liquids was placed in the cap, and (5) a 
thermocouple well was added to the cap. 
 
The vessel is heated by an electric heating mantle wrapped around the body of the digester.  A 
shroud fits over the digester body and serves as a stand and for directing air during the cool-
down operation, as shown in Fig. 1b.   
 
Conducting the tests during 2003, we experienced certain difficulties with the draining of the 
digester. Occasionally, not all solids were removed.  To address this issue and to improve the 
digestion efficiency, we have purchased a new cap with a magnetic stirrer from Berghof™ (Fig. 
2). 



 

 
Figure 2. The cap with the magnetic stirrer and the motor. 

 
Digestion Process Modification 
 
Our major modifications of the digestion process have been described in detail previously [6]. In 
short, the irradiated LEU foil with Al foil recoil barrier is digested in 0.5 M NaOH in the 
presence of KMnO4 at 285 ºC and 90 bar (1400 psig). U metal reacts with KMnO4 according to 
Reaction 1: 
 

U + 2KMnO4 + 2H2O ⇔ UO2(OH)2 +2MnO2 + 2KOH            
(1) 

 
However, there are a few side reactions going on during the digestion process: 
 

Al + 3 H2O ⇔ Al(OH)3 + 3/2 H2            
(2) 

 U + 2 H2O ⇔ UO2 + 2 H2            
(3) 

 
The hydrogen gas, generated in the digester, reacts with permanganate according to Reaction 4 
[7]:  
 

2MnO4
- + H2 + 2OH- ⇔ 2MnO4

2- + 2H2O            
(4) 

 
The product of Reaction 4, MnO4

2-, is reduced by hydrogen gas, resulting in a formation of 
MnO2 [7].  Therefore, the amount of the potassium permanganate in the digester should be 
sufficient to react with both U and hydrogen. Otherwise, uranium foil digestion and molybdenum 
release into the solution may not be complete.  
 



 

Due to the large amount of the cake and its affinity for sticking to the digester walls, we were not 
able to consistently drain the digester well without stirring.  
 
Our initial tests to optimize the stirring conditions were conducted with non-irradiated U foil. A 
typical experimental procedure is presented below: 

• Place a target into the digester. 
• Add solid KMnO4, stable Mo and I carriers. 
• Close the digester. 
• Evacuate the digester to 25” Hg vacuum. 
• Add 400 mL of 0.5 M NaOH solution through the vacuum line. 
• Evacuate the digester to 25” Hg vacuum. 
• Turn on the heater and the stirring motor (at maximum setting). Heat to the operating 

pressure and temperature, paying attention to the design limits (2800 psi, 300 ºC). 
• After the desired time for digestion, turn off the heater and cool the dissolver to 80-90 ºC. 
• Vent the gases  
• While stirring, remove the suspension using ⅜-in. tube under vacuum.  
• Filter the suspension through Whatman™ medium flow filter. 

 
However, the first experiments were discouraging. Only about 20-30% of the solids were 
removed by draining. Most of the cake, forced by the stirrer, accumulated on the upper part of 
the digester wall. Additional rinses were not effective, either.  
 
Having tested various stirring rates, time, and temperature, we concluded that the only way to 
avoid accumulating of the cake on the wall and to drain the digester completely is to stir the 
suspension only below 120 ºC. Therefore, we modified our experimental procedure accordingly. 
The stirring was applied only at beginning of the digestion to dissolve the solid KMnO4 and at 
the end of the cooling cycle below 100 ºC. These conditions provide a complete solids removal 
with the digestion solution and 100-200 mL of rinse.  
 
The modified procedure was used to digest low-burnup (10-5%) uranium foils. The targets 
consisted of depleted uranium foil with less than 0.5% 235U. Weighed DU foils were wrapped in 
high-purity 0.04 mm Al foil and placed in the two Al capsules. The capsules were welded shut to 
prevent the escape of fission gases. After two hours of irradiation in a neutron flux of about 1013 

neutrons/cm2.sec and 24 hours of cooling time, both capsules were cut open.  The irradiated DU 
foils wrapped with Al foil were removed from the inner capsule and digested. 
 
The digestion results for the DU-irradiated targets are presented in Table 1. Procedures A and B 
are the replicates of the modified CNEA process. Procedure C is the modified IRE process that 
was conducted for comparison. It should be noted that high maximum pressure for procedures A 
and B is caused by the presence of hydrogen, generated according to Reactions 2 and 3. After 
cooling, the residual H2 pressure in the digester is about 10-15 bar at 60 ºC. For procedure C, 
there is no residual pressure below 100 ºC. 
 
The 99Mo activity in the alkaline filtrate was determined by gamma counting at 739.4 and 777.8 
keV. The recovery of 99Mo was calculated as follows. To determine an amount of Mo remaining 
in the solid phase, the filtered sludge was placed back in the digester and dissolved at 150 ºC in 
3-4 M HNO3 with H2O2 added. About 20 mg of stable Mo was added to the solution as a carrier, 



 

and alpha-benzoin oxime was added to precipitate both radioactive and stable MoO2
2+. The 

suspension was filtered; the white precipitate was washed with 1 M HNO3 and then digested in 
0.2 M NaOH/1% H2O2. The solution was analyzed by gamma counting for 99Mo content. The 
99Mo recovery was calculated as a ratio of the 99Mo activity in the alkaline filtrate product to the 
sum of the 99Mo activity in the alkaline filtrate and in the digested alpha-benzoin oxime solution.  

 
Table1.  Experimental conditions and results for the digestion of the 

DU-irradiated targets at ANL.  
 

Process A B C 
Description modified CNEA modified CNEA modified IRE 

Digestion solution 0.4L  0.5 M NaOH 0.4L  0.5 M NaOH 0.4L  1M NaOH/ 4M 
NaNO3 

DU, g 23.36 23.44 23.04 
Al, g 2.05 2.13 2.01 

KMnO4, g 44.1 45.2 5.05 
Tmax, ºC 285 ± 3 282 ± 3 282 ± 3 

Time at max. temperature, 
min 

30 30 15 

Pmax, bar 90 90 60 
99Mo recovery, %  >99.5 >99.5 >99.8 

 
 
CNEA process 
 
Removal of the solids in Process A required one wash of 200 mL. We could not stir the slurry at 
the maximum stirring rate (7.5 in our case), so we stirred at 6 while we were evacuating the 
digestion solution (325 mL) and the first rinse (100 mL). The suspension was filtered. After that 
we opened the digester and found that about a quarter of the solids was not removed. Two 
hundred milliliters of the filtrate was added back to the digester, the slurry was stirred at 7.5 for 3 
minutes and drained under vacuum. All solids were removed. In Process B, all solids were 
removed with the digestion solution and 100 mL rinse (stirred at 7.5). 
 
Using the alkaline filtrates from procedures A and B, we also did the first step of the 99Mo 
purification [6]. The alkaline solutions were passed through a column at 5 mL/min containing 2.1 
g of AGMP-1 (BioRad™) anion exchanger in OH- form, which retains MoO4

2-. In the first case, 
no 99Mo was observed in the effluent. In the second case, the breakthrough occurred after 325 
out 425 mL of the filtrate passed through the column. The concentration of Mo in this 100 mL 
fraction was about 30% of the initial concentration. The second filtrate had a distinct yellow 
color. The column was washed with 2 bed volumes of 0.5M NaOH solution at the same flow rate. 
99Mo was stripped with 0.5M NaOH/1M Na2SO4 solution. The strip in the second case 
(procedure B) was also bright yellow. We have done an ICP MS analysis of the strip solutions, 
diluted in nitric acid. The data are shown in Fig. 3.  



 

Li  B Na Al K  Ti  Cr  Fe Co Ni  Mo Re U 

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E+00

1.0E+01

1st target

2nd target

co
nc

en
tr

at
io

n,
 M

Figure3. The compositions of the strip solutions (metals only) for the 1st and 2nd targets 
 
The second strip solution (procedure B) has elevated concentrations of Al, K, Cr and, to a lesser 
extent, U. Aluminum content in the filtrate did not exceed 1-2 % of its total amount in the system 
and could be explained by the incomplete wash of the column. Uranium concentration was 
within its solubility range in 0.5 M NaOH.     
 
In alkaline media chromium may exist as either trivalent hydroxo-complex, Cr(OH)6

3- or 
chromate (yellow), CrO4

2-, species. Considering the fact that the solubility of Cr(III) in alkaline 
solutions is low [8], chromate ion, most likely, is the major chromium species in the second strip 
solution and, correspondingly, in the second filtrate. Since it is a double charged anion, it has a 
very high tendency to sorb onto anion exchangers. Therefore, the chromate sorption onto 
AGMP-1 limits its capacity, resulting in the breakthrough of 99MoO4

2- in the second filtrate. Both 
Al and U, being anionic species in base, may also decrease the capacity of the anion exchange 
column.  
 
Such a high concentration of Cr in the second strip/filtrate can be explained by the chromium 
release from the stainless steel body of the digester. After the digestion of the first target and the 
filtration step, we conducted the dissolution of the precipitate in the digester at 150 ºC. The 
HNO3/H2O2 solution, containing also MnO2, is a very strong oxidizing media, which could 
partially destroy the Cr2O3 layer of the stainless steel surface [8]. Therefore, during the digestion 
of the second target, chromium was oxidized by the alkaline permanganate solution generating 
potassium chromate.  
 



 

 
The dissolution of the precipitates was done to determine the yield of 99Mo and could also be 
done without using hydrogen peroxide, which should eliminate the chromium release. In any 
case, the cake dissolution will not be a standard procedure for a production facility.  
 
One of the major concerns in the Mo purification process in alkaline media is the chemical 
behavior of iodine. There are a few I isotopes produced in the course of the 235U fission. They 
have relatively high specific activities and may radiolytically decompose the ion exchange resin 
if adsorbed. Therefore, we have assayed all the solutions for iodine content.  
 
There are two major chemical forms of iodine in alkaline media – an oxidized species, IO3

-, and 
a reduced one, I-. The distribution coefficient for I- between the alkaline solution and AGMP-1 is 
substantially higher then that of IO3

-. Iodide reacts with an oxidizing agent, such as KMnO4, 
producing iodate, IO3

- [8]. Our preliminary tests showed that the oxidation of I- to IO3
- by 

permanganate occurs immediately after the addition of I- to the alkaline solution of KMnO4 even 
at ambient temperature. However, IO3

- is unstable under beta radiation and is reduced back to 
iodide.  
 
The sorption of Mo onto AGMP-1 column was done on the day after the digestion. About 95% 
and 94% of iodine adsorbed on the column in the first and the second tests, respectively. This 
indicates, perhaps, that the major fraction of iodine in the filtrate solutions was reduced back to I- 
in the beta field during the 20 hour time interval between the digestion and the sorption. 
Additional tests will be carried out to explore the radiochemical reactions of iodine under these 
conditions.  
 
IRE process 
 
As reported previously [6], we are working on the optimization of the IRE process for the LEU-
foil digestion. Digestion of U foil targets in 3M NaOH/4M NaNO3 solution generated a 
suspension that was hard to filter. We carried out a series of tests and found that an addition of 5 
grams of KMnO4 changes the properties of the slurry significantly, making the filtration step 
very fast. As for the CNEA digestion, MnO2, generated during the digestion, interacts with Al 
hydroxide forming a mixed solid phase. This allowed us to conduct the successful digestion of 
the irradiated target (Table 1, procedure C) at lower base concentration, in 1M NaOH/4M 
NaNO3, which will decrease the volume of the liquid waste for the process [6]. 
 
3.  Future Work 

 
We plan to ship the digester and all necessary equipment to Argentina for a process 
demonstration at the CNEA production facility. At ANL, we will continue the study of the 99Mo 
purification steps including I sorption, as well as the waste removal and minimization. 
 
4.  Conclusions 
 
• A commercial Berghof™ vessel with stirring system was customized and purchased by 

ANL. This vessel has been successfully used at ANL for the digestion tests of irradiated 
and non-irradiated uranium foils.     



 

• The digestion procedure has been optimized.  It has been used on irradiated low-burnup 
targets at ANL. Recovery of 99Mo is over 99.5%.  

• In consultation with CNEA, future work will address the existing uncertainties and will 
optimize the process for use in CNEA’s hot cell facilities. 

• LEU foil targets can be successfully digested using IRE process conditions. Addition of 
KMnO4 improves the filterability of the slurry, resulting in waste reduction for the whole 
process. 
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ABSTRACT 
 
The Argonne National Laboratory Reduced Enrichment for Research and Test Reactors 
Program is performing R & D supporting conversion of 99Mo production from high-
enriched to low-enriched uranium targets.  One of the major obstacles to conversion is 
the fivefold increase of the amount of uranium needed to produce an equivalent amount 
of 99Mo.  The additional uranium could lead to an increase in the volume of liquid 
processed and the volume of liquid waste.  The use of an efficient, high capacity sorbent 
would allow for small purification columns and minimum liquid volumes throughout the 
process.  Thermoxid has developed an inorganic sorbent that meets these requirements.  
Our batch tests show that Thermoxid sorbents have much higher Kd(Mo) values than the 
commonly used alumina under a wide variety of conditions (20 – 100 g U / L, 0.5 – 1.5 
M HNO3, 4, 24, and 48 hours) relevant to acid-side 99Mo production and recovery 
processes.  The Kd(Mo) values for the Thermoxid and alumina sorbents are inversely 
proportional to both uranium concentration and acidity.  Overall, these new sorbents 
appear to have superior performance and would allow for smaller separation/purification 
columns than are possible using alumina as the sorbent. 

 
INTRODUCTION 

To reduce nuclear proliferation concerns, the U.S. Reduced Enrichment for 
Research and Test Reactors (RERTR) Program is working to reduce the use of high-
enriched uranium (HEU) in research and test reactors by substituting low-enriched 
uranium (LEU) fuel and targets.  Radioactive decay of 99Mo produces 99mTc (half-life of 
2.75 days), which is used in large quantities in nuclear medicine.  Neutron fission of 235U 
generates 99Mo; the 235U is generally in the form of HEU (93% enriched 235U) targets.  
Because LEU contains <20% 235U, a five fold increase in the total amount of uranium is 
needed to produce an equivalent amount of 99Mo.  Such an increase in total uranium 
would lead to an increase in the amount of radioactive waste, and possibly, a reduction in 
facility throughput.  ANL’s role is to help each producer minimize the negative impact of 
LEU conversion on their process [1].  Previous studies have addressed the amount of 
solid waste [2] and the off gas generated during waste processes [3].  The current study 
will evaluate the potential of a new sorbent (Thermoxid).  If Thermoxid is found to have 
higher Kd values than the commonly-used alumina [4, 5], then the process columns could 
be made smaller.  These smaller columns could result in smaller liquid volumes 
downstream, and therefore, a reduced volume of liquid waste.    

Thermoxid type sorbents are manufactured by Thermoxid Scientific and Production 
Company (Zarechnyi, Russia) for Technology Commercialization International Inc. 
(TCInternational).  The sorbents are manufactured as 0.4-1.0 mm spherical particles with 
high mechanical stress [1].  The sorbents evaluated here are specifically designed to for 
Mo recovery.  



 3

The purpose of this work was to evaluate the effectiveness of Thermoxid sorbents 
in acidic 99Mo recovery and purification processes.  In particular, the Kd values were 
compared to those for alumina sorbent under identical conditions.   
 
EXPERIMENTAL 
 
Aim of Experiments 

These experiments were designed measure the Kd values for two Thermoxid 
sorbents for the recovery and purification of 99Mo.  In particular, the Kd’s will be 
compared to those for alumina.  This will be done by conducting simple batch tests and 
measuring the extent of retention of 99Mo.  Variables will include acidity, uranium 
concentration and time.  These experimental conditions were chosen to be relevant to the 
recovery of 99Mo from acidic solutions obtained from uranium foil target dissolution.   
 
Batch Tests 

A series of batch tests was done to determine Kd (99Mo) values under a wide 
variety of conditions.  Each batch test was done with three different sorbents [Thermoxid 
R-1, Thermoxid R-2, and alumina (Aldrich aluminum oxide, activated, acidic, 
Brockmann 1,150 mesh)].  About 100 mg of the dry sorbent was placed into a 10 mL 
culture tube, along with 2 mL of the appropriate solution, and the tube was tumbled for 
the duration of the experiment.  Fifteen different solutions were prepared: 0.5, 1.0, and 
1.5 M HNO3 and uranium concentrations of 20, 40, 60, 80, and 100 g U / L of solution.  
The uranium was added as the soluble uranyl nitrate hexahydrate salt.  A stock solution 
of stable Mo (0.1064 g Mo / mL of solution) was prepared with Na2 [MoO4]·2H2O.  This 
stable Mo stock solution was added to each of the fifteen experimental solutions to yield 
a final concentration of 1.064x10-5 g Mo / mL of solution.   

Generators for 99mTc are commercially available as 99Mo sorbed onto a shielded 
alumina column.  We elute 99mTc by passing dilute sodium nitrate through the column.  
To recover the 99Mo, concentrated ammonium hydroxide was passed through the column, 
and evaporated to dryness.  The salt was then redissolved in dilute nitric acid, and filtered 
before use as radiotracer in this study.  The tracer was added so that the 20 minute 
gamma count of the stock U-Mo acid solutions had an uncertainty less than 2%.   
 Gamma counting was performed with a high purity germanium well-geometry 
detector.  Efficiency varied from ~5% to ~60% depending on the energy.  Previous work 
has shown that uncertainty in these measurements was typically 5-10%, accounting for 
pipetting and statistical variance in peak area.  The Kd values were calculated by 
comparing the gamma (181.4 keV) count rate for the collected test solutions to the count 
rate of stock solutions.  The decay of 99Mo with time was taken into account. 
 A Kd, or partitioning coefficient is a measure of the effectiveness of a solid phase 
to sorb a species from solution.  It is defined as the amount of the species of interest (per 
gram of sorbent) divided by the amount of species in the solution in contact with the 
sorbent (per mL).  Kd values are reported in ml/g.  In general, if Kd values are >10,000, 
then the sorbent effectively acts as a filter for the species of interest; if Kd values are 
between 10,000 and 1000, then the separation is excellent; if Kd values are between 1000 
and 100, then the separation is good; and if the Kd values are between 100 and 10, then 
the separation is poor.    
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RESULTS AND DISSCUSSION 
Kd (Mo) as a function of acidity 
 The Kd values from these experiments were examined as a function of nitric acid 
concentration.  Experiments were conducted at 0.5, 1.0, and 1.5 M HNO3.  Figure 1 
shows selected data that illustrate the general trend of Kd values as a function of acidity.  
All of the data collected in this study is presented in Table 1.  The Kd values decrease as 
acidity increases (at a constant uranium concentration); this is true of both Thermoxid 
sorbents and alumina.  Similar behavior has previously been observed for alumina in the 
acidity range of 0.1 to 1.0 M HNO3 [4].   
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Figure 1.  Kd values as a function of nitric acid concentration.  These data are 
presented to illustrate the general trends; all of the data are presented in Table 1.  
Data in chart a. was collected after 25 hours of contact time, and 40 g U / L; data in 
chart b. was collected after 48 hours of contact time, and 40 g U / L. 

 
Kd as a function of uranium concentration 
 The Kd values from these experiments were examined as a function of uranium 
concentration.  Experiments were conducted at 20, 40, 60, 80, and 100 g U/L of solution.  
Figure 2 shows selected data that illustrate the general trend of Kd values as a function of 
uranium concentration.  All of the data collected in this study is presented in the Table 1.  
The Kd values decrease as uranium concentration increases (at a constant acidity); this is 
true of both thermoxid sorbents as well as alumina.  Similar behavior has previously been 
observed for alumina in the range of 0 to 320 g U / L of solution [4].    Data in Figure 3 
shows that the trend of decreasing Kd with increasing U concentration extends to 320 g U 
/ L.  Further, at the higher U concentrations the Thermoxid sorbents have much higher kd 
values than alumina, and R-2 has significantly higher Kd values than R-1. 
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Figure 2.  Kd values as a function of uranium concentration.  These data are 
presented to illustrate the general trends; all of the data are presented in Table 1.  
Data in chart a. was collected after 25 hours of contact time, and 1.5 M acid; data in 
chart b was collected after 48 hours of contact time, and 1.5 M acid. 
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Figure 3.  Kd values as a function of uranium 
concentration.  Data from this study are compared to 
data from reference [1] (*).  These data were collected 
from 24-hour tests with 1.0 M acid.  Note that the data 
from reference [1] were from tests using a different 
batch of the Thermoxid sorbents. 

 
Kd as a function of time 
 The Kd values from these experiments were examined as a function of time.  
Tests were terminated after 4, 25, and 48 hours of contact time; the tests were tumbled 
during the entire contact time.  Figure 3 shows selected data that illustrate the general 
trend of Kd values as a function of time.  All of the data collected in this study is 
presented in the Table 1.  The data in Figure 4 suggest that none of the sorbents have 
reached equilibrium with Mo by 25 hours contact time under the conditions of this study.  
Therefore, the flow rates required for columns using Thermoxid sorbents will be 
comparable to those for columns using alumina.   
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Figure 4.  Kd values as a function of contact time.  These data are presented to 
illustrate the general trends; all of the data are presented in Table 1.  Data in chart a. 
was collected from tests with 1.0 M acid and 20 g U / L; data in chart b. was 
collected from tests with 1.0 M acid and 80 g U / L. 

 
 Thermoxid sorbents were evaluated as an alternative to alumina in the recovery 
and purification of 99Mo from irradiated uranium foils.  A primary purpose of this study 
was to compare the effectiveness of Thermoxid sorbents to the commonly-used alumina 
for the separation of Mo from acidic uranium-rich solutions.  The Kd values for 
thermoxid tests are in all cases (Figures 1-4; Table 1) are at least 10 times the Kd values 
for the identical alumina tests.   

In nearly all of our tests, the Kd values observed in 48-hour tests were larger than 
the Kd values obtained at 25 hours.  Data presented here and previously [1], show that R-
1 has more favorable kinetics than R-2, and will thus allow faster feed flow through a 
column.  The loading capacities for the two Thermoxid sorbents have been measured as 
about 3 meq/g, which is similar as that for alumina.  Further column tests are underway.  
Based on these results, we feel that the use of either of the Thermoxid sorbents should (1) 
allow a more efficient recovery of 99Mo than current alumina columns, and (2) generate a 
waste solution volume for LEU processing equal to, or less than for current HEU target 
processing. 
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Table 1.  Kd values for each test conducted in this study 
[U] [H+] time (hrs.) Kd alumina Kd R-1 Kd R-2 [U] [H+] time (hrs.) Kd alumina Kd R-1 Kd R-2 
20 2 4 130   40 2 4 39   
20 2 25 546   40 2 25 163   
20 2 48 1011   40 2 48 266   
20 2 4  3139  40 2 4  1740  
20 2 25  9343  40 2 25  5665  
20 2 48  13129  40 2 48  10194  
20 2 4   3033 40 2 4   1666 
20 2 25   10962 40 2 25   7115 
20 2 48   19367 40 2 48   16009 
            

20 1 4 85   40 1 4 70   
20 1 25 334   40 1 25 320   
20 1 48 590   40 1 48 528   
20 1 4  2211  40 1 4  2232  
20 1 25  9803  40 1 25  10309  
20 1 48  13874  40 1 48  11341  
20 1 4   2050 40 1 4   1827 
20 1 25   10202 40 1 25   9326 
20 1 48   20333 40 1 48   13550 
            

20 0.5 4 428   40 0.5 4 274   
20 0.5 25 1856   40 0.5 25 1856   
20 0.5 48 2949   40 0.5 48 2100   
20 0.5 4  4420  40 0.5 4  3240  
20 0.5 25  21552  40 0.5 25  16640  
20 0.5 48  31313  40 0.5 48  11371  
20 0.5 4   3262 40 0.5 4   2804 
20 0.5 25   20287 40 0.5 25   17420 
20 0.5 48   22106 40 0.5 48   21285 
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Table 1 continued 
[U] [H+] time (hrs.) Kd alumina Kd R-1 Kd R-2 [U] [H+] time (hrs.) Kd alumina Kd R-1 Kd R-2 
60 2 4 33   80 2 4 34   
60 2 25 117   80 2 25 96   
60 2 48 177   80 2 48 323   
60 2 4  1668  80 2 4  1336  
60 2 25  8628  80 2 25  5891  
60 2 48  9830  80 2 48  9218  
60 2 4   2329 80 2 4   1461 
60 2 25   7438 80 2 25   6173 
60 2 48   13138 80 2 48   10590 
            

60 1 4 53   80 1 4 33   
60 1 25 168   80 1 25 157   
60 1 48 395   80 1 48 272   
60 1 4  2047  80 1 4  1385  
60 1 25  6988  80 1 25  6117  
60 1 48  13842  80 1 48  8813  
60 1 4   1795 80 1 4   1325 
60 1 25   7372 80 1 25   6849 
60 1 48   14817 80 1 48   10175 
            

60 0.5 4 163   80 0.5 4 94   
60 0.5 25 774   80 0.5 25 430   
60 0.5 48 1269   80 0.5 48 778   
60 0.5 4  1861  80 0.5 4  2172  
60 0.5 25  11229  80 0.5 25  7989  
60 0.5 48  13788  80 0.5 48  10204  
60 0.5 4   2157 80 0.5 4   1950 
60 0.5 25   12950 80 0.5 25   11474 
60 0.5 48   3403 80 0.5 48   11132 
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Table 1 continued 
[U] [H+] time (hrs.) Kd alumina Kd R-1 Kd R-2 
100 2 4 36   
100 2 25 86   
100 2 48 296   
100 2 4  1769  
100 2 25  4677  
100 2 48  7495  
100 2 4   1415 
100 2 25   6305 
100 2 48   14589 
      
100 1 4 54   
100 1 25 129   
100 1 48 442   
100 1 4  2203  
100 1 25  5608  
100 1 48  7915  
100 1 4   1912 
100 1 25   7224 
100 1 48   5714 
      
100 0.5 4 187   
100 0.5 25 284   
100 0.5 48 1546   
100 0.5 4  3215  
100 0.5 25  7752  
100 0.5 48  17805  
100 0.5 4   2802 
100 0.5 25   8584 
100 0.5 48   18874 
 
CONCLUSIONS 
 The Thermoxid sorbents evaluated here showed high Kd values for 99Mo from 
acidic, uranium-rich solutions.  The Kd values observed with the Thermoxid sorbents 
were much higher (at least 10 times) than those with alumina under all conditions.  
Therefore, Thermoxid sorbents are potentially much better sorbents than alumina as part 
of an acidic 99Mo recovery and purification process.   
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Abstract 
 

An alternative fabrication method for polycrystalline uranium foils has been investigated using a 
cooling-roll casting method at KAERI since 2001, in order to produce a medical isotope 99Mo, the 
parent nuclide of 99mTc. The fabrication method of wide uranium foils produced by a cooling-roll 
casting was recently developed to improve the quality of the uranium foils and the economic 
efficiency of the foil fabrication with modifications of the casting apparatus and adjustments of the 
process parameters.  A continuous polycrystalline LEU foil with a thickness range of 100 to 150㎛ 
and a width of about 50 mm, exceeding 5m in length for a batch procedure, could be fabricated with 
a better quality of the uranium foil and a higher yield of the foil fabrication, through improvements 
of the casting apparatus and variations of the process parameters.  

 
 

1. Introduction 
 
Generally, the conventional fabrication method for uranium foils for Mo-99 irradiation target [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 the conventional method, the uranium must be heated and rolled under a vacuum or in an 
inert atmosphere because it is a reactive material.  A hot rolling is repeated several times to obtain 
a suitable thickness of the uranium foil.  As the hot-rolling process takes a long time, the 
productivity is relatively low.  A washing/drying process must be done to remove the surface 
impurities after a hot rolling. In order to obtain a fine polycrystalline structure which has a more 
stable behavior during an irradiation, heat-treatment and quenching must be performed.  The high 
hardness and the low ductility of the uranium make it difficult to roll the foil.  The foil is liable to 
crack due to a residual stress during the process, resulting in a low yield.  Hence, it is difficult to 
fabricate Mo-99 irradiation target in commercial scale by the conventional method.  
An alternative fabrication method for polycrystalline uranium foils has been investigated using a 
cooling-roll casting method at KAERI since 2001 [3], in order to produce a medical isotope 99Mo, 
the parent nuclide of 99mTc.  Low enrichment uranium foils were fabricated through cooling-roll 
casting of uranium melt without a hot rolling process and a heat-treatment process.  An 
improvement in productivity and process economic is expected due to process simplification and 
better quality from the absence of any residual stress on the foil.  In the present study, the 
fabrication method of wide uranium foils produced by a cooling-roll casting has been developed 
to improve the quality of the uranium foils, and the economic efficiency of the foil fabrication, 
with modifications of the casting apparatus and adjustments of the process parameters. The wide 
uranium foils have been obtained through a rapid cooling directly from a melt.  

 



2. Experimental Process  
 
2-1. Modification of the casting apparatus 
 

The casting apparatus of wide uranium foils has been modified to improve the quality of the 
uranium foils and the economic efficiency of the foil fabrication.  A degassing system for the 
uranium melt was installed in the cooling-roll casting apparatus, in order to reduce the impurities 
and the numbers of holes in the uranium foils.  A discharge control method for the uranium melt 
was applied to stabilize the fabrication process and to increase the yield of the uranium foils 
through the prevention of a melt leakage.  As uranium has a low thermal conductivity, the 
collection chamber was modified to soundly fabricate uranium foils without significant defects, 
which improves the quality and the yield of the uranium foils.  In addition, a heating system for 
the cooling roll was installed to reduce the number of holes in the uranium foils and to improve 
the surface state of the uranium foils. 

 
2-2. Fabrication of the uranium foils 
 

Uranium lumps (99.9 % pure) were charged and induction-melted in a high-temperature-
resistant ceramic nozzle. The dimension and the surface state of the uranium foils were mainly 
adjusted by the revolution speed of the cooling roll, the ejection pressure of the melt and the 
superheat of the metal.  The superheated molten uranium metal was discharged through a small 
slot in the nozzle onto a rotating cooling-roll under the condition where the slot was located 
close to the cooling roll.  The uranium foils were rapidly cooled by a contact with the rotating 
roll driven by an electric motor in an inert atmosphere so that fine crystalline grains of the 
uranium foil with an irregular orientation are formed.  The rapidly solidified foils were collected 
in a container.  

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Experimental apparatus (a) and scene (b) of a cooling-roll casting. 
 
 
2-3. Analysis of the uranium foils 
 
The dimensions of the uranium foils were measured at several positions along each foil, using a 

micrometer and vernier-calipers. The surface morphology of the uranium foils was examined with 
a scanning electron microscope (SEM).   The uranium foils were polished to 0.3µm in diamond 
paste, and a metallographic observation was performed for several sections of the foils, using a 
scanning electron microscope (SEM).  A X-ray diffractometer (XRD) using Cu Kα  radiation and 

(a) (b



a Ni filter was used to determine the phase and the preferred orientation for both surfaces of the 
foils.   

 
3. Results and Discussions 

 
Fig. 1 shows the typical appearance of a continuous foil of 50mm in width with a high 

flexibility and a good collection state, fabricated by the cooling-roll casting apparatus. The 
uranium melt was cast to fabricate the uranium foils with a high productivity, in a few seconds 
by the cooling-roll casting method, which leads to high economical benefits.  The uranium foil 
with a thickness ranging from 100 to 150µm was cast continuously, exceeding 5m in length for 
one batch.  The feeding control method of the uranium melt was applied to stabilize the casting 
process and to increase the yield of the uranium foils through the prevention of a melt leakage.  
Wide uranium foils, almost the same width as the nozzle slot, were fabricated by controlling the 
superheating and the injection pressure of the uranium melt.  As uranium has a low thermal 
conductivity, it is not easy to soundly fabricate uranium foils without wrinkles and indents in the 
collection process.  Hence, the collection chamber was modified to soundly fabricate uranium 
foils without significant defects, which improves the quality and the yield of the uranium foils.  

 
 

 

  
 

 
 
 
 
 

Fig. 1. Typical appearance of a continuous foil of about 50mm in width with a high flexibility 
and a good collection state, fabricated by the cooling-roll casting apparatus; (a) DU foil, 
(b) LEU foil. 

 
 
It is difficult to fabricate the uranium foils without holes due to pure metal not having 

coexistent region between soild and liqid.  A degassing system for the uranium melt was installed 
in the cooling-roll casting apparatus, in order to reduce the impurities and the holes of the 
uranium foils.  A heating system for the cooling roll was installed to improve the surface state 
and to decrease the number of the holes for the uranium foils.  Then, uranium foils were soundly 
fabricated, through the installation of the degassing system and the heating system.  The uranium 
foils showed a good surface state and very small holes, as shown in Fig. 2. 

 
 

(a) 

(b) 



 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 2. Uranium foil fabricated by the degassing of the melt and the heating of the cooling-roll;  
(a) DU foil, (b) LEU foil. 

 
 
The thickness of the uranium foils was mainly adjusted by the revolution speed of the 

cooling roll and the ejection pressure of the melt.  As the revolution speed increased, the 
thickness of the uranium foils decreased; however, as the injection pressure increased, the 
thickness of the uranium foils increased, as shown in Fig. 3. The thickness of the uranium 
foils was mainly influenced by the revolution speed of the cooling roll and the ejection 
pressure of the melt.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. The effect of the revolution speed (a) and the injection speed (b) on the thickness 

of the uranium foils.  
 
 
Figs. 4 ~ 5 show the scanning electron micrographs for the free surface and the wheel-

side surface the obtained LEU foil, respectively.  Both surfaces of the LEU foil have a 
relatively good surface state, not having cracks and impurities.  The wheel-side surface of the 
LEU foil like the roll surface was much smoother than the free surface of the LEU foil.  
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Fig. 4. Scanning electron micrographs of the free surface of the obtained LEU foil; (a) x200, 
(b) x1000. 

 
 
 
 
 
 
 

 
 

 
 

Fig. 5. Scanning electron micrographs of the wheel-side surface of the obtained LEU foil;  
(a) x200, (b) x1000. 
 
 
Fig. 6 shows the scanning electron micrograph for cross-sections of the obtained LEU foil.  

The LEU foil showed a difference in grain size according the location of the foil with fine grains 
below about 30 microns in size.  The grain size of the LEU foil increased, as the distance from 
wheel-side surface increased.  Fig. 7 shows the X-ray diffraction patterns of the obtained 
foils.  The phases of the rapidly solidified foil are found to be the α-U (orthorhombic) phase.  
Hence, it is not necessary to heat-treat the hot-rolled foil and quench it from about 800 °C to 
form fine grains, as the uranium foil having fine grains is directly obtained by the rapid 
solidification effect.  It is expected to be able to prevent the uranium foils from an excessive 
swelling by the an-isotropic growth behavior during an irradiation.   
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Fig. 6. Scanning electron micrographs for cross-sections of the obtained LEU foils. 

(a) 

(b) (b)

(b)(b)



 

20 40 60 80 100

  

2 θ

 

In
te

ns
ity

 (A
rb

. U
)

 

 
 

        

20 40 60 80 100

  

2 θ

 

In
te

ns
ity

 (A
rn

. U
)

 

 

 
Fig. 7. X-ray diffraction patterns of uranium foils; (a) free surface, (b) wheel-contact side surface. 

 
 
 

4. Conclusion 
 

1) The fabrication method of wide uranium foils produced by a cooling-roll casting was developed 
to improve the quality of the uranium foils and the economic efficiency of the foil fabrication 
with modifications of the casting apparatus and adjustments of the process parameters. 

2) A continuous polycrystalline LEU foil with a thickness range of 100 to 150㎛ and a width of 
about 50 mm was fabricated, exceeding 5m in length for a batch procedure, with a better quality 
of uranium foil and a higher yield.  

3) The thickness of the LEU foil was mainly controlled by the revolution speed of the cooling roll 
and the ejection pressure of the melt. 

4) The LEU foil had a relatively good roughness on the surface, with few impurities. The wheel-
side surface of the LEU foil was rather smoother than the free surface of the LEU foil.   

5) The LEU foil showed a difference in grain size according to the location of the foil, but fine 
grains below about 30 microns in size.  
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ABSTRACT 
 

The present-day industrial scale production of 99Mo is fission based and involves thermal-neutron 
irradiation in research reactors of highly enriched uranium (HEU, > 20 % 235U) containing targets, 
followed by radiochemical processing of the irradiated targets resulting in the final product: a 99Mo 
containing chemical compound of molybdenum. In 1978 a program (RERTR) was started to develop a 
substitute for HEU reactor fuel i.e. a low enriched uranium (LEU, < 20 % 235U) one. In the wake of that 
program studies were undertaken to convert HEU into LEU based 99Mo production. Both new targets 
and radiochemical treatments leading to 99Mo compounds were proposed. One of these targets is based 
on LEU silicide, U3Si2. Present paper aims at comparing LEU U3Si2 and LEU U3Si with another LEU 
target i.e. target material and arriving at some preferences pertaining to 99Mo production. 

 
1.   Introduction 

 
The advent of the diagnostic use of 99mTc (half-life = 6.02 hours) in the nuclear medicine led 
to an increasing demand for this radionuclide. The most convenient way for obtaining 99mTc 
is from 99Mo (half-life = 66.02 hours); 99mTc is namely a decay product of 99Mo which can be 
obtained by different nuclear reactions. However, the present practical sources of 99Mo are 
research reactors via the thermal-neutron induced reaction: 98Mo(n,γ)99Mo or by fission of 
235U. The fission path yields a product with a specific activity several orders of magnitude 
higher than the product of the (n,γ) reaction. [1]. 235U is one of the three naturally occurring 
nuclides of uranium, which contains (by weight) 0.0055 % 234U, 0.720 % 235U, and 99.2745 
%238U [2]. Natural uranium can be enriched in 235U to almost 100%. 
 
The relatively short half-life of 99Mo forces the hospitals using 99mTc for diagnostic purposes 
to purchase weakly at least one 99Mo/99mTc generator. This combined with a vast number of 
99mTc-based nuclear medical procedures carried out on patients all over the world generates a 
still increasing demand for 99Mo/99mTc generators. An unimpaired production of sufficient 
quantities of 99Mo - the precursor for 99mTc - is indeed a condition sine qua non for any large 
scale production and marketing of such generators.  
 
The present-day industrial scale production of 99Mo is mostly based on the thermal neutron 
irradiation of targets comprising particles of “highly enriched uranium”, HEU, > 20%, 
generally 93% 235U containing chemical compounds, sometimes mixed with aluminum 
particles and pressed together to form a plate. Some examples of such compounds are: 
uranium oxide, uranium-aluminum alloy or uranium aluminide etc. The actual targets are 
obtained by wrapping target material(s) i.e. “meat” in aluminum foil and tightly sealing the 
whole (cladding). 
 



The neutron irradiations of the prepared targets are carried out in nuclear research reactors 
with a thermal neutron flux of preferably ≥ 1014 cm-2 s-1. An irradiation takes a few days and 
is followed by a few days lasting “cooling” i.e. decaying of the short lived radionuclides in 
the irradiated target. The thermal-neutron fission of 235U produces energy (about 200 MeV 
per fission) and a great number of radionuclides - including gaseous ones - with mass 
numbers ranging from 73 to 159. One of these radionuclides is 99Mo. Some radionuclides of 
uranium, neptunium and plutonium are also produced due to the 238U(n,γ) reactions followed 
by β- decay.  
 
Numerous methods for radiochemical processing of irradiated HEU targets leading to final 
product, a 99Mo-containing molybdenum compound are presently available and are partially 
documented in the open literature. A short overview of such processing methods has recently 
been published [1] but the summary and two articles in an earlier document [3] also provide 
ample information on 235U fission based production technologies for 99Mo (and 99mTc) as 
well. Moreover, the 25 previous proceedings of the RERTR Meetings held from 1978 to 2003 
represent an almost inexhaustible source of knowledge and experience relevant to the 
processing of HEU targets. Typically, an irradiated target is treated with aqueous NaOH 
solution resulting in dissolution of “meat” and aluminum cladding. The solution obtained is 
filtered and the solid residue is treated with a solution of NaOH and H2O2 and then filtered. 
Both alkaline filtrates contain 99Mo (as molybdate) which is then isolated by means of a 
number of different ion exchange columns and eventually converted into final product e.g. 
solid ammonium molybdate [4]. 
 
In the late 1970’s politicians and others came to the realization that the fuel used in many 
nuclear research reactors contains weapon-grade HEU. Subsequently a “Reduced Enrichment 
for Research and Test Reactors” (RERTR) program was established (in U.S.A) in “1978 to 
develop the substitute fuel of higher-density, low enriched uranium, which is not suitable for 
weapons” [5]. In the wake of that program studies were undertaken on converting the HEU 
based 99Mo production to LEU one. 
 
2.   Present status and proposals 
 
2.1.   LEU target materials and targets 
 
In order to yield the same 99Mo quantity as an HEU target an LEU target has to contain five 
to six times more uranium then an HEU one. Moreover, in some cases adequately more 
uranium accompanying material such as aluminum in uranium aluminum alloy and interstitial 
aluminum powder (all being components of “meat”) as well as aluminum cladding have also 
to be accommodated. Such enlarged targets would then probably require some rather costly 
modifications of the existing reactor irradiation facilities. A possibility to circumvent such 
costs consist of keeping the targets and irradiation facilities unchanged or slightly modified 
but to find and use an uranium rich target material of high density. Consequently, the 
development of LEU targets to be used for replacing of HEU targets in existing reactor 
irradiation facilities should meet the following requirements [6]: (i) existing target geometry 
should not be modified; (ii) materials and fuels should be acceptable for reactor operators; 
(iii) target production should be straightforward, i.e. “low-tech” one. An intensive search for 
LEU targets complying with these requirements begun already in the eighty’s of the last 
century but it is still going on.  
 



Although different, more or less potential LEU target materials and targets have been 
considered and some even tested most of the research has been focused on the development 
of LEU uranium metal foil and LEU uranium silicide, U3Si2, based targets. However, in the 
last decade the emphasis has mainly been put on LEU foils which are primarily being 
developed at Argonne National Laboratory (Argon, Illinois, USA).  
 
LEU metal containing about 20 % 235U has a density of about 19.0 g cm-3 [2] and contains 
approximately 9.5 × 1021 atoms of 235U per cm3 LEU. One of the reported prototypes of 
uranium-foil targets contains a 130 µ thick uranium metal foil enclosed between too coaxial 
zirconium tubes [6, 7].The ends of the pairs of tubes are welded on, and the whole is filled 
with He and sealed. Note that not a pure LEU is used for production of foils but one doped 
with 100 ppm Al and 450 ppm Fe. This is in order to facilitate formation of necessary fine-
grain structure during a complex heat treatment of foils. “A random, fine grained-structure 
limits effects caused by anisotropic growth of the uranium” [7]. Before being put between 
two metal tubes the uranium foil must be (electrochemically) provided with a 10 - 15 µm–
thick metal (Zn or Al) layer to serve as fission fragment-recoil barrier preventing sticking of 
foil to the inner of the tubes [7]. 
 
The post-irradiation handling of targets starts with disassembling of the targets (accompanied 
by the removal and collection of fission gases) and ends with removing the LEU foil from the 
target.  
 
LEU silicide, U3Si2, with uranium containing about 20 % 235U has a density of about 12.2 g 
cm-3 [8] and it contains approximately 5.7 × 1021 atoms of 235U per cm3 (40 % less then in 
LEU foil). This uranium silicide is easy to prepare by melting uranium metal and silicon, 
followed by grinding of the solid product till very fine particle are obtained. These are then 
mixed with aluminum powder and the mixture is used as a “meat” within an aluminum 
cladding. Note that such targets are commercially available and are presently applied as fuel 
elements in many research reactors.  
 
The high density i.e. number of 235U atoms per cm3 of the above-mentioned silicide and 
consequently its potential utility to serve as a target material for production of fission 99Mo 
led to a number of studies of its properties relevant to such production [6, 9]. It is now 
obvious that the ongoing production methods for LEU U3Si2 and targets based on it do not 
require much research and development. Consequently, their production can thus be 
described as being straightforward and indeed “low-tech” [6]. 
 
U3Si2 is not the only known uranium silicide [8]. There is another one, namely U3Si, which is 
much denser than the other silicides (including U3Si2). The U3Si has a density of 15.6 g cm-3 

[8] i.e. 27.8 % higher than that of U3Si2! A LEU U3Si with uranium containing about 20 % 
235U will contain approximately 7.5 × 1021 atoms 235U per cm3 (only 21.1 % less then in LEU 
foil). This silicide is formed by heating uranium and U3Si2 according to the reaction: 
 

3U + U3Si2→ 2 U3Si  
 
at about 800 ºC [8]. 
 
The high density of U3Si prompted many researchers to asses its application as fuel for any 
type of reactors [10]. The envisaged fuel elements were based on the mixture of very small 
particles of U3Si and aluminum. In recent years much attention has been directed towards the 



investigation of the neutron-irradiation induced swelling of U3Si [10, 11]. However, an 
experimental study cited about 20 years ago [12] showed that a significant swelling (ca. 20 
volume %) developed at 770 K (≈ 500 ºC) and an integrated irradiation dose level of 8.1 
×1025 fissions per cm3. Note that a 150 h irradiation of 6 g cm-3 LEU as U3Si particles (6.2 g) 
in a thermal-neutron flux of 1014 cm-2 s-1 gives rise to 9.5 ×1019 fissions per cm3; a value 
significantly lower than the above quoted one. Besides swelling some other aspects of the 
fuel preparation and utilization of LEU U3Si and its based fuel targets were studied as well 
e.g. [13, 14].  
 
Although, the research pertaining to utility of U3Si to serve as a fuel material is not 
completed yet, there is a real chance that it will appear to be suitable for reactor use. 
Moreover, the suitability for reactor use points out a possibility of application of U3Si as a 
target material for production of fission 99Mo. It seems that the use of U3Si as a target 
material has not been explicitly considered as yet.  
  
2.1.1.   Conclusions on target materials and targets: 
 
The research and development of LEU foil based (tentative) targets for production of fission 
99Mo resulted in usable targets but sophisticated and probably not easy to produce and to 
handle after irradiation. Their production is obviously not a “low-tech” one. However, there 
is only one bulk chemical element to be processed radiochemically, namely uranium. 
 
LEU U3Si2 target material is easy to produce and to obtain from commercial sources. The 
targets can be made by mixing LEU silicide powder with aluminum particles and subsequent 
cladding of the mixture with aluminum. The target remains intact till the start of the 
dissolution i.e. no elaborate handling of the targets after the irradiation is needed. There are 
three bulk chemical elements to be processed radiochemicaly, namely aluminum, silicon and 
uranium. 
 
For the second mentioned silicide, namely the LEU U3Si target material and target etc see 
(above) the analogues: LEU U3Si2. Moreover, it seems that the earlier expected swelling of 
LEU U3Si due to the thermal-neutron irradiation will be minimal and thus poses no obstacle 
for its use in targets for production of fission 99Mo. 
 
2.2.   Radiochemical processing of irradiated LEU targets 
 
Thermal neutron irradiation of LEU based targets results not only in the formation of fission 
products of 235U but also in the formation of relatively large amounts of 239Pu (half-life = 2.4 
×104 year) due to the 238U(n,γ)239U reaction followed by the β- decay of 239U (half-life = 23.5 
minutes) into 239Np (half-life = 2.3 days) and β- decay of the latter radionuclide to 239Pu. 
 
The development of methods for radiochemical processing of both LEU foils and LEU U3Si2 
based targets after their thermal-neutron irradiation and subsequent cool down time can be 
followed by studying many publications in the proceedings of the RERTR meetings as well 
as in the proceedings of other conferences and articles in scientific journals. The free 
accessible information is quite abundant, however, not always complete, perhaps because of 
the possible economic implications of such information. 
 
A compilation by G.F. Vandegrift and co-authors of current processes for production of 99Mo 
[6] provides also an excellent insight in the development and testing of different routes for 



radiochemical processing of irradiated LEU targets with emphasis on uranium foil and U3Si2 
based ones. One should mention that the authors of this compilation have been actively 
involved in the research pertaining to both mentioned target materials. However, in 1996 “A 
decision has been made to suspend R&D activities on this (= U3Si2) fuel“(probably meant 
targets) [6]. 
 
The results of the continued work [15] on chemical processing of irradiated LEU foil resulted 
in a procedure starting with dissolution - (in a closed vessels) at elevated pressure and 
temperature (4.8 MPa = 48 bar; 260 ºC) - of Al recoil barrier and conversion of U into solid 
oxides using a NaOH solution. In a second step the alkaline solution was pressurized with 
oxygen (0.7 MPa =7 bar), and then again heated at elevated pressure and temperature (48 bar; 
260 ºC). Such treatment results in formation of solid Na2UO2O7 (diuranate), and in a solution 
containing 99Mo and some other fission products. Although these processing steps 
“proceeded smoothly” [15] some problems may probably be expected due to the relatively 
high pressures and temperatures and the use of oxygen.  
 
The scientists of ANL have been and still are working on the design and elaborate 
experimental testing of different routes that should lead to the separation of 99Mo from 
alkaline filtrate (see above) and eventually result in a product free of chemical and 
radioactive impurities i.e. a 99Mo/99mTc generator fit to medical use. The details of their 
efforts reported in 2002 [15] illustrate the complexity of the mainly chemical problems to be 
solved prior to any attempt to realize an industrial scale chemical processing of irradiated 
LEU foil targets. However, this stage has not been reached as yet.  
 
It seems that at present not much research and development pertaining to radiochemical 
processing of irradiated LEU silicide (U3Si2) based targets is going on. Such a target consists 
in principle of a mixture of LEU U3Si2 and aluminum powder kept together by an aluminum 
(alloy) cladding. It was possible to dissolve the (non-irradiated) cladding and “meat” 
aluminum in an aqueous NaOH-NaNO3 solution but the attempts to properly dissolve 
irradiated cladding and silicide particles in a H2O2-NaOH were less successful [16]. The 
authors of the latter paper announced a continuation of the development of uranium silicide 
process but in 1996 the work on LEU silicide targets has been discontinued. The results of 
work in the period 1993-1996 are summarized in [6] where on page 53 two footnotes inform 
that (i) Both U and U3Si2 catalyze auto-destruction of H2O2 and (ii) Later experiments used 
atomized, spherical U3Si2 powder instead of jagged comminuted powder. 
 
An almost ready to use protocol for the production of fission 99Mo from LEU uranium 
silicide, U3Si2 based targets was (co) developed by A.A. Sameh [9]. Starting with an 
irradiated mixture of LEU U3Si2-Al and cladding the aluminum is removed by an alkaline 
digestion process resulting (after filtration) in some (20 %) fission products (including 99Mo) 
containing filtrate and a residue of silicide particles with 85% of formed fission products 
(including 99Mo). The central feature of the present protocol is the treatment of the residue 
with a mixture of HF, H2O2 and KIO4 at room temperature, leading to formation of UF4 and 
its iodine catalyzed oxidation to UF6. After addition of KOH and H2O2, followed by boiling of 
the solution (in order to eliminate the excess of peroxide) an alkaline, 99Mo and some fission 
products containing solution is obtained. The recuperation of 99Mo from this solution can be 
achieved by a number of steps similar to those in radiochemical processing of HEU targets. 
 
A two step dissolution procedure for U3Si2 has been applied as a part of a destructive analysis 
of U3Si2 fuel for burnap determination [17]. First the Al clad and Al in the “meat” were 



dissolved in aqueous HNO3 solution containing some Hg2+ as a catalyst facilitating 
dissolution of Al. A fraction of fuel material goes into solution as well. The obtained 
suspension is filtered and - as second step - the residue is treated with 10 molar HNO3 and 0.1 
molar HF solutions and the whole is filtered again. The remaining silica residue appeared to 
be free of U, Pu and probably some fission products (99Mo?). Further research is needed in 
order to establish the dissolution behavior of 99Mo.  
 
Not much information could be found as to the chemical properties of U3Si relevant to its 
possible use as a target material for production of fission 99Mo. However, it is known that 
U3Si reacts with concentrated HCl, HNO3, and H2SO4 but not with 1 molar solution of NaOH 
[12]. 
 
2.2.1.   Conclusions on radiochemical processing of targets 
 
The research on and development of methods eventually to be used for the industrial scale 
radiochemical processing of LEU foil and LEU U3Si2 have as yet not reached their goals, 
namely the delineation of practical processing protocols. However, it seems that the present 
status of the LEU U3Si2 related activities fairly approaches that goal.  
 
The open information on the research and development of radiochemical processing of 
targets suggests that a try-and-error approach rather than a knowledge based one forms the 
basis of the selection and adoption of different chemical agents and reactions (to be) involved 
in the processing. Moreover, many chemical statements lack their proof.  
 
It is worth while to evaluate the suitability for radiochemical processing of irradiated LEU 
U3Si based targets.  
 
3.   General conclusion 
 
A decision to convert an existing HEU based production of fission 99Mo to a LEU based one 
or to set up a new production should be followed by a thorough study of the degree of 
maturity of different (tentative) protocols for 99Mo production. Present paper may perhaps 
facilitate the process of gauging the maturity of available protocols. However, it seems that 
simplicity of the production of LEU U3Si2 based targets as well as the state of development of 
the chemical processing of these targets are now somewhat more favorable than the LEU foil 
based ones. It speaks for itself that both production lines and indeed the proposed U3Si based 
target and its chemical processing still need more research and development.  
 
A post 2004 RERTR Meeting remark: According to an oral contribution to this meeting by  
G.F. Vandegrift (ANL) the development of LEU foil targets and their chemical processing 
has significantly progressed during the last few years.  
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ABSTRACT 
 

A pilot homogenous reactor utilizing LEU has been developed by the Kurchatov Institute in Moscow 
along with their commercial partner TCI Medical.  This solution reactor operates at levels up to 50 
kilowatts and has successfully produced high quality Mo-99 and Sr-89.  Radiochemical extraction of 
medical radionuclides from the reactor solution is performed by passing the solution across a series of 
inorganic sorbents.  This reactor has commercial potential for medical radionuclide production using 
LEU UO2SO4 fuel.  Additional development work is needed to optimize multiple 50 kilowatt cores 
while at the same time, optimizing production efficiency and capital expenditure.   

 
 
1. Introduction 
 
TCI Medical has been working with The Kurchatov Institute in Moscow and Argonne National Lab 
in Chicago, Illinois on the development of a LEU solution reactor for the production of Mo-99 and 
other medical radionuclides.  A pilot solution reactor has been running successfully in Moscow since 
1981, producing small quantities of Mo-99 from HEU UO2SO4 fuel.     
 
Development work for this project has been funded by the Initiatives for Proliferation Prevention 
and the Civilian Research and Development Fund.  To-date a great deal of development work has 
been completed.  Samples of Mo-99 have been produced and compared to commercially available 
Mo-99 sources.  The Mo-99 from the solution reactor met or exceeded all of the specifications of the 
commercial suppliers.  However, detailed financial analysis has shown that the production quantities 
of sellable Mo-99 available from a single core 50 kW solution reactor cannot financially justify the 
capital expenditure.   
 
Further development work needs to be done with a multiple-core design that will significantly 
increase Mo-99 output, with only a modest increase in capital cost.  Further funding is needed to 
continue this work at The Kurchatov Institute.  The proposed project would include converting the 
aqueous fuel from HEU to LEU and using it as a demonstration project for the production of medical 
radionuclides.  
 
 
2. Discussion 
 
The current process involves the fission of U-235 in the HEU aqueous solution of the reactor core.  
Many useful medical radionuclides are produced in the core, along with many other byproducts.  At 
the completion of an operating cycle, the reactor solution is pumped through a series of inorganic 



 

 

 
 

Figure 1. Schematic Layout of Solution Reactor and Radiochemistry Process



 

 

sorbent beds, which can selectively remove specific radionuclides of interest.  This continuous loop 
pumps the reactor aqueous fuel is back into the reactor core at the completion of the absorption 
process.  The resin beds and the captured radionuclides are then processed through additional sorbent 
columns for purification of the specific radionuclide of interest.  A schematic of this system is shown 
on Figure 1. 
 
The aqueous fuel in the proposed pilot reactor is Uranyl Sulfate (UO2SO4).  The level of U-235 
enrichment is <20%.  The concentration of uranium in solution is 380 g/L, with a total core volume 
of 24 liters.  All development work on this reactor and radionuclide production system has been 
based on these parameters.  LEU fuel is seen as a valuable alternative to current commercial 
production efforts utilizing HEU. 
 
The current solution reactor being operated at The Kurchatov Institute is running at a power level of 
20 kW with HEU fuel.  The current design can safely be increased to a power level of 50 kW.  At 
this level the reactor can produce 250 (6-day) Ci per week.  The reactor now relies on passive 
cooling through means of convection.  If the powered level were to be increased an aggressive 
cooling system would need to be developed to dissipate the heat that is generated.  Redundant 
cooling systems would also be required.  For these reasons 50 kW is considered the upper power 
limit for this design.  It is felt that LEU fuel will be capable of producing significant quantities of 
Mo-99 and other medical radionuclides.  
 
TCI Medical has examined the cost to license and build a solution reactor for the production of Mo-
99 in North America.  These costs are significantly less than a conventional research reactor.  
However, when the power level is limited to 50 kW, the resulting production rate is 250 (6-day) 
Ci/wk.  The revenue that is generated by the sales of this quantity of Mo-99 does not support the 
investment to build such a reactor.  TCI Medical has turned its attention to increasing the output of 
such a facility, not by increasing the power level of a single core, but instead by designing a reactor 
system with multiple 50 kW cores using LEU fuel.  The production of Mo-99 and other 
radionuclides goes up proportionally to the number of cores.  The capital cost of building multiple 
cores does not increase proportionally.  Consequently it is possible to build a reactor system with 
multiple cores in which you get an acceptable financial payback to justify the capital expenditure.  
This is the current and future area of concentration on this project. 
 
In order to produce Mo-99 and other medical radionuclides that are used to manufacture 
radiopharmaceuticals, the drug regulatory authority requires a detailed production process, called a 
Drug Master File (DMF).  The DMF helps to assure that the drug substance (Mo-99) is produced 
consistently and to exacting specifications.  A DMF has already been produced for the Mo-99 
process on the solution reactor at The Kurchatov Institute.   
 
 
3. Future Direction 
 
The future direction for this project is focused on developing a multiple core concept and LEU fuel.  
The single core 50 kW design does not justify the financial investment.  The use of multiple 50 kW 
cores increases the production and sales of Mo-99 and other radionuclides to a level that would 
justify the capital expenditure.  Output of Mo-99 is proportional to the total power level of multiple 
cores.  Output for Mo-99 is stated in units of 6-day Ci.  By industry convention, this indicates the 
level of Mo-99 produced at a time of six days prior to the calibration date.  This is in reference to the 
calibration date of the Tc-99m generators for which the Mo-99 is used.  The output for the multiple 
core configurations is estimated below: 



 

 

 
  2 x 50 kW cores  500 (6-day) Ci per week 
  4 x 50 kW cores  1000 (6-day) Ci per week 
  6 x 50 kW cores  1500 (6-day) Ci per week 
  8 x 50 kW cores  2000 (6-day) Ci per week 
  10 x 50 kW cores  2500 (6-day) Ci per week  
  
The cost to produce the considering the capital investment and operating costs is closely tied to the 
total power level, the number of 50 kW cores, and consequently the sales that can be generated for 
the radionuclides produced.  The financial model developed shows a steady decrease in production 
cost as a function of total number of cores.  This can be seen graphically in Figure 2.  This is further 
demonstration that the multiple core concept provides the best payback for the capital money 
invested.   
 
 
 
 
 
 
 
     Cost of Mo-99 Produced 
 
 
 
 
 
        
 
 
 

Figure 2. Cost of Mo-99 Produced vs. Number of Cores 
 
 
                        
4. Conclusions 
 
Further development work needs to be done on this multiple core concept.  The financial model 
makes a compelling case of the business viability of this reactor system.  If the continued 
development work validates the work done to-date, than this LEU reactor will be able to produce 
Mo-99 and other medical radionuclides while returning an acceptable level of return on the money 
invested. 
 
TCI is proposing additional funding of this project at The Kurchatov Institute in Moscow so this 
work can be continued.  The immediate proposal is to convert the existing HEU reactor to LEU and 
use it as a pilot facility for the production of medical radionuclides. This solution reactor continues to 
hold promise both philosophically and as a viable business alternative.   
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Analyses for Inserting Fresh LEU Fuel Assemblies Instead of Fresh  
HEU Fuel Assemblies in the Dalat Nuclear Research Reactor in Vietnam 
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ABSTRACT 
 

Analyses were performed by the RERTR Program to replace 36 burned HEU (36%) fuel 
assemblies in the Dalat Nuclear Research Reactor in Vietnam with either 36 fresh fuel 
assemblies currently on-hand at the reactor or with LEU fuel assemblies to be procured.  
The study concludes that the current HEU (36%) WWR-M2 fuel assemblies can be 
replaced with LEU WWR-M2 fuel assemblies that are fully-qualified and have been 
commercially available since 2001 from the Novosibirsk Chemical Concentrates Plant in 
Russia. 
 
The current reactor configuration using re-shuffled HEU fuel began in June 2004 and is 
expected to allow normal operation until around August 2006.  If 36 HEU assemblies 
each with 40.2 g 235U are inserted without fuel shuffling over the next five operating 
cycles, the core could operate for an additional 10 years until June 2016.  Alternatively, 
inserting 36 LEU fuel assemblies each containing 49.7 g 235U without fuel shuffling over 
five operating cycles would allow normal operation for about 14 years from August 2006 
until October 2020.  The main reason for the longer service life of the LEU fuel is that its 
235U content is higher than the 235U content needed simply to match the service life of the 
HEU fuel.  Fast neutron fluxes in the experiment regions would be very nearly the same 
in both the HEU and LEU cores.  Thermal neutron fluxes in the experiment regions 
would be lower by 1-5%, depending on the experiment type and location. 

 
Introduction 
 
The Dalat Nuclear Research Reactor (DNRR) has operated with a nominal power of 500 kW 
since its reconstruction in 1984 from the previous 250 kW TRIGA-MARK II reactor.  The core 
has gone through a long period of core size expansion from startup core size of 89 fuel 
assemblies (FA) in 1984 until reaching current core size of 104 FA in March 2002.  
 
In June 2004, 16 high burnup FA from the center of the core were exchanged with 16 low 
burnup FA from the core periphery.  This operation provided additional reactivity that will allow 
the core to operate for about 115 full-power-days (fpd) until ~ August 2006, based on normal 
DNRR operation of 50-54 fpd (1200-1300 full-power-hours) per year.   
 
Around August 2006, additional reactivity will be required for continued operation.  This could 
be accomplished either by further shuffling of the core or by replacement of the highest burnup 
HEU fuel assemblies with fresh HEU or LEU fuel assemblies.  For purposes of these analyses, 
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we assumed that HEU FAs with the highest burnup would be replaced, as suggested for DNRR 
(Ref. 3), rather than further shuffling HEU fuel.  Calculations were done to compare the behavior 
of the reactor when 36 fresh HEU assemblies or 36 LEU assemblies are incrementally inserted 
into the core over five operating cycles.   
 
Also included are comparisons of neutron flux performance in the irradiation positions and beam 
tubes for the HEU core incrementally loaded with either 36 fresh HEU or with 36 fresh LEU fuel 
assemblies over operating five cycles . 
 
Core Description 
 
Most ex-core structures were retained from the former TRIGA reactor.  These include the 
aluminum tank, graphite reflector, thermal column, the horizontal beam tubes, and concrete 
shielding (Ref. 1).  Figure 1 shows a radial slice of the current core with 104 fuel assemblies, 
along with the beam tubes, graphite reflectors and thermal column.  
 
Figure 2 provides an enlarged view inside the core vessel, showing the fuel, control rods and 
irradiation positions.  A cross-sectional view of the WWR-M2 fuel assembly is shown Figure 3. 
Each HEU (36%) assembly contains an average of 40.2 g 235U with fuel meat consisting of U-Al 
alloy (35 wt% U, 65 wt% Al).  Each LEU (19.7%) assembly contains an average of 49.7 g 235U 
with UO2-Al dispersion fuel meat.  In Figure 3, each of the fuel elements (tubes) in the HEU and 
LEU fuel assemblies has the same thickness of 2.50 mm, but the fuel meat and cladding 
thicknesses are different. 
 
The core is cooled and moderated using distilled light water.  The core is primarily reflected by 
graphite with a small amount of Be surrounding the core periphery inside the core vessel. There 
is also some Be reflector material surrounding the large water channel located in the center of the 
core.  There are two dry irradiation positions and one wet irradiation position located in the core 
periphery.  There are two safety control rods, four shim control rods and one regulating control 
rod. 
 
Neutronics Models of the DNRR 
 
The reactor core and ex-core materials were modeled using hexagonal-Z multi-group diffusion 
theory and continuous energy Monte Carlo methods.  The MCNP (Ref. 6) code was used to 
perform the Monte Carlo calculations using an ENDF-B/VI cross section library. A detailed 
geometrical model of each reactor component was made in the MCNP model, except in the axial 
reflectors above and below the FA where some materials were homogenized.  MCNP 
calculations were used to calculate control rod worths, and neutron flux performance in 
irradiation positions, and to compare with core criticality measurements. 
 
All fuel cycle calculations were performed with the diffusion theory code REBUS-PC (Ref. 7) 
using the nodal flux solution method.  The neutron cross sections for use in REBUS-PC were 
generated using WIMS-ANL (Ref. 8).  The WIMS-ANL uses a 69 energy group library based on 
ENDF-B/VI data and collapsed to seven broad energy groups for use in REBUS-PC.  The FA 



 3

Figure 1. The Dalat Nuclear Research Reactor 

 
 

Figure 2.  The Core of the DNRR Loaded with 104 WWR-M2 Fuel Assemblies 

 



 4

 
 

Figure 3.  Cross Section of the WWR-M2 HEU and LEU Fuel Assembly. 
 

 
 

cross sections were generated in a radial geometry with each fuel element depleted based upon 
its unique neutron spectrum in the WIMS-ANL model.  A separate WIMS-ANL model was 
created to generate cross sections for the control rods, irradiation positions, and reflector 
materials. 
 
The seven broad group microscopic cross sections were either polynomial or spline fitted as a 
function of burnup for use in REBUS-PC.  The REBUS-PC fuel depletion chains included 
production of six Pu isotopes, Am-241, Np-237, and lumped fission product.  Isotopic precursors 
of Xe-135 and Sm-149 were also included in the depletion chains so that Xe and Sm transients 
during periods of shutdown and startup could be modeled.  Each homogenized FA was modeled 
using five equal volume axial depletion zones.  The beam tubes were modeled using a 
homogenized mixture of air or concrete, graphite and aluminum. 
 
Comparison of Measured Core Excess Reactivities with Calculated Results 
 
Several critical core configurations using fresh WWR-M2 HEU FA have been measured at the 
DNRR. The core sizes range from 69 FA to 88 FA. The smaller cores have very few control rods 
inserted while the larger cores required more reactivity control. A representative number of the 
critical core configurations were modeled using MCNP. The results were tabulated in Table 1. 
The configuration of cores with 69 FA and 88 FA are shown in Figure 4.  The uncertainty in the 
calculated keff was < 0.03% for all 10 critical cores modeled. The average MCNP keff was 
0.99516 +/-0.00022 for the 10 critical core configurations. This result obtained from the various 
core configurations establishes the credibility in the MCNP model of the DNRR cores using 
fresh HEU fuel.  
 
Two additional comparisons of the computed and measured excess reactivity were made for the 
March and June 2004 burned HEU cores. Using the burnup distribution of the March 2002 
provided by the DNRR staff, REBUS and MCNP models were developed. This core was 
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depleted for 120.8 fpd until the March 2004 burnup distribution was reached. The June 2004 
core was modeled based on moving 16 lower burnup FA from the outside of the core to the 
interior of the core. The excess reactivity of the March 2004 and June 2004 cores were compared 
and presented in Table 2. The calculated excess reactivity was 0.52% and 0.50% greater than 
measured for the March 2004 and June 2004 cores, respectively.  
 

Table 1. Calculated DNRR HEU Critical Configurations 

Configuration Calculated (MCNP) keff Excess Reactivity, 
% ∆k/k 

69 FA (Fig 2.1, Ref 2) 0.99772 ± 0.00029    - 0.28 ± 0.03 

72 FA (Fig 2.2, Ref 2) 0.99679 ± 0.00029    - 0.32 ± 0.03 

74 FA (fig 2.3 Ref 2) 
     Configuration #1 
     Configuration #2 
     Configuration #3 
     Configuration #4 

 
1.00028 ± 0.00028    
0.99734 ± 0.00017    
0.99519 ± 0.00019   
0.99710 ± 0.00019    

 
+ 0.03 ± 0.03 
- 0.27 ± 0.02 
- 0.48 ± 0.02 
-0.29 ± 0.02  

75FA (Fig 2.4, Ref 2) 0.99478 ± 0.00017  -0.52 ± 0.02 

86 FA (Fig 2.5, Ref 2) – Configuration #3 0.99124 ± 0.00018  - 0.88 ± 0.02 

88 FA (Fig 2.6, Ref 2) – Configuration #1 0.99022 ± 0.00018  - 0.99 ± 0.02 

88 FA (Fig 2.7, Ref 2) – Configuration #1 0.99096 ± 0.00022  - 0.91 ± 0.02 

Average of 10 Calculated Critical 
Configurations 

0.99516 ± 0.00022 - 0.49 ± 0.02 

 
Table 2. Calculated Results for Recent DNRR Cores With 104 Fuel Assemblies 

Configuration Measured. 
Refs. 2-3 

MCNP REBUS 

Fresh HEU Core 
With Beam Tubes 

Without Beam Tubes 
Worth of Beam Tubes 

 
N/A 
N/A 

 
1.09741 ± 0.00013 
1.11153 ± 0.00015 

-1.16% 

 
1.09774 
1.11330 
-1.27% 

March 2004 Burned Core w/Beam Tubes 
 

Calculated keff 
Excess Reactivity 

Reactivity Difference (Calc-Meas) 

 
 
 

2.72 β 

 
 

1.02814 ± 0.00012 
3.38 β 
0.53% 

 
 

1.02802 
3.36 β 
0.52% 

June 2004 Burned Core w/Beam Tubes 
 

Calculated keff 
Excess Reactivity 

Reactivity Difference (Calc-Meas) 

 
 
 

3.57 β 

 
 

1.03500 ± 0.00015 
4.18 β 
0.49% 

 
 

1.03514 
4.19 β 
0.50% 

June 2004 Burned Core w/Beam Tubes 
 

Worth of All Shim Rods 
 

Worth of Regulating Rod 
a) All shim Rods In 
b) All shim Rods Out 
c) Average of a) and b) 

 
 
 

10.44 β 
 

0.51 β 

 
 
 

12.08 β   ---   C/M* = 1.15 
 
 

0.52 β 
0.38 β 

0.45 β     ---   C/M = 0.88 

 
 
 

N/A 

Note: β = 0.81% (Ref. 4) 
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* Calculated/Measured 



 7

 
Figure 4.  Horizontal Cross Sections of Two of the Ten DNRR HEU Critical Configurations 
That Were Calculated in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

161    162 

174    177    178   SaR1   179    180    187      

 173    Sh2     62      63      64      65     Sh1   169     

 189    158     71      77      68      88      85     166    188

 159    72      70      56      60      76      84     170

 160    73       79      58                59      86     157    171   ReR

 164    155     75       61     57      74      83     172 

 190    165    156     87      69      78      82     176    191

 185     Sh3    66      67      80      81    Sh4  167    

 175    181     182  SaR2  183    184   168 

 163     

Fig 2.1 (Ref. 2) Critical configuration without neutron trap 
(69 Fuel Assemblies, 12 Beryllium rods and 32 Aluminum chock rods) 

 
 Identification of each Fuel assembly is written on fuel lattice cell 
1. Position of Control Rods (From the Top of Reactor Core):  Shim Rod1=0 (cm); Shim Rod2=0 (cm); Shim 

Rod3=0 (cm); Shim Rod4=6 (cm); Regulating Rod=0 (cm); Safety Rods=0 (cm) 
2. Mass of Uranium 235 = 2781,3 (gram) 

 

149     79       85    166    155     74 

 162     68     192    156  SaR1  167    165    157    70 

    177     77   ShR2   189    191    160     62   ShR1  168    161     

    171    125   182     87     139    138    137     80     190    172    143 

 124    123    122     73      84      72 

    188    170    193   176    151    154    146     64     175    83     130 

 144    186    179   153                         147     88      82      76    

  66     194    150                                 152    181    158   ReR   

  128    185    173   145                        148    63     163     67      

   69    126  ShR3   65     174    169     81    ShR4  159     178     

 164    127    184    183  SaR2  195     86      71      75      

 

Fig 2.7 (Ref. 2) Critical configuration with neutron trap 
(88 FAs, 18 Be Rods. Regulating Rod is Stainless Steel ) 

 
Position of Control Rods with 6 critical configurations (cm Unit) in January, 23rd, 1984 

1/ ShR1=36.8   ShR2=65.0    ShR3=65.0   ShR4=36.8   ReR=65.0       2SaR=0 
2/ ShR1=37.5   ShR2=65.0    ShR3=65.0   ShR4=37.5   ReR=40.0      2SaR=0 
3/ ShR1=39.2   ShR2=65.0    ShR3=65.0   ShR4=39.2   ReR=40.0      2SaR=0 
4/ ShR1=65.0   ShR2=37.5    ShR3=37.5   ShR4=65.0   ReR=65.0      2SaR=0 
5/ ShR1=65.0   ShR2=38.0    ShR3=38.0   ShR4=65.0   ReR=40.0      2SaR=0 
6/ ShR1=65.0   ShR2=39.5    ShR3=39.5   ShR4=65.0   ReR=20.0      2SaR=0 

69 FA Core From 
Fig. 2.1, Ref. 2 

88 FA Core From Fig. 
2.7, Ref. 2 
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Estimated Core Lifetime Using 36 Additional HEU or 36 LEU FA 
 
When the cycle that began operation in June 2004 is completed around August 2006, additional 
reactivity will be required for continued operation.  This could be accomplished by further 
shuffling of irradiated HEU fuel in the present core or by replacing the highest burnup fuel with 
fresh fuel.  For purposes of this report, we assumed that HEU fuel assemblies with the highest 
burnup would be replaced, as suggested by DNRR personnel (Ref. 3), without further fuel 
shuffling.  Calculations were done to compare the behavior of the reactor when 36 fresh HEU 
assemblies or 36 fresh LEU assemblies are incrementally inserted without further fuel shuffling 
over five operating cycles.   
 
The REBUS-PC model was used to estimate that the cycle length of the June 2004 core would be 
115 fpd.  The excess reactivity at the end of cycle (EOC) of the June 2004 core was equal to the 
EOC excess reactivity calculated for the March 2004 core.  The REBUS-PC model was used to 
predict the additional core lifetime inserting either 36 fresh HEU FA or 36 fresh LEU FA.  
 
The fuel reload strategy adopted for the continued operation of the core was to discharge the 
highest burnup HEU FAs and reload fresh HEU (36%, 40.2 g 235U/FA) or LEU (19.75%, 49.7 g 
235U/FA) fuel into those same core locations.  The first two reload cycles were refueled with six 
fresh FA each and loaded into the core periphery.  The next three reload cycles were refueled 
using eight fresh FA after discharging the highest burnup HEU FA.  A total of 36 FA were 
utilized in all five fresh reload operation cycles. 
 
A comparison of the operating times beginning in August 2006 for each of the five reload cycles 
is presented in Table 3.  Figure 5 shows years of operation as a function of the number of fresh 
HEU or LEU fuel assemblies that are inserted into the core.   
 
Table 3.  Summary of Operating Times for Incremental Insertion of 36 Burned HEU Fuel 
Assemblies with 36 Fresh HEU or 36 Fresh LEU Fuel Assemblies Beginning in August 2006.  

 
 

Cycle 

HEU or 
LEU FA 
Inserted 

per Cycle 

 
Total HEU 
or LEU FA 
Inserted 

 
FPD with 
HEU Fuel 

Cum. 
Years 
Oper. 
Using 
HEU 

 
FPD with 
LEU Fuel 

Cum. 
Years 
Oper. 
With 
LEU 

1 6 6 70 1.4 110 2.1 

2 6 12 137 2.7 210 4.1 

3 8 20 247 4.8 376 7.2 

4 8 28 377 7.3 552 10.6 

5 8 36 507 9.8 738 14.2 

 



 9

Figure 5. Years Operating Time versus the Number of HEU or LEU Fuel Assemblies Inserted. 
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Excess reactivities are plotted in Figure 6.  The base case for both HEU and LEU fuel 
replacement starts with the August 2006 core.  The highest excess reactivity points correspond to 
the condition of the core just prior to startup with no Xe-135, saturated Sm-149 and all fresh fuel 
loaded to begin the next cycle of operation.  The lowest reactivity points correspond to EOC 
conditions with equilibrium Xe-135 and Sm-149 concentrations in all FA.  The REBUS 
calculated excess reactivity for all points shown in Figure 4 has been reduced by 0.55% to 
account for the over-prediction of the reactivity shown in Table 2.  All REBUS depletion 
calculations were performed assuming all control rods were in their fully withdrawn position. 
 
The results of the depletion of the current core using the 36 additional HEU FA indicate that the 
core could be operated an additional 507 fpd or almost 10 years from August 2006 until June 
2016.  If the proposed 36 LEU FA are used to refuel the core, the calculated lifetime would be 
738 fpd or about 14 years from August 2006 until about October 2020.  These results assumed 
that the core will be operated at full power for 1250 hours or 52 full-power-days per year, using 
the assumed strategy of loading fresh fuel assemblies without shuffling. 
 
Shutdown Margin Comparisons for the Reload Cores 
 
According to DNRR (Ref. 3), “The shutdown margin is relative to the cold, poisoning free core 
condition, and should be at least 1% sub-critical with the four shim rods and the regulating rod 
fully-inserted, and the two safety rods fully-withdrawn.”  The shutdown margins for the five 
reload cores are shown in Table 4.  The shutdown margins were calculated using the MCNP 
model of the reactor with burned fuel compositions calculated using the REBUS-PC code.  Each 
shutdown margin calculation was made after all fresh FA were loaded for startup of the next 
cycle with the core cold and Xe-free.  This is the time in the fuel management cycle when the 
core has the most excess reactivity.  The results show that the shutdown margin is much greater 
than the required value of 1.0 % ∆k/k below critical for all five reload cycles. 
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Figure 6. Fuel Lifetime of 36 HEU Fuel Assemblies Compared to 36 LEU Fuel Assemblies 
Loaded into the Dalat Research Reactor Core 
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Table 4.  DNRR Shutdown Margins* Calculated for Five Reload Cycles With Up To 36 HEU 
and LEU Fresh Fuel Assemblies 
 

Reload Cycle 
Number 

No. of 
Fresh FA 
Loaded 

HEU FA 
% ∆k/k 

LEU FA 
% ∆k/k 

1 6 -5.78 -5.55 

2 12 -5.76 -5.58 

3 20 -5.48 -5.12 

4 28 -5.34 -4.95 

5 36 -5.31 -4.78 
 

* The MCNP calculated reactivity worth of the four shim rods for the June 2004 HEU core was 
higher than the “measured” value by 1.33% ∆k/k. Therefore, the absolute value of the 
calculated shutdown margin given in the above table was decreased by the same 1.33%. 

 



 11

Neutron Flux Performance 
 
The neutron flux performance of fast and thermal fluxes in all irradiation positions is compared 
in Table 5.  All neutron flux calculations were performed using the MCNP code.  Fuel 
compositions were calculated using the REBUS-PC code and transferred to MCNP for these 
calculations.  The comparison locations are the Dry and Wet irradiation positions, Central Flux 
Trap, at the surface of Beam Tubes #3 and #4, and in the Rotating Rack (see Figs. 1 and 2).  A 
comparison is made at the beginning of each reload cycle after one fpd of operation without 
control rods inserted.  The tabulated results are the presented as the ratio of the fast (> 0.821 
MeV) or thermal flux (< 0.625 eV) in the LEU reloaded core to the HEU reloaded core.  
 
The fast and thermal flux ratios decrease 1 to 2% in the Flux Trap. In all other comparison 
locations, the fast flux is essentially the same.  In these same locations the thermal flux has been 
reduced 1 to 5% as more LEU fuel is reloaded. 
 
Table 5. Neutron Flux Performance Comparisons for Five Reload Cycles: LEU/HEU Ratio 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5  
Thermal Fast Thermal Fast Thermal Fast Thermal Fast Thermal Fast 

Dry Irradiation 
Channels 
       Cell 13-2 
       Cell 7-1 

 
 

0.97 
0.99 

 
  
 1.01 
0.99 

 
 

0.97 
0.99 

 
 

1.01 
0.99 

 
 

0.94 
0.96 

 
 

1.02 
1.00 

 
 

0.95 
0.96 

 
 

1.01 
1.00 

 
 

0.95 
0.95 

 
 

1.00 
1.00 

Wet Irradiation 
Channel 
        Cell 1-4 
 

 
 

0.99 

 
 

1.02 

 
 

0.98 

 
 

1.02 

 
 

0.96 

 
 

1.02 

 
 

0.97 

 
 

1.03 

 
 

0.96 

 
 

1.03 

 
FLUX TRAP 
 

 
0.99 

 
1.00 

 
0.99 

 
0.99 

 
0.98 

 
0.98 

 
0.98 

 
0.98 

 
0.98 

 
0.98 

Beam Tubes 
(surface flux)   
              BT # 4 
              BT # 3 
 

 
 

0.98 
0.99 

 
 

1.01 
1.01 

 
 

0.97 
0.98 

 
 

1.02 
1.01 

 
 

0.96 
0.97 

 
 

1.02 
1.02 

 
 

0.96 
0.97 

 
 

1.02 
1.00 

 
 

0.96 
0.97 

 
 

1.01 
1.01 

Rotating Rack 
   Average 

 
1.00 

 
1.00 

 
1.00 

 
1.01 

 
1.00 

 
1.01 

 
0.99 

 
1.00 

 
0.99 

 
1.00 

 
 
LEU WWR-M2 Fuel Qualification 
 
LEU WWR-M2 fuel assemblies with LEU UO2-Al dispersion fuel meat and 2.5 g U/cm3 are 
fully-qualified in accord with ROSATOM (Federal Agency for Atomic Energy of the Russian 
Federation) requirements and have been commercially available from the Novosibirsk Chemical 
Concentrates Plant in Russia since 2001 (Refs. 9-11). 
 
Conclusions 
 
The results of analyses described in this paper conclude that it is feasible to insert LEU WWR-
M2 fuel assemblies instead of HEU (36%) fuel assemblies into the Dalat Nuclear Research 
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Reactor when additional reactivity is required for operation around August 2006.  This 
conclusion is based on the following results: 
 
• The MCNP models of the 10 critical configurations were in good agreement with measured 

data.  The comparison of the REBUS-PC/MCNP models of the recent HEU burned cores was 
also in good agreement with measured data.   

• Around August 2006, additional reactivity will need to be added to the current core which 
began operation with re-shuffled HEU irradiated fuel in June 2004. 

• If 36 HEU fuel assemblies each containing 40.2 g 235U are inserted without fuel shuffling 
over the next five operating cycles, the core could operate for an additional 10 years until 
June 2016. 

• If 36 LEU fuel assemblies each containing 49.7 g 235U are inserted without fuel shuffling 
over the next five operating cycles, the core could operate for an additional 14 years until 
October 2020. 

• The fresh LEU WWR-M2 replacement fuel would last longer than the fresh HEU WWR-M2 
replacement fuel mainly because the 235U content of the LEU fuel assemblies is higher than 
the amount needed to simply match the operating lifetime of the HEU fuel assemblies.  

• Without further shuffling of the irradiated HEU fuel, incremental insertion of 28 LEU FA 
would allow operation for almost one year longer than insertion of 36 HEU FA. 

• DNRR shutdown margin requirements would be satisfied with incremental insertion of either 
36 fresh HEU or 36 fresh LEU fuel assemblies. 

• Fast neutron flux performance in the experiment positions will be essentially the same with 
insertion of either fresh HEU or fresh LEU fuel assemblies. 

• Thermal neutron fluxes with insertion of fresh LEU fuel will be lower by 1-5%, depending 
on the experiment type and location, than with insertion of fresh HEU fuel, 
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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 examine the feasibility of 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). The reference design had a core 
configuration using 14 IRT-2M fuel assemblies (four 4-tubes and 10 3-tubes) 
with 36% HEU.  This HEU fuel is no longer available since it was transported 
from INRNE to Russia in December 2003 as part of an agreement with the US 
DOE.  An LEU core configuration using 14 IRT-4M fuel assemblies (four 8-
tubes and ten 6-tubes) which yields a similar flux performance, when compared 
with the HEU design, was created. Results of detailed calculations comparing 
the new LEU core with the reference HEU core design are presented.  From 
these results it is concluded that the LEU core performance (both in term of 
fluxes for the experiments and in fuel consumption) is very similar to the HEU 
reference core.  

 
 

INTRODUCTION 
 

A joint feasibility study between INRNE and the RERTR Program at ANL was initiated in 2003 
to study the possibility of using LEU fuel instead of HEU fuel in the planned new 200 kW IRT-
Sofia research reactor [1].  The joint work of the feasibility study included creation of common 
calculational models based on the best available data for reactor components and materials, 
especially INRNE information on documentation and sketch materials of the IRT-Sofia research 
reactor corresponding to IRT-5000 Project [2].  The study compares the fuel lifetime and flux 
performance for sequences of HEU and LEU cores providing appropriate flux values and 
acceptable burn-up levels. The HEU (36%) core uses IRT-2M fuel assemblies (4-tubes and 3-
tubes). This HEU fuel had been planned for usage in IRT-Sofia but it is no longer available since 
it was transported from INRNE to Russia in December 2003 as part of an agreement with the US 
DOE.  The LEU (19.7%) core uses IRT-4M fuel assemblies (8-tubes and 6-tubes); this LEU fuel 
is expected to be commercially available in the near future. The comparison of HEU and LEU 
cores consequences is performed at the power level of 200 kW. 
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FUEL ASSEMBLY DESCRIPTION 
 

Horizontal cross sections of the IRT-2M and IRT-4M fuel assemblies (FA) are shown in Figure 
1, and the characteristics of these four FA are shown in Table 1.  The IRT-2M fuel assemblies 
have either 4 or 3 concentric fuel tubes.  The IRT-4M fuel assemblies have either 8 or 6 
concentric fuel tubes.  The 3-tube HEU FA and the 6-tube LEU FA have space at the center for 
the same aluminum guide tube, control rod, and aluminum follower.   
 
 
 
 
 
 
 
 

Figure 1.  Cross Sections of IRT-2M and IRT-4M Fuel Assemblies 
 
Table 1.  Characteristics of the IRT-2M HEU (36%) 3-Tube and 4-Tube Fuel 
Assemblies and the IRT-4M LEU (19.7%) 6-Tube and 8-Tube Fuel Assemblies 

Fuel Assembly Design IRT-2M IRT-4M 
235U Enrichment, wt % 36 19.7 
Fuel Meat Material UO2-Al UO2-Al 
Number of Fuel Tubes in Assembly 3 / 4 6 / 8 
Number of Assemblies in Core 10 / 4 10 / 4 
Fuel Assembly Pitch, mm 715 715 
U-235 Loading per Assembly, g 198 / 230 265 / 300 
Uranium Density in Meat, g U/ cm3 1.54 2.77 
Dispersant Volume Fraction, % 18.4 32.1 
Meat/Clad/Element Thickness, mm 1.06/0.47/2.0 0.7/0.45/1.6 
Coolant Channel Thickness, mm 4.5 1.85 
Meat Length, mm 580 600 
Assembly Fuel Meat Volume, cm3 359 / 417 483 / 551 

 
FUEL CYCLE MODEL DESCRIPTION 

 
The reactor core and ex-core materials were modeled using XYZ multi-group diffusion theory 
and continuous energy Monte Carlo methods. The MCNP code [3] was used to perform the 
Monte Carlo calculations using an ENDF-B/VI cross section library. A detailed geometrical 
model of each reactor component was made in the MCNP model, except in the axial reflectors 
above and below the meat of the FA where some materials were homogenized.  Results of the 
MCNP calculations were used to calculate shutdown margins, neutron flux performance in 
irradiation positions, and to provide for a comparison with the diffusion theory excess reactivity 
at the beginning of cycle (BOC). 
 
All fuel cycle calculations were performed with the diffusion theory code REBUS-PC [4] using a 
finite difference flux solution method.  The neutron cross sections for use in REBUS-PC were 

IRT-2M 4-Tube and 3-Tube Assemblies IRT-4M 8-Tube and 6-Tube Assemblies 
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generated using the WIMS-ANL code [5].  WIMS-ANL uses a 69 energy group library based on 
ENDF-B/VI data collapsed to seven broad energy groups for use in REBUS-PC.  Neutron cross 
sections for each fuel assembly were generated in slab geometry for a single fuel plate and 
surrounding coolant channel.  The central non-fueled portion of each FA was modeled as a 
separate region with an aluminum and water mixture.  Other WIMS-ANL models were created 
to generate cross sections for the irradiation positions and reflector materials. 
 
The seven broad-group microscopic cross sections were either polynomial or spline fitted as a 
function of burnup for use in REBUS-PC.  The REBUS-PC fuel depletion chains included 
production of six Pu isotopes, Am-241, Np-237, and lumped fission product.  Isotopic precursors 
of Xe-135 and Sm-149 were also included in the depletion chains so that Xe and Sm transients 
during periods of shutdown and startup could be modeled.  Each fuel assembly was modeled 
using five equal volume axial depletion zones. 

 
COMPARATIVE SEQUENCES OF HEU AND LEU CORES 

 
The initial all fresh core consisted of 14 FA as shown in Fig 2.  This core configuration was 
designed to provide optimal flux performance in the irradiation positions, to satisfy the shutdown 
margin requirements and provide adequate excess reactivity for long term irradiation using either 
HEU or LEU fuel.  The initial core and all subsequent cores were operated at 200 kW until the 
excess reactivity reached 1% ∆k/k.  
 
The second cycle was started with two additional 3-tube HEU IRT-2M or 6-tube LEU IRT-4M 
fuel assemblies without a central control rod.  The core size was increased because sufficient 
burnup had not been reached to consider discharge of any FA.  The fresh fuel was loaded into 
locations A6 and E6 without discharging or shuffling any fuel from EOC-1.  The shutdown 
margin was calculated before startup of cycle 2 in the most reactive condition during the cycle 
after loading the two fresh FA and with saturated Sm-149 and no Xe-135 in the partially depleted 
fuel.  
 
The third cycle was refueled with the addition of one 3 tube HEU IRT-2M FA in location B7 in 
the HEU core and two 6 tube IRT-4M FA in locations B7 and E7 in LEU core.  This difference 
in fuel management was needed because the shutdown margin requirement would not be 
satisfied with the addition of two fuel assemblies to the EOC-2 HEU core.  At the conclusion of 
the HEU cycle 3A another fresh 3 tube HEU IRT-2M was added in location E-7.  After the 
addition of the second FA, the HEU core configuration during HEU cycle 3B is equivalent to the 
LEU core cycle 3. 
 
The fourth and fifth cycle consisted of adding two 4 tube IRT-2M FA to the HEU core and two 8 
tube IRT-4M FA to the LEU core.  The fresh FA were loaded into locations C4 and D4 at the 
beginning of cycle 4 and into locations B4 and E4 at the beginning of cycle 5.  The row of Be 
reflector blocks were moved to accommodate the loading of the fresh FA. 
 
The final HEU core analyzed (HEU 5) has 22 FA, i.e. fourteen 3-tube and eight 4-tube IRT-2M 
FA.  The final LEU core analyzed (LEU 5) also has 22 FA, i.e. fourteen 6-tube and eight 8-tube 
IRT-4M FA, as shown in Fig. 2.  This final core provides adequate excess reactivity and  
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Figure 2.  Sequences of HEU and LEU Cores that Were Studied. 
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allowable discharge burnup for efficient fuel management while satisfying shutdown margin 
requirements. 
 
Reactivity values for all of the HEU and LEU cores at beginning-of-cycle are shown in Table 2.    
 
Shutdown Margin 
 
The shutdown margin is calculated for a cold, Xe poison free core condition, and assumes that all 
safety rods, the regulating rod and the most reactive shim rod are fully withdrawn, and the other 
four shim rods are fully inserted. The shutdown margin criterion is that the core should be at 
least 1% ∆k/k subcritical under these conditions.  Shutdown margin was calculated for both the 
HEU and LEU cores at the beginning of each cycle using MCNP.  The results are presented in 
Table 2, where it can be seen that the criterion is met for all core configurations analyzed. 
 
Table 2.   IRT-200: Summary of Results 

 
 HEU  LEU  
 CR OUT 

k-eff 
Shutdown 
Margin, % 

CR OUT 
k-eff 

Shutdown 
Margin,% 

BOL 
                MCNP 
                REBUS 
                ∆ρ (M-R) 

 
1.05372 ±.00017 

1.05624 
-0.23% 

 
-3.49 

 
1.03690 ± .00010 

1.03446 
+0.23% 

 
-5.39 

BOC # 2 (No Xe, Saturated Sm)  
                MCNP 
                REBUS 
                ∆ρ (M-R) 

 
1.06379 ± .00020 

1.06703 
-0.29% 

 
-1.84 

 
1.05626 ± .00015 

1.05635 
-0.08% 

 
-2.65 

BOC # 3 (No Xe, Saturated Sm)  
                MCNP 
                REBUS 
                ∆ρ (M-R) 

   
  

 
1.05751 ± .00015 

1.05968 
-0.19% 

 
-1.37 

BOC # 3A – 1 Fresh FA 
 (No Xe, Saturated Sm)  
                MCNP 
                REBUS 
                ∆ρ (M-R) 
 
BOC # 3B – 1 Fresh FA 
 (No Xe, Saturated Sm)  
                MCNP 
                REBUS 
                ∆ρ (M-R) 

 
 

1.04268 ± .00014 
1.04682 
-0.38% 

 
 
 

1.04162 ± .00017 
1.04459 
-0.27% 

 
 

-2.74 
 
 
 
 
 

-2.75 
 

  

BOC # 4 -2 Fresh FA  
 (No Xe, Saturated Sm)  
                MCNP 
                REBUS 
                ∆ρ (M-R) 
 
BOC # 5 -2 Fresh FA  
 (No Xe, Saturated Sm)  
                MCNP 
                REBUS 
                ∆ρ (M-R) 

 
 

1.04755 ± .00020 
1.05179 
-0.38% 

 
 
 

1.04506 ± .00021 
1.05013 
-0.46% 

 
 

-2.72 
 
 
 
 
 

-2.41 

 
 

1.04178 ± .00023 
1.04326 
-0.14% 

 
 
 

1.03844 ± .00021 
1.04076 
-0.21% 

 
 

-3.31 
  
 
 
 
 

-3.13 
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Excess Reactivity 
 
The reactivity rundown for the HEU and LEU fuel cycles analyzed at a power level of 200 kW 
are shown in Figure 3. These results show that for the 22 FA cores, the HEU core can operate for 
15.1 years and the LEU core can operate for 19.0 y. Note that the mass of 235U is equal to 4.61 
kg for the fresh 22 HEU FA, and 6.11 kg for the fresh 22 LEU FA.  The larger mass of 235U in 
the LEU core is responsible for the increase in operating time seen in Figure 3. 
 
 

Figure 3.  Core Excess Reactivity for HEU and LEU Fuel Cycles at a Power Level of 200 kW. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Experiment Performance 
 
A comparison of the flux performance at the experiment positions is presented in Table 3. These 
performance indices were calculated at the BOC conditions with the control rods withdraw, and 
with saturated 149Sm and no 135Xe, and the uncertainty in the Monte Carlo results was less than 
0.5% for the thermal fluxes and less than 1.4% for the fast fluxes.    
 
The results in Table 3 show that: 

a) The LEU/HEU thermal flux performance is between 0.90 and 1.06 in the beam tubes and 
BNCT locations. 

b) The LEU/HEU fast flux performance is between 0.95 and 1.13 in the beam tubes and 
BNCT locations. 

c) The LEU/HEU thermal flux performance is reduced between 20 and 25% in the central 
FA positions. However, this is not relevant because in these positions the experiments 
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will require fast flux. The LEU/HEU fast flux performance in those positions is between 
1.11 and 1.15. 

d) The LEU/HEU thermal flux performance is between 0.94 and 0.98 for the in-core 
irradiation positions inside the Be blocks. 

 
In summary, the LEU core performance is similar to that in the HEU core. 
 

Table 3.  IRT-200 Performance Comparison: LEU/HEU Ratio of keff x Flux  
 

 Fresh Core BOC# 2c BOC#3d BOC# 4e BOC# 5f 

Channel 1 (BNCT) 0.90/1.07/ 
0.95/1.04a 

0.91/1.08/ 
1.02/1.06  

0.90/1.07/ 
1.01/1.06 

0.94/1.12/ 
1.05/1.11 

0.98/1.17/ 
1.11/1.16 

Channel 2 1.03/1.08b 1.01/1.07  1.04/1.10 1.00/1.07 1.00/1.05 

Channel 3 1.00/1.01 1.00/1.05 0.99/1.06 1.03/1.10 1.05/1.13 

Channel 4 1.04/1.07 1.03/1.06 1.06/1.08 1.00/1.06 0.96/1.03 

Channel 5 1.04/1.08 1.02/1.04 1.06/1.10 1.01/1.06 0.97/1.11 

Channel 6 1.03/1.05 1.02/1.05 1.06/1.10 1.01/1.02 0.96/1.03 

Channel 7 1.04/1.06 1.01/1.05 1.05/1.06 1.00/1.04 0.97/0.96 

In-Core Experiment 

Positions: 

        Inside FA 

        Inside Be Block 

 

 

0.80/1.12 

0.98/1.08 

 

 

0.78/1.11 

0.96/1.09 

 

 

0.75/1.15 

0.94/1.09 

 

 

0.76/1.12 

0.95/1.11 

 

 

0.76/1.14 

0.98/1.13 
 
a E<6.25e-7 MeV / 6.25e-7 MeV<E<0.821 MeV / E > 0.821 MeV / Epithermal: 4.0e-7 <E<1.0e-2 MeV 
b E<6.25e-7 MeV / E > 0.821 MeV (Thermal/Fast) 
c The absolute values of keff x flux for BOC# 2 are between 14% and 1% lower than for the fresh core. 
d BOC# 3 for the LEU Core (18 FA) and BOC#3b for HEU Core (18FA) 
  The absolute values of keff x flux for BOC# 3 are between 20% and 10% lower than for the fresh core. 
e The absolute values of keff x flux for BOC# 4 are between -30% and +4% of those for the fresh core. 
f The absolute values of keff x flux for BOC# 5 are between -45% and +14% of those for the fresh core. 
 
 
 
Burn-up Results 
 
The average burn-up values by FA at the end of the fifth cycle for both the HEU and LEU cores   
are presented in the Figure 4. The results show that, at the end of the fifth cycle, the maximum 
burnup for the HEU core is about 50%, and for the LEU core it is about 46%. In both cases, 
these are acceptable values for the FA to be discharged. For the other FA the average burnup is 
similar for both cores (a few percent higher for the HEU FA).  
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Figure 4.  Average 235U Burnup Distributions for HEU Core 5 with IRT-2M Fuel Assemblies 
and LEU Core 5 with IRT-4M Fuel Assemblies. 

 
CONCLUSIONS 

 
The results of this study demonstrate excellent progress in the joint feasibility study between 
INRNE and the RERTR Program at ANL for conversion from HEU to LEU fuel at IRT-200, 
Sofia.  In the frame of cooperation, common calculational models have been identified and use 
of the same computer codes guarantees comparability of results for analyses performed at 
INRNE and at ANL.  The comparative study for several similar operational cycles of both the 
HEU (IRT-2M 36%) and the LEU (IRT-4M 19.7%) cores shows that: 
 
• For the same number of FA, the LEU core can operate for 19.0 years and the HEU core can 

operate for 15.1 years.  
• The shutdown margin criterion is met for all core configurations analyzed for both the HEU 

and LEU cores. 
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• The performance at the experiment positions is not much different for both the HEU and 
LEU cores. For the fluxes of interest in the different positions the flux performance in the 
LEU core is within +/- 10% of that of the HEU core.  

• The maximum average burnup at the end of the last analyzed cycle (fifth cycle with 22 FA) 
is about 50% for the HEU core and 46% for the LEU core. These are both acceptable burnup 
levels for the FA to be discharged from the core. 

 
Generally it could be concluded that the LEU core performance (both in term of fluxes for the 
experiments and in fuel consumption) is similar to the HEU reference core. That is why the IRT-
4M LEU fuel assemblies would be suitable for conversion of 200 kW IRT-Sofia research reactor 
when the IRT-4M fuel assemblies are made commercially available in Russia. 
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ABSTRACT 
 

Outcomes of the first stage of calculation studies, referring to the eight-tube fuel 
assembly (FA) and four-tube one (in which the CPS channel shim rod is located), are 
presented for fuel elements on a base of the UO2+Al composition with the uranium 
density 3.0 g⋅cm-3.  
 

Introduction 
 
Target of nuclear material non-proliferation makes urgent the reduction of fuel enrichment in 
research reactors – basic consumers of uranium enriched to 36, 80 and 90% in U-235. 
By IAEA assessments, uranium enriched in U-235 to less than 20% can’t be used in military 
applications. At this level of enrichment, conservation of the research reactor neutronics parameters 
is possible only if uranium dioxide (the uranium mass density is not greater than 3.0 g⋅cm-3) or 
uranium-molybdenum alloy (the density is not greater than 5.5 g⋅cm-3), dispersed in aluminum 
matrix, are used.  
In this work results of the first stage of feasibility studies are presented, where the eight-tube and 
four-tube fuel assemblies (FA) with fuel elements using uranium-dioxide fuel are considered. The 
uranium density comprises 3 g⋅cm –3. The reactor core lattice spacing is left 68.3 mm.  
Calculations have been performed with the 3D computer codes, which simulate neutron behavior in 
the reactor core by means of the Monte Carlo technique: the American code MCNP-4/B [1] and the 
Russian code MCU-REA [2]. Preliminary, these codes have been verified in experiments at the 
zero-power reactor. Practically, all reactor functionals have been calculated, such as Keff, the CPS 
worthes, the reactor campaign, the fuel burnup level, the energy deposition density in the reactor 
core and the thermal/fast flux densities in irradiation channels. 
Versions of the reactor core configuration with both the light-water and beryllium reflector have 
been considered. 
 
Calculation Results 
 
A version of the eight-tube and four-tube fuel assemblies and the reactor core formed from is 
considered (fig.1). Fuel composition of the fuel assembly IRT-4M [3] is taken as a base.   
Below basic parameters of fuel elements and fuel assemblies are given (tables 1 and 2). 
The reactor core critical load has been determined. It comprises 11 I-type FA with 10 II-type FA.

                                                 
1 Work is executed with financial support of «Nuclear Threat Initiative», USA 



 
  
 
 
 
 
 
 
            (a)      (b) 

 
Fig.1. Eight-tube FA (a) and four-tube one (b) 

 
 

Table 1- Fuel Element Characteristics  
 

First-Type FA  Second-Type FA 

Structure 
element 

Size, 
mm 

Thickness, 
mm 

Mass of U-235, 
g per FE Structure element Size, mm Thickness, 

mm 

FE-1 66.3 1.6 55.6 FE-1 66.3 1.6 
FE-2 59.1 1.6 49.4 FE-2 59.1 1.6 
FE-3 51.9 1.6 43.3 FE-3 51.9 1.6 
FE-4 44.7 1.6 37.1 FE-4 44.7 1.6 
FE-5 37.5 1.6 30.9 Rod channel body 38.1 - 
FE-6 30.3 1.6 24.7 Rod 33.6 - 
FE-7 23.1 1.6 18.5 - - - 
FE-8 15.9 1.6 11.2 - - - 

Structural tube 8.8 1.0 - - - - 
Fuel element 0.45:0.7:0.45mm         Water gap is 2 mm 

 
Table 2 –Some quantitative characteristics of the eight/four FA  

 

Parameter FA-I FA-II 

Uranium-235 content in FA, g  270.6 180.4 
Watered perimeter, cm 219.1 149.4 
Area of  heat removal, cm2 13146.2 8964.0 
Water volumetric fraction, % 56.22 - 

 
Basic neutronics characteristics have been calculated for the stages of reactor core initial loading 
(18 I-type FA and 10 II-type FA, see fig. 2) and stationary loading (34 I-type FA and 10 ТВС II-
type FA, see fig. 3). Calculation results are presented in Tables 3 and 4. It should be noted that large 
inaccuracies of the calculated flux densities in peripheral cells are related to insufficient statistics. 

As table 3 demonstrates, the net worth of the shim rods and the auto rod doesn't meet the safety 
requirements (sub-criticality of the reactor core with immersed shim rods and the auto rod should be 
not less than 1% ∆k/k). Due to this, a series of worth calculations was carried out for shim rods and 
the auto rod with an enhanced content of boron-10 in the absorbing composition. Results of 
calculation are given in Table 5. 
 



Table 3 – Neutronics characteristics. Reactor core: 18 I-type FA and 10 II-type FA 
 

Cell # Position of all 
SE and SR 

Thermal flux density 
(<0.4 eV), cm-2 s-1 

Fast neutron flux density 
(>1.15 MeV), cm-2 s-1 

Fast neutron flux density 
(>2.35 MeV), cm-2 s-1 

up (2.4±0.3) E+14 (4.3±0.9) E+13 (2.1±0.9) E+13 6-5 down  (2.6±0.3) E+14 (4.8±0.5) E+13 (2.4±0.4) E+13 
up (2.0±0.3) E+14 (3.3±0.8) E+13 (1.7±0.5) E+13 8-5 down  (2.1±0.3) E+14 (3.9±0.8) E+13 (1.9±0.5) E+13 
up (5.9±0.9) E+13 (4.6±1.3) E+12 (2.6±0.9) E+12 2-2 down  (5.2±1.0) E+13 (4.1±0.9) E+12 (2.4±0.7) E+12 
up (5.9±1.5) E+13 (4.4±1.2) E+12 (2.3±0.9) E+12 10-2 down  (5.8±1.1) E+13 (4.5±0.9) E+13 (2.5±0.7) E+12 
up (3.6±0.9) E+13 (3.0±0.9) E+12 (1.8±0.6) E+12 8-1 

down  (3.0±1.0) E+13 (2.1±1.7) E+12 (1.5±0.5) E+12 

Keff, % ∆k/k ρ, % ∆k/k Σ ρКО+АР , % ∆k/k Σ ρАЗ , % ∆k/k 
1.0836±0.0002 7.7 7.0 1.8 

 
 

Table 4 – Neutronics characteristics. Reactor core: 34 I-type FA and 10 II-type FA 

Cell # Position of all 
SR and AR 

Thermal flux density 
(<0.4 eV), cm-2 s-1 

Fast neutron flux density 
(>1.15 MeV), cm-2 s-1 

Fast neutron flux density 
(>2.35 MeV), cm-2 s-1 

up (1.7±0.3) E+14 (3.4±0.8) E+13 (1.7±0.4) E+13 6-5 down  (1.9±0.3) E+14 (3.5±0.8) E+13 (1.6±0.5) E+13 
up (1.5±0.4) E+14 (2.6±0.8) E+13 (1.3±0.4) E+13 8-5 down  (1.6±0.3) E+14 (3.0±0.9) E+13 (1.5±0.5) E+13 
up (6.7±1.0) E+13 (9.0±0.0) E+12 (4.6±1.1) E+12 2-2 down  (6.2±1.0) E+13 (9.3±2.5) E+12 (5.1±2.0) E+12 
up (6.6±1.3) E+13 (8.6±1.2) E+12 (4.6±1.1) E+12 10-2 down  (7.1±1.3) E+13 (1.0±0.4) E+13 (5.0±2.0) E+12 
up (4.4±0.9) E+13 (3.7±0.9) E+12 (1.9±0.8) E+12 8-1 

down  (4.1±1.0) E+13 (3.5±1.4) E+12 (2.1±0.8) E+12 

Keff, % ∆k/k ρ, % ∆k/k Σ ρКО+АР , % ∆k/k Σ ρАЗ , % ∆k/k 
1.1853±0.0002 15.6 7.2 1.8 
 

 
Table 5 – Worthes of the reactor shim rods and the auto rod versus the B-10  enrichment  

 

Reactor core: 18 I-type FA and 10 II-type FA 
 

Enrichment 
in В10, % 

Position of AR 
and SR  Keff ρr.c.з., % ∆k/k Worthes of AR 

and SR, % ∆к/к 
up 1.0843 ± 0.0002 7.8 - 19.6 down 1.0069 ± 0.0002 0.7 7.1 

40.0 down 0.9957 ± 0.0002 -0.4 8.2 
60.0 down 0.9910 ± 0.0002 -0.9 8.7 
85.0 down 0.9862 ± 0.0002 -1.4 9.2 

 

Results of calculation show that sub-criticality of the initially loaded reactor core with immersed shim 
rods and the automate rod comprises 1.4% ∆k/к when the enrichment of absorbing composition in 
boron-10 reaches 85%. 
In Tables 6 and 7 values of the energy deposition in FA are presented for two reactor core loading 
versions. In the first version, the most «hot» FA is located in the cell #7-6, whereas in the second 
one – in cells 7-6 and 5-6. 



 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

For reactor core initial loading, the operating period and the fuel burnup level have been calculated. 
An estimate of the accumulated Pu-239 is obtained. After 120 days of reactor operation, 61.4 g of 
plutonium has been produced in the reactor core. A value of stationary poisoning by Хе-135 is 
3.38%(∆k/k) (see fig. 4). Loss of reactivity at the expense of fuel burning up comprises 0.04 
%(∆k/k) per 24 hours. The U-235 burnup in the cell having the highest fuel rating is 19.5%. Values 
of the burnup per FA are given in table 8. 

Fig 2. The reactor core initial loading cartogram 

Fig.3. The reactor core stationary loading cartogram 
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Table 6 – Energy Deposition in the Reactor Core: 18 I-type FA and 10 II-type FA  
 

Energy deposition in FA, kW Energy deposition in FA, kW Cell # 
Reflector: H2O Reflector: Be 

Cell # 
Reflector: H2O Reflector: Be 

2-4 111.15 135.56 5-4 221.03 225.87 
4-3 164.20 180.68 5-5 321.28 276.64 
4-7 166.26 175.25 5-6 316.75 282.11 
6-3 159.28 162.37 5-7 231.17 216.22 
6-7 164.04 155.69 6-4 281.43 251.76 
8-3 166.10 183.32 6-6 282.11 250.16 
8-7 163.25 174.01 7-4 218.04 217.59 
6-2 150.07 186.89 7-5 314.26 281.66 
6-8 153.97 177.11 7-6 322.64 287.13 
10-4 105.62 131.15 7-7 228.68 219.62 
3-4 205.70 228.25 8-4 227.55 235.32 
3-5 211.00 214.67 8-6 234.79 230.30 
4-4 239.77 237.38 9-4 202.87 222.61 
4-6 236.38 236.69 9-5 200.92 223.84 

    6000.0 6000.0 
 

Table 7– Energy Deposition in the Reactor Core: 34 I-type FA and 10 II-type FA 
 

Energy deposition in FA, kW Energy deposition in FA, kW Cell # 
Reflector: H2O Reflector: Be 

Cell # 
Reflector: H2O Reflector: Be 

2–4 82.63 89.42 5–5 226.86 194.48 
4–3 94.80 97.00 5–6 227.83 191.63 
4–7 93.04 101.65 5–7 152.32 146.27 
6–3 97.11 93.55 5–8 133.66 155.79 
6–7 96.17 97.06 6–4 200.05 171.21 
8–3 92.81 91.89 6–6 194.48 168.94 
8–7 93.97 92.26 7–3 141.78 145.50 
6–2 92.07 105.74 7–4 154.24 140.21 
6–8 93.44 110.56 7–5 217.94 186.48 
10–4 80.78 83.19 7–6 227.54 184.24 
2–3 114.22 119.52 7–7 149.44 234.07 
2–5 116.42 121.14 7–8 132.71 147.41 
3–2 115.04 130.06 8–4 165.24 151.64 
3–3 119.04 121.33 8–6 170.38 156.64 
3–4 150.29 151.32 9–2  114.82 124.52 
3–5 142.26 147.70 9–3 114.63 119.14 
3–6 118.10 122.95 9–4 141.97 143.40 
3–7 113.81 131.65 9–5 141.59 143.88 
4–4 172.90 160.34 9–6 115.94 113.29 
4-6 169.58 164.18 9–7 114.63 119.16 
5–3 135.36 153.02 10–3 112.21 116.36 
5–4 156.06 145.31 10–5 109.64 114.83 

 6000.0 6000.0 
 
In view of implementation of heat-transfer calculation for the reactor cores with side water 
reflector, a detailed axial energy distribution was calculated for all fuel elements of the FA having 
the highest fuel rating (cell 7-6). Calculation results are presented in Figs. 5 and 6. 
In fig.6 the specific energy deposition versus the outer fuel element height is shown for various 
positions of shim rods: the shim rods immersed entirely to the reactor core, immersed to 300 mm, 
and extracted entirely. For 28 FA loaded, the peaking factors have comprised 1.278, 1.302 and 
1.264 respectively, whereas for 44 FA loaded – 1.255, 1.375 and 1.307. 
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Fig. 4. Reactivity margin versus the reactor operating period at the 6-MW power level 

 
Table 8 – Вurnup in the reactor core for 100 days of reactor operation  

(18 I-type FA and 10 II-type FA)  
 

Burnup in U-235 per FA, % Burnup in U-235 per FA, % Cell # 
Reflector: H2O Reflector: Be 

Cell # 
Reflector: H2O Reflector: Be 

2-4 6.70 9.00 (5-4) 9.68 10.08 
4-3 9.75 5.92 (5-5) 13.39 12.74 
4-7 10.13 11.88 (5-6) 13.63 12.72 
6-3 9.95 10.61 (5-7) 9.40 10.21 
6-7 9.91 11.06 (6-4) 12.09 11.47 
8-3 9.92 11.55 (6-6) 12.13 11.79 
8-7 9.80 11.69 (7-4) 9.68 9.80 
6-2 9.33 12.22 (7-5) 13.56 12.68 
6-8 9.23 12.00 (7-6) 16.27 12.83 
10-4 6.94 8.66 (7-7) 9.37 10.24 
3-4 8.90 10.31 (8-4) 10.27 10.55 
3-5 8.90 10.17 (8-6) 9.93 10.60 
4-4 10.13 10.77 (9-4) 8.81 9.86 
4-6 10.17 10.97 (9-5) 8.86 10.00 
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Fig. 5. Distribution of the specific (a) and total (b) energy deposition over fuel elements  
for the FA having the highest fuel rating  
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Fig. 6. Energy deposition versus the height of the outer fuel element for the FA having the 

highest fuel rating.  (а) 28 FAs in the core; (б) 44 FAs in the core  
 
Heat-transfer calculation (the ASTRA [4 ] code) has been performed for two versions of the reactor 
corer, mentioned above. As the input data, the following has been used: 

− 28 loaded FAs: the reactor core passage cross section for coolant flow, Spass., is 0.07792 m2; 
− 44 loaded FAs: Spass. is 0.10331 m2;  
− the coolant temperature in the reactor core entrance 30 and 35 °С; 
− the water velocity in the FA slots for 28 loaded FAs varies from 1.25 to 3.92 m s-1, 

corresponding to water discharge rate from 350 to 1100 m3 h-1;  
− the water velocity in the FA slots for 44 loaded FAs varies from 0.94 до 2.96 m s -1 with the 

same discharge rate values;   
− the maximum specific energy deposition in the fuel core comprises 959 MW m-3 for the 

first version of core loading and 734 MW m-3 for the second one.  
In fig. 7 the temperature of the fuel core and the FE wall for the highest fuel-rating section versus 
the water flow velocity is shown. The wall maximum temperature for the 28-FA loading has 
comprised 87.6 °C; then the water temperature in the exit from FA has reached 64.1°C, and the 
boiling safety factor is 1.69 (temperature in the entrance is 35 °C). In the second loading version the 
wall maximum temperature is 89.3°C, the water temperature in the exit is 65.2°C, and the boiling 
safety factor is 1.60. In both cases water discharge through the reactor core comprises 350 m3 h-1. 
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Fig. 7. Temperatures of the FE wall and fuel core for the FE section having the highest fuel rating  

versus the water velocity  (a) 28 FA,  (b) 44 FA 



In fig. 8 distribution of the temperature over the FE wall height is shown for two loading version, 
and the maximum thermal flux density has comprised 327 and 257 kW m–2 respectively. 
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Fig. 8. Temperature in points of a wall of the fuel element having the highest fuel rating, 

beginning with entrance to FA 
 

Calculations have shown that the limiting heat-transfer parameters for the eight-tube FA (due to a 
developed energy-conduction surface) aren’t reached in version of both the reactor core initial and 
stationary loading. 

For two versions of the reactor core loading with eight/four-tube FAs neutronics characteristics 
have been calculated with the water side reflector changed by the beryllium one. The side beryllium 
reflector is formed from units having external sizes similar to those of FA; the beryllium mass 
density was assumed to be equal to 1.85 g cm-3. In the first case 18 I-type FA and 10 II-type FA 
enter the reactor core; the beryllium reflector is composed of 48 modular units. In the second case 
(see fig. 9) the reactor core is composed of 34 I-type FA and 10 II-type one, and 32 beryllium units 
represent beryllium side reflector. 

Neutron characteristics for the cases mentioned above are presented in Tables 9 and 10. 

 
Table 9 – Neutron characteristics of the reactor core composed of 18 I-type FA and  

10 II-type FA and side reflector –48 units of beryllium 
 

Cell # 
Position of all 

SE and SR 
Thermal flux density 
(<0.4 eV), cm-2 s-1 

Fast neutron flux density 
(>1.15 MeV), cm-2 s-1 

Fast neutron flux density 
(>2.35 MeV), cm-2 s-1 

up (2.3±0.3) E+14 (3.8±0.9) E+13 (2,0±0,6) E+13 6-5 down  (2.5±0.3) E+14 (4.3±0.9) E+13 (2,0±0,4) E+13 
up (1.9±0.3) E+14 (3.3±0.8) E+13 (1,5±0,5) E+13 8-5 down  (2.3±0.3) E+14 (4.0±0.9) E+13 (1,8±0,4) E+13 
up (1.0±0.3) E+14 (4.3±1.1) E+12 (2,0±0,7) E+12 2-2 down  (8.3±1.0) E+13 (3.9±1.2) E+12 (1,6±0,4) E+12 
up (1.0±0.3) E+14 (4.1±1.2) E+12 (1,5±0,5) E+12 10-2 down  (1.0±0.3) E+14 (4.4±1.4) E+12 (2,1±0,8) E+12 
up (7.6±1.9) E+13 (2.7±0.9) E+12 (1,0±0,4) E+12 8-1 
down  (6.0±1.0) E+13 (2.4±0.7) E+12 (8,1±2,5) E+11 

Keff, % ∆k/k ρ, % ∆k/k Σ ρКО+АР , % ∆k/k Σ ρAZ . % ∆k/k 
1.2320±0.0002 18,8 9.7 2.5 



Table 10 – Neutron characteristics of the reactor core composed of 34 I-type FA and 10 II-type FA 
and side reflector – 32 units of beryllium  

 

Cell # 
Position of all 

SE and SR 
Thermal flux density 
(<0.4 eV), cm-2 s-1 

Fast neutron flux density 
(>1.15 MeV), cm-2 s-1 

Fast neutron flux density 
(>2.35 MeV), cm-2 s-1 

up (1.6±0.3) E+14 (3.0±0.7) E+13 (1.5±0.4) E+13 
6-5 down  (1.8±0.3) E+14 (3.1±0.8) E+13 (1.6±0.4) E+13 

up (1.4±0.2) E+14 (2.4±0.6) E+13 (1.2±0.3) E+13 
8-5 down  (1.5±0.3) E+14 (2.8±0.9) E+13 (1.4±0.5) E+13 

up (8.6±1.0) E+13 (1.1±0.2) E+13 (5.2±1.1) E+12 
2-2 down  (9.3±1.0) E+13 (1.3±0.4) E+13 (5.6±1.5) E+12 

up (8.3±1.3) E+13 (1.1±0.4) E+13 (4.8±1.3) E+12 
10-2 down  (8.9±1.3) E+13 (1.3±0.4) E+13 (5.0±1.5) E+12 

up (6.9±0.9) E+13 (2.9±0.9) E+12 (1.8±0.6) E+12  
8-1 down  (7.4±1.0) E+13 (3.0±1.4) E+12 (2.1±0.7) E+12 

K eff, %(∆k/k) ρ, % ∆k/k Σ ρКО+АР , % ∆k/k Σ ρАЗ , % ∆k/k 
1.2779±0.0002 21.7 8.1 2.4 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 9. The reactor core stationary loading cartogram with beryllium reflector  

 
 
Values of the energy deposition and the fuel burnup level in FA are presented in Tables 6, 7 and 8. 
In contrast to the reactor core with light-water reflector, four fuel assemblies located in the cells 5-5, 
5-6, 7-5, and 7-6 have the maximum fuel rating. The maximum burnup level for 300 days of reactor 
operation has comprised 37%; a value of stationary poisoning is 3.0% ∆k/k; loss of reactivity at the 
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expense of fuel burning up comprises 0.04 %(∆k/k) per 24 hours, a mass of the produced plutonium 
is 170 g. 
As for the version with light-water reflector, large irregularity in the energy distribution over the 
reactor core is typical, and, in terms of heat-transfer, it is inferior in this respect to the considered 
version, so calculation for it wasn’t performed. 

 
Conclusion 

 
The version of the WWR-K reactor conversion to low-enriched fuel on a base of the UO2+Al 
composition is considered. It is shown that at both stages of initial and stationary loading of the 
reactor core the proposed version, by its experimental characteristics (the neutron flux density, the 
number of experimental channels, etc.) and operational indices (the burnup level, opportunity to 
prolong the reactor operational period) surpasses the existing reactor core.   
Transition to  a version with a side reflector  made of beryllium can be implemented successively 
after realization of cycles with initial loading of the reactor  with a water reflector.  
In close future the studies with the pin fuel elements on a base of the compositions UO2+Al and 
UMo+Al [5] are assumed to be implemented.  
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Argonne National Laboratory 
Argonne, IL 60439 

 
ABSTRACT 

 
A feasibility study by the RERTR program for possible LEU conversion of the 6 MW WWR-K 
reactor concludes that conversion is feasible using an LEU 5-tube Russian fuel assembly design.   
This 5-tube design is one of several LEU fuel assembly designs being studied (Ref. 1) for 
possible use in this reactor.  The 5-tube assembly contains 200 g 235U with an enrichment of 
19.7% in four cylindrical inner tubes and an outer hexagonal tube with the same external 
dimensions as the current HEU (36%) 5-tube fuel assembly, which contains 112.5 g 235U.  The 
fuel meat material, LEU UO2-Al dispersion fuel with ~2.5 g U/cm3, has been extensively 
irradiation tested in a number of reactors with uranium enrichments of 36% and 19.7%. 
 
Since the 235U loading of the LEU assemblies is much larger than the HEU assemblies, a smaller 
LEU core with five rows of fuel assemblies is possible (instead of six rows of fuel assemblies in 
the HEU core).  This smaller LEU core would consume about 60% as many fuel assemblies per 
year as the current HEU core and provide thermal neutron fluxes in the inner irradiation channels 
that are ~17% larger than with the present HEU core.  The current 21 day cycle length would be 
maintained and the average discharge burnup would be ~42%.  Neutron fluxes in the five outer 
irradiation channels would be smaller in the LEU core unless these channels can be moved closer 
to the LEU fuel assemblies. 
 
Results show that the smaller LEU core would meet the reactor’s shutdown margin requirements 
and would have an adequate thermal-hydraulic safety margin to onset of nucleate boiling. 
 

1.0  INTRODUCTION 
 
The WWR-K reactor is a water-cooled and water-moderated research reactor operated by the 
Institute of Nuclear Physics for the National Nuclear Center of the Republic of Kazakhstan. 
Criticality was first achieved in 1967.  The reactor was shutdown temporarily in 1988.  After 
major seismic proofing and other nuclear safety up-grading, the reactor was restarted in 1998 and 
operates at 6 MW power level using HEU (36%) fuel. 
 
Figure 1 shows a cross section of the WWR-K reactor.  A total of 85 grid positions are available 
for mounting fuel assemblies.  The current core uses WWR-TS fuel assemblies with 5-tubes and 
3-tubes containing UAl3-Al and UO2-Al HEU fuel with 36% enriched uranium (Figure 2).  The 
3-tube assembly is the same as the 5-tube assembly except that the two inner most tubes are 
removed so that control rods or experiments can be inserted. 
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2.0 VALIDATION OF COMPUTATIONAL MODELS 

Comparisons between calculated and measured data were done to validate the models and 
determine reactivity biases that need to be applied to calculated results.  This section compares 
excess reactivity measurements for four WWR-K cores with calculated values using both 
uniform and heterogeneous axial distributions of the fuel meat.  A comparison of measured and 
calculated control rod worths for a WWR-K core with 36 fresh fuel assemblies and 6 fresh 
control assemblies is also included. 
 
2.1 Reactivity Comparisons between Measured and Calculated WWR-K Cores 

For the excess reactivity comparisons, INP personnel related their understanding (Ref. 2) that the 
axial distribution of the fuel meat in the WWR-TS fuel tubes was not uniform in thickness, but 
could have an axial peak-to-average variation of as much as 1.3.  Calculations of four WWR-K 
cores were done with both axially uniform and axially heterogeneous fuel meat (Table 1) to 
 
Table 1.  Impact of Axial Heterogeneity of the Fuel Meat on Reactor Excess Reactivity 

 
 
 

Case 

 
 
Configuration 

Measured 
Excess 

Reactivity 
% ∆k/k 

Monte Carlo Calculation 
Using Uniform1 Axial 

Fuel Meat, % ∆k/k3 

Monte Carlo Calculation 
UsingHeterogeneous2 Axial 

Fuel Meat Thick., mm 
% ∆k/k3 

1 Critical Assembly, ρ (%) 0.00 (Critical) - 0.64 + 0.56 
2 Fresh Core (36+6) FA 

All control rods out 
5.09 + 3.41 + 4.44 

3 Fresh Core (28+6) FA 1.62 + 0.61 + 1.61 

4 Fresh Core (25+6) FA 0.00 (Critical) - 1.99 - 0.92 

1 Fuel meat has a uniform thickness of 0.60 mm over its entire 60 cm axial height. 
2 Heterogeneous fuel meat thickness has five axial segments: Top 12 cm, 0.51 mm; 2nd 12 cm, 0.60 mm; Central 12 cm, 0.78 mm; 

4th 12 cm, 0.60 cm; Bottom 12 cm, 0.51 mm  The average thickness is 0.60 mm. 
3 Uncertainty in Monte Carlo calculated reactivities is less than 0.03 % ∆k/k. 

Figure 1. WWR-K Reactor Core with 85 Grid Positions and  
Labels Used for Fuel Assemblies, Control Rods, and Experiments

Figure 2.  HEU WWR-TS 5-Tube 
and 3-Tube Fuel Assemblies 
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determine the reactivity effects that a variation of this type could have in the WWR-K reactor.  
The non-uniformity generally results in a reactivity increase of about 1 % ∆ k/k. 
 
2.2 Control Rod Worths versus Measurements 

Measured and calculated control rod worths were compared for the fresh core with 36 fuel 
assemblies and 6 control fuel assemblies (Case 2 in Table 1).  The results shown in Table 2 show 
good agreement between measured and calculated values. 
 
Table 2. Comparison of Measured and Calculated Control Rod Worths for Core with 36 Fresh Fuel Assemblies and 6 
Control Fuel Assemblies (Case 2 in Table 1). 
 Measured Reactivity1 

Worth, % ∆k/k 
Calculated Reactivity 

Worth, % ∆k/k 
Ratio of 

Calculated/Measured 
Worth of Rods 
 1 RR 
 2 RR 
 3 RR 
 AR 
 1 AZ 
 2 AZ 
 3 AZ 

 
2.26 ± 0.17 
2.06 ± 0.15 
1.96 ± 0.15 
0.35 ± 0.03 
0.73 ± 0.05 
0.33 ± 0.02 
0.79 ± 0.06 

 
2.17 ± 0.02 
1.83 ± 0.02 
1.82 ± 0.02 
0.34 ± 0.02 
0.81 ± 0.02 
0.36 ± 0.02 
0.82 ± 0.02 

 
0.96 
0.89 
0.93 
0.97 
1.11 
1.09 
1.04 

Replacement of FA with Water
 Position 5-9 
 Position 7-6 
 Position 6-6 

 
0.53 ± 0.04 
2.50 ± 0.19 
2.11 ± 0.16 

 
0.48 ± 0.02 
2.71 ± 0.02 
2.33 ± 0.02 

 
0.91 
1.08 
1.10 

1 Measured reactivity values have an uncertainty of 5 to 10%.  An uncertainty of 7.5% is shown in the table. 
 
 

3.0 LEU CONVERSION FEASIBILITY STUDY 

The study consists of two parts that characterize a complete evolution of HEU and LEU cores 
from fresh startup cores to equilibrium cores.  The first part examines the initial startup of the 
reactor with fresh fuel loadings and then follows through the cycle-by-cycle operation of the 
reactor, adding fresh fuel assemblies until the desired core sizes are reached.  After that, several 
fuel assemblies are discharged and fresh assemblies are loaded with a pre-determined shuffling 
pattern.  This process will eventually lead to equilibrium cycles with repetitive shuffling patterns.  
The second part of the study investigates the performance of equilibrium cycles of HEU and 
LEU cores. 
 
The LEU 5-tube FA that were studied here have the same outer hexagonal dimensions as the 
WWR-TS HEU FA, but all four interior tubes have a cylindrical shape (see Figure 3).  Design 
parameters for the HEU and LEU fuel assemblies are shown in Table 3.   
 
 
 
 
 
 
 
 
 
 

LEU WWR-K 5-Tube Assembly HEU WWR-TS 5-Tube and 3-
Tube Fuel Assemblies 

Figure 3. 
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Table 3.  Fuel Assembly Parameters for These WWR-K Reactor Conversion Studies 

Fuel Type HEU 
WWR-TS 

HEU 
WWR-TS 

LEU 
WWR-K 

235U Enrichment, wt-% 36.0 36.0 19.7 

Number of Fuel Tubes in Assembly 3 / 5 5 5 
235U Loading per Assembly, g 85.0 / 112.5 111.8 200.3 

Meat/Clad/Element Thickness, mm 0.6/0.85/2.3 0.6/0.85/2.3 1.0/0.75/2.5 

Fuel Meat Length, mm 600 600 600 

Fuel Meat Material UAl3-Al UO2-Al UO2-Al 

Assembly Fuel Meat Volume, cm3 196 / 260 260 402 

Uranium Density in Meat, g/cm3 1.12 1.20 2.53 

Dispersant Fuel Density, g/cm3 6.8 9.8 9.8 

Dispersant Volume Fraction, % 22.1 13.8 29.3 

Dispersant U Weight Fraction, % 74.6 88.1 88.1 

Coolant Channel Thickness, mm 3 3 3 

Fuel Assembly Pitch, mm 683 683 683 

Number of Assemblies in Initial Core 6 / 18 19 32 

 
 
3.1 Initial Core and Subsequent Cores  
 
The initial fresh HEU core consisted of 43 WWR-TS fuel assemblies (37 5-tube and 6 3-tube).  
The initial LEU core consisted of 32 WWR-K, 5-tube fuel assemblies shown in Figure 3.   
Horizontal cross sections of the initial fresh HEU and LEU cores, one of the subsequent cores, 
and the equilibrium cores are shown in Figure 4.  Three inner irradiation channels are located 
near the center of the core and five outer irradiation channels are located on the core periphery.  
Neutron flux levels are compared in these locations.   
 
To reach equilibrium cores, fuel assemblies were added in subsequent cycles to fill up Row #6 
(85 core positions) for HEU-6 core and Row #5 (61 core positions) for the LEU-5 core.  
Equilibrium cores were reached after further fuel replacements. For consistency in the cycle-by- 
cycle analyses, both the HEU core and the LEU core were operated at 6 MW power for 14 days 
in cycle #1 and for 21 days in subsequent cycles until they reach desired core sizes, with 7 days 
shutdown time between cycles.  Fuel assemblies were added for each cycle such that the 
reactivity (ρ) is within an acceptable range for operation (ρ ~ 5% ∆k/k at beginning-of-cycle and 
ρ ~ 1% ∆ k/k at end-of-cycle).  
 
For HEU fuel, the initial startup core consisted of 43 assemblies: six 3-tube control assemblies, 
eighteen 5-tube assemblies with HEU UAl3-Al fuel meat, and nineteen 5-tube assemblies with 
HEU UO2-Al fuel meat.  Two of the 4 shim rods (1 RR in Figure 1) and the automatic regulating 
rod (AR) have aluminum followers and operate in water-filled guide tubes located inside 
assemblies with 3 fuel tubes.  The other 2 shim rods (2RR and 3RR in Figure 1) also have 
aluminum followers, but operate inside water-filled aluminum guide tubes with the same outer 
dimensions as a fuel assembly.  Three safety rods (AZ in Figure 1) without followers operate in 
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air-filled guide channels located inside fuel assemblies with 3 tubes.  One air-filled channel is 
used for the neutron source.  Cycle-by-cycle reactivity changes for the HEU core are shown in 
Table 4 and Figure 5.  Eleven cycles are required to fill up the HEU core to row #6 with 74 FA.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4. HEU Core - Cycle by Cycle Data 
Fuel 

Cycle Calendar Days
Cumulative Power 

Output Fuel Assembly 
Reactivity, ρ % 

(with Bias +1.197%)c 

Number Start / End MWD FPED Added Total Start End 
1 0 / 14 84 14 Initial Core 43 5.611 0.821 
2 21 / 42 210 35 9-7,2-5,3-2 46 5.061 1.121 
3 49 / 70 336 56 6-9,5-2,10-3 49 5.082 1.123 
4 77 / 98 462 77 10-6,2-6,6-1 52 4.991 1.099 

5a 105 / 126 588 98 2-2,10-2,10-5 55 3.836 1.194 
6 133 / 154 714 119 10-7,1-1,9-1 58 4.726 0.930 
7 161 / 182 840 140 5-10,1-3,11-1,11-2 62 4.790 1.065 
8 189 / 210 966 161 3-8,5-1,11-4 65 4.681 1.003 
9 217 / 238 1092 182 9-8,1-4,7-1 68 4.588 0.954 

10 245 / 266 1218 203 2-7,1-2,11-3 71 4.584 0.999 

11b 273 / 294 1344 224 7-10,3-1,10-1 74 3.422 1.088 
(a) Filled up Row #5; (b) Filled up Row#6; (c) Bias based on measured result for Case 2 in Table 1 and REBUS calculted result. 

 

w

w

HEU Initial Core – 43 FA 

 

LEU Initial Core – 32 FA 

Figure 4. Initial HEU and LEU Cores, One Subsequent Core, and Equilibrium Cores 

 

HEU Core Cycle #5 – 55 FA 

 

HEU-6 Equilibrium Core– 74 FA

LEU-5 Equilibrium Core – 50 FA LEU Core Cycle #5 – 39 FA 
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Figure 5. WWR-K Cycle-by-Cycle Reactivity Changes - HEU (36%) Core Filled up to Row #6 
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For LEU fuel, the initial startup core consists of 32 5-tube fuel assemblies with LEU UO2-Al fuel 
meat.  The LEU core has a total of 7 control rods (4 shim rods, 2 safety rods, and an automatic 
regulating rod).  All of these rods have aluminum followers (Ref. 2) and operate inside water-
filled aluminum guides with the same outer dimensions as a fuel assembly (similar to 2RR and 
3RR rods in the HEU core).  Cycle-by-cycle reactivity changes for the LEU core are shown in 
Table 5 and Figure 6.  The same air-filled channel used for the neutron source in the HEU core is 
used for this purpose in the LEU core.  Fifteen cycles are required to fill up the LEU core to row 
#5 with 50 fuel assemblies.  If desired, additional fuel assemblies can be added to fill up row #6. 
 

Table 5. LEU Core - Cycle by Cycle Data 
Fuel Cycle 

Calendar Days
Cumulative Power 

Output Fuel Assembly 
Reactivity, ρ % 

(with Bias -0.14%)b 

Number Start / End MWD FPED Added Total Start End 

 1 0 / 14 84 14 Initial Core 32 5.619 1.210 

 2 21 / 42 210 35 8-8 33 4.737 0.926 

 3 49 / 70 336 56 10-6,2-2 35 4.602 0.998 

 4 77 / 98 462 77 2-5,10-2 37 4.638 1.083 

 5 105 / 126  588 98 2-6,10-3 39 4.712 1.203 

 6 133 / 154 714 119 10-5 40 4.733 1.242 

 7 161 / 182 840 140 2-4 41 4.572 1.103 

 8 189 / 210 966 161 10-4 42 4.575 1.118 
 9 217 / 238 1092 182 5-9 43 4.402 0.962 

 10 245 / 266 1218 203 4-2 44 4.237 0.810 

 11 273 / 294 1344 224 4-8,6-1 46 4.610 1.237 

 12 301 / 322 1470 245 7-2 47 4.418 1.059 

 13 329 / 350 1596 266 3-7 48 4.352 1.005 

 14 357 / 378 1722 287 8-2 49 4.410 1.086 

 15a 385 / 406 1848 308 9-2 50 4.381 1.072 
(a) Filled up Row #5.  (b) Bias based on calculated reactivity difference between MCNP and REBUS results for initial LEU core. 
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Figure 6. WWR-K Cycle-by-Cycle Reactivity Changes - LEU (19.7%) Core Filled up to Row #5 
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3.2 Fast and Thermal Neutron Flux Comparisons 

Fast and thermal neutron flux levels computed with the MCNP Monte Carlo code at the 3 inner 
and 5 outer irradiation channels are shown in Figures 7 and 8, respectively, for the first 10 
operational cycles of the HEU and the LEU cores.  Fluxes are normalized to HEU core BOC #1 
thermal fluxes averaged over the 3 inner channels and separately over the 5 outer channels.  
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Figure 7. Comparison of Flux for 3 Inner Irradiation 
Positions in HEU and LEU Core 

Figure 8. Comparison of Flux for 5 Outer Irradiation 
Positions in HEU and LEU Core 

Figure 9. Relative Flux Performance in Irradiation Positions for HEU and LEU Core 



 

 8

The relative flux performance between HEU and LEU cores is shown in Figure 9, where the 
cycle-by-cycle LEU/HEU flux ratios for the 3 inner positions and 5 outer positions are shown.  
For the three inner positions, the LEU/HEU thermal flux ratio starts at slightly larger than 1.0 in 
Cycle 1 and increases steadily to more than 1.2 in Cycle 10.  The LEU/HEU fast flux ratio 
increased from 1.2 in Cycle 1 to about 1.5 in Cycle 10.  In the 5 outer positions, the LEU/HEU 
thermal flux ratio is about 0.9 in Cycle 1, decreases to about 0.8 in Cycle 6 and increases to 
about 0.9 in Cycle 10.  The corresponding fast flux ratio starts at 0.8 in Cycle 1, decreases to a 
minimum of about 0.65 in Cycle 8, and increases to about 1.0 in Cycle 10.  LEU fluxes in the 
outer irradiation channels are reduced because these channels are located further from the LEU 
fuel.  LEU fluxes can be increased by moving the irradiation positions inside the core. 
 
3.3 Shutdown Margins And Control Rod Worths  
 
WWR-K shutdown margin criteria state that the reactor must be subcritical at all times by at least 
1 % ∆ k/k with all shim rods and the automatic control rod fully inserted (Ref. 2).  Monte Carlo 
calculations using the MCNP code (Ref. 3) with fuel loading compositions determined using the 
REBUS diffusion theory burnup code (Ref. 4) were performed for the fresh HEU and LEU cores 
and also for two larger burned cores at the beginning of the operating cycle without xenon to 
show that this shutdown margin criteria is satisfied. 
 
3.3.1 WWR-K HEU Core 

Shutdown margins and control rod worths for the HEU cores are shown in Table 6.  The bias 
between all results calculated with MCNP and measured results is 1.68% ∆k/k.  The results show 
that the shutdown margin criteria is satisfied for the fresh HEU core with 43 WWR-TS fuel 
assemblies and for the Cycle 4 and Cycle 11 cores.  Shutdown margins are larger in the larger 
cores with burned fuel. 
 
3.3.2 WWR-K LEU Core 

Shutdown margins and control rod worths for the LEU cores are shown in Table 7.  The results 
show that the shutdown margin criteria is satisfied for the fresh LEU core with 32 WWR-K type 
fuel assemblies and for the Cycle 4 and Cycle 10 cores.  Shutdown margins are larger in the 
larger cores with burned fuel. 
 
3.4 Equilibrium Cycles  
 
Equilibrium fuel cycle calculations were performed for WWR-K cores with six rows of HEU 
fuel assemblies (HEU-6) and five rows of LEU fuel assemblies (LEU-5).  All fuel management 
was based on an outer-core-to-inner-core fuel shuffling scheme.  Cycle lengths were chosen so 
that the HEU and LEU cores each had an excess reactivity of ~1% ∆k/k at EOEC.  
Configurations of the HEU-6 and LEU-5 equilibrium cores are shown in Figure 4. 
 
For the HEU-6 case, three fresh WWR-TS 5-tube fuel assemblies are loaded at outer core 
locations (row #6) at the beginning-of-equilibrium cycle (BOEC) and three spent fuel assemblies 
are removed from the center of the core (row #2) at the end-of-equilibrium cycle (EOEC).  These 
three discharged fuel assemblies had been in the core for 22, 23 and 23 burn cycles, respectively. 
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Table 6.  WWR-K HEU Core.  Shutdown Margins and Control Rod Worths for Initial Core with 43 Fresh Fuel 
Assemblies, Cycle 4 Core with 52 Fuel Assemblies, and Cycle 11 Core with 74 Fuel Assemblies. 

 
Control Rod Configuration 

Calculated Reactivity 
No Bias 
% ∆k/k 

Calculated Reactivity 
With Bias2 

% ∆k/k 

Control Rod 
Reactivity Worth 

% ∆k/k 
HEU Core with 43 Fresh Fuel Assemblies   
All Rods Out 
All Shim Rods and Auto Rod 
Inserted1 

All Safety (AZ) Rods Inserted 
1 AZ Rod Inserted 
2 AZ Rods Inserted 
3 AZ Rods Inserted 

3.92 
- 3.05 

 
1.64 
3.19 
3.57 
2.95 

5.60 
- 1.37 

 
3.32 
4.87 
5.25 
4.63 

- 
- 1.37 

(Shutdown Margin) 
- 2.28 
- 0.73 
- 0.35 
- 0.97 

HEU Cycle 4 Core; BOC, 52 FA   

All Rods Out 
All Shim Rods and Auto Rod 
Inserted1 

All Safety (AZ) Rods Inserted 
1 AZ Rod Inserted 
2 AZ Rods Inserted 
3 AZ Rods Inserted 

3.35 
- 4.05 

 
0.70 
2.43 
2.90 
2.33 

5.03 
- 2.37 

 
2.38 
4.11 
4.58 
4.01 

- 
- 2.37 

(Shutdown Margin) 
- 2.65 
- 0.92 
-0.45 
- 1.02 

HEU Cycle 11 Core; BOC, 74 FA   
All Rods Out 
All Shim Rods and Auto Rod 
Inserted1 

All Safety (AZ) Rods Inserted 
1 AZ Rod Inserted 
2 AZ Rods Inserted 
3 AZ Rods Inserted 

2.88 
- 4.46 

 
- 0.15 
1.97 
2.01 
1.94 

4.56 
- 2.78 

 
1.53 
3.65 
3.69 
3.62 

- 
- 2.78 

(Shutdown Margin) 
- 3.03 
- 0.91 
- 0.87 
- 0.94 

1 Shim Rods are 1RR, 2RR, 3RR.  Automatic Rod is AR 
2 Bias between MCNP results and measured results for HEU core with 42 fresh fuel assemblies (see Table 1, Case 2) 

 
 

Table 7.  WWR-K LEU Core.  Shutdown Margins and Control Rod Worths for Initial Core with 32 Fresh Fuel 
Assemblies, Cycle 4 Core with 37 Fuel Assemblies, and Cycle 10 Core with 44 Fuel Assemblies. 

 
Control Rod Configuration 

Calculated Reactivity 
No Bias, % ∆k/k 

Control Rod 
Reactivity Worth, % ∆k/k 

LEU Core with 32 Fresh Fuel Assemblies  

All Rods Out 
All Shim Rods and Auto Rod Inserted1 

5.63 
- 1.67 

- 
- 1.67 

(Shutdown Margin) 
All Safety (AZ) Rods Inserted 
1 AZ Rod Inserted 
2 AZ Rods Inserted 

- 0.37 
2.98 
3.00 

- 6.00 
- 2.65 
- 2.63 

LEU Cycle 4 Core; BOC, 37 FA   

All Rods Out 
All Shim Rods Inserted1 

4.78 
- 2.98 

- 
- 2.98 

(Shutdown Margin) 
All Safety (AZ) Rods Inserted 
1 AZ Rod Inserted 
2 AZ Rods Inserted 

- 0.90 
2.44 
2.13 

- 5.68 
- 2.34 
- 2.65 

LEU Cycle 10 Core; BOC, 44 FA   

All Rods Out 
All Shim Rods and Auto Rod Inserted1 

4.43 
- 3.52 

- 
- 3.52 

(Shutdown Margin) 
All Safety (AZ) Rods Inserted 
1 AZ Rod Inserted 
2 AZ Rods Inserted 

- 0.73 
2.31 
1.95 

- 5.16 
- 2.12 
- 2.48 

1 Shim Rods are 1RR, 2RR, 3RR.  
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Also, one fresh 3-tube fuel assembly with an air-filled guide tube and one fresh 3-tube fuel 
assembly with a water-filled guide tube are loaded at two control rod positions.  Each remains 
for 8 cycles and moves to next position for 8 more cycles.  After 24 cycles, each becomes a spent 
fuel assembly and will be discharged from the last position at EOEC.  Key performance 
parameters are shown in Table 8. 
 
For the LEU-5 case, two fresh WWR-K 5-tube fuel assemblies are loaded at outer core locations 
(row #5) at BOEC and two spent fuel assemblies are discharged from the center of the core (row 
#2) at EOEC.  Both discharged fuel assemblies had been in the core for 25 burn cycles.  
 
The LEU-5 core would have a fuel cycle length of 23 days with 2 fuel shuffling paths. The 
reactivity changes from 2.10% at BOEC to 1.26% at EOEC with -0.14% bias applied. The 
discharge 235U burnup is 42% and the fuel consumption would be 20.9 assemblies per year, 
assuming the same 1440 MWD/year operation.  Due to the smaller LEU-5 core size, quite 
significant improvement (~17%) over the HEU-6 core thermal flux and ~34% fast flux is 
observed in the inner 3 irradiation channels. The thermal flux levels in the 5 outer irradiation 
channels are lower by ~ 6% and the fast flux is lower by ~ 15% in LEU-5 core compared to the 
HEU-6 core.  This is expected because the 5 outer irradiation channels in LEU-5 core are located 
further from the fuel assemblies than in the HEU-6 core.  Again, flux performance in the outer 
irradiation channels of the LEU core can be improved significantly by moving them closer to the 
core.  Key performance parameters are compared with those for the HEU core in Table 8. 
 
Table 8.  Comparison of WWR-K Reactor Equilibrium Cores With HEU (36%) Fuel and LEU (19.9%) Fuel 

REBUS3 
Case 

Cycle, 
Days 

Reactivity, % 
 BOEC      EOEC 

Burnup,
% 235U 

Consump
tion, 

FA/Yr3 

Irradiation
Channel 

Flux Ratio to HEU-6 Case 
Thermal              Fast 

HEU-6 
WWR-TS 

20 2.0091 0.9511 42 37 (36+1) Inner-3 
Outer-5 

1.00 
1.00 

1.00 
1.00 

LEU-5 
WWR-K 

23 2.1032 1.2632 42 20.9 Inner-3 
Outer-5 

1.17 
0.944 

1.34 
0.854 

1 The reactivity bias between REBUS results and experiment for a core with 42 FA was 1.197 % ∆ k/k. 
2 With – 0.14% MCNP bias 
3 Annual fuel consumption is based on 1,440 MWD/Yr (6 MW x 20-Day/Cycle * 12 Cycles/Year) Operation 
4 The LEU/HEU fast and thermal flux ratios of 0.94 and 0.85 result from the position of the outer experiments in Row #6 of a core 
with only five rows of fuel.  Repositioning the experiments would improve the flux performance considerably, but annual fuel 
consumption would also increase. 
 
3.5 Thermal Hydraulic Safety Margins 
 
One of the fundamental safety criteria for Russian-designed research reactors is that there can be 
no boiling of the cooling water at the maximum power level allowed for operation.  To ensure 
that this criterion is met, Russian-designed research reactors are generally required to have a 
minimum margin to onset of nucleate boiling (ONB) of 1.4 based on the Forster-Greif ONB 
correlation.  The PLTEMP code (Ref. 5) was used for determination of the minimum margin to 
ONB.  Detailed power densities with radially and axially segmented fuel tubes were calculated 
using the MCNP code for both cores with the shim rods inserted to obtain a critical core. 
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3.5.1 WWR-K LEU Core with 32 Fresh Fuel Assemblies 

The thermal-hydraulic safety margin to ONB was calculated for the fresh LEU core with 32 
WWR-K fuel assemblies using ANL’s PLTEMP code and input data provided by INP for water 
velocities in individual coolant channels.  The basic data that were used in these calculations 
(inlet pressure, core pressure drop, inlet temperature, and water velocity in the six coolant 
channels) are shown in Table 9.  The results indicate that the margin to ONB based on the 
Forster Greif correlation is about 1.46, which is larger than the value of 1.4 that is traditionally 
required for Russian-supplied research reactors.  The maximum wall temperature was calculated 
to be 100 C and the maximum heat flux was 718 kW/m2. 
 

Table 9.  Thermal-Hydraulic Data Used in Calculations for the LEU Core with Fresh Fuel 
(Data provided by the Kazakhstan Institute of Nuclear Physics) 

Parameter WWR-K 
Core pressure drop, cm. w. m. 150 
Water velocity, m/s 
-- average in 2nd. gap 
-- in gaps 1, 3, 4, 5, and 6 

 
2.46 
2.09 

Inlet pressure, bar 1.35 
Inlet temperature, °C 45 

 
 

4.0 CONCLUSIONS 
 
The 235U content of the 5-tube LEU fuel assemblies that were studied is considerably larger than 
in the HEU assemblies (200 g 235U per 5-tube LEU FA versus 112.5 g 235U per 5-tube HEU FA).  
This would allow the initial and subsequent LEU cores to be smaller than the corresponding 
HEU cores and would result in significantly larger (5% - 25%, depending on the core) thermal 
neutron fluxes in the three inner irradiation channels of the LEU cores.  The larger 235U content 
of the LEU fuel assemblies would also result in annual consumption of 21 LEU fuel assemblies 
instead of 37 HEU fuel assemblies when operated in equilibrium mode. 
 
In these calculations, neutron fluxes in the five outer irradiation channels were smaller in the 
LEU cores because these channels were located further from the fuel in the LEU cores than in 
the HEU cores.  However, if the outer irradiation positions can be moved to more advantageous 
locations, the thermal and fast neutron fluxes are expect to be larger in the LEU cores than in the 
corresponding HEU cores.  Annual fuel consumption would increase if LEU fuel assemblies 
were displaced.  Specific results are described in the paragraphs below. 
 
Initial and Cycle-by-Cycle Cores 
 The thermal neutron flux in the three inner irradiation positions starts at ~ 5% larger in the 

initial fresh LEU core and increases steadily to about 25% larger in the Cycle 10 LEU core 
(71 FA in the HEU core and 44 FA in the LEU core).  The corresponding fast neutron flux is 
about 20% larger in the Cycle 1 LEU core and about 45% larger in Cycle 10 LEU core. 

 Thermal neutron fluxes in the five outer irradiation channels of the LEU cores are 80-90% of 
those in the HEU cores because these outer irradiation channels are located farther from the 
LEU fuel than the HEU fuel.  If the outer irradiation channels can be relocated closer to LEU 
fuel assemblies in smaller LEU cores, we expect that larger thermal and fast neutron fluxes 
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can be achieved in LEU cores than in HEU cores.  The trade-off is that additional LEU fuel 
assemblies would be used per year if LEU fuel positions are replaced by experiment 
positions.  These trade-offs need to be studied in more detail for optimization purposes. 

 
Equilibrium Cores 
 When the equilibrium cores are reached, the thermal neutron flux in the three inner 

irradiation positions will be larger by ~ 17% in the LEU-5 core with five rows of fuel.  The 
corresponding fast neutron flux would by larger by ~ 34%.  Annually, the LEU-5 core would 
consume ~21 fuel assemblies to achieve 1440 MWD of operation, while the HEU-6 core 
with six row of fuel would consume ~37 fuel assemblies. 

 
 Shutdown margins:  WWR-K shutdown margin criterion are satisfied for the HEU and LEU 

cores that were studied.  This criterion states that the reactor must be subcritical at all times 
by at least 1 % ∆k/k with all shim rods and the automatic control rod fully inserted. 

 
 Thermal-hydraulic safety margins:  For the LEU core, the thermal-hydraulic safety margin to 

ONB was calculated for the fresh LEU core with 32 WWR-K fuel assemblies using ANL’s 
PLTEMP code and input data provided by INP.  The results indicate that the margin to ONB 
based on the Forster-Greif correlation is about 1.46, which is larger than the value of 1.4 that 
is traditionally required for Russian-supplied research reactors.  The maximum wall 
temperature was calculated to be 100 C and the maximum heat flux was 718 kW/m2. 

 
Overall, the 5-tube LEU fuel assembly studied in this paper is a conservative, attractive 
candidate for conversion of the WWR-K reactor if this fuel assembly is licensed for commercial 
production in Russia. 
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ABSTRACT 

The WWR-SM research reactor in Uzbekistan has operated at 10 MW 
since 1979,. using Russian-supplied IRT-3M fuel assemblies containing 
36% enriched uranium. Burnup tests of four full-sized IRT-4M FA with 
19.5% enrichment were successfully completed to a burn up of about 
~60% in 2000-2002. IRT-3M tube type and IRT-MR pin-type FA with 
U9Mo-Al LEU fuel could be tested at WWR-SM reactor as soon as 
prototypes will be manufactured. These two type FA assemblies with 
density of 4.7gU/cc and 5.1g/cc correspondingly are suitable for the 
reactor core conversion to use LEU fuel with core size of 20 FA. The spent 
fuel shipment status and unused fresh fuel shipment to Russia are 
informed. 

 
INTRODUCTION 

The WWR-S research reactor at the Institute of Nuclear Physics of the Uzbek Academy of 
Sciences is located in Ulugbek, 30 km north-east of Tashkent. The reactor was put into operation 
at a power level of 2 MW and reconstructed in 1971-1979 to upgrade the reactor power and 
enhance its experiment capacity [1]. The reactor power was upgraded using IRT-3M type, 90% 
enriched fuel assemblies (FA) [2]. INP started activity on WWR-SM research reactor core 
conversion to lower enriched fuel in 1987. Irradiation test of IRT-3M type 36% enriched fuel 
assemblies (FA) was completed in 1989 [3]. First IRT-3M type 36% enriched (FA) was loaded 
into the WWR-SM reactor core in 1998 and reactor core was fully converted to use 36% FA in 
early 1999. Presently the reactor operates at 10 MW power with 36% enriched IRT-3M FA. The 
reactor core consists of 18 FA and beryllium reflector. (Fig.l). Reactor is used for research in 
nuclear physics, material sciences, solid state physics, nuclear engineering, neutron activation 
analysis and isotope production. 
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Fig. 1. Core diagram 

BURNUP TEST. 
 

Since its reconstruction reactor is operated intensively 5000 — 6000 hours/year (Fig.2). 
This allowed to perform burnup test of experimental fuel for acceptable time. Burnup of IRT-3M 
36% and IRT-4M 19.75% enriched fuels were performed. Burnup test of 36% enriched IRT-3M . 
FA was started in 1987. Three 36% enriched IRT-3M FA were tested up to more than 60% bum up. 
Two of the FA had 6-tubes and one had 8-tubes. The fuel assemblies remained in core for a total of 
10,300 hours. It was concluded that the FA under test are reliable and operable up to more than 50% 
burnup. The reactor conversion to 36% enriched fuel was started in September 1998. After five 
transition cycles, by February 1999 whole core consisted of 36% enriched fuel. 

Lower enriched IRT-4M type FA lifetime testing was begun in October 2000. Four IRT-4M 
type FA assemblies were loaded into the reactor core. Fuel meat was of UO2-Al composition with 
density of uranium 3.0g/cc. Lifetime testing was completed in February 2002 with burnup 
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about 60% [4]. 
Burnup tests of the pin-type and tube type LEU FA with U9MO-Al meat is planned after 

completion of their irradiation and post-irradiation tests at MIR-M1 reactor in Dmitrovgrad as 
soon as test FA for WWR-SM will be manufactured. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Reactor operation time. 
 
 
In view of expected burnup test of the IRT-3M tube-type and IRT-MR pin-type fuel 

assemblies, the works on safety enhancing of the reactor have been done or is in progress. 
• Control rods were replaced during year 2003. Safety margin now is about 5.9% 

∆k/k. 
• Project on radiation control system replacing, sponsored by IAEA is in progress. 
 Emergency power system is improved. Diesel-generator of 40 kWt power 

and UPS of 8 kVA are connected up to the reactor power supply system. 
Present reactor operation conditions with 36% enriched IRT-3M FA is shown in the Table 

1. 

Table 1. WWR-SM reactor operation conditions.

Reactor thermal power 10 MW 
Coolant flow rate 1250 

 m3/h 
Coolant input temperature 45 °C 
Coolant output temperature 52 °C 
Pressure drop 0.4 MPa. 
Burnup ~60% 
Control rods worth 12.5% 
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CORE CONVERSION. 
 

Successful conversion of the WWR-SM reactor to use 36% enriched fuel encouraged the 
works on further conversion to LEU fuel. Number of feasibility studies for LEU conversion of 
the WWR-SM reactor were performed since 1998. Equilibrium fuel cycle performances of the 
reactor using HEU (90%) and HEU (36%) IRT-3M fuel compared with one of IRT-4M were 
studied [5]. The results showed that to match the cycle length of the HEU (36%) core the LEU 
(19.7%) fuel density of 3.8g/cc is required. 

Neutronic performances of LEU fuel meat of U9Mo-Al in tube type IRT-3M FA and 
pin-type FA assemblies compared with HEU 36% enriched U20-Al fuel meat for the reference 
4x4 core were studied in [6]. More detailed feasibility studies of the WWR-SM reactor 
conversion were performed for several core sizes and several fuel assembly types with different 
loadings in [7]. Results of those studies showed that the core size of 20 FA is the most preferable. 
The results of those studies for the core size of 20 FA with different FA design are shown in 
Table 2. 
 
Table 2. Fuel assemblies parameters, fuel cycle performance, experiment performance for 20 FA 
core. 

FA type 6 tube IRT-3M Pin-type IRT-MR 6 tube IRT-4M 
Meat U9Mo-A1 U9Mo-A1(1.75x1.75) UO2A1 
Enrichment 19.7% 19.7%   19.7% 
U, glee   4.7   5.1   3.0 
U-235/FA, g   317  340   265 
Max. power at, MW   12.2 (ONBR=1.4)  11.7(ONBR=1.61)   12.1(ONBR=1.4)
Cycle length 25.1 25.1   10 
FA/year 16.6 16.6   28.9 
Experiment performance   0.93   0.95   0.99 

IRT-4M tube type FA with U20-Al fuel meat is only LEU fuel which took burnup test. 
However, following LEU status definition [8], it is not suitable and acceptable. IRT-4M is not 
suitable taking into account RERTR criteria for conversion: LEU core should use the same. 
number or fewer FA/year than HEU [8]. This FA is not acceptable for WR-SM reactor for the 
significantly shorter cycle length as compared with present HEU IRT-3M 36% FA. Cycle length 
of 10 days would not enable to produce some isotopes like P32 and P33, which are of most 
important isotopes presently produced at WWR-SM reactor. In addition, increased number of 
FA used per year entails rise in operation cost, spent fuel storage problem and shipment 
expenses. While spent fuel shipment became serious economical and organizational problem 
for INP, number of fuel assemblies used per year is important in respect to spent fuel shipment. 

The results of analytical studies and development of pin-type FA with U9MO-Al [9,10] 
and thermal-hydraulic studies of IRT-3M tube type FA with U9MO-Al [11] show that for the 
preferable core size of 20 FA "candidate" FA for WWR-SM reactor conversion are: IRT-3M FA 
and IRT-MR FA with U9MO-Al (1.75x 1.75mm ). 

SPENT FUEL SHIPMENT STATUS. 
 

Spent fuel shipment activity at the INP was started in 2001. Several visits of DOE 
representatives to INP resulted in developing preliminary plan, which was modified many times 
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and finally took acceptable shape. It was decided to ship spent fuel by train for INP had 
experience on spent fuel shipment by train, railway station is about 5 km from INP. Shipment by 
train allows to reach Kazakhstan boarder by-passing Tashkent city. The plan and procedures were 
developed in accordance with this decision. Developing plan it had to be taken into consideration 
the facts that shipment will be done at quite new conditions, that Uzbekistan has only one 
research reactor and has no developed infrastructure in nuclear industry, new legislations (in 
Uzbekistan, Russia, Kazakhstan). Finally, plan was developed which consist of several tasks. 

• Preparing All the Necessary Documentation and Licensing (identification, 
preparation and approving plans and procedures, obtaining national licenses and 
necessary permissions for spent fuel shipment). 

• Facility Upgrades and Preparation 
• Spent Fuel Shipment. 

The separate plans were developed to receive necessary approvals and certificates in 
Russia and Kazakhstan as the transit country. To get approval of the Russian authorities, Russian 
partner must develop project, which substantiate ecological safety of the spent fuel importation 
and take positive decision of the Ecological Committee of the Russian Federation. This is subject 
of the contract between "MAYAK" and INP, which is in progress. Positive decision of the 
Ecological Committee will allow to sign contract between INP and "MAYAK". on spent fuel 
transportation from the WWR-SM research reactor to "MAYAK" site. Transit approvals through 
the Kazakhstan territory must be taken under the subcontract between "MAYAK" and KATEP-

AE – Kazakhstan organization. 
Presently many of the planned tasks are completed, and work on others coming to the end 

very soon. The order of the government on spent fuel shipment to Russia have been issued. So 
works on obtaining permissions and approvals from other government and regulatory 
organizations under way. 

The task on shipment itself will be started after completion of all other aforementioned 
tasks: It will consist of 4 stages or 4 shipments. 

The contract between INP and "MAYAK" on spent fuel shipment have been agreed and 
will be signed as soon as positive decision of the Ecological Committee of the Russian 
Federation will be taken. 

The task on getting transit approvals through the territory of Kazakhstan is near to 
completion. 

The tasks, which are not completed and are in progress now are expected to be completed 
by the end of January 2005. In this case spent fuel shipment can be completed within about three 
months. 

The spent fuels to be shipped have been listed. It consists of spent FA discharged from the 
reactor core not later than the year 2001. There are different FA the reactor have been operated 
with: IRT-2M, 4 tube 90% enriched, IRT-3M, 6 and 8 tube 90% enriched, IRT-3M 6 tube 36% 
enriched and a small amount of unused fresh fuel. Total amount of the spent fuel and unused 
fresh fuel assemblies is 264 units. At first, it was planned to ship unused fresh fuel along with 
spent fuel. Long lasting procedures to get necessary approvals and certificates for shipment of 
spent fuel and different procedures and requirements for spent and fresh fuel transportation led to 
the decision to ship unused fresh fuel separately from spent fuel. 
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UNUSED FRESH FUEL SHIPMENT. 
 

Unused fresh fuel consists of fuel elements and assemblies used for the reactor operation at 
2 MW power before its reconstruction in 1971. These are rod type fuel elements and assemblies. 
Drawing of fuel assembly of C — 36 type shown in Fig. 3 

EK — 10 and C — 90 type FA have the same design and sizes as C — 36. 
Close cooperation between DOE USA, IAEA, INP AS of Uzbekistan and Russian 

Research and Development Company "SOSNI" resulted in signing trilateral contract: IAEA — 
INP — "SOSNI" in August 2004. According to this contract there was very short time to get all 
necessary permissions for shipment of unused fuel. The work on this project went on in several 
parallel courses: 
 

Developing draft order of the government on permission to ship unused fuel to the 
Russian Federation and obligation of respective ministries and regulatory bodies to assist. 

 
Legislative and technical justification. 

 
Developing transportation route and plan and their approval by appropriate body. 

 
Drawing up the detail plan for fuel assembly reloading, transportation and safe and secure 
transportation. 

 
Develop detail plan of personnel training and its implementation. 

 
Accept mission from "SOSNI" to estimate physical condition of the fuel assemblies and 
elements and checking weight of elements. Develop layout of fuel assemblies and 
elements in transportation cask and their packing in accordance with requirements. 
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Fig. 3. C – 36 rod type FA. 
 

Appropriate measures to provide security of transportation were taken. 
Transportation of two transport casks of TKC-16 type to the reactor site, their loading with 

fresh fuel, sealing and trucks convoying to the airport were done within one day September 9, 
2004. 

Shipment of spent fuel should be done using special train and transportation cask of 
TUK-19 type. The TUK-19 cask capacity is 4 spent fuel per cask and shipment of unused fresh 
fuel in this cask would occupy six positions. Now with the shipment of unused fresh fuel there ' 
will be another 6 positions for spent fuel assemblies. 
 

Number of each type of shipped fresh fuel is shown in the Table 3. 

Table 3. Unused fuel shipped to Russia. 

Type of fuel Enrichment, % Number of
FA or FE

Number of fuel 
elements in FA 

Fuel assemblies 
S -36 90 1 16 
S -36 36 4 16
EK-10 10 6 16
Total  11
Fuel elements  
S - 3 6  90 3 - 
S - 3 6  36 4 -
EK-10 10 5 -
Total  12  

CONCLUSIONS. 
 

The WWR-SM reactor operation time and conditions suitable for burnup test of IRT-3M 
19.75 U9Mo-Al tube type and IRT-MR 19.75% U9Mo-AI pin-type fuel assemblies. 

The fuel assemblies IRT-3M (19.5%) tube type and IRT-MR (19.5%) pin-type with 
U9Mo-Al and fuel loadings of 317g and 340 correspondingly could be used for WWR-SM reactor 
conversion to LEU after successful irradiation test. 

IRT-4M LEU FA is not suitable and acceptable for WWR-SM reactor conversion to LEU 
because of significantly short cycle length and number of FA used per year as compared with 
currently used HEU 36% IRT-3M FA. 

Based on fuel cycle and experiment performances and thermal-hydraulics performances 
core size for WWR-SM conversion is 20 FA core. 

Spent fuel shipment project is in progress and can be completed in April, 2005: 
S-36, S-90 and EK-l0 rod-type unused fresh FA and FE shipment to Russia successfully 

completed in September 9, 2004. 
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Core Configuration of the Syrian reduced enrichment fuel 
MNSR 
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Damascus- Syria 

 
Abstract: 
 
The possibility of substituting the actual HEU by a LEU or MEU in the Syrian MNSR 
is investigated through a pre-constructed 3-D detailed model of the reactor. 
Core configuration does not change if a reduced enrichment fuel (20% u-235, with the 
same percentages of impurity and eliminating aluminum) is used.  The required 
density for the reactor to be critical in this case would be 7.29 g/cm2.  
If a specific fuel is used (20 w/o U235, 72 w/o U ), the reactor may not go critical at 
all. When a MEU fuel is used (45 w/o U235, 40 w/o U ), the reactor will restore the 
same actual initial excess reactivity if 2 standard fuel rods are added to each fuel 
circle.  
 
1. Introduction 
 
The actual Syrian Miniature Neutron Source Reactor (MNSR) is  loaded with  HEU 
fuel rods (i.e 89.97 w/o U-235). These fuel rods [5] are distributed on ten circles (see 
Tab. 1). Three dummy elements are distributed almost symmytrically in the tenth fuel 
circle, and 4 tie rods are symmytrically distributed in the 8th fuel circle (see Fig.(1)).  
 
 
Table 1.  Actual Core configuration of the Syrian MNSR. 
Fuel Circle 1 2 3 4 5 6 7 8 9 10 
No. of  Fuel Rods 6 12 19 26 32 39 45 48 58 62 
No. of  Dummy Rods          3 
No. of Tie Rods        4   
 
 
The core configuration of Tab.1 enables the reactor to have the neutronic 
characteristics shown in Tab.2 [1]. 
The actual load is the first one. It is expected to be exhausted within 10 years 
beginning from 1996 [4]. The following loads should be a reduced enrichment 
uranium to be within international rules. The reactor core contaions 347 standard fuel 
rods, each of them is 23 cm high, and has an  external radius of 0.275 cm of which 
0.06 cm is the cladding thickness.  
Dummy elements (rods) are aluminum rods having the same length and external 
radius of the standard fuel rod. Tie rods are also a sort of dummy elements  made of 
aluminum or stainless steel, but serve as junctions between the upper and lower fuel 
Grids. The upper and lower Grids are grids accommodating the fuel rod ends, the 
former allowing the fuel rod ends to expand freely when heated during reactor 
operation.  
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The fuel is surrounded by a thick Beryllium reflector which defines quite well the 
limits of the core being a rigid block. This constrains to modify the reactor core 
configuration, when a new fuel will substitute the actual one, in a way that the new 
fuel will stay within the internal diameter of the reflector.  
 
                       Table 2. Some neutronic characteristics of MNSR.  

Item Meas. 
value 

Initial excess reactivity (mk) 3.94 

Effective control rod worth(mk) 6.43 
Reactivity Regulator worth (mk) 0.41 
Shut down margin(mk) -3.06 
Maximum Operable Time(min) 350-400 

 
 

 
Figure 1. A cross section in the Syrian MNSR showing the core, reflector and the 

surrounding water 
 

The new fuel will be of the type LEU or MEU, so calculations should show which 
type of these two fuels would be better to use. In the following the methodology will 
be illustrated concisely. 
 
2. Methodology 

 
   The model for the calculation of the new fuel has been already elaborated [2]. 
Details can be found also in [2]. The model however used the cell code WIMSD4 [3] 
coupled with the core calculations code CITATION [6], in three dimensions (r,ϑ , z). 
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About 15 slices in the z dimensions, 25 circular sectors in the r dimension, and 20 
angular sectors in theϑ  dimension were used. 
Cross Sections and Group Constants have been generated with WIMSD4 for the 
various zones, and calculations were achieved with CITATION. 
Calculations have been carried out in the following cases: 
1-The actual fuel (see composition in Tab.3), when density is conserved (3.405 g/cm3) 
and enrichment is reduced to 20% . 

 
 
Table 3. MNSR’s actual fuel composition  
Element % ppm Type of Fuel Density(g/cm3)
Al 72.2964  
U-235 24.8310  
U-238 2.7989  
B  0.01 
Li  0.80 
Cd  0.01 
Cr  140. 
Fe  100. 
Ni  150. 
C  200 

UAl4-Al 3.403 

 
2-The LEU fuel used for the benchmarck of IAEA TEC-DOC 233 (see composition 
in Tab.4), in the case of 20% enrichment (CNF20). 
 

Table 4. The fuel composition of the 10 Mw reactor used for the benchmark 
of IAEA TEC-DOC 233 (Enrichment= 20%) 
Element % Type of Fuel Density(g/cm3)
Al 28. 
U-235 14.4 
U-238 57.8 

UAlx-Al 6.108 

 
 
3-The MEU fuel used for the benchmark of IAEA TEC-DOC 233 (see composition in 
Tab.5), in the case of 45% enrichment (CNF45). 
 

Table 5. The fuel composition of the 10 Mw reactor used for benchmark in 
IAEA TEC-DOC 233 (Enrichment= 45%) 
Element % Type of Fuel Density(g/cm3)
Al 60.02111 
U-235 17.99051 
U-238 21.98837 

UAlx-Al 4.0107 

 
The final proposed configuaration of the core is established according the the results 
coming out from the core calculations. 
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3. Results and discussion 
 
As described above, calculations have been executed for the case of the actual fuel 
type (Tab.3) with the actual density (3.403 g/cm3), but for the reduced enrichment 
(20%). The resulting initial excess reactivity is –31.4904 mk. This means that the 
reactor cannot go critical if the actual fuel (UAl4-Al) will still be used, and only the 
enrichment is reduced to 20% conserving the actual density. The required density for 
the reactor to have the actual characteristics shown in Tab. (2) is 7.29 g/cm3 in this 
case. If the CNF20 fuel is used  the reactor will not go critical anyway (see Tab.s 6-
10). 
 
 
Table 6. Multiplication factor in the case of CNF20 fuel, and unchanged rod 
dimensions. 
Item Fuel Circle  Keff 
No. 1 2 3 4 5 6 7 8 9 10 
No. of  Fuel Rods 6 12 19 26 32 39 45 48 58 62 
No. of  Dummy Rods          3 
No. of Tie Rods        4   
Fuel meat radius (cm) 0.215 
Clad external radius 
(cm) 

0.275 

0.969471

 
 
Table 7. Multiplication factor in the case of CNF20 fuel, with increased rod 
dimensions. 
Item Fuel Circle  Keff 
No. 1 2 3 4 5 6 7 8 9 10 
No. of  Fuel Rods 6 12 19 26 32 39 45 48 58 62 
No. of  Dummy Rods          3 
No. of Tie Rods        4   
Fuel meat radius (cm) 0.415 
Clad external radius 
(cm) 

0.475 

0.716228

 
 
Table 8. Multiplication factor in the case of CNF20 fuel, and reduced rod 
dimensions. 
Item Fuel Circle  Keff 
No. 1 2 3 4 5 6 7 8 9 10 
No. of  Fuel Rods 6 12 19 26 32 39 45 48 58 62 
No. of  Dummy Rods          3 
No. of Tie Rods        4   
Fuel meat radius (cm) 0.175 
Clad external radius 
(cm) 

0.235 

0.941986
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Table 9. Multiplication factor in the case of CNF20 fuel, reduced rod dimensions 
and increased number of rods. 
Item Fuel Circle  Keff 
No. 1 2 3 4 5 6 7 8 9 10 
No. of  Fuel Rods 8 14 21 28 34 41 47 50 60 64 
No. of  Dummy Rods          3 
No. of Tie Rods        4   
Fuel meat radius (cm) 0.175 
Clad external radius 
(cm) 

0.235 

0.949016

 
Table 10. Multiplication factor in the case of CNF20 fuel, reduced rod 
dimensions and furtherly increased number of rods. 
Item Fuel Circle  Keff 
No. 1 2 3 4 5 6 7 8 9 10 
No. of  Fuel Rods 10 16 23 30 36 43 49 52 62 66 
No. of  Dummy Rods          3 
No. of Tie Rods        4   
Fuel meat radius (cm) 0.175 
Clad external radius 
(cm) 

0.235 

0.951418

 
Table 11. Multiplication factor in the case of CNF45 fuel, and increased number 
of rods. 
Item Fuel Circle  Keff 
No. 1 2 3 4 5 6 7 8 9 10 
No. of  Fuel Rods 8 14 21 28 34 41 47 50 60 64 
No. of  Dummy Rods          3 
No. of Tie Rods        4   
Fuel meat radius (cm) 0.215 
Clad external radius 
(cm) 

0.275 

1.003965

 
 
If the CNF45 fuel is used, the reactor can restore its actual characteristics if two other 
standard fuel rods are added to each fuel circle and the actual dimensions of the rod 
are conserved (see Tab. 11). 
Reactor core configuration may appear as in Fig. (2); spaces between fuel rods may 
reduce, but rod power reduces too. Calculations should be made to confirm the better 
neutronic situation of the reactor. However the only fuel grids need to be change to 
accommodate the 20 additional rods. 
 
6. Conclusions 
 
   The Core configuration of the Syrian MNSR cannot remain the same as the actual 
one if the fuel enrichment is to be reduced. The reactor cannot go critical neither in 
the case the actual UAl4-Al fuel is used with 20% enrichment only, nor in the case the 
CNF20 is used. The only suitable fuel for the reactor is the CNF45 one. In this case a 
couple of standard fuel rods need to be added to each fuel circle.  
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Fig. (2) The final core configuration of the Syrian MNSR after reduction of its 

fuel enrichment 
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                                                           ABSTRACT 
  
              Concerning of nuclear material safety, most of the research reactors are advised to shift from 

HEU (high enriched-%93 U235) to LEU (low enriched-%20 U235) fuel elements. When 
LEU and HEU fuel elements are to be used together in a research reactor, some design and 
safety problems are encountered. According to use of the reactor, some research reactors 
such as  MTR type may not show any considerable difference for HEU or LEU fuel 
elements, but the efficiency of radio-isotop production generated by thermal neutron 
interaction may decrease about twenty-thirty percent when LEU fuel elements are used. Here,  
fine mesh-sized 3D neutronic analysis of TR-2 research reactor is presented to indicate the 
arising problem when LEU end HEU fuel elements are used together in a research reactor. 
Partial thermohydraulic analysis of the reactor is also given to show the betterness of the 
LEU fuel element design. However, there might be some points that should be noticed for 
safer operation of plate type fuelled research reactors. 

 
1. Introduction 
 
Pool type TR-2 reactor was planned to be loaded with LEU and HEU fuel elements. Before 
the first loading of the reactor with only HEU, a detailed 3D neutronic analysis was done. 
But, this analysis has not been repeated for each new core configuration. Moreover, before 
loading the core with LEU and HEU fuel elements, a 3D neutronic analysis should have 
been done to check the operating safety margin accurately. After performing thin mesh size 
3D and two group neutronic calculation of the present reactor core by the CITATION [1] 
code, it was found out that the intended design of the core has too large fuel plate power 
peaking factor and the peaking factor can be tremendously lowered by changing the loading 
configuration. Here, two different core designs are compared to emphasize how important 
the detailed neutronic analysis is when LEU and HEU fuel elements are used together in a 
core. Some calculated thermohydraulic parameters such as flow velocities in different 
channels are given to show the variation in calculating of the safety parameters. 
 
2. Theory 
 
Neutron fluxes and power distribution in the core were calculated with the CITATION code 
which is designed to solve problems using the finite difference representation of neutron 
diffusion theory. For a slab geometry, the multigroup diffusion theory with some 
simplification can be written as follows : 
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Where, Dr,g: the diffusion coefficient (cm2), L2 : the Laplacian operator ( ), 
Σa,r,g , Σs,r,g , Σf,r,g : the macroscopic absorption, scattering and fission cross 
sections for group-g (cm-2), χg : source neutron fraction burn in group-g, ke : the effective 
multiplication factor, φg : neutron flux for group-g (n/cm2-s), Bg

2 : the buckling term to 
account for the effect of the Laplacian operator (cm-2) and G is the total number of energy 
groups. Thermoyhdraulic calculation is performed by the NOKTA-RC [2] code. The 
thermohydraulic model is based on the one used in the NOKTA [3] code which solves mass, 
energy and momentum equations by using appropriate average values of enthalpy, pressure 
and velocity in a computaion cell as done in the COBRA-Ιw-I [4] code. 
 
3. Results and conclusions 
 

After computing two group macroscopic x-sections [5] for two different parts (side plate and 
homogenized fuel region) of LEU and HEU fuel elements, 3D two group fluxes and power 
density in thin computation cells were determined with using the CITATION code for two 
different core configurations shown in Fig. 1. Because an LEU fuel element has much more 
U-235 mass (416 gr) than an HEU one (280.6gr), LUE fuel elements are more critical than 
HEU ones for the power density which limits the operating power level of the reactor. It 
might be thought that the lowest neutron fluxes should be at the outest region of the core. 
But, a core designer must also concern of fuel plate power peaking factor (the hot channel 
for thermohydraulic analysis). However, this was missed in the intended core design (the 
first one given in Fig. 1) of TR-2 research reactor. After checking different core 
configurations by the CITATION code, a better fuel element arrangement (the second one 
given in Fig. 1) was obtained considerably to lower the hot channel power peaking factor 
from 2.25 to 1.55. In the first configuration, LEU fuel elements are placed at the outest parts  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Two different core configurations for TR-2 research reactor loading 
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of the core where the thermal flux is larger and the orientation of the fuel plates is parallel to 
thermalization region (water region). Although the LEU fuel elements are again located at 
the outside region of the core, the orientation of the fuel plates is prevented to be parallel to 
the thermalization region as shown in the second configuration. Thus, the hot channel power 
peaking factor was tremendously decreased as seeing from Figs. 2 and 3. In comparing the 
core loadings for the hot channel factor, the second one is 45 percent better than the first 
one. In Fig. 2, the axial average homogen power density profiles are given for the hot 
channels, the hot fuel elements and the control fuel elements. This figure also shows the 
effect of the control plates on power shape in the core. In Fig. 3, the homogen power 
distributions of the loadings given in Fig.1 are compared for the hot fuel elements at axial 
levels, z = 32.5 and 30.5 cm (respectively). As shown in the figure, the power density 
gradient sharply increases to the outward (next to thermalization region) of the fuel element 
in Conf. 1. For the configurations, the homogen power density profiles of the core at axial  
 

Fig. 2. Axial average homogen power density    Fig. 3. Homogen power distributions 
           profiles for the hot channels, the hot                   for the hot fuel elements at 
           and the control fuel elements.                             z = 32.5 cm and 30.5 cm. 
 
 levels (maximum power density planes, z = 32.5 and 30.5 cm) are given in Figs. 4 and 5. In 
these figures, the effect of the the LEU fuel elements placement (core design) on the hot 
channel factor and the power distribution can be clearly seen. These differences between the 
loadings are very significiant and so important when using LEU and HEU fuel elements 
together in a research reactor. Another important aim of the research reactor is to have as 
high as possiple thermal neutron flux in the  irradiation region for radio-isotope production. 
In Fig. 6, the axial average fast and thermal neutron flux distributions at the HEU fuel 
element irradiation region (HI 39 in Fig. 1) are given for the loadings. Both thermal and fast 
neutron fluxes are considerably higher for configuration 2 at the upper region of the core 
because of the control rod effect. In respect of thermalhydraulic design of the fuel elements, 
LEUs are better than HEUs because the thickness of the outest fuel plates of LEU is 0.75 
mm thinner than those of the HEU which means that the cooling of these LEU fuel plates is 
considerably better. Flow velocities for 1.0, 1.32 and 2.1 mm gaps were calculated as 127, 
153 and 214 cm/s respectively. As conclusion, even though for research reactor, detailed 3D  
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   Fig. 4. The homogen power distribution             Fig. 5. The homogen power distribution 
              at z = 32.5 cm for configuration 1.                      at z = 30.5 cm for configuration 2. 
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     Fig. 6.  Average thermal and fast neutron flux profiles at HEU irradiation region        
                 (HI 39 in Fig.1) for the core configurations. 
 



neutronic analysis should be always done before loading the reactor or making considerable 
change in core design or control rod positions. Further, the analysis becomes more necessary 
when using LEU and HEU fuel elements together in a research reactor core. If LEU (416 gr 
U-35) and HEU (280.6 gr U-35) fuel elements are to be used together in a core loading, 
LEU fuel elements have to be placed somewhere in the core that the thermal neutron flux is 
lower and the orientation of the fuel plates of the element must not be parallel to 
thermalization region (water region) as shown in Fig. 1. In general, the most critical fuel 
plate for the power peaking is the one next to irradiation region. In the present design of the 
irradiation fuel element, the flow gap next to the irradiation region, 1.32 mm, is considerably 
narrower than other flow gap of 2.1 mm. Therefore, the design of the irradiation fuel 
elements should be reviewed for better cooling. 
 
 
 
References 
 
[1]  T. B. FOWLER, D. R. VONDY and G. W. CUNNINGHAM, “Nuclear Reactor Core 
      Analysis Code,” Oak Ridge National Laboratory, Oak Ridge, Tennessee, 1969.    
 
[2]  Ş. KAYA and H. YAVUZ, “NOKTA-RC: Nodal Kinetic and Thermohydraulic Analysis 
      code for Research and Commercial nuclear reactors,” not published. 
 
[3]  Ş. KAYA and H. YAVUZ, “A Nodal Kinetics and Thermohydraulics Analysis 
       (NOKTA) Code for Analyzing Rod-Ejection Accidents and Other Transients in Nuclear 
       Reactor Cores,” Nucl. Technol., 129, 26, 2000. 
 
[4]  C. L. WHEELER, C. W. STEWART, R. J. CENA, D. S. ROWE and A. M. SUTEY, 
       “COBRA-Ιw-I: An Interim Version of COBRA for Thermal-Hydraulic Analysis of Rod 
       Bundle Nuclear Fuel Elements and Cores,” Pacific Northwest Laboratories, 1976 
                   
[5]  M. H. TURGUT and T. TÜRKER, “Core Conversion Calculations for the TR-2 
       Reactor,” Çekmece Nuclear Research and Training Center, ÇNAEM-AR-308, 1993. 
 



LVR-15 REACTOR PERFORMANCE AND TRANSFORMATION TO 
LOW ENRICHED FUEL. 

 
J. Kysela, J. Ernest, M. Marek 

Nuclear Research Institute Rez, plc. 
25068 Rez 

Czech Republic 
kysela@ujv.cz 

 
 
 

ABSTRACT 
 

Experimental research reactor LVR-15 situated in Nuclear Research Institute Rez, plc. has been 
utilized since 1957. The present reactor nominal power is 10 MW. Standard reactor cycle is 21 
days and the reactor operates 8 – 10 cycles per year. The State Office for Nuclear Safety newly 
licensed the reactor till 2014. 
 
The reactor is of multi-purpose use. The basic research is carried out using horizontal neutron 
beams and one of them is used for development and application of the boron neutron captures 
therapy for brain tumors. Mostly material testing of PWR and BWR specimens is performed in 
high-pressure loops and irradiation rigs operated in the reactor. Several vertical channels serve 
for production of neutron transmutation doped silicon and isotopes production for medical 
purposes.  
 
Reactor was originally designed with EK-10 fuel type and consequently reconstructed for HEU 
with the 80% 235U enrichment in 1987-89.  In period 1987-1989 the reactor undertook the 
second reconstruction to enhance its experimental and commercial utilizing. Later, the fuel 
enrichment was changed to 36 % with the use of the IRT-2M fuel type. 
 
The neutron-physical characteristics of the reactor core and fuel cycle design and analyses are 
carried out using the WIMS-D4m, NODER and OMEGA programs. The codes were used for a 
preliminary evaluation of essential changes of main neutronic characteristics of the LVR-15 
core with the prospective conversion to low enriched fuel (LEU). Three types of FA-s has been 
assessed: 1) currently used IRT-2M(36%), 2) IRT-3M(20%), 3) IRT-4M(20%) and results are 
presented in the article.  

 



1. Introduction 
 
The LVR-15 research reactor was designed in 1957 and is situated in the Nuclear Research 
Institute Rez plc. The reactor has maximal power 10 MW and is operated in 21 days 
irradiation cycles, with 8 - 10 cycles per year. The fuel assembly consists either of 4 
concentric tubes or 3 concentric tubes with a control rod in the center of the assembly. The 
fuel IRT-2M contains 36 % enriched uranium. 
 
The reactor is used as a multipurpose facility [1] and it enable to perform research and 
services in the following areas: 
 
 Material irradiation and testing in reactor loops and rigs, 
 Production of radiation doped silicon, 
 Regular production of radioisotopes for the radio pharmaceuticals and technical radiation 

sources, 
 Irradiation devices for special irradiation, 
 Pneumatic rabbit for activation analysis, 
 Development of boron neutron capture therapy at the thermal column channel, 
 Neutron physics research (e.g. neutron diffraction for different purposes, SANS) at reactor 

horizontal channels. 
 
Loop experiments and material testing in rigs belongs among the main research activities 
performed at the reactor. Material research on the loops and rigs is mainly used for material 
embrittlement, corrosion, and material-coolant interaction studies that are very important for 
NPP utilization, plant life aging, and general safety. 
 
The irradiation facilities are complemented with well-equipped hot cells that are also used 
for removing of irradiated specimens from experimental devices and their post-irradiation 
examination. More special post-irradiation examinations of irradiated specimens are 
performed in either hot or semi-hot cells situated in another building near the reactor [2]. 
 
Reactor was originally designed with EK-10 fuel type and consequently reconstructed for 
HEU with the 80% 235U enrichment.  In period 1987-1989 the reactor undertook the second 
reconstruction to enhance its experimental and commercial utilizing. After that it could be 
potentially operated on the level up to 15MW. Later, in 1995, the fuel enrichment was 
changed to 36 % with the use of the IRT-2M fuel type. The transformation took several 
reactor cycles using gradually different mixed core configurations. General demand to 
decrease the enrichment of the used fuel require to asses neutron-physical characteristics of 
the core with available LEU of Russian production. A preliminary evaluation of expected 
essential changes of main neutronic characteristics of the LVR-15 core connected with the 
prospective conversion to low enriched fuel (LEU) were performed on the base of comparison 
of 1) currently used IRT-2M(36%), 2) IRT-3M(20%), 3) IRT-4M(20%). The results of 
calculation study are presented in the article. 

 
2. Reactor loops 
 
The research in the reactor loops is mostly connected with environmental degradation 
processes as corrosion, mechanical, and radiation effect. The loops also enable to study 
cladding - coolant interaction namely effect of water chemistry components, deposition 
of corrosion products, and corrosion of zirconium alloys with and without radiation. Basic in-



pile water chemistry and corrosion monitoring technique are developed and implemented at 
the reactor loops to measure and control important parameters as conductivity, pH, redox 
potential, dissolved hydrogen and oxygen, water impurity content, corrosion potential, contact 
electrical resistance [3].  Detailed description of loops and experiments is presented in [4], 
research in the field of stress corrosion cracking of ferritic and austenitic steels is presented in 
[5]. 
 

2.1 The RVS-3 loop 
 
The RVS-3 loop simulating the PWR/VVER environment is designed for material and 
radioactivity transport investigation. The loop was recently reconstructed with the aim to 
upgrade or replace principal loop components and especially and simplify the loop primary 
circuit. The loop is being prepared for experiments under the EFDA (European Fusion 
Development Agreement) the material development program.  Operational parameters: 
 

Pressure 16.5 MPa  
Temperature 345°C  
Water flow rate 10 000 kg/hr 
Neutron flux ~1x10

18
 n/m

2
s 

Electrical heating capacity 100 kW   
 

2.2 The RVS-4 
 
The RVS-4 loop was designed for the study of PWR environment and fuel cladding 
interaction with the electrically heated fuel model rods. At present the loop is under functional 
and start-up tests for study of water chemistry of VVER reactors. Operational parameters of 
the loop are identical with RVS-3 except for the flow rate – 2 000 kg/hr. 
 

2.3 Zinc loop 
 
Zinc loop is used for the study of activity transport in primary circuits and corrosion reduction 
with the zinc injection. The loop was designed as an integrated one modeling primary curcuit 
and stem generator. Operational parameters of the loop are identical with RVS-3 except for 
the flow rate – 2 000 kg/hr. 
 

2.4 BWR-1 loop 
 
The BWR-1 loop is usually used for testing and development of in-pile water chemistry and 
corrosion monitoring technique and their components [6, 7] in the BWR environment. 
Operational parameters: 

Pressure 10 MPa  
Temperature 300°C  
Water flow rate 2 000 kg/hr  
Neutron flux ~1x1018 n/m2s 

 
2.5 BWR-2 loop 

 
The BWR-2 loop is designed for stress corrosion cracking tests of reactor pressure vessel 
(RPV) and internal steels materials specimens (non irradiated and pre-irradiated in reactor rigs) 



under simultaneous BWR coolant and irradiation conditions. The cycling and constant load 
modes can be applied at the specimens. Its test channels can be used in two modifications: 

 a channel situated near the core (with the possibility to test specimens up to 
2T CT), 

 a channel situated in the core (with the possibility to test specimens up to 1T 
CT). 

Operational parameters: 
Pressure 12 MPa. 
Temperature 300°C. 
Water flow rate 8 000 kg/hr. 
Force applied to the specimen 150 kN. 
 

3. Reactor rigs 
 
In the reactor two types of rigs can be operated – cylindrical and flat one. Specially designed 
heating system arranged into sections together with thermocouples ensures full temperature 
control of the rig. The rigs enable to irradiate four types of specimens: tensile, CT, round CT, 
and Charpy-v specimen. 
 

3.1 BLANKA type rig 
 
BLANKA type rig was developed for the research in the ADTT project. The rig enables the 
irradiation of samples (molten salts with additives) with temperature up to 800 °C. The rig is 
not equipped by the external heating sections, the irradiation temperature is generated with 
reactor gamma heating and controlled either with the reactor power or inert gas pressure in the 
insulation thimble. The temperature is monitored with thermocouples situated in the 
irradiation section. The gas samples can be taken for their further analysis. 
 

3.2 CHOUCA reactor rigs 
 
The CHOUCA reactor rigs (of French production) are used for irradiation of reactor pressure 
vessel materials for the research of their material properties degradation under radiation and 
temperature. The specimen holder consists of six sections and is inserted in the rig heating channel (6 
heating sections are situated along the rig height and each section has its own thermocouples) which 
ensures irradiation temperature range from 200±10 °C to 350±10 °C in inert gas [8].  Ar, He or 
mixture Ar and He can be used as an inert gas [9]. A rig specimen holder enables to irradiate, e.g.: 

Charpy V-impact specimens, 
Tensile specimens of different types up to 12 mm in diameter, 
Slow strain rate test specimens, 
Fracture toughness 0.5T CT specimens. 
 

3.3 FLAT rigs 
 
The FLAT rigs were designed to enable irradiation of larger specimens in the inert gas in NRI 
(Fig. 1). Separate heating sections are situated along the rig height and each section has its 
own thermocouples which ensures to control the irradiation temperature range from 
200±10 °C to 350±10 °C in inert gas. Several modifications of the rig enable the irradiation 
e.g.: 

Up to six 1T CT specimens, 
Four 2T CT specimens, 



Batch of different specimens of lower dimensions which volume lies between above-
mentioned volumes. 
 

 
 

FIG. 1.  2T-CT Irradiation Rig. 
 
4. Assessment of IRT-xM fuel types in LVR-15 conditions. 
 
Short preliminary study has been performed to give essential information about changes of 
main neutronic characteristics of LVR-15 core loaded with different type of Russian tubular 
fuel assemblies. Three types of FA-s has been assessed in the study as follows:  
 
 IRT-2M(36%) - currently in use,   
 IRT-3M(20%) - proposed  
 IRT-4M(20%) – proposed. 

 
Basic characteristic of them (and relatives types) can be seen in next table. 
 
Table 1. Characteristics of the investigated fuel types. 



Fuel Density *)

 type composition enrichment U235 U tube f.meat w.gap of U in meat
[%] [g/cm3]

IRT-2M-80 Umet & Al 80 171 214 2 0.4 4.5 1.317
IRT-2M-36 UO2 36.13 230 637 2 0.7 4.5 2.241
IRT-3M-36 UO2 36.13 352 974 1.4 0.5 2.05 2.416
IRT-3M-20 U9Mo 19.75 400 2025 1.4 0.5 2.05 5.022
IRT-4M-20 UO2 19.75 300 1519 1.6 0.7 1.85 2.693

*) Calculated

Mass Thikness

[g] [mm]

 
 

4.1 Calculational Tools. 
 

Analyses of MEU and LEU loaded cores were performed using the 3-D nodal diffusion code 
NODER. Four-group burnup dependent cross sections were generated with WIMSD4m 
(ENDF/B-V) code. The energy grouped Monte Carlo criticality code OMEGA (Thermos, 
BNAB78) was utilized to validate the calculational methodology and to spectrum calculation 
in fresh cores. 
 

4.2 Reactivity excess in fresh cores 
 
As the configuration of the core to be analyzed, the arrangement shown on the picture (Fig.2) 
was chosen for the study. This universal arrangement is frequently used for the LVR-15 
analyses, because the real operational arrangements vary from cycle to cycle, but they are in 
most cases only similar variations of it.   
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Fig. 2. Layout of the KS28 model core  

 
The reactivity excess and summary control rods worth has been calculated in fresh, cold, 
unpoisoned core to demonstrate its essential properties from point of view neutron criticality 
safety. 
 
Table 2. Reactivity and keff of the KS28 core model for the investigated fuel types. 
                     
 
 
 
 

fuel type
Excess Worth W/E

Up Down -

IRT-2M(36%) 1.1526 0.9546 13.24 18.00 1.36
IRT-4M(20%) 1.1199 0.9372 10.71 17.41 1.63
IRT-3M(20%) 1.1682 0.9974 14.40 14.66 1.02

%δk/k

keff

Rods position
reactivity



 
 
 
 

4.3 Fuel exploitation 
 
Cycle length and fuel consumption has been calculated according to the appropriate model of 
depleted core that is presented in the Fig. 3. Several parameters were used, e.g. length of the 
main macrocycle (MMC), number of cycles per MMC and number of average fuel assemblies 
(FA) per cycle, to asses the balance of the fuel consumption and cycle length in the 
equilibrium core. The results are summarized in the Table 2.   
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Fig.3. Model of the cycling. 
 

Table 2. Balance of the fuel consumption and cycle length in equilibrium core  
 
 
 
 
 
 
 
 

Results of calculations show reasonable differences between the studied FA performances. 
The LEU with the higher amount of 235U in FA gives better results in defiance of the 
composition (UO2 or U9Mo). The MMC is longer and consumption of the FA’s per cycle is 
lower. 

 
4.4 Neutron group distribution changes 

 
Next field of comparison is the neutron flux in equilibrium core with beryllium reflector at 
10MW nominal power (Fig.4). For this purpose, set of cells important from point of view of 
reactor applications was selected. These ‘so called’ Check Cells are fully filled with water in 
one case and with aluminum in second one, respectively. Ranges of neutron energies used for 
comparison of fluxes are as follows  

Fuel type Length of Main Relative length Number of cycles Number of average
Macrocycle (MMC) of MMC (190MWd)  FA's

/MWd/ - per MMC per cycle

IRT-2M(36%) 2570 1.00 13 1.90
IRT-4M(20%) 3420 1.43 18 1.55
IRT-3M(20%) 5060 1.97 26 1.05



 
 Thermal:      0<En<0.625eV, 
 Fast:       0.821<En<10MeV, 
 Total:             0<En<10MeV.  

 
Table 5. Neutron fluxes in the Check Cells 

Check position :

 Material of CC :
Fuel type thermal dev[%] fast dev[%] total dev[%] thermal dev[%] fast dev[%] total dev[%]

IRT-2M(36%-230) 7.756 - 2.483 - 16.387 - 6.079 - 2.740 - 16.053 -
IRT-3M(20%-400) 6.857 -11.6 2.696 8.6 16.421 0.2 4.917 -19.1 2.986 9.0 16.041 -0.1
IRT-4M(20%-300) 7.561 -2.5 2.785 12.2 17.559 7.2 5.561 -8.5 3.087 12.7 17.248 7.4

Check position :

 Material of CC :
Fuel type thermal dev[%] fast dev[%] total dev[%] thermal dev[%] fast dev[%] total dev[%]

IRT-2M(36%-230) 11.373 - 5.692 - 29.091 - 7.831 - 6.135 - 27.111 -
IRT-3M(20%-400) 8.306 -27.0 5.957 4.6 27.220 -6.4 4.693 -40.1 6.281 2.4 24.932 -8.0
IRT-4M(20%-300) 9.411 -17.3 6.226 9.4 29.395 1.0 5.555 -29.1 6.589 7.4 27.080 -0.1

Check position :
 Material of CC :
Fuel type thermal dev[%] fast dev[%] total dev[%] thermal dev[%] fast dev[%] total dev[%]

IRT-2M(36%-230) 5.302 - 0.557 - 7.672 - 5.283 - 0.626 - 7.989 -
IRT-3M(20%-400) 5.139 -3.1 0.581 4.1 7.688 0.2 5.153 -2.5 0.658 5.2 8.100 1.4
IRT-4M(20%-300) 5.469 3.1 0.599 7.5 8.116 5.8 5.524 4.6 0.680 8.6 8.594 7.6

Check position :

 Material of CC :
Fuel type thermal dev[%] fast dev[%] total dev[%] thermal dev[%] fast dev[%] total dev[%]

IRT-2M(36%-230) 7.853 - 2.163 - 15.327 - 6.471 - 2.399 - 14.986 -
IRT-3M(20%-400) 7.153 -8.9 2.326 7.5 15.387 0.4 5.566 -14.0 2.623 9.3 15.098 0.7
IRT-4M(20%-300) 7.758 -1.2 2.396 10.8 16.336 6.6 6.147 -5.0 2.701 12.6 16.107 7.5

Check position :

 Material of CC :
Fuel type thermal dev[%] fast dev[%] total dev[%] thermal dev[%] fast dev[%] total dev[%]

IRT-2M(36%-230) 9.432 - 6.610 - 28.917 - 9.538 - 6.691 - 29.268 -
IRT-3M(20%-400) 5.563 -41.0 7.038 6.5 26.414 -8.7 5.395 -43.4 7.170 7.2 26.912 -8.0
IRT-4M(20%-300) 6.297 -33.2 7.301 10.5 28.473 -1.5 6.417 -32.7 7.447 11.3 29.044 -0.8

                          Average neutron flux density [1/cm2/s/10MW x1.e-13] in cell with dimensions (7.15 x 7.15 x 60.0)cm 
D6 (fuel assembly)

Water in other positions Alu in other positions

                          Average neutron flux density [1/cm2/s/10MW x1.e-13] in cell with dimensions (7.15 x 7.15 x 60.0)cm 
C3

Water Alu-block

Water Alu-block

                          Average neutron flux density [1/cm2/s/10MW x1.e-13] in cell with dimensions (7.15 x 7.15 x 60.0)cm 
  E9

                          Average neutron flux density [1/cm2/s/10MW x1.e-13] in cell with dimensions (7.15 x 7.15 x 60.0)cm 
  B7

Water Alu-block

Water Alu-block

                          Average neutron flux density [1/cm2/s/10MW x1.e-13] in cell with dimensions (7.15 x 7.15 x 60.0)cm 
 H5

 



 

 
 

Fig. 4. Layout of Check Cells in KS28b configuration 
 

 
The results of the calculations for irradiation position in the core (positions B7, C3, D6) as 
well as outside (H5 and E6) are presented in the Table 5. There can be detected significant 
decrease of the thermal neutron flux in the in-core positions with change to LEU, which is on 
the contrary to the users demands. The change of the thermal neutron flux in the channels out 
of the core is not too big. The fast flux and ratio ‘fast to thermal’ is generally higher for the 
LEU in all the studied channels that is one of few positive facts in ‘cause of conversion’ 
because most present material irradiation projects need just this. 
 
5. Conclusion 
 
The research reactor LVR-15 represents a significant tool for the basic and applied neutron 
physics, production of radioisotopes for medical and industrial purposes as well as research of 
structural and prospective nuclear installation. 
 

In case of necessity of conversion to LEU, the conclusion we can make is that the most 
suitable FA from point of view of current offer would be IRT-3M (UMo) or IRT-4M (UO2) 
with ‘optimalised’ content of 235U. Resulting from the presented study, the optimal content of 
235U lies between 325 and 350g in the standard (complete) FA. 
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ABSTRACT 
 

 
    The Monte-Carlo transport code MCNP was used to evaluate possible arrangements of cores for the 
MIT Reactor using monolithic LEU fuel. Plate and moderator thicknesses were varied, and fixed absorbers 
and inner reflectors added in an effort to maximize available neutron fluxes at in-core and ex-core locations 
of experimental facilities. Addition of D2O in the H2O moderator was also evaluated. Comparisons of the 
fast, epithermal, and thermal fluxes were made at selected locations.  Keff was also evaluated and critical 
blade heights compared with the existing HEU core.  Results indicate that the LEU fluxes could approach 
HEU values with the use of a fueled in-core experimental facility, a fixed boron absorber spider and an 
inner beryllium reflector. 
 
 

1. Introduction 
 

   The MIT Reactor (MITR-II), currently licensed to operate at 5 MW, contains a 
hexagonal core that contains twenty-seven fuel positions in three radial rings (A, B, and 
C), as shown in Figure 1.  Typically at least three of these positions are filled with either 
an in-core experimental facility or a solid aluminum dummy element to reduce power 
peaking.  The remaining positions are filled with standard MITR-II fuel elements. Each 
rhomboid-shaped fuel element contains fifteen aluminum-clad fuel plates using HEU 
(93% enriched) in an aluminide cermet matrix with a fuel thickness of 0.76 mm (0.030 
in.) and a length of 61 cm (24 inches). The cladding of each fuel plate has 0.25 mm fins 
to increase heat transfer to the coolant.  The fuel has an overall fuel density of 3.7 g/cm3, 
with a total loading of 506 g 235U in each fuel element.   
  The core is light water moderated and cooled and is surrounded by a D2O reflector.  
Boron impregnated stainless steel control blades are present at the periphery of the core at 
each of the sides of the hexagon.  In addition, fixed absorbers of boron-stainless steel can 
be installed in the upper twelve inches of the core in a hexagonal configuration between 
the inner and second fuel rings as well as in three radial arms extending to the edge of the 
core.   
   Several reentrant thimbles are installed inside the D2O reflector, delivering greater 
neutron flux to the beam ports outside the core region.  Beyond the D2O reflector, a 
secondary reflector of graphite exists in which several horizontal and vertical thermal 
neutron irradiation facilities are present.  In addition, the MITR Fission Converter 
Facility is installed outside the D2O reflector.  This facility contains ten or eleven 
partially spent MITR fuel elements for a delivery of a beam of primarily epithermal 



neutrons to the medical facility for use in Boron Neutron Capture Therapy (BNCT).  
Figure 2 shows a larger view of the reactor including the reflector regions and 
experimental facilities.  
 
   
 
 

 
Figure 1.  The MITR-II core. 
 
 
Modeling of the reactor for neutron transport calculations is made using the Monte-Carlo 
code MCNP.  A model of the reactor was first made by Redmond, et al. [1]. This model, 
as well as the MCNP-ORIGEN linkage code MCODE developed by Xu, et al [2] was 
used to more extensively benchmark the HEU core reactivity and burnup for MITR-II 
core #2. [3]     
  This model was modified to perform evaluations of possible LEU core configurations.  
Because conventional LEU dispersion fuels are of insufficient density to maintain 
criticality for the compact MITR-II core design, monolithic U-Mo fuel with a uranium 
density of 16.3 g/cm3 was chosen.  Development of this fuel by the RERTR program [4] 
appears promising.  Because of the smoother surface characteristics of the U-Mo fuel, the 
aluminum cladding was reduced from 0.38 mm as in the HEU case to 0.25 mm.  In all 



cases, control blades were modeled at 8.5 inches (21.6 cm), the critical height for the 
reference HEU core.  
 
 
 

 
 
Figure 2.  The MIT Reactor 
 
 

2.    Optimization Studies 
 

  In order to optimize the choice of fuel configuration, plate number and thickness as well 
as moderator material was varied to maximize the available neutron flux at in-core and 
ex-core experimental facilities.  The neutron fluxes in five experimental facilities were 
calculated:  An A-ring in-core sample assembly, the twelve inch (30 cm) diameter beam 
port, the graphite region leading to the fission converter facility for epithermal BNCT, the 
high-flux pneumatic sample facility (positioned just outside the D2O reflector opposite a 
reentrant thimble), and the below core beam line leading to the thermal BNCT facility in 
the medical room.   



  In addition to fluxes, Keff was also determined. Burnup studies using MCODE suggest 
that an initial Keff of at least 0.993 for an LEU core will equal the approximate core 
lifetime of the current HEU core.   
  Merely changing the fuel-moderator ratio for an LEU core while keeping the overall 
core geometry the same as the reference HEU core did not significantly improve 
experimental fluxes, so other options were proposed, including core configuration 
changes. These include use of absorbing materials in different locations of the fixed 
absorber spider, the use of a beryllium inner reflector, and the use of an LEU fueled liner 
for the in-core sample assembly.  
  Overall, approximately two hundred separate fuel, moderator, and core configurations 
were analyzed.    
 
 
 
 

3. Moderator Variations 
 
  Because of the increased amount of absorption in-core with the addition of U-238 in 
LEU fuel, other options to reduce in-core absorption were considered.  Addition of D2O 
in the primary coolant system was studied.  Figure 3 shows Keff vs. number of plates 
per element in core.  The pure H2O case clearly shows an effect of increasing Keff with 
an increase in fuel mass.  However, the addition of as little as 20% D2O adds 
significantly more negative reactivity because of further undermoderation of the reactor 
due to the increased diffusion length of D2O.   
  Figure 4 shows the effect on the thermal neutron flux in the twelve inch (30.5 cm) 
diameter beam port (12SH1). In all cases, other ex-core experimental facilities showed 
similar trends. Variations in the number of plates for a given moderator composition 
has little effect on the flux. Use of LEU fuel with pure H2O moderation in a similar 
configuration to the HEU core results in about a 20% drop in neutron flux.  Addition of 
D2O increases this flux, with the HEU core equivalent flux being reached at 25% D2O.   
  The use of D2O has disadvantages, however.  There could be considerable difficulty in 
maintaining a constant H2O/D2O ratio during operation.  In addition, a sudden insertion 
of H2O from a leak or emergency cooling action could result in a significant reactivity 
insertion.  Also, the buildup of tritium in the primary system could make in-core 
maintenance and refueling operations more difficult.  Because of these issues, the 
addition of D2O was not considered immediately practical.   
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Figure 3.  Keff of H2O and D2O cores 
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Figure 4.  12SH1 thermal flux in H2O and D2O cores 
 
 

 



 
4. Internal Reflector 
 
  Since the present HEU core uses aluminum dummy elements to reduce peaking and 
provide space for in-core experiments, it was decided to replace the aluminum with an 
internal beryllium reflector to reduce absorption.  Figure 5 shows one such 
configuration in which the A-ring elements are replaced by beryllium and a central 
irradiation facility.  The fuel elements are reduced to half size, with two half-elements 
in each C-ring position. Each B-ring position contains one half-element with solid 
beryllium adjacent to the A-ring.  Hafnium absorbers were placed in the fixed absorber 
spider positions in order to enhance the flux delivered to the ex-core facilities.  

 

 
 
Figure 5. MCNP model of LEU core with Be internal reflector 
 

   Fuel-to-moderator ratios were varied by changing the fuel thickness and number of 
plates in this configuration. The thickness of the plates were varied from 0.25 mm to 
0.84 mm. Figure 6 shows the effect of this variation on Keff.  Because of the increased 
absorption by the fixed hafnium absorbers and the reduction of number of fuel 
elements, it was difficult to attain criticality at the reference control blade position.  The 
use of fewer plates per element resulted in a higher Keff.  However, the use of fewer 
plates also resulted in a lower thermal neutron flux to experimental facilities, as can be 
seen in Figure 7.  Elements with eight plates per half-element had fluxes approaching 
the HEU fluxes, while larger number of plates actually exceeded the HEU fluxes.   
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Figure 6.  Keff of LEU cores with interior Be reflector and fixed absorber 
 
 

 
 
Figure7.  12SH1 Neutron flux of LEU cores with interior Be reflector and fixed absorber 
 
 
  One of the drawbacks to the use of an inner beryllium reflector is the peaking of power 
in the fuel adjacent to the beryllium.  Figure 8 shows the local-to-average power ratio in 
each fuel position and the maximum peaking in an individual fuel plate for a nine half-
element core with beryllium inner reflector.    The elements adjacent to the Be reflector 
show significantly higher peaking than those radially further out in the former C ring 
positions.  The values here show similar element peaking as that in the reference HEU 
core, which has a maximum element peaking of 1.23.  However, the plate peaking is 



significantly higher as compared with the HEU value of 1.39.  It should be noted that 
plate peaking values in the outer positions are dependent on the orientation of the plates 
with respect to the core.  From these results, it is clear that neutron absorbers will have to 
be configured so as to locally reduce peaking.   

 
Figure 8.  Peaking in LEU core design 
 
 
5.  In-Core Facility 
 
  A number of options were studied to enhance the fluxes available in-core.  Selected 
results from this are presented in Table 1.  In-core thermal (<0.4 eV) and fast (>3 keV) 
fluxes are shown, as well as Keff and the ratio of thermal fluxes present in the twelve inch 
beam port as compared with the HEU reference core (7.5E12 n/cm2 s at the tally point). 
Enhancement of the fast flux in the in-core facility is the goal of the inner core design, 
since the majority of experiments irradiated in-core requires fast neutrons.  The only 
method found to be effective in significantly enhancing the fast flux is to surround the 
experiment with LEU fuel. 
   Six cases are shown in Table 1.  The two HEU cases are of the reference core with the 
in-core facility surrounded by a 1.6 mm annulus of either water or aluminum.  The effect 
or the material on thermal and fast flux can be easily seen.  The four LEU cases chosen 
are one with LEU in the HEU reference configuration (including thicker fuel and 



cladding), and three other cases of the nine plate half-element design presented above 
with inner beryllium reflector.  Of the three latter cases, the in-core sample assembly is 
centered in the core and surrounded by a 1.6 mm annulus of LEU monolithic fuel 
(beryllium in the unfueled case). Two fueled in-core facility cases are presented, one with 
boron impregnated stainless steel in all fixed absorber positions and one with hafnium in 
only the radial absorber position in the B-ring in an attempt to reduce the B-ring power 
peaking mentioned above.    
   These results show that design of an in-core facility with a thermal flux equivalent to 
the HEU reference core is fairly easily accomplished, as demonstrated with the unfueled  
(Be annulus) case where the in-core thermal flux is actually enhanced by about 20%.  
Enhancement of the fast flux, however, is more difficult, as can be seen with the 
remaining two fueled in-core facility cases.  Such enhancement, when possible, comes at 
the expense of the flux at the ex-core facilities or available reactivity.   
  Although it is recognized that technology does not exist to shape an annular 
configuration of monolithic fuel, it is believed that this geometry is sufficient for 
optimization studies such as this.  More realistic shapes are now being studied. 
    One disadvantage to using fuel surrounding the in-core facility is that of power 
peaking.  These studies show that the power produced by the fuel surrounding the central 
irradiation facility can be over twice that of the highest power producing fuel plate in 
other element positions.  Options to adequately cool this fuel or reduce the power 
produced without significantly reducing the experimental fast flux are being studied.   
 
 

Spider 
configuration 
and material 

In-core 
annulus 
material   Keff 

Thermal 
Flux 
 (<0.4 eV) 
n/cm2 s 

Fast 
Flux 
(>3 KeV) 
n/cm2 s 

Ex-core 
Thermal 
Flux 
Ratio to 
HEU 

water water HEU, water annulus 0.9960 1.07E+14 1.57E+14 1.00 

water Al HEU, Al annulus 0.9960 4.31E+13 1.85E+14 1.00 

water Al LEU in HEU configuration 0.9816 8.06E+13 1.51E+14 0.93 

full--boron SS Be LEU, half-element design 0.9856 1.27E+14 7.98E+13 1.00 

full--boron SS fuel LEU, half-element design 0.9976 2.58E+13 1.67E+14 0.97 

Hf B arm only  fuel LEU, half-element design 1.0108 3.31E+13 1.90E+14 0.93 
 
Table 1.  In-core facility results 
 
 
6.  Conclusions 
 
   This study has primarily focused on the neutronics of potential LEU core designs on the 
assumption that monolithic U-Mo fuel will be certified.  This will, of course, depend on 
the certification of materials irradiation performance and manufacturing to needed 
tolerances by the RERTR program at ANL.   



  A number of options for an LEU fueled MIT reactor have been studied, including 
promising designs using mixed H2O/D2O moderator or using an inner beryllium reflector.  
The mixed moderator design, although promising from a flux point of view, has 
limitations with reactivity and operational concerns. The inner beryllium reflector design 
appears to be more feasible and can, under some circumstances, deliver fluxes needed to 
experimental facilities. Issues with power peaking, both near the reflector and in a 
possible fueled annulus, will need to be solved to assure adequate cooling in all areas. 
   Although it is possible to design cores with higher reactivity, greater ex-core thermal 
flux, and greater in-core facility fast flux, no design has yet been identified to accomplish 
all three simultaneously.  It is evident that sufficient operational flexibility must be 
designed into an LEU MIT reactor so that flux enhancement options for immediate 
experimental needs can be easily implemented.  It only by safely meeting the needs of the 
scientific community that conversion of all research reactors to LEU can be fully 
accepted. 
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ABSTRACT 

The investigations in the field of nuclear physics, development of numerical calculation methods 
for nuclear reactors, neutron physics and etc. are carried out at the Joint  Institute for Power and 
Nuclear Research - Sosny (JIPNR-Sosny) since the 60s after putting  into operation the research 
reactor and the critical assemblies. A large range of different configuration 
(geometry,composition) of critical assemblies have been constructed at the NAS Belarus during 
25 years of studying  neutronic of the special (fast and thermal)  reactors. The Chernobyl accident 
brought a massive public reaction to nuclear efforts and the reactor ceased operation in 1987 and 
was shut down in 1991 and at present all investigations in these fields are being carried out on the 
basis of the   subcriticall assemblies driven with high intensity neutron generator. The facilities 
with fast and thermal neutron spectra are fuelled with UO2 and Umet. enriched   to  10% -90%   in 
235U. 

      1. Introduction 
    
   The investigations in the field of nuclear physics, development of numerical calculation 
methods for nuclear reactors, neutron physics etc. are carried out at the Joint  Institute for 
Power and Nuclear Research - Sosny (JIPNR-Sosny) since the 60s after putting  into 
operation the research reactor and the critical assemblies. A large range of different 
configurations (geometry, composition) of critical assemblies have been constructed at the 
NAS Belarus during 25 years of studying  neutronics of the special purpose (fast and thermal)  
reactors. The Chernobyl accident brought a massive public reaction to nuclear efforts and the 
reactor ceased operation in 1987 and was shutdown in 1991 and all investigations using the 
reactor neutrons were interrupted. Closure of the reactor has led to new endeavors being 
undertaken at NAS Belarus including the coupling of a high-yield (I ≈ 1012 n/s) neutron 
generator to a sub-critical assemblies fuelled by highly enriched uranium.  
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 2. Neutron generator. 
 
According to the research program at the NAS of Belarus the experimental facility ˝Yalina˝ 
consisting of the sub-critical assembly with neutron thermal spectrum (source neutron 
multiplication factor Ms of the assembly is in the range of 10 ≤ Ms ≤ 50), high intensity 
neutron generator and measurement systems were developed and put into operation in 2001  
[1]. It is necessary to note that the principal scheme of the facility is very close to the scheme 
used in the ADS concept intended for energy production, transmutation of radioactive waste 
(MA and LLFP) and in that subcritical reactor are driven with high energy proton beam.  
     One of the main part of the facility is the neutron generator NG-12-1 (Fig. 1). It consists 
of a high-current deuteron accelerator, highly effective water-cooling rotating Ti3H (TiD) 
230 mm diameter target (Fig. 2) and has been operated since 1997 as intense continuous 
neutron source of (1.5-2.0) 1012 n/s at maximum with neutron energy 13.0 - 15.0 MeV and a 
continuous neutron source of (2.0-3.0) 1010 n/s at maximum with neutron energy 2.0- 3.0 
MeV. The different type of ’’external neutron source – core”  configurations can be arranged:  
in the case of using 230 mm diameter target the neutron source   are placed outside of the 
core and for neutron source to place in the core centre the special neutron generator deuteron 
guides for 45 mm diameter TiD and Ti3H targets have been constructed (Fig. 2). When 
operating in the pulse mode the neutron beam pulse can be adjusted from 0.5µs up to 100µs 
and pulse repetition rate can be vary  from 1 Hz to 10 000 Hz ( Fig. 1). 

 
Accelerator H+ and D+ 

Beam energy 100-250 keV 

Beam current 1 - 12 mA 

Pulse duration (0.5-100) · 10-6 sec 

Repetition  rate (1-10 000) Hz 

Spot  size ≈2.0 - 30 cm 

Тi3H target (230 mm): 
Rotating speed, 
rpm 560 

Maximal yield of 
neutrons, n/s 1.5-2.0 · 1012 

Neutron energy 13-15 MeV 

ТiD target (230 mm): 
Maximal yield of 
neutrons, n/s: 2-3.0 1010 

Neutron energy 2.5-3.0 MeV 
  
 

Fig. 1.  Neutron generator  NG-12-1 (D+3H→n+4He;D+D→n+3He)  
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                                                                             D=230 mm                                  D=45 mm 

       Fig.2 The  Neutron generator deuteron guides for 45 mm diameter Ti3H (TiD) targets. 
 

 3. Subcritical assembly with thermal neutron spectrum 
 
The core of the sub-critical assembly is a rectangular parallelepiped with 40.0 cm width, 40.0 
cm height and 60.0 cm length (Fig. 3). It is assembled of polyethylene sub-assemblies with 
16 fuel rods per sub-assembly (Fig. 4) providing large flexibility of the core configuration. 
The sub-critical core   is loaded with UO2 fuel dispersed in Mg matrix (uranium is enriched to 
10 % in 235U). Fuel rods are arranged according to a square lattice with 2.0 cm spacing. 
Central part of the subcritical assembly is a neutron producing lead target of 8.0 cm width, 
8.0 cm height and 60.0 cm length. The core of the assembly is surrounded by high purity 
graphite reflector 40.0 cm thickness and with thin (l = 1.5 mm) layer of Cd.  
          

 
 

Fig. 3. Subcritical assembly with thermal neutron spectrum Кeff. = 0.98 
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       There are four channels 50 mm diameter at the corners of the core for housing the 
neutron’s detectors for neutron flux monitoring system and 3 experimental channels 25 mm  
diameter  at  radii 5, 11 and 18 cm for placing different type of samples or 252Cf source inside 
the core. The two axial and one radial experimental channels 25 mm diameter are arranged in 
graphite reflector. To decrease background the assembly is surrounded by borated 
polyethylene shielding of 25cm thickness.  The Keff of the YALINA facility is ranging 
between ~ 0.9 to 0.98 for sub-critical configurations that correspond to load 216 and up to 
280 fuel rods respectively (Table 1).  
        The ˝Yalina˝  facility can be used to study  the physics  of multiplying media with 
thermal neutron spectra at different subcriticality levels, large range of  different 
configurations (geometry, composition) and  external neutron sources (Cf-252, D(d,n)He-3, 
D(T,n)He-4).                                                                                                        
                                                                                                                      Table 1. 

                                 The Facility « Yalina» Characteristics   

Maximal yield of neutrons, n/s: 

    D (T,n)4He;  En=13-15 Mev 
(1.0-2.0)x1012  

    D (D,n) He-3;  En = 2-3  Mev  (2.0-3.0)x1010  

    Cf-252,  n/s  5.1x107  

Accelerating voltage (Ed, keV)   250  

Current of accelerated ions , mA  10-12  

Beam spot size at the target , mm    20 

Rotating speed, rpm   560  

Pulse duration, µs    0.5-100 

Pulse repetition, Hz   1-10 000 

Core dimension:  40cmx40cmx57cm 

Fuel  UO2 (enrichment  10%)  

Moderator  Polyethylene 

Reflector Graphite 

 
 
        A wide experimental program on the basis of the facility since that time has been 

already performed. The measurements of spatial neutron flux distribution, spectral 
indices, external neutron source importance, transmutation reactions  rates (129I,237Np, 
243Am), neutron flux time evolution,  multiplication factor Keff,  source  multiplication 
factor Ks for  different levels of subcriticality of the assembly driven  by neutron 
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generator operating in continuous  and pulse modes with Ti3H, TiD targets and 252Cf 
source placed  at various positions inside the core  have been done. The analysis of the 
sequence of experimental data has been performed with MCNP code and with different 
neutron libraries (ENDFB-VI, ENDFB-IV) [2]. The comparison of the theoretical and 
experimental data shows that in a number of cases they agree relatively well within error 
margins.  

      
       4. Booster (cascade)  subcritical assembly 

  
   Further investigations at the National Academy of Sciences of Belarus will be 
performed in the framework of strategy of booster sub-critical systems driven by the  
neutron generator. The facility, named YALINA-BOOSTER (YALINA-B), will be put 
into operation by May of 2005. The basic idea  of a fast spectrum booster coupled one-
directional way to a thermal spectrum system is well known  and consists in enhancement 
of the external neutrons source importance by placing a booster around the source located 
in the core center with the main sub-critical  thermal part of the core  surrounding  the 
booster. The core of the assembly consists of booster (fast) zone (Kf

eff = 0.67) and thermal 
zone (Kth

eff = 0.95) separated by thermal neutron absorber (Fig.4,5). First zone of the 
booster is assembled of lead sub-assemblies with 33 fuel rods   per sub-assembly, 
providing large flexibility of the core configuration.  
 

 
 
Fig.4. Cross-section, main parameters of the booster sub-critical assembly Yalina-B and 

polyethylene sub-assembly. 
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                                          BBoooosstteerr  zzoonnee  ((KKeeffff==  00,,6677))::  
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The zone   with metallic uranium enriched to 90 % in 235U has a square lattice with pitch 
equal to 1.14 cm.  Second booster zone is arranged of lead sub-assemblies with rods of 
uranium dioxide enriched to 36 % in 235U. This part of the booster has square lattice with 
pitch equal to 1.6 cm.  There is a neutron producing lead target at the core center.  
The thermal neutron absorber layer of 3 cm thickness consists of natural uranium rods   
and B4C rods and has the same pitch equal to 1.6 cm. The construction of the biggest part 
of sub-critical assembly - thermal zone, is identical to the core of the facility with thermal 
neutron spectrum. The main parameters of the facility are presented in the Fig. 4  and 
multiplication factor Keff of such combined sub-critical assembly according to 
calculations performed by code MCNP, is equal to Keff = 0.975. One of the main feature 
of the facility is that in YALINA-B neutron spectrum in the booster zone, time response 
(e.g., response of 235U fission rate to the source pulse) as well as the neutron lifetimes are 
very close to those in SAD – subcritical facility with MOX fuel driven by 660 MeV 
proton beam that now is being under construction at Joint Institute for Nuclear Research 
(Dubna, Russia) [3].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. General view of the booster sub-critical assembly. 
 

 
YALINA-B and SAD have a high degree of synergy, since the YALINA-B  experiment is 
expected  to provide valuable results that will feed into and help define the SAD scientific 
programme.  
             The fast zone of the facility can be considered as a volume neutron source in 
contrast to YALINA and MASURCA [4] experiments.  From this point of view the 
booster zone is closer to the spallation lead target of the SAD and TRADE [5,6] projects. 
The following experimental programme is of special interest and includes: 
 -   Measurement of the MA (235U, 237Np, 238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 241Am, 242Am) 
fission rates in fast neutron spectrum: 
 -  Studying the coupling properties of the spallation target (booster zone) and reflector, 
blanket, shielding. 
 -  Studying the influence of  shielding on physical parameters of the fast spectrum core. 
 - Development of reactivity monitoring techniques for subcritical systems with fast 
neutron spectrum 
 -  Validation of calculation codes, libraries used to describe the subcritical core. 
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 - Experimental determination of kinetic parameters and response to external neutron 
pulses for different sub-criticality levels.  
 
5. Conclusion 
 
    The experimental facilities YALINA and YALINA-B allow to deliver valuable data in 
the following fields: measurements of transmutation rates of fission products and minor 
actinides, investigation of spatial kinetics of the sub-critical systems with external neutron 
sources, validation of the experimental techniques for, e.g., sub-criticality monitoring, 
neutron spectra measurement, safety research on sub-critical systems and technological 
applications such as neutron therapy, neutron activation analysis, production of isotopes 
for calibration of gamma spectrometers  etc.   
 Moreover it is of great interest and importance to perform both theoretical and 
experimental investigations of possibility to substitute highly enriched uranium for low 
enriched one without essential changes of neutronics of the sub-critical assembly, driven 
by a neutron generator operating both in continuous and pulse modes. In particular, in 
cooperation with Argonne National Laboratory a project on use of LEU in the referenced 
assembly is under consideration. This project can include study of use LEU to replace 
HEU without penalizing the assembly performance. Different fuel forms and 
specifications can be considered to maintain the original performance. 
 

 References 

[1] S Chigrinov., H. Kiyavitskaya, Yu. Fokov et. al., The Research on Accelerator Driven 
Systems at the NAS of Belarus, IAEA –TM-25032, TWG-FR/108.− 49.- Vienna, 2002. 

     [2]  J.F.Briesmeister et al/ MCNP - a general Monte Carlo code for neutron and 
     photon transport. Report LA-7396-M, ver. 3A, Los-Alаmos, 1986. 

[3] ISTC Project 2267, Construction of the Subcritical Assembly with Combined Neutron 
Spectra Driven by Proton Accelerator at Proton’s Energy 660 MeV for Experiments on 
Long Lived Fission Products and Minor Actinides, Project Manager - Shvetsov Valeri N. 
JINR, Dubna, Russia. 
[4] M. Salvatores, M. Martini, I Slessarev. et al., MUSE-1: a First Experiment at 
MASURCA to Validate Physics of Sub-critical Multiplying Systems Relevant to ADS, 
IAEA-Techdoc-985.− Vienna, 1997, P. 430 - 436. 
 [5] S. Monti, First Panel Meeting on Evaluation of AIMA Preliminary Conceptual 
Design Studies of SC-Cyclotron for the TRADE Experiment, Presentation of the TRADE 
Project, 21 February 2002 
[6] Y. Kadi, A. Herrera-Martínez (CERN), L. Picardi, S. Monti (ENEA), M. Salvatores, 
The TRADE Experiment: Shielding of the Beam Transport Line, (CEA) - 10th 
International Conference on Radiation Shielding/13 ANS Radiation Protection and 
Shielding Division Topical Meeting, Funchal, Madeira, Portugal, May 9-14, 2004 
 

 



ACCELERATOR-DRIVEN SUBCRITICAL ASSEMBLY: CONCEPT 
DEVELOPMENT AND ANALYSES 

 
 
 
 
 

Yousry Gohar, James Bailey, Henry Belch, Dmitri Naberezhnev, Philip Strons 
Argonne National Laboratory 

9700 S. Cass Avenue, Argonne, IL 60439, USA 
 

Igor Bolshinsky 
Argonne National Laboratory-West 

P. O. Box 2528, Idaho Falls, Idaho 83403, USA 
 
 
 
 
 

Presented at 
The RERTR-2004 International Meeting on 

Reduced Enrichment for Research and Test Reactors 
 
 
 
 
 
 

The submitted manuscript has been created by the 
University of Chicago as Operator of Argonne National 
Laboratory (“Argonne”) under Contract No. W-31-109-
ENG-38 with the U.S. Department of Energy. The U.S. 
Government retains for itself, and others acting on its 
behalf, a paid-up, nonexclusive, irrevocable worldwide 
license in said article to reproduce, prepare derivative 
works, distribute copies to the public, and perform 
publicly and display publicly, by or on behalf of the 
Government. 

 
 
 
 
 

Vienna, Austria 
November 7-12, 2004 

 



RERTR-2004 International Meeting on Reduced Enrichment for Research and Test Reactors, Vienna, Austria, November 7-12, 2004 

ACCELERATOR-DRIVEN SUBCRITICAL ASSEMBLY: CONCEPT 
DEVELOPMENT AND ANALYSES 

 
Yousry Gohar, James Bailey, Henry Belch, Dmitri Naberezhnev, Philip Strons 

Argonne National Laboratory 
9700 S. Cass Avenue, Argonne, IL 60439, USA 

 
Igor Bolshinsky 

Argonne National Laboratory-West 
P. O. Box 2528, Idaho Falls, Idaho 83403, USA 

 
ABSTRACT 

 
A conceptual design activity has been started to develop an accelerator-driven subcritical assembly 
using the existing electron accelerators at Kharkov Institute of Physics and Technology (KIPT) in 
Ukraine.  The main functions of the subcritical assembly are the production of medical isotopes 
and the support of the Ukraine nuclear power industry.  Reactor physics experiments and material 
performance characterization will be carried out utilizing the capabilities of the subcritical 
assembly.  The neutron source of the subcritical assembly is generated from the interaction of 
100 KW electron beam with a tungsten or uranium target.  The electron beam has a uniform spatial 
distribution and the electron energy is in the range of 150 to 200 MeV.  The subcritical assembly is 
planned to use high enriched uranium (HEU).  This activity is evaluating the possibility of 
converting the assembly to use low enriched uranium (LEU) without penalizing its performance.  
Different fuel forms are under consideration with water coolant including the LEU fuel of the Kiev 
research reactor.  Beryllium or water is utilized for the reflector of the subcritical assembly.  In the 
design process, the neutron flux is maximized to enhance the capabilities of the subcritical 
assembly.  The conceptual design and the design analyses will be presented in this paper.  The 
analyses include nuclear physics, neutronics, heat transfer, hydraulics, and material issues. 

 
 

1. Introduction 
 
Kharkov Institute of Physics and Technology (KIPT) in Ukraine has a plan to construct an 
accelerator driven subcritical assembly using high enriched uranium (HEU).  An existing electron 
accelerator will be utilized with high atomic number target material to generate neutrons for 
driving the subcritical assembly.  The electron beam power is about 100 KW with a uniform 
spatial distribution.  Deuteron beam with beryllium target is an option under consideration.  The 
main functions of the subcritical assembly are the medical isotope production and the support of 
the Ukraine nuclear industry.  Reactor physics experiments and material research will be carried 
out utilizing the subcritical assembly.  Argonne National Laboratory (ANL) is studying the 
possibility of utilizing low enriched uranium (LEU) instead of HEU without penalizing the 
subcritical assembly performance.  This paper describes the ANL work performed for this study 
in preparation for a joint conceptual design activity between ANL and KIPT. 
 
In the course of this work, several studies have been carried out to investigate the main choices 
and the system parameters for a satisfactory operating performance.  The neutron source intensity 
and spectrum have been characterized as function of the electron energy for two target materials.  
The main focus is to maximize the neutron production for the 100 KW beam power.  The spatial 
energy deposition in the target material, spatial neutron generation, and neutron utilization 
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fraction have been studied to define the main target parameters.  A conceptual design for the 
target has been developed based on these parameters and the engineering aspects including heat 
transfer, thermal hydraulics, structure, and material requirements.  The target geometrical 
configuration has been designed to maximize the neutron utilization in the subcritical assembly 
and to provide irradiation channels at the highest flux level.  The subcritical assembly design with 
LEU fuel has been iterated to maximize the neutron flux.  The main objective is to obtain a 
neutron flux level comparable to the corresponding flux level with HEU fuel.  The paper presents 
the key results from these analyses and the conceptual design for the target and the subcritical 
assembly. 
 
 

2. Neutron Source 
 
In a subcritical system, the neutron source strength defines the neutron flux level and the fission 
power of the subcritical assembly.  This requires a special attention to maximize the neutron yield 
from the available beam power, the neutron fraction delivered to the subcritical assembly, and the 
neutron utilization in the subcritical assembly.  High atomic number target materials are required 
to enhance the neutron production from the electron interactions.  In addition, high melting point, 
high thermal conductivity, chemical inertness, high radiation damage resistance, and low neutron 
absorption cross section are the desirable properties for the target materials.  Previous physics 
studies1 showed that uranium, tungsten, lead, and tantalum materials produce the highest neutron 
yield per incident electron.  Based on all these issues and the operating experience from different 
accelerator facilities, tungsten and uranium have been selected for this application.  The neutron 
yield from the two materials has been studied as a function of the electron energy using MCNPX2 
computer code.  MCNPX is a Monte Carlo radiation transport computer code that transports 
34 particle types over a wide energy range for modeling nuclear and non-nuclear systems. 
 
The performance of tungsten and uranium target materials has been analyzed as a function of the 
electron energy for the 100 KW total beam power.  The spatial energy deposition density per 
incident electron in tungsten is shown in Figure 1 as a function of the target length for different 
electron energies.  The peak value occurs few millimeters away from the electron beam window.  
This peak increases and shifts further from the electron beam window as the electron energy 
increases.  The spatial energy deposition normalized to beam power density of 2 KW/cm2 on the 
beam window is plotted in Figure 2.  The heat removal of the energy deposition requires the use 
of thin layers of the target material to avoid high temperature and thermal stresses.  This results in 
a large number of coolant channels, which reduces the target performance.  The water coolant 
slows down and absorbs electrons without generating neutrons.  This requires the use of a low 
beam power density less than 2 KW/cm2 or electron energy above 150 MeV.  Reducing the beam 
power density increases the target cross section area that reduces the neutron flux in the 
subcritical multiplier.  This leads to the consideration of electron energy above 150 MeV. 
 
The neutron yield per electron is shown in Figures 3, which increases as the electron energy 
increases.  However, the neutron source production per second from the 100 KW beam reaches a 
saturation value as the electron beam energy increases above 150 MeV as shown in Figure 4.  
Therefore, the 100 KW electron beam with the electron energy above 150 MeV produces about 
the maximum neutron yield. 
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Figure 1.  Spatial energy deposition per electron 
in tungsten target material for different electron 
energies 

Figure 2.  Spatial energy deposition normalized to 
beam power density of 2 KW/cm2 on the beam 
window for different electron energies 
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Figure 3.  Neutron yield per electron as a 
function of the electron energy for uranium and 
tungsten target materials 

Figure 4.  Neutron source strength as a function of 
the electron energy for 100 KW beam energy from 
uranium and tungsten target materials 

 
 
The spatial distribution of the generated neutrons is analyzed to maximize their utilization in the 
subcritical assembly.  The neutron fraction that leaves the target along the beam axis has the 
potential of disappearing without utilization.  A large fraction of the neutrons leaving from the 
electron beam window (top fraction) exits the system through the vacuum beam tube or interacts 
with the beam tube structure.  A fraction of these neutrons reaches the subcritical assembly by 
leaking from the beam tube.  Also, the neutrons leaving the target in the beam direction (bottom 
fraction) interact with the water coolant and the beryllium reflector under the target, which reduce 
their chances for reaching the subcritical assembly.  Figure 5 shows the neutron fraction 
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distribution from the tungsten target as a function of the electron energy.  Again, the use of high 
electron energy enhances the neutron fraction that leaves in the direction of the subcritical 
assembly, side fraction.  It should be noted that the top neutron fraction is comparable to the side 
fraction, which calls for locating the target under the subcritical center to increase the chance for 
the neutrons leaving the top target surface for reaching the subcritical assembly.  All the results 
show that the use of high energy electrons in the range of 150 to 200 MeV is beneficial for 
improving the system performance.  The neutron spectrum from the target was analyzed to 
quantify the high energy component as a function of the electron energy.  The calculated neutron 
spectra are shown in Figure 6.  The peak value of the neutron spectrum is above 1 MeV similar to 
the fission spectrum.  The high energy component of the spectrum is not sensitive to the electron 
energy and its magnitude is very small as shown in Figure 6. 
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The target length in the previous analyses is 0.10 m to insure an adequate target material for 
stopping the electron beam and generating gamma rays.  However, extra target material will 
interact with the generated neutrons that leave the target bottom surface.  A study was performed 
to define the required target length.  Figure 7 shows the generated number of neutrons per 
electron as a function of the tungsten target length.  The number of neutrons per electron 
increases as the target length increases to reach a maximum value at about 0.069 m.  Extra 
tungsten target length acts as a neutron absorber, which reduces the neutron yield.  The neutron 
loss rate is very small because the neutron fraction leaving the bottom surface is only about 0.07.  
The balance of the generated neutrons is not sensitive to the extra tungsten target length.  
Uranium target has a different performance with respect to the target length because of the fission 
reactions caused by the generated neutrons as shown in Figure 8.  In the first part of the target 
length, most of the neutrons are generated from the electron and neutron interactions.  As the 
electron beam vanishes inside the target material, the fission reactions caused by the bottom 
neutron fraction slightly increase the neutron yield as shown in Figure 8.  Therefore, a 0.08-m 
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target length is utilized for the uranium target to get these extra fission interactions to occur in the 
fuel material of the subcritical assembly. 
 
Heat transfer and thermal-hydraulics parametric studies were performed to define the target 
mechanical configuration, the size of the water coolant channels, and the temperature distribution 
in the target materials.  A 100 KW electron beam with a 2-KW/cm2uniform beam power density, 
a 7-m/s water coolant velocity, and a 4-atm coolant pressure are used for the studies.  The target 
material has a cylindrical geometry and its axis coincide with beam tube axis.  The water coolant 
flow direction is perpendicular to the target axis.  This arrangement results in a stack of disks 
forming the target design.  The water coolant channels between the target disks have a constant 
thickness of 1.75 mm based on a maximum water temperature increase of less than 5 °C.  Each 
target disk is cooled from both sides to minimize its thermal deformation.  The water coolant 
channels are connected in parallel to the input and output manifolds.  The parametric study 
defined the thickness of the different target disks assuming a maximum surface temperature of 80 
or 100 °C for the electron energy of 150 and 200 MeV.  These temperatures were selected to 
provide a margin of 65 or 45 °C away from boiling temperature.  Then the studies were iterated 
to define the disk thicknesses that can operate with electron energy of 150 and 200 MeV for a 
maximum surface temperature of less than 80 °C.  Table 1 shows the disk thicknesses for 
tungsten and uranium target materials.  A clad material is utilized for the uranium disks to avoid 
water coolant contamination with fission products.  Figure 9 shows an exploded view of the 
tungsten target disks and the configuration for the coolant manifolds. 
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function of the tungsten target length 

Figure 8.  Number of neutrons per electron as a 
function of the uranium target length 

 
 

Table 1.  Disk thicknesses for tungsten and uranium target materials 
Target 

Material Disk Thickness, mm 

Tungsten 4.5 3.0 3.5 5.0 8.0 20.0 25.0 --- 

Uranium 4.2 3.0 3.0 4.2 6.0 12.0 24.0 24.0 
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Figure 9.  Exploded view of the tungsten target
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3. Subcritical Assembly 
 
The subcritical assembly is configured to maximize the neutron flux and the utilization of the 
generated neutrons.  Research reactor fuel assemblies with water coolant are used for the 
subcritical assembly.  The electron beam axis is aligned with the centerline of the subcritical 
assembly to deliver the generated neutrons uniformly around the critical assembly centerline.  
The neutron source current from the electron beam window is much higher than the neutron 
current from the bottom target surface.  This leads to locate the target midplane under the 
geometrical center of the subcritical assembly to utilize the neutron current from the electron 
beam window as much as possible.  Kiev research reactor fuel design (WWR-M2 type fuel) is 
utilized for the subcritical assembly.  The fuel material is uranium oxide in aluminum matrix with 
aluminum clad.  The target disks are configured in hexagonal canister to match the fuel geometry.  
The active fuel length is 0.5 m.  Beryllium reflector is utilized to minimize the number of fuel 
assemblies, which increases the flux level.  An isometric view of the subcritical assembly is 
shown in Figure 10. 
 
A three dimensional model for the subcritical assembly including the target was developed for 
MCNPX analyses.  The target and fuel designs are modeled explicitly without any approximation 
or homogenization to get an accurate prediction for the subcritical performance.  Figure 11 shows 
a horizontal cross section of the subcritical assembly calculational model with 24 fuel assemblies 
through the tungsten target material.  MCNPX computer code with continuous energy data 
libraries and S(α,β) thermal data was used for the analyses.  Several configurations with different 
number of fuel assemblies and uranium enrichment were analyzed to define the subcritical 
assembly reactivity and flux levels.  Table 2 shows a sample of the obtained results with Kiev 
research reactor fuel design. 
 
The subcritical assembly requires 24 to 26 LEU fuel assemblies to operate with Keff in the range 
of 0.96 to 0.98.  Such number of fuel assembly produces about two fuel rings around the target.  
The use of HEU requires 17 fuel assemblies to operate with Keff of 0.98.  Such small number of 
fuel assemblies limits the subcritical assembly flexibility to study different geometrical 
configurations.  Also, the worth of the HEU fuel assembly is about 1.5 times the LEU, which 
constraints the ability to compensate for small reactivity losses from experimental hardware. 
 
 

Table 2.  Key neutronics parameters of the subcritical assembly 
Fuel Enrichment LEU LEU LEU LEU HEU 

Number of fuel Assemblies 24 27 30 26 17 

Keff 0.9612 0.9913 1.0216 0.9810 0.9811 

Neutron Flux, n/cm2s  

Total 7.648 1012 1.978 1013 - 1.288 1013 1.463 1013 

E < 0.1 MeV 4.673 1012 1.213 1013 - 7.860 1012 8.711 1012 

E = 0.1 to 20 MeV 2.975 1012 7.647 1012 - 5.018 1012 5.921 1012 

E > 20 MeV 6.197 1008 7.621 1008 - 5.468 1008 6.557 1008 
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The average flux values were calculated over the fuel core length in the beryllium channels next 
to the target, the two red channels in figure 11.  These two channels provide good neutron 
environment for material irradiation and experimental measurements.  The neutron flux has a 
good fraction of fast neutrons as shown in Table 2.  The beryllium in these channels can be 
replaced with water for enhancing the thermal neutron flux.  Also, the results of Table 2 show 
that the LEU fuel produces about the same flux level as of the HEU.  Design analyses are 
underway to enhance further the subcritical assembly performance by utilizing electron beam 
with uranium target, deuteron beam with beryllium target, different fuel design, and different 
reflector materials. 
 
 

4. Conclusions 
 
The conceptual design activity has developed an accelerator-driven subcritical assembly with 
100 KW electron beam.  The target design analyses defined the electron beam parameters and the 
target performance.  Tungsten and uranium are the target materials under consideration for the 
electron beam.  Electron energy in the range of 150 to 200 MeV provides an optimum 
performance for this application.  A low pressure water coolant is used for the target and the 
subcritical assembly, which facilitates the system design and satisfies its functions.  A beam 
power density of 2 KW/cm2 is selected based on the target analyses to satisfy the engineering 
requirements and to minimize the target cross section area.  The target material length is 69 and 
80 mm for tungsten and uranium, respectively. 
 
A three dimensional geometrical model was developed for the subcritical assembly including the 
target design to carry out the analyses and define its performance.  LEU and HEU fuels have 
been utilized to compare the obtained performance.  Kiev research reactor fuel design is 
employed for the subcritical assembly.  The analyses defined the required number of fuel 
assembly to achieve Keff in the range of 0.96 to 0.98.  The LEU subcritical assembly utilizes more 
fuel assemblies, which provides more experimental flexibility relative to HEU.  Also, the 
obtained neutron flux levels from LEU and HEU are comparable.  This shows the possibility of 
using LEU fuel instead of HEU without penalizing the subcritical performance.  Further activities 
are underway to analyze the use of the electron beam with uranium target, deuteron beam with 
beryllium target, different fuel design, and different reflector materials; and to complete the 
conceptual design. 
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Figure 10.  Subcritical assembly isometric view 
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Figure 11.  Horizontal cross section of the subcritical assembly calculational model 
with 24 fuel assemblies through the target material 
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ABSTRACT 
 

Pakistan Research Reactor (PARR-1) went critical in 1965 with HEU fuel. The reactor core was 
converted to LEU fuel with power upgradation from 5 MW to 10 MW in 1992. The reactor has 
been operated with LEU fuel for about 10,000 hours and has produced about 66,000 MWh energy 
up to now. Average burn up of the irradiated fuel is about 42 %. The fuel performance during the 
last 12 years has been excellent. Post irradiation visual inspection of the fuel has revealed no 
abnormality. During operation there have been no signs of releases in the pool water establishing 
the full integrity of this fuel. The reactor has been mainly utilized for radioisotope production, 
beam tube experiments including neutron diffraction studies, neutron radiography etc. Studies 
have been completed to operate the reactor with a mixed core (HEU + LEU) to utilize the less 
burned HEU fuel elements. A major project of production of fission Moly using PARR-1 is in the 
final stages.  
 
 

1. Introduction 
 
PARR-1, a swimming pool, MTR type reactor attained full power of 5 MW on June 22, 1966 
with 93 % Highly Enriched Uranium (HEU) fuel. The reactor is cooled and moderated by light 
water. Light water and graphite act as the reflector. Since its commissioning, PARR-1 has been 
mainly utilized for studies in solid state physics and neutron diffraction, nuclear structures, 
fission physics, neutron activation analysis (NAA), radioisotope production and training of 
scientists, engineers and technicians. The reactor was operated with HEU fuel for about 30,000 
hours and produced about 93,000 MWh energy.  
 
The reactor was shut down in 1990 for core conversion to commercially available LEU fuel. 
During the process of core conversion the reactor power was also upgraded to 10 MW to meet 
the demand of higher neutron flux and to compensate the penalty in neutron flux due to 
conversion from HEU to LEU fuel. Most of the reactor systems including primary and secondary 
heat transport systems were renovated and several additional systems were installed. IAEA also 
provided technical assistance for the completion of this project. PARR-1 went critical with <20% 
LEU fuel on October 31, 1991 and attained the upgraded power level of 9 MW on May 7, 1992. 
The reactor power was raised to 10 MW in 1998 after enhancing the primary flow rate. 
 
2. Performance of LEU fuel 
 
The reactor has been operated with LEU fuel for about 10,000 hours and has produced about 
66,000 MWh energy up to now. Average burn up of the irradiated fuel is about 42 %. The fuel 
performance during the last 12 years has been excellent. Post irradiation visual inspection of the 
fuel has revealed no abnormality. During operation there have been no signs of releases in the 



pool water establishing the full integrity of this fuel. The LEU equilibrium core consists of 29 
standard fuel elements and 5 control fuel elements. The core configuration is shown in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Reactor utilization 
 
The reactor has been mainly utilized for radioisotope production, beam tube experiments 
including neutron diffraction studies, neutron radiography, neutron activation analysis and 
training of scientists, engineers and technicians etc. During the year 2003-2004, 96.73 Ci 
radioisotope was produced. The major component of radioisotope produced was of 131I which 
was supplied to 13 medical centres in the country. Other recipients of the radioisotope are 
various universities and research organizations in the country.  
 
4. Mixed fuel core (LEU + HEU) 
 
When the core was converted from HEU to LEU, many of the spent HEU elements had not 
reached their design maximum burn up (30%). Burn up of some elements was as low as ranging 
from 4 to 21%. In order to save money on the purchase of costly fresh LEU fuel elements, it is 
being considered to use some of the less burnt HEU spent fuel elements along with the present 
LEU fuel elements. A study was carried out of a proposed mixed core (Fig. 2). Neutronic [1] and 
steady state thermal hydraulic [2] analyses of this core have been carried out. Computer codes 
(WIMSD-4, CITATION, PARET) and standard correlations have been employed to calculate 
different parameters. The results of these analyses are shown in Tables 1 and 2.  

F E D C B A  

      1 

FC WB GR FC GR GR 2 

GR GR GR GR GR GR 3 

SFE SFE SFE WB SFE SFE 4 

SFE SFE CFE SFE SFE SFE 5 

SFE SFE SFE SFE CFE SFE 6 

SFE CFE SFE WB SFE SFE 7 

SFE SFE SFE SFE CFE SFE 8 

SFE SFE CFE SFE SFE SFE 9 

Thermal Column  

 
Fig. 1  Equilibrium LEU core configuration 
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Fig. 2  Mixed LEU+HEU core configuration 
 
 LS Standard fuel element (LEU) 
 LC Control fuel element (LEU) 
 HS Standard fuel element (HEU) 
 HC Control fuel element (HEU) 
 WB Water box 
 FC Fission chamber 

GR Graphite reflector element



The results were compared with the calculated/measured data for an operational LEU core. The 
reactivity worth of control rods and the average power density in the fuel regions for mixed core 
is slightly on higher side while the total power peaking factor for mixed fuel core is about 6% 
higher. Steady state thermal hydraulic results show that mixed fuel core can be operated at 9.8 
MW without compromising on reactor safety. The core will have sufficient margins against 
onset of nucleate boiling, onset of flow instability and departure from nucleate boiling.  
 
 

Table 1  Neutronic Parameters for the Proposed PARR-1 Mixed Fuel Core 
 

Condition Core excess reactivity (pcm) 
  

CZP (BOL) 5659 
HFP (BOL) 2353 

5-FPD 1979 
10-FPD 1642 
15-FPD 1299 
20-FPD 955 
25-FPD 617 
30-FPD 278 

  

Condition Control rod inserted 

  
CZP-BOL ~30.0 cm (50.0%) 
HFP-BOL ~17.0 cm (28.3%) 

  

Condition Power peaking factors for critical conditions 

 Axial Radial Total 
    

CZP-BOL  1.529 2.089 3.193 
HFP-BOL 1.408 2.183 3.073 

  
Control rod location Control rod worth for CZP-BOL critical condition (pcm) 

  
D5 -3169 
B6 -2731 
E7 -3221 
B8 -1785 
D9 -15527 

Sum of all rods worth -12433 
Integrated worth -13103 

 
 



Table 2  Steady-State Thermal Hydraulics 
 

 
LEU 
equilibrium 
Core 

Proposed 
Mixed Fuel 
Core 

Operating Power (MW) 10 9.8 
Overpower trip level (MW)  11.5 11.27 
Total flow rate (m3/h)  950 950 
Maximum coolant velocity (m/s)  2.46 2.40 
Critical velocity (m/s)  10.5 10.5 
Power peaking factors: 
- Axial  
- Radial  
- Engineering  
- Total  

 
1.303 
2.228 
1.584 
4.598 

 
1.408 
2.183 
1.584 
4.868 

Steady-state temperatures (°C): 
- Coolant temperature rise across  
  . Average channel  
  . Hot channel  
  .  Core (including bypass flow)  
- Peak clad surface temperature   
- Peak centerline temperature                 

 
 
9.4 
33.6 
8.5 
102.47 
104.64 

 
 
9.15 
31.47 
8.26 
108.94 
111.52 

 
Average heat flux (W/cm2)  
Peak heat flux (W/cm2)  

 
18.1 
83.4 

 
18.87 
91.86 

Onset of nucleate boiling (ONB) 
- Average heat flux (W/cm2)  
- Peak heat flux (W/cm2)  
- Location of ONB from top(cm)  
- Peak temperatures (°C):  
  . Fuel centerline  
  . Clad surface  
  . Coolant exit  
Onset of Flow Instability (OFI): 
- Peak heat flux (W/cm2)  
  . Forgan  
  .CEA                                                  

 
 
25.52 
117.34 
44 
 
128.5 
125.5 
85.4 
 
 
138 
170 

 
 
24.0 
116.9 
44 
 
129.2 
125.9 
79.9 
 
 
144 
174 

Departure from Nucleate Boiling (DNB) 
- Critical heat flux (W/cm2) 
  . Labunstov   
  . Mirshak  

 
 
 
326 
257 

 
 
 
321.9 
253.9 

 
 
 

 
 
 

 
 
 



Safety margins: 
- Margin to ONB  
- Margin to OFI 
 .Forgan                                               
 .CEA                                                  
- Margin to DNB 
 . Labuntsov  
 . Mirshak  

 
1.4 
 
1.6 
2.0 
 
3.9 
3.1 

 
1.3 
 
1.6 
1.9 
 
3.5 
2.8 

 
 
5. Production of Fission Molybdenum-99 for preparation of Tc-99m generators 
 
99mTc is a short-lived (T1/2 = 6 h) daughter product of the parent Molybdenum-99 (T 1/2 = 66 h), 
which is mainly produced by the nuclear fission of uranium-235 (235U). Small amounts of 99Mo 
are also produced by the neutron activation method. The current applications of 99Mo → 99mTc 
generators in oncology, cardiology and other fields almost completely depend on the fission 
production of 99Mo.  
 
More than 20 99mTc generators loaded with fission Molybdenum-99 are being consumed weekly 
in different nuclear medical centers and hospitals in Pakistan. IAEA has already provided 99Mo 
loading facility to PINSTECH under their Technical Cooperation Programme, in which 99mTc 
generators (PAKGEN) conforming to the international standards are being manufactured and 
supplied to various nuclear medical centers. However, fission Molybdenum-99 loaded in these 
generators is being imported from South Africa. To overcome the problems associated with 
import of fission 99Mo such as hard currency, increasing price of 99Mo, import policies, delay 
and changes in supply schedules, etc. the indigenous production of fission 99Mo in the country 
has been proposed. The Planning Commission of Pakistan has recently approved a project 
“Production of Molybdenum-99 for Medical Use” at PINSTECH, Islamabad. A time frame of 2 
years is specified for the completion of the project. For transfer of technology, a formal 
agreement between PAEC and German firm Hans Waelishchmiller GmbH, BT Dresden 
Germany has been accomplished. Most of the equipment will be imported. The plant will be 
capable of producing sufficient amount of Molybdenum-99 for domestic utilization as well as for 
export. The proposed facility will have the capacity to produce 500 Curies of Molybdenum-99 
per batch.  
 
The facility will be installed in laboratories near PARR-1 which will allow a safe transfer of 
irradiated U-235 targets to processing hot cells. A total area of about 320 m2 will be used. The 
processing facility will be installed in the main hall (17.9m x 10.5m), while adjacent laboratories 
will be used as health physics post, target preparation, storage, quality control, interim storage of 
waste, etc. 
 
The building/laboratories will be renovated/constructed and fitted with special ventilation and 
exhaust systems required for radiation work as per recommendations of IAEA. The 
Molybdenum-99 separation process will be installed in 3 hot cells which will be equipped with 
master slave manipulators, lead glass windows and stainless steel lining. These will also be 
equipped with waste outlet devices at the bottom of the cells, gas inlets and conveyer system for 



transfer of materials. The exhaust of all the cells will be connected through a radioiodine filter as 
well as particle filter before being fed to the general ventilation system. For the irradiation of 
uranium-235 in reactor, the target has been designed and fabricated in the same manner as fuel 
for nuclear reactors. Self-propelled shielded containers for irradiated targets would be designed 
for radiation safety reasons. Rigorous quality control procedures will be adopted to monitor the 
purity of Molybdenum-99 for its use in nuclear medicine. Radioactive wastes generated during 
the separation of fission Molybdenum-99 from neutron-irradiated uranium will be treated and 
disposed off in environmentally acceptable ways. 
 
For PARR-1 with a flux of 1x1014 n/cm2-sec, the yield of 99Mo per gram U-235 is shown in the 
following table against the irradiation time[3]: 
 

        Irradiation Time  99Mo Yield 
 
   8   hr  19.40   Ci 
 12   hr  28.51   Ci 
 16   hr  37.24   Ci 
 20   hr  45.62   Ci 
 24   hr  53.65   Ci 
 48   hr  95.35   Ci 
 168 hr  199.57 Ci 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3  Target holder for U-235 irradiation at PARR-1 Fig. 4   U-235 target plate 
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Abstract. Monolithic fuels are the most promising candidate for a next
generation of high-density research reactor fuels. If successfully developed,
the remaining HEU-fueled reactors in the world could presumably be con-
verted to low-enriched fuel — and the use of highly enriched uranium in
the civilian nuclear fuel cycle eventually terminated.

The most challenging type of reactors to convert are single element reactors
because their core geometry is generally the least flexible. This specific
reactor type is therefore the primary focus of this article. Based on new
computational tools and optimization methods, neutronics calculations
are presented to assess the potential of monolithic fuels for conversion of
high-flux reactors in general and of single element reactors in particular.
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Introduction

First reported in 2002, initial tests of so-called monolithic fuel revealed excellent irra-
diation behavior of this material up to very high burnup levels [Hofman and Meyer,
2002]. Additional irradiation experiments with monolithic fuel, which is characterized
by effective uranium densities of 16-17 g/cc, are currently underway, while a variety of
adequate fabrication techniques are being investigated in parallel [Clark et al., 2004].
Unfortunately, during the same period, serious problems with UMo-dispersion fuels
have surfaced. As has been previously reported [Hofman et al., 2004], [Lemoine et al.,
2004], porosity formation in the fuel leads to excessive swelling for elevated fission rates
and densities, which may ultimately complicate the qualification of this fuel.

For two reasons, these developments are particularly relevant for the conversion of high-
flux reactors: First, effective uranium densities achievable with UMo-dispersion fuels
may in some cases be insufficient to match the original performance of a previously
HEU-fueled facility. Here, monolithic fuel would be the only alternative to attain or
approach the LEU limit. Figure 1 compares effective U-235 densities achievable with
different fuel-types.

16.0 g/cc

• Uranium-235 fraction

• Uranium-238 fraction

UAIX/ U3O8 U3Si2 UMo Monolithic

Figure 1: Effective uranium densities in research reactor fuels.

Second, the use of UMo-dispersion may be precluded by the operational conditions
encountered in this reactor type anyway: high-flux reactors in general, and single el-
ement reactors in particular, are characterized by extremely high life-averaged fission
rates and very high maximum fission densities at end-of-life. While UMo-dispersion
fuels may display stable irradiation behavior in medium-flux reactors and be qualified
for these conditions, it is highly unlikely that these fuels will be usable in high-flux and
single element reactors.
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Neutronics calculations are therefore important to explore the potential of monolithic
fuel for single element reactor conversion. Below, a specially developed computational
system (M3O) and optimization procedure is used to re-optimize the core geometry
of a single element reactor for use with monolithic fuel and reduced enrichment. To
demonstrate the technique, the case of FRM-II is discussed as an example.

Computational System

Figure 2 illustrates the functional relationship of the individual codes that build the
computational system M3O (Matfiemataca-MCODE-MCNP-ORIGEN), which has been
developed and used to produce all results discussed below.

Figure 2: Computational system M30 for research reactor analysis.

At the basic level of the system, the Monte-Carlo neutron-transport code MCNP [Bries-
meister (ed.), 2000] and the point-depletion code ORIGEN2 [Croff, 1980/2002] perform
the actual neutronics calculations. The communication between both programs is co-
ordinated by the linkage program MCODE [Xu et a l , 2002]. Initial MCNP input decks
of complete three-dimensional models of arbitrary single element reactors are prepared
by numerous modules programmed in Mathematica. The latter is also used to evaluate
and visualize the results returned by MCNP and MCODE.

As a special feature and instead of having a regular and strictly rectangular structure
with burnup zones of equal size, a characteristic adaptive cell structure (ACS) is used for
all burnup calculations [Glaser et al., 2003]. The idea of such an adaptive cell structure
is to join smaller areas within the plate with expected similar burnup behavior in one
single burnup zone. Typically, between 10 and 25 burnup zones are defined using about
100 MCNP cells to describe the structure of each fuel plate. The basic MCNP model is
modified correspondingly and used for subsequent burnup calculations executed with
ORIGEN2 for all segments of the plate using spectrum-averaged and burnup-dependent
data determined with MCNP.
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Case Study FRM-II

The Forschungsreaktor Miinchen II (FRM-II) is a 20 MW single element reactor based
on a very compact core using involute-shaped fuel plates.1 FRM-II is chosen as the
reference system for analysis because it is the only research reactor worldwide that
uses highly enriched fuel with an effective uranium density of 3.0 g/cc (uranium-silicide
fuel). The reactor can therefore be considered the most difficult reactor to convert to
low-enriched fuel. For this reason, FRM-II also is a prime candidate to explore the
potential of monolithic fuel and to develop optimization methods for identification of
optimum options with reduced enrichment based on this fuel.

LEU in current core geometry

The most straightforward approach to use monolithic fuel in FRM-II would be to
simply replace the fully-enriched U3Si2 dispersion-type fuel with monolithic LEU fuel.2

Figure 3 shows the results of corresponding M3O burnup calculations.

20 30 40

Cycle length [days]

50 60

Figure 3: Cycle length achievable with monolithic LEU fuel in original FRM-II HEU geometry.

lrThe reactor has recently been renamed to Heinz Maier-Leibnitz Neutron Source.
2The inner section of the plate, in which the original uranium density was 3.0 g/cc, would now

contain fuel with an uranium density of 16 g/cc. In the outer section of the plate, a reduced effective
uranium density of 8 g/cc of same enrichment would be used. In practice, various strategies are
conceivable to lower the effective uranium-235 density in the fuel, which include both reduced meat
thickness and reduced enrichment.
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The cycle length for the LEU option is unacceptably low (about 2 days). As can be
inferred from the figure, the reason for this behavior is not due to the reactivity loss
rate, which is nearly equivalent to the original HEU design, but due to the low initial
reactivity of keB = 1.109 ± 0.005. Once the xenon equilibrium is reached, the core
reactivity has almost dropped to the pre-defined EOL criterion of keB = 1.07. For this
reason, strategies to increase the initial reactivity of the core are key when exploring
fuel with reduced enrichment in single element reactors that were originally designed
for HEU.

Design variables — Strategies to increase initial core reactivity

The following set of independent design variables x = (x1,... ,x9) is used to describe
the main characteristics of the FRM-II core.3 Due to the given constraints imposed
by the current reactor design, some of these variables will be assumed constant in the
considerations below.

X\ : Meat thickness x^ : Inner core radius X7 : Fuel enrichment
X2 : Cladding thickness X5 : Outer core radius x% : Transition radius
x3 : Coolant channel xe : Active core height x9 : Density ratio

Variation of the fuel plate and coolant channel dimensions {x\ through X3) are par-
ticularly relevant in the present context, because both affect the H/HM ratio in the
core. With monolithic fuel, the average neutron spectrum in the plate can be expected
to harden significantly, which is due to the substantial increase of the heavy metal
inventory in the core and requires re-optimization for reduced enrichment.

For obvious reasons, fuel enrichment X7 plays a unique role in the above set of design
variables: higher enrichment will always yield higher initial reactivity, but the lowest
possible value is preferred for nonproliferation reasons. Fuel enrichment is therefore
fixed prior to the following optimization process and the best reactor performance is
subsequently determined for a particular enrichment level.

The sensitivity of core reactivity to separate variables may be studied as a function of
enrichment to identify an initial model for further analysis. As an example, Figure 4
shows the initial keB of the core for the standard geometry as well as for an elongated
fuel element with an active height of 80 cm. Generic M3O burnup calculations suggest
that a minimum value of keB = 1.17 is needed for monolithic fuel to achieve the target
cycle length of 52 days in the FRM-II geometry. To meet this criterion, a minimum
enrichment of 32.5% is required for the original fuel element (70 cm) and of 26.0% for
an active core height of 80 cm.

3 Obviously, with adequate design-specific modifications, this or a similar set of variables can also
be used to describe any other single element reactor, too. The transition radius x8 and the density
ratio xg are FRM-II-specific variables to describe the graded uranium density in the plate.



The 26th International Meeting on RERTR, November 7—12, 2004, Vienna International Centre, Vienna, Austria

r

180 cm I

|70cm|

1.2

1.18

% 1.16

^ 1.14

1.12

1.1

20 22.5 25 27.5 30 32.5 35

Enrichment [wt°/o]

Figure 4: Initial reactivity of the FRM-II core as a function of enrichment using monolithic
fuel. Original core height and elongated version with 80 cm. Minimum initial kef, value to
achieve target cycle length is approx. 1.17 for given fuel type and core geometry. MCNP
4B/C calculations.

A detailed sensitivity analysis for all variable parameters goes beyond the scope of this
article.4 Instead, the two candidate options (from the figure) are used in the following
to demonstrate the effectiveness of further optimization. In the calculations for the
elongated fuel element, the power level of the reactor is increased by 10% to 22 MW
in order to reproduce the original average power density in the core, while enrichment
is set at 27.5% to account for a higher expected reactivity loss rate.5

Optimization of reduced enrichment options

The linear programming (LP) technique outlined in the Appendix is applied to improve
and optimize the initial models (see corresponding columns in Table I).6 The objective
of this process is both to satisfy a set of additional constraints and to maximize the
thermal neutron flux 0. Several core design parameters are pre-defined in the opti-
mization process: only the meat thickness x\, the width of the cooling channel x3, the

4For instance, equivalently to Figure 4, keB versus enrichment could be plotted for variable meat
thickness or coolant channel width.

5An increased power level may or may not be acceptable in the case of FRM-II.
6The use of this method for research reactor optimization has first been proposed in [Mo, 1991].
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transition radius x%, and the discontinuity factor xg are allowed to vary.7 According
to the terminology introduced in the Appendix, the linear programming problem can
be formulated as follows: Maximize the objective function represented by the thermal
neutron flux (j){x\,..., Xg) subject to the constraints:

Cycle length: C\{x\,... ,xg) > 52 days
Average power density: Ci{x\,... 7xg) < 1100 W/cm3

Average heat flux: C3(xi , . . . 7xg) < 200 W/cm2

Power peaking factor # 1 : C±{x\,... 7xg) < 2.0
Power peaking factor #2: Cs(xi,... ,xg) < 2.0

This set of constraints (Ci, . . . ,Cs) is a representative one and can be modified or
extended as needed. In the present case, the power peaking factors # 1 and #2 are
measured at the uranium-density transition and at the periphery of the fuel plate.

Using the initial core model to formulate the linear programming problem, the LP
algorithm yields a new model, whose main data and results are summarized in Table 1.
The code suggests increased coolant channel widths for both cases to soften the neutron
spectrum,8 while reducing the total number of fuel plates in the core. Table 1 also
includes results of a final MCNP simulation that verifies the data for the new model.9

In general, the predicted and verified data are in excellent agreement. Most importantly,
all constraints are now satisfied, particularly the power peaking in the plate, and the
neutron flux has increased further by several percent. Figure 5 shows thermal neutron
flux levels in the moderator tank for all design options.

Incidentally, Table 1 and Figure 5 also demonstrate the potential of monolithic fuel
for FRM-II conversion. Using monolithic fuel enriched to 32.5% in the original fuel
element geometry, implies a relatively modest loss in maximum thermal neutron flux
of 9.7% relative to the HEU design (7.3 versus 8.0 xlO14 n/cm2s). At a distance of 40 cm
from the core centerline, which corresponds to the central position of the cold neutron
source, the loss reduces to 8.2%. The second conversion option candidate envisions
modifications to the core geometry and to the power level of the reactor, but reduces
the relative performance loss even further: it amounts to 5.2% (7.6xlO14 n/cm2s) at
maximum and to 3.3% at the position of the cold neutron source, respectively.

7While the cladding thickness is assumed constant (0.38 mm), the minimum value of the meat
thickness is set at the original value of 0.60 mm to provide a minimum plate thickness and to guarantee
mechanical and thermohydraulical stability of the fuel plate. Similarly, inner and outer core radii (x^
and x§) are fixed at their respective original values.

8 More precisely, due to the high uranium density in the fuel, thermalized neutrons re-entering
the core from the moderator tank are mainly absorbed in the periphery of the plate. Wider coolant
channels increase the relative importance of the central zones of the core, which is preferable for overall
neutronics.

9In principle, the model of the first iteration could be used to set-up an execute a second iteration.
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Figure 5: Thermal neutron flux for various FRM-II core variants.

X3

xg

Plates

k(eff)

4>

c2

c3

c4
C5

FRM-II Monolithic 1

Enrichment: 32.5 wt%

Active core height: 70 cm; Power level: 20 MW

Start

0.60 mm

2.20 mm

10.56 cm

0.50

113

LP Solution Verification

0.62 mm

2.53 mm

10.48 cm

0.45

104

1.169 ± 0.001 || 1.173

7.15E14

52-54 days

1024 kW/cc

182 W/cm2

1.67

2.13

7.25E14

52 days

1024 kW/cc

200 W/cm2

1.68

2.00

1.172 ± 0.001

7.26E14

52-56 days

1024 kW/cc

200 W/cm2

1.66

1.99

FRM-II Monolithic 2

Enrichment: 27.5 wt%

Active core height: 80 cm; Power level: 22 MW

Start

0.60 mm

2.20 mm

10.56 cm

0.50

113

1.174 ± 0.001

7.56E14

52 days

985 kW/cc

175 W/cm2

1.73

2.08

LP Solution Verification

0.60 mm

2.70 mm

10.48 cm

0.49

100

1.182

7.57E14

52 days

985 kW/cc

200 W/cm2

1.67

2.00

1.180 ± 0.001

7.62E14

52 days

985kW/cc

200 W/cm2

1.66

1.99

Table 1: Basic results for two candidate core options with reduced enrichment using mono-
lithic fuel. Variable core parameters recommended by linear programming algorithm (LP
Solution). All neutronics calculations (Start and Verification) performed with M30.
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Conclusion and Outlook

If monolithic fuel could be successfully qualified, it would offer a tremendous potential
for the conversion of the remaining HEU-fueled research reactors worldwide. Nonethe-
less, conversion of high-flux reactors using HEU in very compact cores (single element
reactors) would still be a challenging undertaking. A few typical problems have been
identified and discussed in this article: these include, in particular, the requirement to
guarantee sufficient initial core reactivity to achieve satisfactory cycle lengths as well as
the requirement to address power peaking issues, which may result from the substantial
increase of heavy metal inventory in the core.

The FRM-II has been analyzed as an example since its conversion to low-enriched fuel
would be most difficult, even with monolithic fuel. Even though the primary focus of
this article is on methodology, not on particular numerical results, preliminary data sug-
gest that an enrichment level of not higher than 32.5% is sufficient for monolithic fuel in
the current FRM-II geometry. Enrichment levels of less than 28-30% would be feasible,
if certain core and reactor modifications were allowed. Simultaneously, such targeted
modifications could be used to further reduce the relative performance loss to very low
values compared to the original HEU design. Note that much higher enrichment levels
(about 50%) would be necessary to obtain similar results using UMo-dispersion fuels
in FRM-II, even if these fuels could be qualified for operational conditions encountered
in high-flux reactors.

Re-optimization of research reactors for use of low-enriched monolithic fuel does
strongly benefit from the availability of adequate optimization tools. The linear pro-
gramming technique, which is outlined in an appendix to this paper, is one approach
to address this problem. Such optimization strategies can be used both to guarantee
important operational constraints, which may be violated when moving from HEU
to high-density LEU fuel, and to re-optimize reactor performance for LEU fuel. The
formalism suggested in this article, in conjunction with a specially-designed computer
code environment to perform necessary neutronics calculations, may be the basis for
further developments in that direction.

This work has been partially supported by a research
grant from the German Federal Ministry of Education
and Research (BMBF).
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A P P E N D I X
Linear Programming Technique and

Research Reactor Optimization

The determination of adequate core parameters for a research reactor is a complex
optimization process that typically depends upon a number of design variables and
constraints. If this problem were a truly linear one, it could be formulated as follows:

maximize > c7-

subject to 2_]aij xj — h (i = 1,2,... ,m)
3=1

Here, one objective function of the independent variables x3- is maximized, while a set of
additional functions of x3- has to be satisfied simultaneously (constraints). Mathemati-
cally, this type of problem is addressed with the Linear Programming (LP) technique.
Typical LP problems are extremely underdetermined, i.e. there are much more inde-
pendent variables than there are equations (n 3> m). Such systems can be solved very
efficiently using the Simplex algorithm [Chvatal, 1983].

As with research reactor optimization, practical LP problems are, of course, seldom
truly linear. In these cases, the fundamental equations of the LP problem may be
linearized in the vicinity of an initial feasible point x° and a solution identified in an
iterative process [Reklaitis et al., 1983, Chapter 8].10 Application of this method has
been suggested and tested previously for research reactor performance optimization
[Mo, 1991]. Here, a modified version is developed and specially designed for single
element reactor analysis.

As usual, the maximum thermal neutron flux <p{x) is selected as the primary objec-
tive function to be maximized. As the functional dependency of <fi(x) from the design
variables is a priori unknown, the thermal neutron flux is linearized around an initial
point x°.

10It goes without saying that linearization methods have to be used with great caution and that the
analyst has to guarantee the validity of the linearized problem. Adequate safeguards, such as step-size
adjustment, may have to be taken. In general, there is no assurance that a true optimum is obtained
in the process.

10
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The partial derivatives of (f>(x) are estimated in MCNP simulations for small pertur-
bations (XJ — x®) of individual design variables with xj = (x®, x^,...,Xj,...,x^).

with <j>{&), 4>{x°) from MCNP
Jbj Jb •

Analogous to the linearized function approximating the thermal neutron flux, the con-
straints too are expanded into first-order Taylor series.

Uj [X) — Uj
. , dxi

The partial derivatives required to construct the linearized approximations of the con-
straint conditions fall into two categories: one subset can be directly derived from
explicit functions of the design variables. For instance, using the notation of the main
text for the design variables Xi and the constraints Ci: the average power density in
the core C2 and the average heat flux C3 are given by the following expressions.11

C2{x) = —2 2T a n d C3(x) »
7T X [X X%) 2%

2 2 T and C3(x) » ¥
7T X7 [XQ — X%) 2% X7 [XQ — X%)

For a second subset, such functions are unavailable. In those cases, MCNP-based per-
turbation calculations are performed to acquire appropriate numerical values in the
vicinity of the linearization point x°.

with dix^dix0) from MCNP
JL> A

The most challenging constraint to process is the cycle length G\. in order to execute
the LP process in a reasonable time, the objective is to estimate C1 without actually
performing burnup calculations for a given x. Only once a promising set of design vari-
ables has been identified, the cycle length is verified in a final M3O burnup calculation.

11To obtain the expression for the average heat flux C3, the upper limit of the number of fuel plates
as well as the surface area of the involute-shaped plates have to be calculated first. The expression is
an approximation, because an integer is ultimately chosen for the number of plates in the core.

11
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Figure 6: Typical reactivity loss during irradiation for a single element reactor.

As shown in Figure 6, the typical reactivity loss during irradiation is nearly linear
once the xenon equilibrium is reached after a few days. An estimate of the average
reactivity loss rate can therefore be used to obtain an approximation of the maximum
cycle length, which is achieved when the reactivity drops below ApBOL- In the following,
it is assumed that Ap/At is inversely proportional to the initial uranium-235 inventory
in the core.

Ap

At
a a > 0

The characteristic constant a, which scales the reactivity loss rate, can be determined
for the initial base design and is used during the iteration process. The initial U-235
inventory can be calculated directly from the set of design variables. Introducing the
unfueled radius e of the plate, the total U-235 inventory in the core is given by:

I(x) = TV pe
X\ X7

X\ -\- 2 X2
& A JC/\. C

End-of-life is reached when the core reactivity drops below a pre-defined value pEOL-
This margin is introduced to account for reactivity losses associated with experimental
and other reactor devices not modeled at this stage. Figure 6 illustrates the correspond-
ing reactivity balance.

12
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ApEOL = "
I(x) +

The achievable cycle length C\{x) = tEOL can therefore be approximated by:

Ci(x)
a

ApXe)

In practice, fixed values are used for xenon-poisoning and end-of-life reactivity reserve:
these are ApXe = 0.045 and ApBOL = 0.065 for the example discussed in the main
text. The partial derivatives for all C\{x) can be calculated based on the preceding
expression.

dd{x)

a

dl(x)
ApXe)

The partial derivatives of I(x) can be calculated directly from the definition, while the
sensitivity of the initial reactivity pini(x) has to be determined in MCNP simulations
using the perturbation method discussed above.

In practice, Mathematica generates all MCNP input decks for the perturbed models,
extracts the tally data from the MCNP output, determines the required partial deriva-
tives, and solves the linearized set of equations with an enhanced version of the Simplex
algorithm [Wolfram, 2001, implementation notes, Section A.9.4].
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ABSTRACT 

The new research reactor FRM-II of the Technische Universität München (TUM) has been 
designed to provide a maximal thermal neutron flux at mere 20 MW power. The single 
element design uses silicide fuel of densities 3.0 and 1.5 g/cm3 of highly enriched uranium 
(HEU, 93 % U-235). With the nuclear license, that was granted in May 2003, a condition 
was imposed to reduce the enrichment of FRM-II to medium enriched uranium (MEU) with 
not more than 50 % U-235 until the end of the year 2010. The TUM has established an in-
ternational working group to meet this target. This paper presents the backgrounds and the 
results and plannings for the first of three 2½ year periods to reach the conversion in time. 

1 FRM-II’s tour from first idea to full operation 

1.1 Design Phase 

The new research reactor FRM-II has been designed as a high performance neutron source. It is opti-
mised as a multi purpose reactor, primarily for beam tube experiments in fundamental research but 
also for various technical, medical and industrial applications. The general features of this novel de-
sign have been established already in the 80’s. A presentation of the actual core design was given early 
at RERTR 1988 [1]. Exactly that core design went into operation 16 years later1. 

The core should provide a thermal neutron flux as high as possible in a large volume outside the reac-
tor core to be accessible for the experiments at the moderate thermal power of 20MW. The total power 
was fixed to a rather low value for reasons of minimizing the radioactive inventory and the environ-
mental impact. These requirements have been met by the compact fuel element of FRM-II which uses 
silicide fuel of relatively high uranium densities (3.0 and 1.5 g/cm3) of highly enriched uranium (HEU, 
93 % U-235). 

1.2 Core design in shortness 

The compact core of the FRM-II consists of only one cylindrical fuel element (24.3 cm outer diameter, 
70 cm fuel zone height), which contains 113 fuel plates that are cooled by light water and placed in the 
center of a large heavy water moderator tank. The element contains 8.1 kg of HEU (with 93 % U-235) 
in the plates which each include uranium-silicide dispersion fuel (U3Si2/Al) between two Al cladding 
layers. These fuel plates are 1.36 mm thick and welded to the inner and outer core tubes; they have 
involute geometry to provide cooling channels of constant width (2.2 mm). Because of the extremely 
strong gradient of the thermal neutron flux between the highly absorbing fuel zone and the virtual 
absorptionless D2O moderator it is necessary to reduce the power density peaking effects at the outer 
edge of the fuel zone by grading the fuel density in each plate: the density of uranium is 3.0 g/cm3 
inside and only 1.5 g/cm3 outside of a “grading radius” rg = 10.56 cm. 

                                                      
1 What was not fixed at that time were the exact operational conditions. Thus minor core modifications have been 

added later mainly to increase safety margins, such as the doubling of the wall thickness of the Hf control rod 
from 5mm to 10mm or an accelarated water flow in the core.  
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 The unperturbed maximum of the thermal neutron flux in the D2O moderator is as high as 8.0 . 1014 
cm-2 . s-1 at 20 MW reactor power and for a reactor cycle length of at least 52 full power days. A hori-
zontal cut through the inner part of the moderator tank with the fuel element is shown in Fig. 1.  
 

 
Fig. 1. Perspectively view from above down into the core midplane; one can see the inner part of the 

moderator tank with the fuel element in the central position. The control rod (not shown) 
moves in the inner space of the fuel element. The 5 shutdown rods (AS-1 through AS-5) are 
shown in their shutdown positions. One further recognizes some of the 10 horizontal and 2 
inclined beam tubes as well as some vertical irradiation facilities. KQ indicates the cold 
source and HQ the hot source. 

As can be seen from Fig. 1, the fuel element is placed in the central core tube which separates the H2O 
cooling circuit from the D2O moderator. The control rod which also serves as one of the two fast shut-
down systems moves in the free inner space of the fuel element (not shown). The other of the two fast 
shutdown systems consists of 5 shutdown rods which are arranged in the D2O tank as close as possible 
to the core tube with a safety margin of 1 cm (closest distance). They are shown in Fig. 1 in their shut-
down position (at operation withdrawn). One further recognizes some of the 10 horizontal and 2 in-
clined beam tubes as well as some vertical irradiation facilities. 

1.3 Realisation / Operation 

The construction of the new neutron source began in 1996 adjacent to the old ‘atomic egg’. In spite of 
a delay of two years with the operation license due to a extensive review by the ‘Federal ministry of 
Environment and reactor safety’ the startup phase began in 2003 and on 2.3.2004 the first criticality 
was achieved. Full power of 20MW was reached for the first time in august 2004. 52 full power days – 
i.e. the time projected for one fuel cy cycle – was reached on 21.10.2004. The first fuel element had 
demonstrated that it provides a cycle length as already predicted as a minimum in the calculations 
some 16 years before. The start of routine operation of the FRM-II is scheduled for december 2004. 
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2 Reduced Enrichment for FRM-II 

2.1 General background 

At present many of the low or medium flux reactors and all of the high flux reactors in the world use 
HEU fuel. The International Nuclear Fuel Cycle Evaluation (INFCE) Conference of 59 States and 6 
International Organisations stated during the years 1978–1980 with respect to a conversion from HEU 
to LEU (low enriched uranium) that “… the agreed criteria are that safety margins and fuel reliability 
should not be lower than for the current design based on HEU and that neither any loss in reactor per-
formance, e.g. flux per unit power, nor any increase in operating costs should be more than marginal” 
[2]. It is widely understood that the term ‘marginal’ means about 5%. 

In cases where the discussion of nonproliferation has led to the conversion of a research reactor from 
HEU to LEU, the following principal has to be persued: to reach comparable criticality conditions 
when reducing enrichment by compensation with uranium density the fissible mass must be at least 
increased by a certain degree. The reason for this overcompensation of enrichment by density is the 
increased concentration of the isotope U-238, which acts as a “neutron poison”. The FRM-II fuel ele-
ment actually contains 7½ kg U-235 and ½ kg U-238. Would it contain 20% enriched U at the same 
U-235 mass the U-238 mass would be 38 kg. Nearby, that is why the production of plutonium by the 
U-238 isotope is drastically lower in the first case. 

2.2 Enrichment discussion for FRM-II / results in 80’ies and 90’ies 

Already in the 80’ies enrichment studies for a new FRM were performed by TUM. The maximum 
uranium density with the fuel U3Si2 was assumed to be not higher than 4.8 g/cm3. In comparison to a 
LEU variant the FRM-II HEU element achieved a maximum flux level that was 35% higher [3]. In 
1995/96, nearly one decade after the final TUM design of the element and at beginning of the con-
struction phase for FRM-II there were presented alternative designs for FRM-II by the RERTR group 
at Argonne [4]. It was shown that a conversion to LEU was impossible without severe geometry 
changes and an increase of the reactor power to 32 MW, even with unrealistic uranium metal densities 
of 19 g/cm3. 

2.3 New Initiative 

In 1998 the new “red-green”-Federal Government expressed its wish to take the FRM-II into operation 
with a fuel element with reduced enrichment – so far the scientific aims are met. Hearings with experts 
about the feasibility of the conversion have been organized by the Federal Ministry of Science and 
Education. In October 2001 an ‘Agreement between the Federal Republic 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. The compromise settled in this agreement is part of the final nuclear 
license – development of a new medium enriched (MEU, with not more than 50 % U-235) fuel ele-
ment until the end of the year 2010 [5]. It is understood that the conversion should neither reduce the 
reactor safety nor degrade the neutron flux and reactor cycle time more than marginal. 

2.4 Actual Schedule 

Already in November 2001 TUM had established an international working group to study the possibil-
ity of a new fuel with up to now not qualified densities and reduced enrichment. The group consisted 
of representatives of the TUM (FRM-II), the fuel element manufacturer CERCA and the constructor 
of FRM-II, Framatome-ANP (formerly Siemens-KWU). In its kick-off meeting in July 2003 the group 
declared to accept the technological challenge of the development of a fuel with densities in the order 
of 8 g/cm3 within the very short time limit of 7½ years.  

The project was broken down into three phases of 2½ years duration each: 

I. search for the fuel type, test irradiations 
II. further test irradiations, final decision on the fuel type and design of the fuel element 
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III. fabrication of the fuel element and licensing 

3 MEU Conversion FRM-II, Phase I 

In program phase I the high density fuel shall be chosen or at least done a preselection. This first 2½ 
years phase spreads from 7.2003 till 12.2005 and the following tasks are assigned to phase I: 

a) calculations for the high density fuel(s) for FRM-II geometry 
b) irradiations of MEU full size fuel plates 
c) participation in international research programs 

3.1 Calculations with UMo dispersion fuel, first results 

Any scenario to convert the FRM-II has to keep the reactor power constant at 20 MW. Without chang-
ing the whole D2O moderator tank with all its installations and its shutdown rods the core geometry 
must remain unchanged. This is necessary not only to avoid a complete new licensing procedure but 
also a reactor shutdown period of many years and costs of more than 150 million Euros as stated by a 
sharp estimation. 

For an enrichment of 50% an advanced fuel with high density is required when maintaining the di-
mensions of the HEU compact core fuel element of the FRM-II. The new uranium-molybdenum 
dispersion fuel (UMo-Al) presently under research worldwide promises realistic uranium densities of 
up to 8.0 g/cm3. TUM did actual neutronics calculations for this fuel with the same procedures that led 
to the HEU design of FRM-II (criticality, burn up …). The result was now that the density in the fuel 
must be at least 7.75 g/cm3 with an enrichment of 50% U-235. When taking into account other aspects 
like the less fortunate power density distribution with UMo, the minium density can hardly be below 
8.0 g/cm3. The core contains then 10.8 kg U-235 instead of 7.5 in the actual HEU case. The total U 
mass is 22 kg instead of 8 kg now. All efforts to flatten the power distribution will reduce criticality.  

One key point is the maximum of the fission density (FD) in the fuel. Because of the very inhomoge-
neous power and fission density in the plates maxima are reached only in very small areas of the plate. 
This is different from irradiation tests, where the plates are much more homogeneously irradiated. The 
relevant maximum of the value in FRM-II must be assigned to the inner part of the plate and possibly 
to the plate ends. The result of these preliminary calculations 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 
(see Fig. 2). Test irradiations have to show whether the new fuel withstands the mentioned fission 
densities. 

Still the thermal flux is depressed by about 8.0% when compared to the actual HEU fuel, i.e. the aim 
of only marginal consequences for the scientific use is not yet met.  

3.2 Irradiation Program 

For Phase I it was decided to plan an irradiation of four test plates of full size: For this, six plates are 
already produced by CERCA with UMo/Al dispersion fuel (8% wt. Mo) and wait to be irradiated.  

The uranium densities are 8.0 g/cm3 for 4 plates and 7 .0 g/cm3 for the two other plates. Two of the 8.0 
g/cm3 plates contain the additive of a possible considerable “diffusion blocker”. Those blockers are 
presently object of research and development worldwide. We used 2% of silicon additive in the Al 
matrix. Including a safety margin a FD of 2.3.1021 cm-3 shall be reached by the test irradiations. Ac-
cording to calculations of CEA this will be reached in a remarkable area of the plates within four cy-
cles of the MTR reactor OSIRIS at CEA-Saclay.  

In case any of the 8.0 g/cm3 plates will fail during the irradiation, it can be replaced by the two 7.0 
g/cm3 plates in the test facility. 
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Fig. 2. Calculated distribution of the fission density (FD) in a FRM-II fuel plate with UMo dispersive 

MEU fuel. The uranium density must be of 8.0 g/cm3 in the meat to achieve the same cycle 
length as with the current HEU element. 
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Great attention is given to the request to have similar conditions during the irradiations as close as 
possible to those in the future FRM-II core. Specifically the maximum temperatures in the meat should 
be comparable. To do so OSIRIS needs an extension of its irradiation license for heat flux values in 
the order of 280 to 300 W/cm2. The decision from the French safety authority is expected for March 
2005. The irradiation of the plates will start immediately after the authorization is granted. 

3.3 Cooperations in highest density fuel research 

The alternative of monolithic UMo fuel is presently under study at the US RERTR Program. One of 
the main challenges with this very high density fuel is the fabrication of full size plates. So far only 
two test irradiations of small mini-plates have been performed. 

CEA, CERCA and TUM agree in a ‘Memorandum of Understanding’ about their cooperation in feasi-
bility studies of the fabrication and the irradiation behavior of monolithic fuel plates of full scale. 
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Demand at reference date = 12 Ci 
Time elapsed during; 
 (i) Cooling of target and chemical separation of 99Mo  =  2 days 
 (ii) Preparation of 99mTc generators    = 2 days 
 (iii) Transportation of 99mTc generators   = 1 day 
 (iv) Arrival at hospital (early)     = 2 days 
 (v) Total time elapsed after irradiation   = 7 days 
Hence Reactor yield should be 70 Ci 
Considering chemical processing yield = ~ 73% 
The reactor yield should be 97 Ci. 
 
 

Table 3 Relationship between target material, irradiation time and 99Mo yield. 
 

235U (grams) Neutron Flux Irradiation Time 99Mo yield at E.O.I. 
1 1x1014 n cm-2 s-1 8 hour 19.4 Ci 
5 1x1014 n cm-2 s-1 8 hour 97.0 Ci 

3.4 1x1014 n cm-2 s-1 12 hour 97.0 Ci 
2.604 1x1014 n cm-2 s-1 16 hour 97.0 Ci 
2.126 1x1014 n cm-2 s-1 20 hour 97.0 Ci 
1.807 1x1014 n cm-2 s-1 24 hour 97.0 Ci 
1.017 1x1014 n cm-2 s-1 48 hour 97.0 Ci 

 
 
6. Results and Conclusions 
 
• PARR-1 has been safely operated with LEU fuel for about 12 years and the fuel has proved 

to be integral and safe. 
• To make use of the less burned HEU fuel which was in use before conversion to LEU fuel, a 

mixed LEU/HEU core is suggested and has been analyzed to be safe. 
• The reactor is currently being utilized for radioisotope production and beam tube 

experiments. 
• In view of country’s need and interest, a plan for construction of a facility for production of 

fission 99Mo is underway which will lead to more reactor utilization. 
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ABSTRACT 

 
 
The STAR-CD computer program for Computational Fuel Dynamics (CFD) has been applied to 
the Russian pin-type fuel assemblies proposed as low enriched uranium (LEU) replacements for 
the high enriched uranium (HEU) (36%) IRT-3M fuel assemblies currently used in the WWR-SM 
reactor in Uzbekistan.  For fuel assemblies containing twisted, finned pin-type fuel, STAR-CD 
was first used to model the single pin having the highest power density along with its associated 
coolant as an isolated unit cell.  Velocity, pressure, temperature, heat flux, etc. were calculated on 
a detailed spatial basis in the coolant, cladding, and fuel.  The model was then expanded to include 
multiple fuel pins; the computed motion of coolant from one portion of the assembly to another 
can reduce the peak temperatures below what one would compute using a single-pin model and, 
thus, change conclusions regarding the margin to onset of nucleate boiling.  STAR-CD has also 
been applied to the IRT-3M tube-type fuel assemblies in the current HEU core. 
 

 

1. Introduction 
 
Computational Fluid Dynamics (CFD) refers to the numerical solution, by computational means, 
of the governing equations for fluid flow, including the equations for the conservation of mass, 
momentum, and energy plus other subsidiary equations (e.g., state).  The solutions are used to 
investigate complicated or extensive physical situations for which experiment measurements are 
difficult.  The solution techniques and the situations analyzed have become more complex as 
digital computers have continued their advancement in memory and speed.  There are many 
commercial computer programs applicable to CFD, for example, FLUENT, CFX, FLOW-3D, 
and STAR-CD.   
 
The present paper uses one such CFD computer program, STAR-CD, to analyze the fluid flow 
and heat transfer aspects of several fuel assembly designs being considered as low enriched 
uranium (LEU) replacements for the high enriched uranium (HEU) (36%) IRT-3M fuel 
assemblies currently used in the WWR-SM reactor in Uzbekistan.  There is also a preliminary 
application of the code to the tube-type fuel assemblies currently in the reactor.  A goal of this 
type of analysis is a reliable estimate of the margin to onset of nucleate boiling. 
 

2. STAR-CD Computer Program 
 
The STAR-CD computer program [1] has been developed by CD adapco Group of 
Computational Dynamics Limited.  The name of the computer program is an acronym for 
simulation of turbulent flow in arbitrary regions developed by Computational Dynamics Limited.  
Rather than being specific to one reactor type or one fuel design, the geometry is general and 



multidimensional.  There are capabilities for semiautomatic meshing and interfacing with 
computer-aided drawing programs.   
 
Phenomena included in the computer program are incompressible and compressible fluids, 
turbulence (multiple models), heat transfer (e.g., conduction, convection, and radiation), mass 
transfer, and chemical reactions.  Arbitrary shape solids may be embedded in the flow field, 
interacting via both heat and momentum transfer mechanisms.  The solids can move, including 
reciprocating and rotational components. 
 
The primary interaction between the user and the computer program is in the form of a graphical 
user interface (GUI).  The same GUI is used for both input preparation and for results review. 
 
The computer program will run serially on a single computer and in parallel on a cluster of 
computers.  The parallel aspects of the computer program allow larger problems to be solved in a 
shorter time than would be possible using only a single computer. 
 

3. Application to IRT-MR Fuel Assemblies 
 
An LEU fuel assembly (FA) design 
being considered for conversion of the 
WWR-SM research reactor in 
Uzbekistan consists of 176 fuel 
elements (or “pins”), placed in a 15 by 
15 pin matrix with the central 7 by 7 
pins removed, as illustrated on the left 
side of  Figure 1 [2]; the pins in the 
four outer corners do not contain fuel; 
there are both outer and inner shroud 
tubes for the fuel assembly.  An 
individual fuel element is square, has a 
fin on each corner, and is twisted, as 
shown on the right side of Figure 1.  
The combination of the fins and the 
fuel element twisting provides pin to 
pin separation.  Others (e.g., Reference 
[2]) have provided studies of number 
of fuel assemblies, size of fuel meat, 
thickness of cladding, etc. versus 
power level and various safety criteria. 
 
A particular design of this fuel element has been chosen for study using STAR-CD.  The U-
9%Mo dispersion fuel meat has a square cross section, 1.75 mm by 1.75 mm, and an active 
length of 600 mm.  The Al cladding is 0.4 mm thick and the fins are 0.4 mm thick.  The fin tip to 
fin tip distance is 4.5 mm.  The fuel element pitch is 4.547 mm.  The fuel element twists 
90 degrees for every 100 mm of height.   
 

Figure 1.  IRT-MR Pin-Type Fuel Assembly and Fuel Element 
Detail (In top row, the pins are numbered FE-184 through FE-
198 from left to right.) 



The power generation distribution was obtained from MCNP calculations [3] for cores 
containing 18 and 20 fuel assemblies generating a power of 9.4 MW in the fuel meat; there is 
another 0.6 MW assumed to be generated in the reflector and structure, for a total nominal power 
of 10 MW.  The peak power density is 3.63 GW/m3 in the 18 FA core and 3.11 GW/m3 in the 20 
FA core; for both cores, the peak power density occurs in pin FE-185, which is adjacent to the 
outer fuel assembly wall and adjacent to the corner pin position (where there is no fuel); it occurs 
at a height of 220 mm above the bottom of the fuel meat.  The pins along this wall (i.e., the top 
row of Figure 1) have the highest power levels in the fuel assembly (ranging from 5.12 kW to 
4.46 kW in the 18 FA core and from 4.47 to 4.00 kW in the 20 FA core), due to there being a 
beryllium reflector just outside of this fuel assembly wall.  
 
Several calculations have been performed using STAR-CD for this fuel assembly, both for 
isolated fuel elements and for collections of fuel elements.   
 
The nodings at several axial levels are shown in Figure 2.  The fuel meat is divided into 8 cells in 
each direction, or 64 cells per axial level.  The cladding is divided into 8 by 2 cells per flat side 
plus 3 cells in the corner, or 76 cells per axial level.  Each fin is divided into 4 by 2 cells, or 32 
cells per axial level.  The inner coolant between adjacent fins is divided into 8 by 4 cells, or 128 
cells per axial level.  The outer coolant between the circle scribed by the fin tips and the edges of 
the unit cell is divided into 20 by 3 cells per quadrant, or 240 cells per axial level.  The vertices 
of the inner and outer coolant are allowed to be noncoincidental across the circle scribed by the 
fin tips.  The total number of cells per axial level is 540.  The fuel, cladding, and inner coolant 
cells twist 90 degrees for every 100 mm of axial distance; the outer coolant cells remain fixed; 
this is illustrated in Figure 2.  The mesh spacing in the axial direction is 1 mm in order to 
accommodate the twisting of the inner cells.   
 

 
The coolant velocity (3.31 m/s, corresponding to 27.9 m3/h per fuel assembly), temperature 
(318 K), and pressure (0.128 MPa) are specified at the inlet, which is the top of the fuel meat in 
these calculations.  If the fuel element is adjacent to the fuel assembly shroud, then that part of 
the unit cell boundary is treated as a zero-slip wall; otherwise, the sides of the unit cell are 
symmetry boundary conditions.  The interface between the coolant and the cladding is also a 
zero-slip wall.  Calculations were performed using the k-ε turbulence model for high Reynolds 
number. 
 

Figure 2.  STAR-CD Noding for Pin-Type Fuel Element and Associated Coolant at 0 (left), 25 mm (center), 
and 50 mm (right) Above Bottom of Fuel Meat



An item of interest from these calculations is the margin to the onset of nucleate boiling (ONB).  
This condition is sometimes viewed as the “safety coefficient”, SC, defined as 
 SC = (TONB – Tin) / (TFE,surf – Tin) 
where TONB is the temperature for the onset of nucleate boiling, TFE,surf is the surface temperature 
of the fuel element, and Tin is the temperature at the fuel assembly inlet.  There are several 
correlations for TONB.  The present work uses one attributed to Forster-Greif [4], given by 
 TONB = Tsat + 2.04 q0.35 / P0.25 
where Tsat is the saturation temperature [K] at the local pressure, q is the local heat flux [kW/m2], 
and P is the local coolant pressure [bar].  The constants in the Forster-Greif correlation are 
partially connected with the units being used for the variables in the correlation.  Temperature 
may be either [K] or [°C] if used consistently in all equations.  A design constraint currently 
requires SC greater than 1.4. 
 
STAR-CD does not have the capability to compute internally the margin to the onset of nucleate 
boiling.  Instead, after a case is complete, the pressure, cladding surface temperature, and the 
heat flux distributions are exported from STAR-CD to an external program, which then 
calculates SC as a function of position.   
 

4. Results for Single Pin Analysis  
 
Calculations were initially performed for the highest power pin on an isolated basis.  Figures 3 
and 4 show the values for SC as a function of axial position for the 18 and 20 FA cores, 
respectively, where 0 is the bottom of the fuel meat.  Since the value of SC varies around the 
circumference of the fuel element at each axial level, two values for each axial level are shown in 
these figures corresponding to the maximum and minimum.  An example of this variation at one 
axial level is shown in Figure 5; the value of SC is a minimum at the center of the flat portion of 
the cladding (i.e., where the heat flux is maximum) and increases as you move toward the ends 
of the fins (i.e., where the heat flux is minimum).  On an axial basis, the value of SC is a 
maximum at the top of the fuel meat; decreases as one moves down the fuel meat, has a 
minimum at about 28% of the meat height (i.e., somewhat below the peak power density 
location), and then increases slightly as you move toward the bottom of the meat.  The minimum 
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Figure 3.  Minimum and Maximum ONB 
Margin versus Axial Position for Isolated 
Peak Power Pin in 18 FA Core 

Figure 4.  Minimum and Maximum ONB 
Margin versus Axial Position for Isolated 
Peak Power Pin in 20 FA Core 



value of SC based on the isolated peak power pin analysis is 1.375 for the 18 FA core and is 
1.551 for the 20 FA core at nominal power.  
 
Calculations were performed for a range of powers about these nominal powers.  The results for 
SCmin are shown in Figure 6.  These calculations indicate that the maximum power level in the 
18 FA core needs to be reduced to 9.8 MW in order to satisfy the SC>1.4 criterion.  On the other 
hand, the 20 FA core satisfies the SC>1.4 criterion for a power level up to 11.3 MW.   
 

5. Results for Multiple Pin Analysis 
 
In most respects, performing the ONB studies using the pin with the peak power density should 
provide a conservative result, since ignoring the coolant mixing that does occur in the fuel 
assembly leads to higher temperatures.  The CFD tools and computer clusters allow the analysis 
to be expanded to consider more than just a single fuel pin.  Such multiple pin calculations have 
been performed for the pins with a fuel meat cross section of 1.75x1.75 mm2.  In particular, an 
additional calculation has been performed considering the upper two complete rows of fuel pins 
in the left side of Figure 1 (i.e. 15x2 pins); this region includes the 28 highest power pins in the 
fuel assembly plus two non-fueled corner pins.  The temperature distribution calculated at the 
bottom of the fuel meat for the 18 FA core is shown in Figure 7.  The pins in the row closest to 
the outer shroud are hotter than the pins in the next row inward.  Within each row, the pins on the 
left are hotter than the pins on the right.  Both of these two patterns match the expectations from 
the power distribution.  Figure 8 shows a close-up view of the three highest power pins from the 
multiple pin calculation.  For comparison, Figure 9 shows the temperature distribution calculated 
at the bottom of the fuel meat when each of these pins is analyzed as a single isolated pin.   
 
There are several interesting results.  When analyzed as isolated pins, the highest temperatures 
are associated with the highest power pin, which is the expected result.  When analyzed as a 
group, the peak power pin (i.e., FE-185) is not the hottest; it is receiving additional cooling due 
to its location next to the corner pin which has no fuel.  The second highest power pin (i.e., FE-
186) is now the hottest, and the third highest power pin (i.e., FE-187) is the second hottest; these 

WWR-SM: ONB Margin Based on Peak Power Fuel Element
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pins do not experience the extra cooling from the corner like the peak power pin.  An additional 
cause for the shift in results is that the coolant flow associated with the pins near the wall in the 
multiple pin case is less than the coolant flow in the isolated pin cases; even though both cases 
have the same uniform inlet velocity distribution, the additional resistance provided by the 
shroud causes coolant to be diverted toward the interior of the fuel assembly, leading to higher 
temperatures at the exterior. 
 
The shift in results can also be seen in the values for ONB margin in Table 1.  The isolated pin 
results are shown under the heading “1 pin”.  For the 18 FA core, the calculations indicate that 

Figure 7.  Exit Temperature Distribution Calculated using STAR-CD for 15x2 Pin Sector 

Figure 8.  Enlarged Section of Figure 7 to Show Pins FE-185, FE-186, and FE-187 (Same color 
scale as in Figure 7.) 

Figure 9.  Exit Temperature Distribution Calculated using STAR-CD for Pins FE-185 (left), FE-186 
(center), and FE-187 (right) as Isolated 1-Pin Models  (Same color scale as in Figure 7.) 



the peak power fuel element, when analyzed on an isolated basis, has SCmin equal to 1.375, 
which is somewhat below the 1.4 design limit; SCmin for the next two highest power fuel 
elements are above the 1.4 design limit.  The multiple pin results are shown under the heading 
“15x2 pins”.  For the 18 FA core, the calculations indicate that the peak power fuel element (i.e., 
FE-185), when analyzed on an multiple pin basis, has SCmin equal to 1.406, which is slightly 
larger than 1.4.  The next two highest power fuel elements are shifted downward in ONB margin 
due to the coolant diversion.  The second highest power pin (i.e., FE-186) now has SCmin equal 
to 1.389, which is somewhat below the 1.4 design limit, whereas the third highest power pin (i.e., 
FE-187) remains slightly above the 1.4 design limit.  Table 1 shows similar relative shifts 
between isolated pin and multiple pin analyses for the 20 FA core; a key difference is that ONB 
margin is substantially above the 1.4 design limit.   
 
Table 1.  ONB Margin for Peak Power Pins 

18 FA Core 20 FA Core  
 
FE 

Power 
 (kW) 

SCmin 
1 pin 

SCmin 
15x2 pins 

Power
 (kW) 

SCmin
1 pin 

SCmin 
15x2 pins

185 5.12 1.375 1.406 4.47 1.551 1.575 

186 4.92 1.417 1.389 4.34 1.591 1.553 

187 4.82 1.434 1.402 4.27 1.607 1.555 
 
In summary, the safety margin to ONB is determined by the fuel pin with the smallest value of 
SC.  For the 18 FA core, the smallest value of SC is 1.375 in single-pin analysis and 1.389 in the 
multi-pin analysis; thus only a small benefit is predicted due to the coolant mixing which is 
included in the multi-pin calculation.  For the core with 20 FA, the single-pin and multi-pin 
analyses provide nearly identical values of 1.55 for SCmin, and, more significantly, the values 
from both analyses are greater than the 1.4 minimum limit. 
 

6. Application to IRT-3M Fuel Assemblies 
 
Another fuel assembly being considered for the WWR-SM research reactor in Uzbekistan 
consists of 6 concentric tube-type fuel elements with flat sides and rounded corners.  The core in 
the currently operating reactor has 18 fuel assemblies having high enriched (36%) uranium fuel 
(UO2-Al).  In each plate, the fuel meat is 0.5 mm thick with 0.45 mm cladding on each side.  The 
fuel meat is 600 mm in height.  There is a 2.05 mm water gap between tubes.  Others (e.g., 
Reference [5]) have provided studies of number of fuel assemblies, size of fuel meat, thickness 
of cladding, etc. versus power level and various safety criteria.   
 
A detailed power generation distribution was obtained from MCNP calculations [6].  Values 
used here are for a core generating a power of 9.4 MW in the fuel meat; there is another 0.6 MW 
assumed to be generated in the reflector and structure, for a total nominal power of 10 MW.  The 
peak power density is 3.07 GW/m3 and occurs in the outer tube in the flat portion which is 
adjacent to the beryllium reflector; it occurs at a height of 380 mm above the bottom of the fuel 
meat.   



 
The noding for a 90 degree sector of the bundle is shown in 
Figure 10.  The fuel meat is 2 cells thick; there are 20 cells 
along each flat and 10 cells in each corner, or 240 cells per 
axial level per tube.  The cladding is 2 cells thick with the 
same azimuthal noding as in the fuel meat, or 480 cells per 
axial level per tube.  The coolant between adjacent solid 
surfaces is 6 cells thick; on the +y face of the outer tube, the 
nodes extend across the full gap to the outer edge of the 
reflector; in the other three directions, the nodes only extend 
to the middle of the gap; there are 720 cells between adjacent 
fuel tubes and 660 cells outside of the outer tube.  The total 
number of cells per axial level is 9300.  The mesh spacing in 
the axial direction is 1 mm.   
 
 
The coolant velocity (average of 3.21 m/s, with -7 to +18% gap to gap variations, corresponding 
to 33.7 m3/h per fuel assembly, of which 1 m3/h is due to including the extra half gap on +y 
side), temperature (318 K), and pressure (0.128 MPa) are specified at the inlet, which is the top 
of the fuel meat in these calculations.  The tube surfaces are treated as a zero-slip walls.  
Calculations were performed using the k-ε turbulence model for high Reynolds number. 
 
Figure 11 shows the temperature distribution at the bottom of the heated zone; the fuel 
temperature distribution is similar to the power distribution; the coolant temperature is hottest 
along the flats and coolest in the corners.  Figure 12 
shows the velocity distribution at the bottom of the 
fuel meat illustrating low values adjacent to the tube 
surfaces, higher values in the middle of the gap 
between tubes, and the highest values in the corners.   
The minimum margin to ONB is 1.68, which is 
substantially above the SC>1.4 design limit.  The 
distribution of SC values at the axial level where the 
minimum occurs is shown in Figure 13; the 
minimum value occurs in the +y flat portion of the 
outermost tube, which corresponds to the peak 
power sector; the increase in value for other 
locations is due to the decreased power density and 
the relative overcooling of the corners relative to the 
flats. 
 
This calculation merely illustrates the capabilities of STAR-CD with respect to the tube-type fuel 
assembly designs.  Additional calculations would need to be performed to examine newer tube-
type designs for the LEU fuel. 
 
 
 
 

Figure 10.  STAR-CD Noding for 
IRT-3M 6-Tube Fuel Assembly 

Figure 11.  Temperature Distribution at Bottom of 
Fuel Meat 



 

 

7. Conclusions 
 
The STAR-CD computer program has been used to perform analyses of a Russian fuel assembly 
design containing pin-type fuel elements that is being considered for LEU conversion of the 
WWR-SM reactor in Uzbekistan.  The detailed coolant flow, pressure, and temperature 
distributions computed have been used to evaluate the design with respect to ONB margin.  By 
either single or multiple pin analysis, the 18 FA core seems to be very close to, and likely below, 
the 1.4 design limit.  On the other hand, the 20 FA core has an acceptable ONB margin of 1.55, 
which is above the 1.4 design limit and corresponds to a power level of 11.3 MW. 
 
STAR-CD has also been applied to the HEU (36%) IRT-3M tube-type fuel assemblies currently 
used in the WWR-SM reactor.  These calculations are illustrative of the velocity and temperature 
distributions which are encountered in such designs.  The work has not yet addressed the LEU 
IRT-3M tube-type fuel designs being proposed.   
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ABSTRACT  
 

The WWR-M research reactor in Ukraine is jointly studied by the Argonne National 
Laboratory and the Kiev Institute for Nuclear Research for conversion to LEU (19.75%) fuel.   
Candidate LEU replacement fuel assemblies are LEU WWR-M2 (3 tubes, UO2-Al fuel meat with 
2.5 gU/cm3 and 41.7 g 235U), which have been tested successfully in the WWR-M reactor in 
Gatchina by irradiation to over 75% burnup. To qualify this LEU fuel for conversion of the WWR-
M reactor in Ukraine, the safety analysis is performed. Neutronic and thermal-hydraulic 
characteristics of LEU fuel equilibrium core and transition mixed core containing both LEU and 
HEU fuel are calculated. The following accidents are analyzed: spontaneous withdrawal of a control 
rod bank and incidental falling of a fuel assembly in a cell of the core. The models applied for 
calculations are validated against measured data, which include critical experiment results for fresh 
fuel assemblies and measured neutronic distributions in a real WWR-M reactor core.  
 

 
INTRODUCTION  

 
The WWR-M research reactor with light-water coolant and beryllium reflector in Kiev 

(Ukraine) is being jointly studied by the Argonne National Laboratory and the Kiev Institute for 
Nuclear Research for conversion to LEU (19.75%) fuel. Nominal power of the reactor is 10 MW. 
Available fuel assemblies are WWR-M2 (36%) and WWR-M5 (90%). Candidate LEU replacement 
fuel assemblies are LEU WWR-M2 (19.75%), which have been tested successfully in the WWR-M 
reactor in Gatchina by irradiation to over 75% burnup.1 The fuel assembly parameters and designs 
are shown in Table 1 and Fig.1.1, 2, 3  

A study confirming the feasibility of converting the WWR-M research reactor in Ukraine 
from HEU to LEU fuel has been already completed.4 With LEU WWR-M2 fuel assemblies, the 
reactor would require about 10% fewer fuel assemblies per year than with the current WWR-M2 
(36%) fuel assemblies. Fast and thermal neutron fluxes in key experiment positions would decrease 
by only 1 - 2%.4 

To qualify this LEU fuel for conversion of the WWR-M reactor in Kiev and to get the 
appropriate license of the Ukrainian Nuclear Regulatory Committee, the safety analysis should be 
performed.  



Table 1.  Fuel Assembly Parameters  

 WWR-M5 WWR-M2 LEU WWR-M2 

Enrichment, % 90 36 19.75 

Number of fuel elements 6 3 3 

Mass of 235U, g 66 37 41.7 

Fuel meat composition UO2-Al         
1.2 gU/cm3 

UO2-Al          
1.1 gU/cm3 

UO2-Al          
2.5 gU/cm3 

Length of fueled region, cm 50 50 50 

Pitch/flat-to-flat, mm 35/33.5 35/32 35/32 

Element/clad/meat, mm 1.25/0.43/0.39 2.5/0.76/0.98 2.5/0.78/0.94 

Specific heat transfer surface, cm2/cm3 6.6 3.67 3.67 

Hydraulic resistance coefficient 6.5 4.35 4.35 

Relative coolant velocities between fuel 
elements (starting from the center) 

0.90; 1.01; 1.08; 
0.98; 1.06; 0.88 

1.18; 0.89;    
1.05; 0.86 

1.18; 0.89;        
1.05; 0.86 

 

 

Fig.1.  Fuel Assembly Designs 



LEU FUEL EQUILIBRIUM CORE 

       

 

 

 

Fig. 2.  Equilibrium core configuration 

 

Equilibrium LEU core parameters are the following: 

Number of fuel assemblies in the core: 210 Cycle length: 24.1 EFPD (effective full-power days) 

Maximum excess reactivity: 5.29%   

Reactivity worth of control and safety rods. 

RR1: 3.09% RR2: 3.02% PR: 1.62% 

AR: 0.39%   

AZ1: 1.96% AZ2: 1.63% AZ3: 2.03% 

Minimum sub-criticality when RR1, RR2, PR and AR are fully in and AZ1, AZ2 and AZ3 are fully 
out: 2.56% (sub-criticality is defined here as 1-keff, where keff  is the effective multiplication factor) 

Minimum sub-criticality when RR2, AR, AZ1 and AZ2 are fully in and RR1, PR and AZ3 are fully 
out: 0.70% 

Power peaking factor: 2.23  Maximum power density: 200 W/cm3 

Maximum fuel element surface temperature: <94C 

Minimum DNBR: 5.6    Minimum margin to ONB: 1.37 
 



MIXED FUEL CORE 
 

The mixed HEU-LEU core parameters are the following: 

Number of fuel assemblies in the core: 210   Cycle length: 20.4 EFPD   

Maximum excess reactivity: 5.29% 

Reactivity worth of control and safety rods. 

RR1: 3.27%    RR2: 3.03% PR: 1.87%    

AR: 0.41%   

AZ1: 2.13%    AZ2:  1.87% AZ3: 2.16% 

Minimum sub-criticality when RR1, RR2, PR and AR are fully in and AZ1, AZ2 and AZ3 are fully 
out: 2.89% 

Minimum sub-criticality when RR2, AR, AZ1 and AZ2 are fully in and RR1, PR and AZ3 are fully 
out: 0.93% 

Power peaking factor: 2.29   Maximum power density: 206 W/cm3 

Maximum fuel element surface temperature: <95C 

For neutronic and thermal-hydraulic calculation, the codes REBUS-PC 5, MCNP-4C 6 and 
PLTEMP 2.17 were used. 

  

CRITICAL EXPERIMENTS 

 Criticality calculations were validated using the measurements carried out by the 
Petersburg Institute of Nuclear Physics.8  The results of the measurement and calculation are 
presented in Table 2.  

Table 2.  Results of criticality measurement and calculation 

Layout Type of fuel 
assemblies 

Experimental critical 
number of fuel assemblies 

Calculated effective 
multiplication factor  

Deviation from the 
measurement, % 

1 WWR-M2 94.1 0.9984 -0.16 

2 WWR-M2 93.5 0.9979 -0.21 

3 WWR-M2 108.8 0.9962 -0.38 

4 WWR-M2 146.1 0.9945 -0.55 

5 WWR-M2 147.8 0.9952 -0.48 

6 WWR-M2 187.4 0.9949 -0.51 

7 WWR-M2 225.1 0.9944 -0.56 

8 WWR-M5 56.2 1.0039 0.39 

9 WWR-M5 55.1 1.0037 0.37 

10 WWR-M5 63.3 1.0064 0.64 



Average deviation of calculations from the measurements is -0.14%. Maximum deviation is 
0.64%. Root-mean-square deviation is 0.45%. 

 

NEUTRONIC DISTRIBUTIONS IN A REAL WWR-M REACTOR CORE 
 

Neutronic calculations were validated using the measurements carried out by the Kiev 
Institute for Nuclear Research.9 Core layout and locations of the measurements are shown in Fig.3.  
Some results of the measurement and calculation are presented in Fig. 4-6. Maximum relative 
deviation of the calculation data from the measurements is 15%. Root-mean-square deviation is 
7.7%. 

 

 
 

                     Fig. 3.  Core layout and location of the measurements



 
                Fig. 4. Axial distribution of 58Fe(n,γ) reaction rate in cell 10 
 
 

 
             Fig. 5. Axial distribution of 58Fe(n,γ) reaction rate in cell 31 



        
                     Fig. 6. Axial distribution of 58Fe(n,γ) reaction rate in cell 13 
 
 

ACCIDENTS ANALYSIS  
 

1. Break of the supporting grid 

As determined by materials study, supporting grid will keep its reliability at least up to F(E 
≥ 0.8 MeV)=2.09 1021 n/cm2, where F(E ≥ 0.8 MeV) is the integral flux of fast neutrons. At this 
moment F(E ≥ 0.8 MeV)=1.63 1021 n/cm2. As calculated for equilibrium LEU core, maximum flux 
of fast neutrons (E ≥ 0.8 MeV) on supporting grid is 5.8 1012 n/cm2/sec for nominal reactor power 
(10 MW). Thus, this limit can be reached only after 918 EFPD.   

 

2.  Spontaneous withdrawal of a control rod group.  

The following worst scenario is considered. 

A. The reactor has maximum excess reactivity. The reactor power is 3.1 MW. The slowest control 
rod (PR) is fully out the core. Automatic regulating system is not in operation. Because of 
malfunction of electronic equipment, the most efficient bank of control rods (RR1) starts to 
move spontaneously with maximum speed from the lowest to highest position. Reactor 
operating personnel does not switch off electric power supply of this bank drive because of 
misunderstanding the situation.  

B. When reactor power reaches 12 MW, the accident signals “Exceeding nominal reactor power 
on 20%” and “Power increase period is less than 10 seconds” are automatically generated by 
the instrumentation and control system. After 0.31 sec from this moment (including also delay 



of the signal), safety rods except the most effective of them (AZ3) are fully in the core. The 
rods RR2, PR and AR move down the core until reach the lowest position.   

 

 
Fig. 7. Reactivity for spontaneous withdrawal of a control rod group 

 
 

  
Fig. 8. Neutron power for spontaneous withdrawal of a control rod group 

 



Calculated reactivity and neutron power as functions of time are shown in Fig.7 and 8. Peak 
reactor power is 12.4 MW, power peaking factor is 2.12, peak power density in the core is 236 
W/cm3, peak fuel temperature is less than 105 C, peak surface temperature is less than 102 C, 
minimum DNBR is 4.6, minimum margin to ONB is 1.2. Thermal-hydraulics was calculated using 
conservative approach, thus the temperatures calculated can be considered only as upper estimation 
of real temperatures.  
 Thus, the analysis shows that if the critical reactor power is more than 12.4 MW and 
maximum effective multiplication factor when RR2, AR, AZ1 and AZ2 are fully in and RR1, PR 
and AZ3 are fully out is less than unity, then such initial event with accompanying one additional 
equipment malfunction and one error of personnel does not lead to damage of fuel elements and 
release of radioactivity exceeding allowed level. 
 

3. Incidental falling of a fuel assembly in a cell of the core. 
 

When reactor is on operation, falling of a fuel assembly in a cell of the core is impossible 
because of steel cover over the core. This incident is possible only during reload of the core when 
all control rods are fully in and safety rods are fully out. 

Minimum sub-criticality when RR1, RR2, PR and AR are fully in and AZ1, AZ2 and AZ3 are 
fully out is 2.56%. Hence, effective multiplication factor after falling of any fuel assembly in any 
cell during reload of the core is less than  0.9744. If RR1, RR2, PR and AR are fully in and AZ1, 
AZ2 and AZ3 are fully out then increasing of effective multiplication factor because of loading a 
triple fresh fuel assembly in a cell of the core is less than 1.03%. Hence, even if one excess loading 
operation is done because of error of personnel, effective multiplication factor after falling of a fuel 
assembly in a cell of the core is less than 0.9847.  

Thus, the analysis shows that if the minimum sub-criticality when RR1, RR2, PR and AR are 
fully in and AZ1, AZ2 and AZ3 are fully out is more than 1.03%, then such initial event with 
accompanying one additional error of personnel does not lead to damage of fuel elements and 
release of radioactivity exceeding allowed level. 

 

CONCLUSIONS 
 

The WWR-M research reactor in Kiev (Ukraine) is being jointly studied by the Argonne 
National Laboratory and the Kiev Institute for Nuclear Research for conversion from HEU to LEU 
fuel. Candidate LEU replacement fuel assemblies are LEU WWR-M2 (19.75%), which have been 
tested successfully in the WWR-M reactor in Gatchina by irradiation to over 75% burnup. A study 
confirming the feasibility of converting the WWR-M research reactor in Ukraine from HEU to 
LEU fuel has been already completed. To qualify this LEU fuel for conversion of the WWR-M 
reactor in Kiev and to get the appropriate license of the Ukrainian Nuclear Regulatory Committee, 
the safety analysis is being performed now.  

Neutronic and thermal-hydraulic characteristics of LEU fuel equilibrium core and transition 
mixed core containing both LEU and HEU fuel have been calculated. The models applied for 
calculations have been validated against measured data, which include critical experiment results 
for fresh fuel assemblies and measured neutronic distributions in a real WWR-M reactor core. Some 
accidents have been analyzed: spontaneous withdrawal of a control rod bank and incidental falling 



of a fuel assembly in a cell of the core. Severe accidents with accompanying melting of the core 
have not been analyzed yet. Moreover, the safety analyses of fresh and depleted LEU fuel storage 
has not been completed yet. This work is planned to be finished by the end of 2004. 
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ABSTRACT 
 

The Y-12 National Security Complex began operations in 1943 as a part of the Manhattan Project, the 
secret U. S. program that developed the first atomic weapon.   With the end of the Cold War, the advent of 
the War on Terror, and the changing security needs of the US, Y-12 has begun to modernize and make 
changes to better meet the requirements of a smaller stockpile while supporting uranium supply needs and 
nuclear nonproliferation missions. Although we are proud of our place in history, after 60 years, we have 
begun to write a new chapter that will enable us to meet the new challenges facing the world today by 
strengthening our security posture and utilizing existing Y-12 expertise in nuclear nonproliferation 
initiatives.  The modernization of Y-12 will enable us to be agile enough to adapt and respond to a much 
wider range of U. S. national security needs. 

 
As part of the National Nuclear Security Administration, nuclear nonproliferation has become one of the 
primary Y-12 missions.  Some of the nuclear nonproliferation programs we support include the supply of 
low enriched uranium (LEU) to research and test reactors.  The LEU provided to the research reactor 
community is derived from down blending highly enriched uranium (HEU) that is removed from 
dismantled nuclear weapons. Y-12 expertise has been used in numerous nonproliferation programs in 
Russia, the recent effort to remove material from Libya, and various activities supporting the new Global 
Threat Reduction Initiative (GTRI).    

 
The Y-12 National Security Complex stores significant quantities of HEU and therefore, has a security 
posture that must adapt to these new threats of global terrorism.  This year, Y-12 has made real progress in 
modernizing its site so that it is better able to meet these new world challenges.  Our modernization efforts 
will increase security, improve productivity, minimize health and safety risks and enable the Y-12 Site to 
continue to operate far into the future.  This paper will summarize how Y-12 modernization will provide a 
safer, more secure and stable supply of uranium to research and test reactors for many years into the future, 
and how Y-12 will continue to support nuclear nonproliferation initiatives. 

   
 
1. The History of Y-12 
 
On a cold February morning 60 years ago (February 18, 1943), ground was broken in rural East 
Tennessee for the first production building at the Y-12 Electromagnetic Separation Plant, a critical part of 
the massive Manhattan Project.  The plant's first mission was to produce enough enriched uranium for a 
new weapon, an atomic bomb. At its peak in 1945, more than 22,000 workers were employed at the site 
in Oak Ridge.  After the war, the electromagnetic separation process was soon abandoned for more 



efficient enrichment technologies and Y-12 began what was to be the first of many transformations to 
meet the changing needs of the U. S. nuclear weapons program.  This transformation included the 
development of precision manufacturing technologies, lithium processing technology and expertise in 
physical security and material control and accounting. While much of the work at Y-12 has been cloaked 
in secrecy its expertise in the processing of highly enriched uranium is well known and it has also become 
known as a place where the latest technology and highly skilled craftsmanship are brought together to 
meet unique and complex manufacturing needs.    
 
2. Where are we going? 
 
Today, Y-12 employs more than 4,000 people.  We are pursuing an aggressive program of infrastructure 
reduction, modernization and investment in technology to make the plant as safe, secure and efficient as 
possible and to better match our production capabilities to the needs of maintaining a reduced stockpile 
and to apply Y-12 expertise to other areas of national security interest.  Since Y-12 maintains one of the 
largest inventories of special nuclear material in the US, physical security is a primary driver especially 
given the events of 9/11 and subsequent terrorist threats.  Today, Y-12’s site covers 5,428 acres  or almost 
22 square kilometers. Actual floor space is 7.5 million square feet or more than 696,000 square meters.  In 
the future, the most secure area of Y-12 will be reduced by 90 percent. 
 
 
In addition to significantly improving security, our processing facilities and technology will move from 
use of equipment that may be 40 or 50 years old, to an efficient modern state-of-the art facility.  For 
example, to produce the uranium supplied to the research reactor community, we currently use induction 
furnaces.  We are currently developing a new microwave technology that will not only use significantly 
less electricity but will also reduce the potential for radiological contamination in our work areas while 
producing a high quality product.   
 
Some of the new facilities we are building include the Highly Enriched Uranium Materials Facility and 
the Enriched Uranium Manufacturing Facility. 
 
An integral part of our modernization effort includes using skills and capabilities at Y-12 to expand our 
missions to meet other national security needs including the supply of fuel to the US nuclear navy and 
support of numerous nuclear nonproliferation initiatives.   Y-12 also has a technology transfer program 
that works with private industry and other government organizations to solve unique manufacturing and 
material problems.  
 
By tearing down old buildings, building new state-of-the-art facilities, and revitalizing our workforce, Y-
12 will continue to meet its uranium deliveries to our research reactor fuel customers and continue to 
meet its vital national security and nonproliferation missions. 
 
3. Y-12 and Nuclear Nonproliferation 
 
Today, Y-12 is a unique national asset in the manufacture, processing and storage of special materials that 
are vital to US national security.  Y-12 is also playing an important role in all of the major US 
nonproliferation programs that aid in the prevention of the spread of weapons of mass destruction.  As an 
operating production facility, Y-12 has first hand expertise in such areas as physical security, security 
sustainability, material control and accounting, packaging and transportation, safe handling of hazardous 
materials as well as the manufacturing expertise need to support a nuclear weapons program.  This same 
set of skills and capabilities are finding direct application in many of the US nuclear nonproliferation 
programs. 
 



Y-12 personnel have been involved in the monitoring of the conversion of HEU to LEU in Russia as well 
as directly supporting many other US nonproliferation efforts in Russia and republics of the former Soviet 
Union. Recently, Y-12 played a part in the removal of nuclear material and equipment from Libya.  In 
support of the Reduced Enrichment for Research and Test Reactors (RERTR) program, Y-12 is the sole 
US provider of 19.75% low enriched uranium (LEU) for reactor fuel. The LEU we provide to the research 
reactor community is derived from down blending surplus highly enriched uranium (HEU) that is 
removed from dismantled US nuclear weapons.   Y-12 is the lead site for the disposition of the U.S. 
surplus HEU.   
 
In a similar manner cold war facilities in Russia are being extensively used to meet nonproliferation 
objectives.  A prime example of this is the US- Russian HEU-LEU purchase, which is in the process of 
down blending 500 tons of HEU from Russian nuclear weapons to low enrichment for us in US power 
reactors.  LEU from this program is currently providing 10% of the all electricity generated in the US.  
The benefits from such programs are obvious; they employ cold war expertise directly for peaceful 
purposes and help local economies while eliminating large inventories of HEU.   
 
In 1994 the US government voluntarily placed approximately 10 tons of HEU under IAEA safeguards.  
This represents almost half of the worlds HEU inventory currently under safeguards.  Since that time Y-
12 has hosted well over 100 IAEA inspections.   
 
As the size of the US weapons complex has been reduced, Y-12 has worked with the Oak Ridge 
community and other former weapons sites to reindustrialize the local economy by seeking to attract non-
weapons related commercial businesses to the area.  These problems are similar to those being addresses 
by programs such as the International Science and Technology (ISTC) Centers, and Initiatives for 
Proliferation Prevention (IPP), which seek to employ former weapons workers in non-weapons-related 
work.  To date, tens of thousands of former Soviet weapons scientists have been employed through these 
programs. 
 
As the lead US site managing disposition of U.S. surplus HEU, Y-12 is very well suited to address many 
of the needs of the recently announced Global Threat Reduction Initiative (GTRI). We are now conducing 
technical assessment visits to various sites around the world to help each site determine the final 
disposition of surplus materials. We are also supporting NNSA’s efforts by meeting with processors in 
various countries to understand their capabilities and to determine the most efficient disposition path for 
sites with orphaned or surplus materials.  We encourage nuclear material processors as well as research 
reactors operators with surplus materials to contact us so that we can try to help with disposition efforts.  
 
4. Conclusion 
 
Many of the same skills and capabilities that were used to build and maintain the large stockpiles of 
nuclear weapons during the cold war, are the same as those now needed to safely dismantle these 
weapons, put materials to peaceful purposed where applicably and to secure and disposition those that are 
no longer needed.  The Y-12 National Security Complex which has been an essential part of the US 
nuclear Weapons program is now in a position to play a key role in the world wide efforts to address the 
dangers of nuclear proliferation.  The program to reduce the enrichment of fuel in research and test 
reactors is but one example of this work.  An extensive modernization program is now underway ant Y-12.  
This effort will ensure that Y-12 will continue with this important work well into the future. 
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ABSTRACT 

 
The Y-12 National Security Complex (Y-12) supplies uranium metal and uranium oxide feed 
material for fabrication into fuel for research reactors around the world.  Over the past few 
years, Y-12 has continued to improve its Low Enriched Uranium (LEU) product.  The LEU is 
produced by taking U.S. surplus Highly Enriched Uranium (HEU) and blending it with 
depleted or natural uranium.  The surplus HEU comes from dismantled U.S. weapons parts.  
Those research reactors that use LEU from Y-12 are making important contributions to 
international nuclear nonproliferation by using LEU rather than HEU, and helping to 
disposition former U.S. weapons material. 
   
It is clearly understood that the research reactor community must keep fuel costs as low as 
possible and Y-12 is making every effort to improve efficiencies in producing the uranium 
through standardizing the chemical specifications as well as the product mass and 
dimensional qualities. These production cost reductions allows for the U.S. to keep the LEU 
product price low even with the dramatic increase in the uranium enrichment and feed 
component market prices in the last few years. This paper will discuss a new standard 
specification that has been proposed to existing LEU metal customers and fuel fabricators.  It 
will also cover Y-12’s progress on a new mold-design that will result in a more uniform, 
higher quality product and eliminates two steps of the production process.  This new product 
is expected to decrease fabrication losses by 5-10%, depending on the fabricator’s process. 
The paper will include planned activities and the schedule associated with implementation of 
the new specification and product form. 

 
 

Introduction 
 
The two primary suppliers of enriched uranium above 5% 235U enrichment are the United States and the 
Russian Federation.  These two suppliers exist primarily as a result of their enrichment and uranium 
processing facilities from their nuclear weapons and naval propulsion programs.  The Department of 
Energy (DOE) National Nuclear Security Administration’s (NNSA) Y-12 National Security Complex (Y-
12) is the facility that supplies the U.S. material.  
 
Research reactors cannot perform their critical missions without fuel.  The fact that research reactors use 
fuels of enrichments that are not part of the normal commercial light water reactor fuel cycle increases the 
risk of not having an assured supply.  Y-12 understands these issues and the importance of the research 
and isotope production from research reactors and is committed to help firm up the supply.  Events such 
as passage of the Schumer Amendment, a stand down of the Y-12 facility in 1994, uncertainties with 
Russian supplies, and the depletion of surplus and scrap enriched uranium inventories all caused great 



concern to the research reactor community in the 1990’s.  Recent actions by NNSA and Y-12 such as 
long-term contracts, competitive pricing, and the development of product inventories have helped 
stabilize the supply of material from the U.S. [1]. However, continuous improvement is the goal of Y-12 
and this paper discusses some of the latest actions Y-12 is taking.  
 
Y-12 Steps to Reduce Production Costs and Improve LEU Quality 
  
DOE/NNSA’s actions have been very important in keeping the prices of enriched uranium product 
competitive.  However, the research reactor community should be aware that the upward climb in market 
prices in the commercial low-enriched uranium market (≤5 wt% 235U) can have impacts on the research 
reactor markets as well. The NNSA pricing policy requires that the uranium and enrichment component 
values of the product be recouped based on current market conditions.  These market conditions include 
the commercial pricing of enrichment and uranium indices.  Figure 1 shows the upward climb in these 
commercial indices.  Research reactor customers that have signed long-term contracts with NNSA are 
protected from these upward trends. Since NNSA instituted its new pricing policy in 2001, both the 
market prices for UF6 (uranium feed associated with the product) and separative work units (SWU - 
enrichment value in the product), have been on an upward trend.  This upward movement is having a 
significant impact on the price of nuclear fuel for commercial reactors worldwide.  This trend is expected 
to continue as worldwide uranium demand significantly exceeds current supply capacity worldwide.  
Closure of the Portsmouth Gaseous Diffusion Plant in the United States has also caused an upward 
pressure on the market SWU price. 
 

US Natural UF6 and Separative Work Market Prices
Source: The Ux Consulting Company, L.L.C.
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Figure 1. Enriched Uranium Component Pricing Trend [2] 

 
 

NNSA will continue to make its best efforts to minimize the impact of these market increases through 
improved production efficiencies; however, there will come a point where LEU price increases will be 
required to cover the increase in market values. Y-12 has several initiatives that will further efficiency 
improvements and help to mitigate these market trends. 



 
Standardization of chemical specifications: Y-12 is moving toward standardization of the chemical 
specifications of its product with the agreement of its customers and fabricators. The purpose of this 
proposed specification is to standardize the specifications for LEU metal supplied by Y-12 to research 
and test reactor customers. Table 1 shows the proposed Y-12 standard specification.  
 

Table 1.  Y-12 Standard Chemical Specification of Uranium Metal  
  EBC 

Element Symbol Units LEU Factor 
Uranium (Metal) U wt % 99.880% 
U-2321 U-232 µg/gU 0.002 
U-234 U-234 wt % 0.260% 
U-235 ± 0.20 wt% U-235 wt % 19.75% 
U-236 U-236 µg/gU 4600 
Trans-U (Alpha) TRU Bq/gU 100.0 
Activation Product ActProd Bq/gU 100.0 
Fission Products Gamma Bq/gU 600.0 
Aluminum Al µg/gU 150.0 0.0000
Arsenic As µg/gU TBR2 0.0008
Beryllium Be µg/gU 1.0 0.0000
Boron B µg/gU 1.0 1.0000
Cadmium Cd µg/gU 1.0 0.3172
Calcium Ca µg/gU 100.0 0.0002
Carbon C µg/gU 350.0 0.0000
Chromium Cr µg/gU 50.0 0.0008
Cobalt Co µg/gU 5.0 0.0089
Copper Cu µg/gU 50.0 0.0008
Dysprosium Dy µg/gU 5.0 0.0818
Europium Ey µg/gU 5.0 0.4250
Gadolinium Gd µg/gU 5.0 4.3991
Iron Fe µg/gU 250.0 0.0006
Lead Pb µg/gU 5.0 0.0000
Lithium Li µg/gU 2.0 0.1439
Magnesium Mg µg/gU 50.0 0.0000
Manganese Mn µg/gU 24.0 0.0034
Molybdenum Mo µg/gU 100.0 0.0004
Nickel Ni µg/gU 100.0 0.0011
Niobium Nb µg/gU TBR 0.0002
Nitrogen N µg/gU TBR 0.0019
Phosphorus P µg/gU 50.0 0.0000
Potassium K µg/gU TBR 0.0006
Samarium Sm µg/gU 5.0 0.5336
Silicon Si µg/gU 100.0 0.0000
Silver Ag µg/gU TBR 0.0083
Sodium Na µg/gU 25.0 0.0003
Tin Sn µg/gU 100.0 0.0000
Tungsten W µg/gU 100.0 0.0014
Vanadium V µg/gU 30.0 0.0014
Zinc Zn µg/gU TBR 0.0002
Zirconium Zr µg/gU 250.0 0.0000
Total Impurities µg/gU 1,200 
Equivalent Boron Content3 3.0 

 
 
By standardizing the chemical specification, Y-12 can provide a product that can be used by its customers 
and that is more closely aligned with the uranium commonly produced at Y-12.  Standardization will 
                                                           
1 The “Alpha activity” reflects measured transuranium elements to include:  Americium 241, Curium 243/244, Neptunium 237, Plutonium 238, 
and Plutonium 239/240.  Such measurement will be in picocuries per gram (pCi/g).  An arithmetic conversion will result in a converted upper 
limit of 6757 pCi/g. 
2 TBR means value “To Be Reported.” 
3 EBC Factors are taken from ASTM C1233-97, "Standard Practice for Determining Equivalent Boron Contents of Nuclear Materials." EBC 
calculation will include: Boron, Cadmium, Dysprosium, Europium, Gadolinium, Lithium, and Samarium. 

 



enable Y-12 to better respond to urgent customer needs for uranium by maintaining an “on-the-shelf” 
inventory of standardized LEU. Additionally, simplification of production requirements and quality 
control will improve Y-12 efficiency.  
 
Enhancements in product form: The NNSA Y-12 facility has always provided high-quality enriched 
uranium in various forms.  The primary uranium feed form for research reactor fuel is uranium metal.  
The Y-12 uranium metal product is currently in the form of broken metal pieces ranging in size from 80-
300 grams.  As an enhancement in form consistency, NNSA will be offering sized material with less 
variation between pieces and fewer “jagged edges” as seen in Figure 2.  Although Y-12 is able to offer a 
variety of forms and uranium metal alloys if requested, standardization is the ultimate goal in order to 
obtain the best production efficiencies.  Figure 3 shows a surrogate material representation of the standard 
form and dimensions that Y-12 is considering. This new form is approximately 200 grams in mass and is 
2.56 cm in maximum diameter and 3.21 cm in height. NNSA has been discussing this new design with 
individual customers and fabricators to assure that it will be acceptable to their equipment and processes.   
 
 

     
 
 

 
 

Repatriating excess fuel or scraps: As part of the efforts of the new Global Threat Reduction 
Initiative, NNSA is currently looking for ways to help research reactors and fuel fabricators 
return HEU or other weapon-usable materials back to the place of origin or to a final disposition 
location.  Reduction of these inventories can help reduce costs to the sites holding these excess 
inventories.  In some cases, the economic value of the material can be realized once the material 
is transferred and/or processed for reuse.  Y-12 and NNSA will be working with various sites 
and organizations to assist them in removing material that may be weapons-usable.  
 
 
 
 
 

Figure 3. New Y-12 Uranium Metal FormFigure 2. Current Y-12 Uranium Metal Form 

~200 gms 



Conclusion 
 
Although the overall uranium and enrichment markets are on an upward trend, Y-12 is continuously 
looking for more efficient ways to do business, such as standardizing the chemical and dimensional 
properties of its LEU product.  Y-12 will continue to work with its customers and their fuel fabricators to 
look at additional ways to minimize fuel costs.  Additionally, Y-12 and NNSA will work with various 
sites to reduce any inventories of special nuclear materials that may be a nuclear proliferation risk.   
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ABSTRACT 

 
The RERTR program has focused on ending shipments of HEU fuel to research reactors. Highest 
priority has been given to reactors with steady thermal powers ≥ 1 megawatt.  Since the cores of 
critical assemblies and pulsed reactors can contain huge amounts of HEU, they should be a second 
focus.   Also, since many aging and specialized HEU-fuelled reactors may no longer be needed, 
more emphasis should be given to initiatives that could assist in their shutdown and 
decommissioning, including providing access to regional reactors with superior facilities. 
 
HEU-fuelled ship-propulsion reactors should also be addressed.  Russia’s civilian icebreaker 
reactors are of particular interest because their fuel design is considered less sensitive than that of 
naval reactor fuel.  Moreover, Russia’s KLT-40 icebreaker reactor is being adapted for a floating 
nuclear power plant and LEU icebreaker fuel could be used for converting Russian research 
reactors such as PIK and SM-3, that operate at power-reactor temperatures.  

 
 
1. Introduction 
 
The U.S. and Soviet RERTR programs were originally established to eliminate their shipments 
of weapon-usable uranium to foreign research reactors.   Reactors that operate continuously at 
high power are the largest consumers of 235U [2].  Therefore, the highest priority was given to 
developing fuel for reactors with steady thermal power outputs ≥ 1 megawatt(thermal) [MWt] 
[3].  This approach has been successful in reducing U.S. HEU exports from an average of over 
1000 kg/year to less than 100 kg/yr [4]. 
 
The effort to prevent nuclear terrorism also should be concerned, however, with research reactors 
with large inventories of lightly irradiated HEU, even if they have lifetime cores. Critical 
assemblies used to mock up the cores of fast-neutron reactors and pulsed reactors can have core 
inventories larger than the 60 kilograms of approximately 80% enriched HEU used to make the 
Hiroshima gun-type bomb. 
 
Most naval-propulsion reactors are HEU fuelled.  Conversion of these reactors is not often 
publicly discussed because their designs are considered sensitive.  The fact that Russia became 
interested in developing LEU fuel for the KLT-40 reactor used in its nuclear-powered 
icebreakers in order to be able to use the reactor in an exportable floating nuclear power plant 
has, however, provided an opportunity to explore the conversion of a propulsion reactor. 
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2. Critical assemblies 
 
A large fraction of the HEU-fuelled reactors not currently targeted for conversion by the RERTR 
program are critical assemblies.  Those that have the largest inventories of HEU are used to 
mock up fast-neutron reactors.   Typically, large HEU-fuelled fast reactors, such as Russia’s BN-
600, are fuelled with 20-30 % enriched uranium.  Fast critical assemblies, however, often contain 
fuel elements with enrichments up to 90% [5].    
 
Today, it is possible to do accurate computer calculations of criticality for irradiated as well as 
fresh fuel.  Critical assemblies are needed only for “benchmark experiments” to check the 
computer models.  The results of many such experiments are already available and they can be 
shared between research institutes.  It is important to consider, therefore, how many critical 
assemblies the world needs.  This could be a subject for a session at next year’s RERTR meeting.  
 
 
3. Pulsed reactors 
 
Pulsed reactors containing large inventories of HEU are standard equipment at many nuclear-
weapon design institutes.  It is a therefore a welcome development that the All-Russia Institute of 
Experimental Physics (VNIIEF), whose BIGR pulsed reactor contains 833 kg of 90% enriched 
uranium, has submitted a proposal to the International Science and Technology Centre [ISTC] in 
Moscow to conduct a study of the feasibility of converting BIGR and a second pulsed reactor 
(VIR-2M) to LEU fuel [6]. 
 
 
4.  Convert or decommission? 
 
Overall, there are many more research reactors than are needed today.  In 2003, 272 were listed 
as operating [7].  In the spring of 2004, the IAEA put out a press release in which Iain Ritchie 
was quoted as estimating that there will be only 30-40 research reactors needed 15 years hence 
[8].  Three quarters of the research reactors in operation today will be more than 40 years old in 
2020, others are highly specialized and no longer needed, and only nine are under construction 
and eight planned.     
 
Because of the RERTR program, very few HEU-fuelled research reactors have been built in the 
past 25 years.  The approximately 120 HEU-fuelled reactors are therefore older on average than 
the LEU-fuelled reactors.  Most of the newer HEU-fuelled reactors are either Slowpoke and 
MNSR reactors, whose lifetime cores each contain only about 1 kg of weapon-grade uranium, or 
specialized Russian critical assemblies and pulsed reactors.  
 
Thus, a large fraction of the currently operating HEU-fuelled research reactors will probably 
soon no longer be needed.  International assistance should be made available to help 
decommission them where needed.  Decommissioning would remove the threat of HEU 
diversion as effectively as conversion and removal of spent HEU fuel.  
 
For critical assemblies or pulsed reactors that contain large inventories of lightly-irradiated HEU, 
the value of the HEU could provide an economic incentive to decommission.  The HEU can be 
blended down to low-enriched uranium and sold for power-reactor fuel.  One metric ton of 90% 
enriched uranium, if blended with natural uranium, could produce 25 tons of 4.3% enriched 
natural uranium worth about $25 million.  Of course, some fraction of this value would be spent 
on the blend-down services and transaction costs.   
 
Another incentive to shut down excess research-reactor capacity would be to provide the users 
access to superior facilities elsewhere.  In the U.S. and Western Europe, access to high-energy 
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particle accelerators, synchrotron radiation sources, and research reactors is provided to outside 
“user groups” on a competitive basis.  If similar access were available to qualified users 
worldwide, then regional research-reactor-users could sit down together and think through how 
many of what types of research reactors they need.   The IAEA already is promoting the idea of 
“regional centres of excellence.”  The RERTR community could help advance this idea.   
 
     
5. Naval propulsion Reactors 

 
The world’s nuclear fleets contain about 200 operating reactors -- each with a power in the 100-
MWt range and the vast majority fuelled with HEU.  U.S. and U.K. submarine and aircraft 
carrier reactors are fuelled with 90+% enriched HEU.  It is reported that currently operating 
Russian submarine reactors are fuelled with 21-45% enriched HEU [9].  By contrast, France 
reportedly uses “Caramel” fuel enriched to less than 10% in its newer nuclear submarines, which 
are refuelled at approximately 5-year intervals [10].  These submarines include the Rubis-class 
attack submarine, which is by far the world’s smallest nuclear-powered attack submarine (2650 
tonne displacement).  
 
Converting U.S. naval reactors to LEU will probably constitute the greatest challenge.  The fuel 
in the cores in new U.S. nuclear submarines and aircraft carriers is being designed to last the 
lifetime of the vessels -- up to 45 years at expected rates of use.   In 1995, the U.S. Director of 
Naval Nuclear Propulsion reported to Congress,  
 

“no more uranium could be packed into a modern long-lived core without degrading 
structural integrity or cooling of the fuel elements…Therefore, using LEU…offers only two 
design choices: 
 
• “Using the same core volumes…reduce the fissile loading and substantially reduce the 

endurance of the core.  
 

• “Alternatively, in redesigned ships, substantially increase the volume of the core…” 
(emphasis in original).  

 
It is also stated in the report that converting to a lifetime LEU core would require increasing the 
core volume by a factor of three.  The resulting increase in the overall cost of building a nuclear 
ship was estimated at about 25% [11]. 
 
It could well be that some possibilities were ignored in the analysis.   Unfortunately, because of 
military secrecy, it is impossible for outsiders to review the basis for these statements.  An 
independent group with the appropriate security clearances should do this.   However, if lifetime 
cores are required, the testing of replacement LEU fuel would take on the order of 10 years 
(assuming that the capacity factors of naval reactors are about 20%).   
 
Nevertheless, conversion of all naval reactors as well as civilian reactors must be seriously 
pursued.  The risks associated with stockpiling of hundreds of tons of weapon-grade uranium for 
naval reactors and the flow of thousands of kilograms per year through their fuel cycles should 
not be accepted indefinitely. 
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6.  Icebreaker reactors 
 
There is somewhat less secrecy about the design of civilian ship propulsion reactors.   Today, 
Russia is the only country operating such reactors.  It has 11 HEU-fueled reactors on seven 
icebreakers based near Murmansk.   Together, their cores contain about 2000 kg of 235U and they 
require about one fifth that amount annually for refuelling.  Some information is available about 
the core design of one of these reactors, the KLT-40, as a result of a safety report provided to the 
Norwegian government in connection with a port visit by an icebreaker/container ship, the 
Sevmorput, to Norway in 1991 [12].  That report states that the reactor is fuelled with 90% 
enriched uranium.  However, the operator of the nuclear-powered icebreakers, the Murmansk 
Shipping Company, reportedly has stated more recently that most of the fuel currently used in 
Russian icebreakers is 30-40% enriched [13].    
 
Russia is interested in adapting the ≈150 MWt KLT-40 for a floating nuclear power plant that 
could be exported.  The Bochvar Institute therefore applied for and received ISTC funding to 
explore possible high-uranium density fuels that could be used to convert the reactor to LEU 
fuel.  The results of this project were reported at the 1997 RERTR meeting.  Two types of high-
uranium-density fuels were examined:  
 
1) Particles of porous UO2 imbedded in aluminium alloys (melting temperatures 580 oC and up) 

gave fuel densities of 4.6-5.1 grams U/cc; and  
 
2) Particles of uranium alloy coated with zirconium (melting temperature 855 oC) gave fuel 

densities of 9.3-10.9 grams U/cc [14].   
 
In 2001, the Bochvar Institute applied to the ISTC for funding for the next stage of the project 
but received only approval without funding [15].  The Nuclear Threat Initiative Foundation is 
currently considering funding the project. 
 
Based on the incomplete information that the Soviet Union provided Norway about the design of 
the Sevmorput core, a Norwegian group developed a family of core models with hollow 
cylindrical fuel rods [16].  A colleague and I showed that, if the rods were solid, with a fuel 
density of 4.5 grams U/cc, this core model could be converted to LEU fuel with a core life of 
10,000 full-power hours equal to that obtained with 90% fuel [17].  A group affiliated with the 
Moscow Institute of Physics and Technology has done a series of calculations assuming twisted 
cruciform-shaped fuel rods of the type used in the PIK reactor core [18] and concluded that the 
KLT-40 could be converted to LEU using a fuel with densities ranging from 4.5 - 6.9 grams 
U/cc, depending upon the assumed thickness of the fuel fins [19]. 
 
 
7. Conclusions 
 
Recently, the U.S. Congress authorized the U.S. Secretary of Energy to fund the development of   

 
“alternative fuels and irradiation targets based on low-enriched uranium to convert 
research and other reactors fuelled by highly-enriched uranium to such alternative fuels, 
as well as the conversion of [such] reactors and irradiation targets” [emphasis added] 
[20]. 

 
Thus any HEU-fuelled reactor can now be considered for conversion if its fuel or fuel cycle is 
seen as potentially vulnerable to diversion -- and all are.  The Bochvar Institute is already 
pioneering in broadening the RERTR program mission in its effort to develop LEU fuels for the 
KLT-40 reactor.   
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Critical assemblies and pulsed reactors are research reactors and should be given appropriate 
priority in the RERTR program even if it is necessary to replace lifetime HEU cores. 
 
Finally, given the large number of research reactors that are expected to become obsolete or 
superfluous during the next decade, there should be a parallel international program to assist in 
decommissioning unneeded HEU-fuelled research reactors and providing researchers who shut 
down their research reactors access to operating research reactors with superior facilities. 
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Abstract 
The aim of the report is to find some principal decisions to implement an 

Agreement between the Governments of the Russian Federation and the USA on 

repatriation of the research reactor spent nuclear fuel (RR SNF) to the Russian 

Federation. The report presents some ideas and approaches to the transportation of the 

Russian-origin RR SNF from the technical, economical and legal viewpoints. The 

report summarizes the Russian experience and possibilities to fulfill the program 

under the Agreement. Some decisions are proposed related to application of the 

international transportation experience and the most advanced technologies for the RR 

SNF handling. At present, there is no any unified SNF transportation technology that 

is capable to implement the transportation program schedule set by the Agreement. 

The decision is in the comprehensive approach as well as in the development of 

mobile and flexible schemes and in implementation of parallel and combined 

shipments. 

 

Introduction. 

On the 28th of May 2004 the Government of the Russian Federation and the 

Government of the USA signed the Agreement on repatriation of the research reactor 

spent nuclear fuel generated in Russia. It made us revise the approaches to the 

transportation of RR SNF back to Russia. 

To fulfill the Agreement, the top heads of Russian and American Nuclear 

Departments have to ship the spent nuclear fuel from all research centers of Europe, 

Asia and Africa till the 31st of December 2010. Due to this task, the necessity arose to 



revise all the aspects of the international shipments of Russian-origin RR SNF. The 

most important aspects that determine a successful transportation are as follows: 

• Spent Fuel geography and Conveyance Preferences 

• SNF acceptance Criteria and Fuel Preparation 

• Fuel Inspection 

• Cask selection and Transportation Logistics 

• Technical Issues, Certification and Security 

• Costs 

• Legal Guideline and Contract Issues 

• Scheduling 

• Public Relations. 

The international experience on the transportation of fresh highly-enriched 

Russian fuel from Serbian, Romanian, Bulgarian and Libyan research reactors gained 

during the last three years evidences that the majority of problems can be successfully 

avoided in case of close cooperation, mutual confidence and unified schedule of each 

transportation. This report pays great attention to compliance with the Russian legal 

regulation basis as well as to issues of selection of transport means, containers and 

SNF handling technologies.  

 

1. Spent Nuclear Fuel Geography and Conveyance Preferences. 
The analysis of location of different types of RR SNF in countries and 

continents is made in Review /1/. However, it will be reasonable to divide the 

geography analysis into four groups corresponding to four directions of possible 

transportations (Fig.1): 

• Europe, 

• Middle Asia, 

• Africa, 

• South-East Asia. 



 

 
 

Fig. 1. The geography of the Russian-origin RR SNF location 

 

The figure shows that the geography of the RR SNF location determines the 

conveyance preferences. Thus, it is reasonable to perform air or sea transportation of 

SNF from countries that are far from Russia or separated from it by seas. This way is 

economically profitable even special tests are needed as well as certification of 

containers for air transportation of fuel from these countries.  

 

2. SNF Acceptance Criteria and Fuel Inspection. 
The nomenclature of spent fuel stored in the research reactor pools is known 

very well. The level of fuel enrichment in U-235 is from the lowest value (<20%) up 

to the highest one. The burn-up ranges from 10% to 50%. The time period of the fuel 

storage is from 5 years to 50 years. These parameters determine, to a great extent, the 

mass characteristics of fuel, its activity, residual energy release and fuel physical 

condition as well. 

The Russian criteria for fuel acceptance are more liberal than, for instance, the 

American ones /2/. It is allowed to specify the SNF acceptance terms in a contract. 

These terms are determined by the “IAEA regulations on export and import of nuclear 

material” INFCIRC/207. This document states that all the accompanying documents 

for SNF should comply with the data of the IAEA Safeguards Department. 



Fuel mass characteristics. Russia has a governmental NM registration system. Its 

main principles are stated in “The main regulations for the nuclear material 

registration and control” No NP-030-01-2001. These principals are the basic for the 

“Mayak” plant activities and they are implemented in the form of two-stage system 

for uranium acceptance. First of all, the preliminary NM acceptance is performed 

based on the accompanying documents issued by the consignor. At the second stage 

the nuclear materials are accepted on the balance of the plant according to the results 

of the spent FA dissolution analysis and a special Act is issued. As for plutonium and 

neptunium, they are accepted after their extraction in the form of nitric acid solutions 

and their further analysis. Thus, a foreign supplier should indicate the registered 

quantity of NM in an invoice (according to the IAEA Safeguards Department data). 

All the spent FAs should have “Certificate of Spent Fuel Assembly loaded into the 

XXX basket of the YYY cask” (Annex 5 to OST 95 10297-95). 

Shipments of material may be better coordinated when detailed information is 

promptly provided to include a comprehensive Appendix A “Spent Nuclear Fuel 

Acceptance Criteria”. An Appendix A is an appendix to the contract between the 

consignor of goods and “Mayak” plant in which the reactor operator provides detailed 

information regarding their spent nuclear fuel. Appendix B “Transport Package 

Acceptance Criteria” is also an important condition of successful fuel acceptance on 

the consignee’ territory. 

Fuel burn-up. Since the fuel burn-up range is very wide, the differences in the U-235 

content after irradiation can be significant. This fact causes some serious problems in 

elaboration of the fuel acceptance criteria. To solve this problem, a mutually approved 

technique is needed to determine the fuel burn-up even in the case when the 

irradiation history of each FA is unknown (for instance, TVR-S slugs from Serbia or 

ball-type fuel rods from Byelorussia).  

Leaky and damaged spent fuel assemblies. The problem of transportation of leaky 

and damaged spent FAs is a peculiar one. First of all, it is necessary to identify leak-

tight and leaky fuel assemblies. The Russian document OST 95 10297-95 allows 

transportation of leak-tight FAs and those with gas leakage without cans (in open 

baskets) or in non-hermetic cans. In case of direct contact of the fuel composition 

with pool water, the sealing of cans should be provided. The sipping methods should 

be of great attention during fulfillment of the SNF shipment program under the 
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Agreement. The scope of works on the fuel preparation will be determined by the 

number of leaky spent FAs. 

Cooling period and SNF conditions. The Russian experience on examination of RR 

SNF with aluminum cladding shows that after a long-term storage (more than 30 

years) in high-quality water the state of such fuel tends to a critical one. It means that 

the spent FA can be leak-tight but careless spent FA handling during reloading works 

can lead to its damage. In this case, the procedure of the spent FA preparation to the 

transportation (for instance, reloading into wrappers or cans) is a very complicated 

one. Work on fuel preparation to the transportation should be performed at each 

research center so as to comply the fuel acceptance criteria. 

 Distribution of spent FA of different types is Europe, Asia and Africa is 

presented in Fig.2. Undoubtedly, the nomenclature and design peculiarities of the 

Russian-origin fuel /3/ limit the handling means and fuel transportation technology. 

However, from the transportation viewpoint, all the variety of spent FAs can be 

brought to a certain number of types.  

 

Fig.2. Russian-origin SNF distribution in countries 

 

Several conclusions follow from the analysis of Fig.2: 

• The largest amount of irradiated fuel (both in the FA quantity and U mass) is 

in Poland, Germany, Hungary and Ukraine. In all four countries the 

percentage of highly enriched fuel is rather high. The most part of spent FAs is 



of VVP-M type, i.e. small-size fuel assemblies. The rest of the fuel is fuel rods 

and FAs of EK-10 type; 

• Large-size fuel assemblies of IRT, EK-10, S-36 and VVR-K type are, mainly, 

in Check Republic, Kazakhstan, Uzbekistan and Romania. The percentage of 

FA containing highly-enriched uranium is significantly lower as compared to 

the first four countries; 

• Yugoslavian SNF storage facility is a peculiar case, since a large amount of 

the TVR-S type slugs is stored there. The total amount of slugs is 8030 pcs 

and 20% of them are highly enriched. Since the slugs have a unique design 

that differs from the standard RR FAs and the period and storage conditions of 

these slugs are also non-standard, the transportation of fuel from this storage 

facility is a complicated problem; 

• Transportation of 275 FAs of MP type from the MARIA reactor (Poland) is 

also non-typical due to the non-standard design of FAs; 

• As for Asian research reactors, they have, mainly, highly-enriched fuel (803 

FAs with HEU and 44 FAs with LEU). All the 44 FA of EK-10 type with low-

enriched uranium are in North Korea. All the Asian spent AFs are of IRT and 

VVR-K type, i.e. large-size fuel assemblies; 

• African research reactors have EK-10 type FAs (Egypt) and IRT-2M type FAs 

(Libya).  

 

3. Cask Selection and Transportation Logistics. 
Cask selection. The fleet of transport casks and variety of technologies used 

by Russian and foreign companies for the SNF transportation have a wide scope of 

characteristics /4/. As in case with spent FAs, the whole variety of containers and 

technologies can be brought to several types. Such approach allows some new 

solutions to be found in the problem of the SNF transportation, which haven’t been 

considered by the researchers before. 

Due to the limited possibilities of the research centers in organizing of the 

SNF transportation, only so called LWT containers should be used (weight is up to 30 

tones). Table 1 presents a list and characteristics of the LWT transport casks used for 

the RR SNF transportation performed by Russian, American, German, French and 

Czech companies.  



Table 1 
Characteristic of different containers sets, type LWT 

Cask type Country 
Active 

quantity of 
cask, units 

Capacity (for 
IRT FA type), 

units. 

Capacity (for 
VVR-M FA type), 

units. 

TUK-19 Russia 20 4 16 
NAC-LWT USA 8 42 112 

VPVR Skoda Czech 1 (12 casks will 
be fabricated) 36 108 

CASTOR MTR 2 Germany 18 32 96 
NCS-15 Germany 1 4 16 
NCS-45 Germany 1 16 48 
GNS11 Germany 2 32 96 
GNS16 Germany 2 32 96 
TN 7-2 Germany 2 64 200 
TN-MTR France 4 52 150 
TN-106 France 1 8 32 

 

Only one set of the LWT casks is available in Russia for the RR SNF 

transportation. It’s a TUK-19 cask. These casks are of a simple design and they are 

very convenient for Russian home shipments. It is expedient to use the TK-19 casks 

when all the fuel can be transported at a single railway shipment from the research 

center (for instance, Bulgaria, Byelorussia, Latvia and, probably, Romania). 

The comparative analysis of the efficiency of different casks, readiness of the 

technologies for fuel reloading under complicated conditions, analysis of costs on 

various variants of container applications and account of preparatory work scope 

allow the following conclusions to be made: 

1. There is no any unified type of cask that makes it possible to fulfill the 

whole program of the SNF repatriation within the schedule set by the Russian-

American Agreement. That is why it is necessary to use some combined 

variants with the most convenient characteristics of different types of casks as 

well as to widen the sphere of their application taking into account the 

peculiarities of the research center geographical disposals. 

2. Russian TUK-19 casks can be used to ship SNF from those European 

countries, where the amount of fuel is not large and can be transported at a 

single shipment. 



3. Significant volume of transportations can be made using American 

containers of the NAC-LWT type. The advantages of this variant are in high 

efficiency of the park of capacious containers and in flexibility of the 

reloading technology. In addition, the design of these casks allows, if 

necessary, for certification of air shipment that is of great importance for the 

SNF transportation from distant countries. 

4. To perform the program of the RR SNF transportation within the set 

schedule, containers and technologies of the NCS-GNS company can be used 

sometimes. But in this case, the costs for adaptation of the “Mayak” plant 

acceptance technology to different types of containers can be rather high.  

5. VPVR casks of the Czech company Skoda that have a peculiar 

loading/unloading technology (top and bottom) can be accepted at the 

“Mayak” plant and the adaptation costs will be insignificant. 

 

Transportation means. The selection of the transportation means is determined 

by the following factors.  

• Location of the Russian-origin RR SNF is of a continental character. Hence, 

the transportation will be performed, mainly, by the railway transport. 

• Air shipment is inevitable during the fuel transportation from Africa and 

South-Eastern Asia. Besides, widening of application area of one of the above 

casks during air shipmen will allow the used container fleet to be brought to a 

new high level. 

• The necessity to use river and sea transport means arises if there are some 

transit difficulties during the SNF transportation from countries situated on the 

Danube. Such transportations have been already performed (Kozloduy, 2001). 

The analysis of capacities of ports located on the Danube, through which 

packagings with SNF can be shipped, shows that they are ready to deal with 

the LWT type containers. The Russian port in the Barents Sea (Murmansk) is 

going to get licenses for the SNF handling. 



4. Technical Issues, Certification and Security. 
Loading and unloading technologies. To accept the Russian-origin RR SNF at the 

“Mayak” plant, two technologies are used to load irradiated FAs into the transport 

casks: 

• Underwater loading of spent FAs into the transport cask basket using its own 

cranes. This type of technology is applied at the research centers with highly 

developed infrastructure. 

• “Dry” reloading of spent FAs into the transport cask using intermediate transfer 

container. This technology is used at the reactors, where fuel transportations are 

very rare and possibilities of lifting equipment are very weak. 

Since the first type of technology is not convenient for the majority of research 

centers, it follows that only those casks must be selected that can be used in the “dry” 

transfer technology. At present, the following casks can be used for the SNF 

transportation from the research centers with weak possibilities of lifting equipment: 

TUK-19, NAC-LWT, GNS-16 and TN-MTR. In this case no additional significant 

costs are required. 

Thus, it is economically profitable to improve the transportation equipment and 

technologies, which do not depend on the capacities of the research center. Adaptation 

of the transport-technological equipment of the research centers to the containers is 

not reasonable. 

Certification. There are no any difficulties in the certification of the package design 

and transportation by means of railway transport. 

Certification of packages for their transportation by air is more difficult task. To 

solve this problem, testing of the casks is necessary according to article 734 

“Regulations for Safe Transportation of Radioactive Materials” TS-R-1. The most 

complicated test is a crash test at a speed of 90 m/s. These tests are considered to be 

very expensive but the investigation show that the costs could be much lower if the 

tests are performed in Russia instead of the USA. As it was already mentioned, if this 

obstacle is overcome, the international container fleet will achieve a new level so as to 

solve RF-USA Agreement tasks. 

Physical protection and security. There is a fundamental difference between 

Russian and foreign casks. The Russian casks are shipped, as a rule, in special railway 

carriages, of which design is intended only for one type of cask. In this case, track and 



sea transportations of these casks become a serious problem. Foreign casks are 

transported, as a rule, in 20-feet transport containers that meet the ISO standards. 

Other aspects of the secure transportation are as follows: 

• Transportation means is accompanied by the necessary force ministers of the 

country, on which territory transportation is carried out; 

• Rosatom Crisis Center provides the insurance and information support during the 

whole shipment period; 

• Date of any shipment is confidential. The details of any shipment are available 

only for those who deal with; 

• Responsibility for the product should be strictly shared till the rout is over; 

The above problems have been already solved in Russia. 

 

5. Costs 
To compare different variants of the SNF transportation from the cost 

viewpoint, the following costs should be taken into account: 

• Management of project and logistics of shipment; 

• Development, designing and fabrication of DTT components; 

• Fabrication of new containers and their rent; 

• Certification of package design and shipment; 

• Personnel training and preparation of the consignor technical means for cask 

acceptance; 

• Preparation of fuel for shipment and fuel loading into casks; 

• Transportation and provision of physical protection; 

• Insurance and customs costs; 

• Ecological expertise of the project; 

• Unloading at the “Mayak” plant and SNF acceptance. 

In any case the costs should comply the requirements of the Russian laws (Fig.3) 



Fig.3. Total SNF repatriation cost distribution  
(according to the requirements of the Russian laws) 

 
6. Legal Guideline, Contract Issues and Scheduling 
Legal guideline. The repatriation of SNF to the Russian Federation is performed on 

the basis of international Agreements of the Russian Federation and foreign trade 

contracts concluded to fulfill the above Agreements by organizations authorized by 

the Government of the Russian Federation. A Gov-to-Gov Agreement for import of 

irradiated fuel assemblies between Russia and the Supplier country as well as 

contracts with transit countries are mandatory. 

The key point of the SNF import to the Russian Federation is a Unified Project 

(foreign trade contract + a set of verifying documents). This Unified Project specifies 

the import conditions, determines main executors and their role in the Project and 

regulates necessary and obligatory conditions for the Project implementation related 

to fulfillment of special ecological programs on improving of contaminated areas for 

the SNF handling. The mandatory condition for international Agreements and 

Contract on the spent FA import is the availability of positive conclusions of the State 

Ecological Expertise about the Unified Project. 

Contract Issues. Selection of an organizational and financial scheme is the 

most important stage of the implementation of the Project for the RR SNF shipment 

to Russia. Russia has strictly determined organizations responsible for conclusions of 

foreign trade agreements on the NM supply (TENEX and TVEL) and nuclear and 

radiation safety during the NM transportation (Rosatom, former Minatom). 

Nevertheless, standard schemes are not always effective. The experience on return of 

the fresh Russian-origin fuel of research reactors shows that non-traditional schemes 

with the participation of private companies are more effective.  
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(shipments, 

storage 
reprocessing)
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Federal budget
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implementation
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services
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The contract determines the cost of the spent FA import that includes: 

• All customs fees; 

• Costs of services rendered by organizations authorized by the RF Government 

to conclude foreign trade agreements related to the import of spent fuel 

assemblies to the Russian Federation; 

• Costs of services rendered by organizations dealing with handling of spent 

fuel assemblies and products of their reprocessing (including transportation, 

interim storage, reprocessing and radwaste handling). 

Scheduling. According to the current Russian legislation, the following stages of 

the spent FAs transportation to the Russian Federation are supposed: 

• Signing of Gov-to-Gov Agreement on the spent FAs import to the Russian 

Federation; 

• Signing of transit agreements; 

• Preparation and expertise of the Unified Project; 

• Signing of foreign trade contract on the spent FA import; 

• Delivery of empty casks to a facility; 

• Loading of spent FAs; 

• Transportation of loaded packages to Russia and their acceptance at the 

“Mayak” plant. 

If necessary, Russian specialist can carry out the SNF inspection prior to the 

delivery of transport casks. Taking into account the fact that the most part of the 

research reactor fuel is stored in water within several decades, this inspection is of 

great importance. According to the inspection results, the decision can be taken about 

the SNF preparation for the transportation and provision of the shipment safety (for 

example, fabrication of leak-tight transport cans). 

The preparatory phase performed by the governmental bodies influences 

greatly the time of project implementation. Thus, the time period for signing of Gov-

to-Gov Agreement can make up about 6-12 months. Depending on the conditions and 

quantity of fuel, the time for fuel preparation for transportation can make up from 6 

months up to 18 months. The preparation of the Unified Project will take no less than 

4 months. The shipment of spent FAs will take 45-60 days. Thus the whole import 

project will take 15-24 months. 

 



7. Public Relations. 
Public relations is an important part of the successful implementation of the 

program to return USSR-origin spent nuclear fuel to the Russian Federation. Russia 

does not have enough experience in public relations during the RR SNF transportation 

since all the transportations of spent FAs (from power reactors) are carried out 

according to the old legislation that does not provide issues of public relations. The 

current legislation has the regulation of the RF Government No 418 signed on 11th of 

July, 2003 concerning the procedure of the import of irradiated fuel assemblies of 

nuclear reactors. This regulation allows for easier solving of the transportation 

problems. Thus, Russia has an experience of intensive public collaboration during 

preparing for import of the spent FA of the VVR-SM research reactor (Uzbekistan). 

In particular, during the conference with the participation of the representatives of 

public bodies and people hold in summer 2004 in Chelyabinsk, the project of the 

spent FA transportation was fully approved. The transportation was approved because 

information was available as well as justification of costs for the spent FA handling 

and ecological activities. 

 

Conclusion. 

The report covers the issues of the Russian-origin SNF transportation from 

Europe, Asia and Africa to Russia. In fact, the problem of the SNF transportation is 

more complicated. Not only spent nuclear fuel is transported to Russia but also all the 

technical, economical, legal and ecological problems related to the SNF handling. The 

analysis shows that the Russian legislation is ready enough to solve these problems. 

At the same time, we should admit that from the viewpoint of efficiency, the 

Russian cask fleet intended for the spent FA transportation is not ready yet for such 

tasks. To solve this problem, a comprehensive approach is necessary including 

application of foreign casks of different types. 
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ABSTRACT  
 

Early this year, a shipment of 109 MTR fuel assemblies was received at the 
Department of Energy’s Savannah River Site from the BATAN reactor in 
Serpong, Indonesia and another of 181 TRIGA® fuel assemblies was received at 
the Idaho National Laboratory from the two BATAN Indonesian TRIGA® 
reactors in Bandung and Yogyakarta, Indonesia. These were the first Other-Than-
High-Income Countries shipments under the FRR program since the Spring 2001.  
 
The Global Threat Reduction Initiative announced by Secretary Abraham will 
require expeditious scheduling and extreme sensitivity to shipment security. The 
subject shipments demonstrated exceptional performance in both respects. 
Indonesian terrorist acts and 9/11 impacted the security requirements for the spent 
nuclear fuel shipments.  Internal Indonesian security issues and an upcoming 
Indonesian election led to a request to perform the shipment with a very short 
schedule.  Preliminary site assessments were performed in November 2003. The 
DOE awarded a task order to NAC for shipment performance just before 
Christmas 2003. The casks departed the US in January and the fuel elements were 
delivered at the DOE sites by the end of April 2004. The paper will present how 
the team completed a successful shipment in a timely manner. 
 



 
 
 

PAPER 
 
Prior to 9/11, the last Other-Than-High-Income shipment performed under the 
FRR program was a shipment from Chile and Argentina completed in early 2001.  
As a result of 9/11 the entire world was disrupted. This terrible event significantly 
altered the importance of securing hazardous activities and the methods employed 
in ways of doing business. It has, of course, impacted the requirements for 
radioactive and nuclear shipments, especially those for strategic material and 
spent nuclear fuel. In addition to effecting the safeguards considerations for 
securing material during transit operations between two facilities, it focused 
attention on candidate countries desiring shipments back to the US that present an 
elevated security risk due to their location, political sensitivity, presence of 
terrorist elements, etc.  
 
While the State Department and the Department of Energy were working on a 
global plans for reducing these threats, including vulnerability assessments and 
setting priorities for material to be removed from sensitive locations, an urgent 
need was identified to DOE in the fall of 2003: internal Indonesian security issues 
and an upcoming Indonesian election led to request that DOE perform a spent fuel 
shipment of MTR and TRIGA®  fuel within a very short schedule, i.e. prior to the 
initiation of election activities in the spring of 2004.   
 
In December 2002, as a result of a lengthy bidding process, NAC International 
had been awarded a competitive contract for performance of spent nuclear fuel 
shipments under the Foreign Research Reactor Program. Since the contract 
covered shipments for five years following the award date, and only required 
shipment details and pricing covered by the framework contract, it gave the 
Department of Energy the opportunity respond very rapidly by placing a task 
order to NAC for the associated activities. 
 
Early in November 2003, the Department of Energy requested NAC to perform 
site assessments of the three BATAN reactors; the MTR reactor in Serpong and 
the two TRIGA® reactors in Bandung and Yogyakarta. In addition to the technical 
site assessments, the trip was intended to expedite the Department of 
Energy/BATAN contracting activity by allowing finalization of arrangements 
with BATAN including candidate materials, data requirements rolls, 
responsibilities, shipment details and security measures while the material was in 
Indonesian territory. A one week site trip was performed by the end of November 
including three DOE representatives (from both the Savannah River Site and 
Idaho National Laboratory), two NAC representatives and a Wackenhut security 
representative. The team worked in parallel in three different locations in order to 
accomplish its assigned mission. A previous shipment from the Serpong reactor 
had been performed in 1999. The new security environment and a desire to ship 
loose fuel plates dictated a re-evaluation. The two TRIGA facilities had never 



shipped to the US before and were consequently new facilities to be evaluated.  
The Indonesians requested that the fuel depart Indonesian soil prior to mid-March 
when election activities were expected to become potentially disruptive. 
 
 
Following the trip and subsequent discussions between BATAN and DOE, a task 
order was issued to NAC International on December 26, 2003 for transportation 
of 109 MTR fuel type elements from the Serpong’s reactor and a total of 281 
TRIGA® fuel assemblies from the Bandung and Yogyakarta reactors. Three 
NAC-LWT casks were necessary for the MTR fuel elements and one NAC-LWT 
cask for each of the TRIGA’s reactors; a total of five NAC-LWT casks. The 
Department of Energy requested that the shipment leave the Indonesian territory 
by mid-March per the Indonesian request. 
 
From an NAC perspective, this required preparing five casks for shipment, 
arranging transportation for casks and support equipment from its ALARON 
storage facility in Pennsylvania to Jakarta, Indonesia, redesign and qualification 
of a cropping saw compatible with the Serpong storage facility, contracting for in-
country services, and arranging for INF-2 shipment of the casks back to the 
United States.  Considering a minimum maritime shipment duration of 30 days to 
ship the empty casks from the West coast, and a three week requirement for in-
country equipment positioning and cask loading, less than a month was available 
to make transport arrangements and stage the required equipment.  In addition, the 
Christmas and New Years holidays intervened early in the schedule. It shows the 
difficult challenges in planning and execution to meet the Department of Energy’s 
schedule request. 
 
The NAC-LWT cask is currently licensed for a wide variety of MTR and TRIGA 
fuel type elements. The Indonesian fuel was already included as an authorized 
content of the NAC-LWT US Nuclear Regulatory Commission Certificate of 
Compliance. This was a key element for meeting the schedule. Early January, 
NAC submitted a validation request to the Indonesian Competent Authority.  A 
validation was issued in March. 
 
Another key aspect in meeting the schedule was the loading flexibility offered by 
the NAC LWT cask and the Dry Transfer and Intermediate Transfer loading 
systems. As a result of the site assessments performed during the trip in 
November, it was determined that the use of the existing equipment would permit 
safe loading of the casks without the need to design additional equipment.  Since 
NAC has multiple casks and loading systems, planning could proceed based on 
parallel loading at the MTR and TRIGA reactors. 
Also, The Department of Energy had previously procured the necessary stock of 
TRIGA basket and fuel plate canister to support the project. 
 
After receipt of the Department of Energy’s task order, NAC immediately 
proceeded with the cask and related equipment mobilization. It was decided to use 
two loading systems (dry transfer, intermediate transfer and associated 



equipment), one set for the Serpong reactor and another set to be used at the two 
TRIGA facilities. 
 
In order to transport the large number of fuel elements, the Department of Energy 
requested NAC to perform the fuel cropping at the Serpong site (109 MTR fuel 
elements).  NAC had previously performed fuel cropping at sites previously but 
adaptation of the equipment was necessary, prior to shipping the equipment to 
Indonesia, to accommodate the unique requirements of the Serpong storage 
facility.  A period of intense modification and testing started. Since the casks had 
departed by the time operational validation was completed, the saw was air 
transported to Indonesia.  This permitted staging the saw and NAC personnel at 
Serpong in advance of cask arrival, allowing for completion of fuel cropping off 
the critical path. 
 
In parallel with the equipment preparation, the transport logistics was organized: 
 
- For the shipment of the empty casks and related equipment, the Department of 

Energy agreed with NAC’s recommendation to use a chartered vessel. This 
decision was a necessity for meeting the schedule. The most economical and 
practical approach was to use the same vessel for the return trip. 
Requisitioning a chartered INF2 vessel within 15 days is a very challenging 
effort knowing that the number of qualified INF2 vessels in the world is rather 
limited. After submission of a request for proposal to the shipping companies 
offering INF2 vessel and evaluation of the bids, the Danish company, Poulsen 
Shipping was selected based on schedule and cost considerations for the 
maritime shipment. They offered the use of a ship which had been used 
previously many times under the FRR program.  However, it was available on 
the West Coast of the US, dictating land transport from Pennsylvania to 
Washington State. 

- Logistics in Indonesia including transportation and handling equipment was 
organized with the support of Schencker and its Indonesian local partners. 

- Preparation of all necessary plans such as transportation plan, security plans, 
permits were initiated.  Considering the post-9/11 environment, concerted 
efforts were required to complete these within the available time. 

   
On January 22 2004, nine 20’ ISO containers left the NAC storage facility in 
Pennsylvania heading for the West Coast. Because of the position of the ocean-
going vessel, A US West Coast Port in Washinghton State was used for ship 
loading. The US West Coast ports are very unfamiliar with radioactive shipments 
as most of such material is shipped or received at East Coast locations. 
Consequently, NAC had to comply with their additional requirements within a 
very short time period (radiological survey at the port, additional paperwork, etc). 
The ship left the US Port on January 29th and delivered the empty casks and 
equipment to Jakarta on February 28th, including five days delay due to bad 
weather conditions during the transit.  
 



On February 12th, our first team of two engineers headed to Indonesia to proceed 
with the fuel cutting. Confirming the saw’s improvements, the head and foot 
cropping of more than 80 MTR fuel elements was safely and successfully 
performed within two days, well in advance of the advertised schedule.  
 
NAC’s second team assigned to the two TRIGA reactors arrived in Indonesia 
February 23rd. 
 
In addition to the NAC personnel, an INL team traveled to Indonesia to perform a 
fuel inspection during the loading operations of the TRIGA’s reactors. A DOE 
representative also traveled to Indonesia for general coordination with BATAN 
and the US embassy.  Support from the US Embassy was excellent throughout the 
planning and execution of the shipment. 
 
Immediately upon delivery of the empty casks and related equipment, the NAC 
teams started the cask loading operations with the support of the BATAN 
personnel. The loading operations of the three NAC-LWT casks with MTR fuel 
elements was completed within eight days and ready to ship on March 8th.  The 
loading operations for the two NAC-LWT casks with TRIGA fuel elements from 
the two geographically separated TRIGA facilities were performed in sequence 
requiring eight days total.  They were ready to ship on March 9th. 
  
The ship was directed to the first port of call located in the southern part of Java 
island to pick up the three MTR casks  and one TRIGA cask on March 9th and to a 
second and last port located in the northern part of Java island on March 10th for 
the second TRIGA cask. While in Indonesian territorial water the ship was 
escorted by a military ship of the Indonesia Navy.  Additional security 
measurements were put in place but cannot be described due to its classification 
as safeguards information.  The ship departed Indonesian waters on March 10, 
five days ahead of the aggressive schedule set by the Indonesians only three 
months before. 
 
A position reporting of the vessel has historically been provided to the 
Department of Energy on a specified schedule. However a very close tracking of 
the ship was desired during the transit due to the heightened security environment. 
Real time tracking of the ship was facilitated by the use of Inmarsat satellite and a 
very user-friendly software package called Purple Finder showing the position of 
the ship on a map and indicating other useful information such as current speed, 
wind, etc. 
 
Based on the evaluation of two potential maritime routes, it was decided to transit 
around the cap of Good Hope due to high probability of better weather conditions 
at this time of the year. As a result of this choice and the very good weather 
during the whole return shipment, the ship arrived at Charleston on April 20th,  a 
few days earlier than targeted. 
 



The same day, the five casks were transported to Savannah River Site, three for 
unloading, two for a short storage time prior to transportation and unloading at 
INL in Idaho.  
 
 
 

Conclusion 
 

DOE, with the help of NAC and its subcontractors, the BATAN organization and 
personnel, and US Embassy support, was able to accomplish the fuel shipment 
from Indonesia in record time, ahead of the demanding schedule originally set as 
the target.  The successful performance of this accelerated shipment was 
facilitated by several factors: 
- Existing contractual arrangements between DOE and NAC were in place, and 

an established working relationships. 
- The fuel was an existing authorized content of the NAC-LWT cask 
- The NAC cask and support equipment is very flexible and was compatible 

with the three shipping facilities.  The availability of multiple casks and 
equipment was vital to meeting schedule demands. 

- TRIGA baskets and an MTR fuel plate canister were in inventory and could 
be directed to the tasks 

- NAC had anticipated the shipment when first discussed in November and had 
initial contact with INF2 vessel providers.  Fortunately, a vessel previously 
used for FRR shipments could be redirected to the shipment at the time of 
award and it performed exceptionally during the project. 

- NAC promptly deployed resources to cask, equipment and saw preparation, 
and used innovative scheduling and deployment approaches to minimize 
activities on the critical path.  Men and equipment performed flawlessly. 

- DOE deployed people to support the shipment in Indonesia so that real-time 
decisions could be made when required. 

 
It remains a very challenging project and one of considerable pride for all the 
team involved. 
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ABSTRACT 
 
The AREVA Group Companies offer comprehensive solutions for the entire fuel cycle of Research 
Reactors comply with IAEA standards. 
 

• CERCA and COGEMA LOGISTICS have developed a full partnership in the front end cycle. 
In the field of uranium CERCA and COGEMA LOGISTICS have the long term experience of 
the shipment from Russia, USA to the CERCA plant.. 

 
Since 1960, CERCA has manufactured over 300,000 fuel plates and 15,000 fuel elements of 
more than 70 designs. These fuel elements have been delivered to 40 research reactors in 20 
countries. 

 
• For the Back-End stage, COGEMA and COGEMA LOGISTICS propose customised solutions 

and services for international shipments. 
 

• COGEMA LOGISTICS has developed a new generation of packaging to meet the various 
needs and requirements of the Laboratories and Research Reactors all over the world, and 
complex regulatory framework. 

 

Comprehensive assistance dedicated, services, technical studies, packaging and transport systems are 
provided by AREVA for every step of research reactor fuel cycle. 
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PAPER 
The fuel cycle for Research Reactors and Laboratories is an integral part of the fuel cycle of Power 
Reactors. Due to the type of material (uranium enriched up to 93%) the shipment must comply with: 
- The international regulation for dangerous goods, 
- IAEA standards,  
- National and International laws for physical protection, 
 

The AREVA Group Companies offer comprehensive solutions: 

• CERCA and COGEMA LOGISTICS have developed a full partnership in the front end cycle : 

- In the field of uranium (HEU and LEU) CERCA and COGEMA LOGISTICS have the long term 
experience of the shipment from Russia, USA to the CERCA plant. This cooperation includes 
providing the packages such as TN™-BGC, TN™UO2, technical assistance on sites and door-to-
door transportation logistics. 

 

  
TN™-BGC package 

- Since 1960, CERCA has manufactured over 300,000 fuel plates and 15,000 fuel elements of more 
than 70 designs. These fuel elements have been delivered to 40 research reactors in 20 countries. 

  
Examples of CERCA fuel elements 

 
- Following the fuel fabrication, CERCA and COGEMA LOGISTICS provide transport services 

from CERCA plant to the reactor in Europe or abroad. Most of the fuel deliveries are performed 
with the CERCA 01 package. It has been developed in cooperation between both companies, 
complies with IAEA 96, and can be used for multimodal transportation. 
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Examples will be provided, such as transports to Japan and within Europe, using CERCA package 
for fresh fuel, TN™UO2 or TN™F-XI for powders and pellets, or TN™-BGC for HEU. 

 
• For the Back-End stage, COGEMA and COGEMA LOGISTICS propose customized solutions 

and services for international shipments, in a complex regulatory framework. 
 
 
COGEMA LOGISTICS has developed a new generation of packaging to meet the various needs 
and requirements of the Laboratories and Research Reactors all over the world.  
 
Four (4) TN™-MTR casks, which can be equipped with 6 different types of basket allowing a 
capacity from 4 to 68 fuel elements, and 2 TN™-106 casks with two different lengths of cavity 
(2200 mm and 2000 mm) are presently in use. 
 

  
Unloading of TN™-MTR cask at La Hague plant 

 
A TN™-MIL, allowing the transportation of 20 irradiated fuel rods will be in use in a very near 
future.  
 
All these packagings meet AIEA 1996, T-S-R-1 regulations. 
 
Examples will be provided, on current transport operations: shipments of spent fuel from Japan, 
Australia and Europe to US and France. 

 
 
 
Conclusion 
 
Comprehensive assistance dedicated, services, technical studies, packaging and transport systems are 
provided by AREVA for every step of research reactor fuel cycle. 
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ABSTRACT 

 
A mobile melt-dilute (MMD) module for the treatment of aluminum research reactor spent fuel is being developed 
jointly by the Savannah River National Laboratory and Argonne National Laboratory.  The process utilizes a closed 
system approach to retain fission products/gases inside a sealed canister after treatment.  The MMD process melts 
and dilutes spent fuel with depleted uranium to obtain an isotopic content of less than 20%.  The final ingot is 
solidified inside the sealed canister and can be stored safely either wet or dry until final disposition or reprocessing.  
The MMD module can be staged at or near the research reactor fuel storage sites to facilitate the melt-dilute 
treatment of the spent fuel into a stable non-proliferable form.   
 

1. Introduction 
 
The recent international focus on nuclear non-proliferation includes consideration of the 
spent fuel located in eighteen countries with Russian designed research reactors located 
outside the border of Russia. Highly-enriched uranium (HEU) fuel assemblies have been 
used to operate these reactors, and the spent fuel assemblies are stored in cooling ponds.  
These HEU assemblies pose a weapons proliferation concern.  In addition, these research 
reactors and spent fuel storage sites typically do not have the high level of security 
infrastructure appropriate for protecting such fuel. While the U.S. has taken steps to help 
improve the security infrastructure at these sites, it would be preferable to ensure that the 
HEU fuel is in a non-proliferable form. 
 
The Mobile Melt-Dilute (MMD) treatment process is an attractive option that can treat spent 
fuel by converting the weapons useable HEU to a safe and secure low-enriched uranium 
(LEU) ingot through dilution with depleted uranium. The process is modular, reusable, and 
readily portable to a desired site or storage location. 
 
The basic Melt-Dilute (MD) technology was developed in the late 1990’s to treat foreign and 
domestic aluminum-based spent research reactor fuels returned to the Savannah River Site.  
This same technology is adapted for the mobile process except that the spent fuel is 
processed in a closed canister so fission products along with the low enriched uranium (LEU) 
ingot are retained inside a sealed canister [1-2].  Proof of principle experiments and 
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component evaluations are being performed as part of an integrated approach for flowsheet 
development and design and fabrication of prototype system components. 
 

2. Background 
 
The Reduced Enrichment for Research and Test Reactor (RERTR) program has successfully 
developed low enriched fuels for research reactors but does not address the large quantity of 
highly enriched fuels stored at locations around the world.  In 1996, the U.S. initiated a 
program for the return of research reactor fuel with U.S. origin fuel material to the U.S. for 
interim storage and final disposition.  The Foreign Research Reactor Spent Nuclear Fuel 
Acceptance Program’s objective was to reduce the U.S. origin HEU stockpile in research 
reactors globally.  
 
In parallel to the U.S. history and during the Soviet era, Russia similarly provided nuclear 
technology throughout the region and fabricated fuel for research reactors at Bochvar 
Institute in Moscow and the Chemical Concentrates plant in Novosibirsk.  During the 1970’s 
the Russian government became concerned with the quantity of HEU provided and used at 
research reactors throughout the Soviet Union and began to make changes by initiation of the 
Russian Research Reactor Fuel Return Program.  Currently the U.S. and Russian 
Governments are cooperating to reduce and secure the HEU supplied inventory at research 
reactors under this program.  
 
The U.S. Department of Energy (DOE) is sponsoring the development of a technology that 
could provide an alternate disposition path for Former Soviet Union (FSU) research reactor 
fuel if, for any reason, a research reactor’s fuel cannot be shipped back to Russia as part of 
the Russian Research Reactor Fuel Return Program.  Argonne National Laboratory (ANL) 
and Savannah River National laboratory (SRNL) have proposed the Mobile Melt-Dilute 
Technology to fulfill this mission need.  This technology could provide an interim disposition 
path to mitigate proliferation concerns during the long logistical process that will be required 
to return the fuel to Russia from eighteen different countries.   
 
The Mobile Melt-Dilute (MMD) process is an extension of the Melt-Dilute process that was 
developed at the Savannah River National Laboratory for treatment of spent reactor fuel of 
U.S. origin.  Extension of the MD process to a mobile platform allows the benefits of the 
technology which include the potential for significant volume reduction, reduced criticality 
potential, and proliferation resistance to be developed into a system that is portable from site 
to site.  By incorporating proven concepts, along with a closed system approach, a simplified 
mobile treatment system is being developed for rapid deployment.  A summary flowsheet 
schematic is shown in Figure 1. The MMD process simply involves 1) loading spent fuel 
assemblies in a canister with depleted uranium, 2) welding a lid on the canister, 3) drying and 
evacuating the canister, and 4) melting the HEU fuel assemblies and diluting the 235U/U –
aluminum alloy to less than 20% enrichment in 235U. 
 
After treatment, the sealed canister containing the solidified aluminum-uranium ingot can be 
placed in interim storage pending reprocessing or emplacement into long-term storage.  Thus, 
HEU material can be treated using the MMD process to generate a safe and secure LEU 
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ingot. As envisioned, the MMD system will be compact and staged on a transportable 
vehicle, with the capability to treat and encapsulate research reactor spent fuel at either the 
reactor or storage site. 

 High Temperature (500°C) Vacuum Drying , 
Followed by Melt Cycle at 750°C 

 
Figure 1. Schematic of simplified flowsheet for MMD process. 
 

3. Process Layout 
 
The MMD system consists of a treatment module and control module that are contained in 
International Standards Organization (ISO) transportable cargo shipping containers. The 
containers will be transported to the treatment site on two trailers.  The system includes 
loading equipment and a transfer cask, welding equipment, vacuum systems, and an 
induction furnace.  Electrical power is supplied by a diesel generator, and the induction 
furnace is air cooled eliminating the need for cooling water at the treatment site.  Movement 
of the transfer cask is performed using a fork lift truck which will supply back up emergency 
electrical power.  The treatment module will contain the induction furnace and support 
equipment such as the lid welder and canister evacuation system.  The treatment processes 
will be operated remotely from a control module located inside an adjacent cargo container. 
 
The furnace will be enclosed and radiation shielding installed to protect equipment and 
personnel.  A bottom-loading shielded transfer cask is used to move fuel assemblies from the 
storage area in the reactor site to the MMD melt cell.  The cask will attach to the furnace, 
fuel is then lowered into a canister in the furnace, and the bottom shield will be detached and 
secured to seal the furnace.  The door can be closed to completely seal the canister inside the 
furnace.   
 
After loading the canister with spent fuel, it is heated and dried under vacuum at 500°C to 
remove all adsorbed and chemically-bound water from the aluminum fuel assemblies. Some 
volatile fission products maybe released if heated near the fuel blister temperature or if failed 
fuel is treated.  Water vapor and volatile fission gases released during drying will be trapped 
on special filters and will not be released to the atmosphere.  After drying, the canister is 
sealed under vacuum prior to melting at 750 ºC.  The sealed canister will contain the 
radioactive ingot and any gaseous or condensed volatile products inside after treatment.  
When cooled to ambient temperature, the canister will be moved to the final wet or dry 
storage facility.   

Weld Lid on Canister

Weld Station

Spent Fuel 
Assemblies 

Load into Canister with 
Depleted Uranium 

Cooling Air Out 

Cooling Air In 
Air-Cooled Induction 
Furnace with Alumina 
Crucible
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The Direct Electric Heat (DEH) furnace, a patented technology of Inductotherm Corporation, 
was selected for the MMD process.  It is a compact air cooled induction furnace that provides 
the capability to rapidly heat the fuel assembly and to stir the molten alloy to uniformly dilute 
the highly enriched uranium (HEU) fuel.  The technology is ideal for the mobile process 
because of its small footprint and because minimum utilities are needed at the reactor fuel 
storage site.  A sketch of the MMD system layout is shown in Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Sketch of MMD modular system layout. 
 

Proof of principle experiments and component testing are currently underway to collect the 
necessary engineering data so that prototype designs of the furnace and canister can be 
prepared and fabricated for continued development of the MMD system.  The following 
section describes the results of the key component and experimental test programs being 
performed to aid the design, fabrication, and demonstration of a prototype system. 
 

4. Experimental Testing 
 
Uranium Dissolution Tests 
 
Uranium dissolution tests have been performed to determine preliminary processing 
characteristics.  Dissolution tests were performed at 850, 800 and 750°C using commercial 
6061 aluminum and a 4 wt% uranium in aluminum alloy, which is the expected composition 
of the melted spent research reactor fuel assemblies.  Preliminary stirring tests were then 
performed to ensure that the required dissolution rate and uniform melt could be obtained at 
the lowest temperature of 750 °C. 
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The experimental tests were performed in a laboratory induction furnace using a carbon steel 
crucible.  The furnace operated at 3000 Hz for melting and 60 Hz for induction stirring.  A 
depleted uranium cylinder with high surface area was added to the molten alloy after 
reaching the test temperature.  The dissolution characteristics were determined by taking 
samples from a fixed position near the bottom of the melt as a function of time for up to 30 
minutes.  The samples were analyzed using either Inductively Coupled Plasma Spectroscopy 
(ICPS) or X-Ray Florescence (XRF). 
 
The dissolution rates for uranium in molten aluminum (4 wt% U and pure Al) without 
stirring are shown in Figure 3 and exhibit a power law decay with time. Diffusion of U in 
molten aluminum is a function of the melt temperature; increasing with increasing 
temperature.    
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Figure 3.  Dissolving Rate of Uranium in 6061 Aluminum and 4 wt% Uranium-Aluminum Alloy [4]. 
 
Testing has also shown that the dissolution rate of uranium in molten aluminum is a function 
of the rate of mixing agitation and surface area of the diluent.  The sealed canister will meet 
Section VIII of the ASME Boiler and Pressure Vessel Code [3].  Below 815 ºC stainless steel 
can be used for pressure vessels in accordance with the ASME pressure vessel code [3]. In 
order to process at a lower temperature, stirring and optimized diluent feed surface area are 
needed.  Initial tests performed at 750 ºC with melt stirring for 5 minutes show good uranium 
uniformity and higher diffusion rates.  Tests at the lower operating temperature with 
prototypic components will continue to optimize stirring rates and feed characteristics to 
increase the initial diffusion rate. 
 

5. Furnace Testing 
 
A schematic of the preliminary canister and furnace design is shown in Figure 4. The canister 
design and process operating parameters require determining the DEH furnace heating 
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characteristics at 750 ºC, the established melt temperature.  The melting time should be about 
1 hour at temperature to minimize molten aluminum and canister crucible reactions.  The 
furnace is insulated so cooling rate of the canister is about 2 ºC/minute and depends on heat 
loss and air flow around the furnace coil.  A melt cycle time of about 8 hours per melt is 
needed for the MMD process to meet throughput requirements.   
 
Preliminary tests were performed using surrogate fuel assemblies made of aluminum.  Four 
assemblies in a batch were placed in a stainless steel canister with a carbon steel canister 
crucible (liner) containing surrogate fuel material was heated in the DEH furnace to 
determine heating characteristics.  The surrogate assemblies were based on a Russian IRT 
type fuel assembly and were fabricated from aluminum plate and instrumented with 5 
thermocouples equally spaced along its length on the outer and inner plates of the assembly. 
Temperature measurements were made by attaching thermocouples to the stainless steel 
canister wall at 25 cm and 56 cm from the bottom and by attaching thermocouples to the 
carbon steel crucible wall at 46 cm from the bottom of the crucible.  
 

 Furnace
Elevation

View

MMD
Canister
Alumina
Crucible
Thermal

Insulation

Induction
Coil

Coil Cooling
Air Annulus

Shield Plug Lid
(From Transfer Cask)

 Canister
Design

 
Figure 4. Schematic of Preliminary Design of Canister and Furnace. 

 
The furnace power was originally 100 kw but after 5 minutes it was reduced to 40 kw.  After 
the hot zone reached approximately 880 ºC, the peak temperature, the furnace power was 
reduced to 12 kw for the remainder of the test.  The stainless steel canister maintained a 
temperature range of 740 to 800 ºC during processing that was well within the ASME 
pressure vessel code limit of 815 ºC.  The temperature range for the carbon steel canister 
crucible was 700 to 780 ºC.  The heating cycle time was 120 minutes.   
 
A temperature profile of the mock fuel assembly is shown in Figure 5 for the outer and inner 
plates.  The bottom of the fuel assembly was in contact with the canister/crucible and heated 
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faster due to conduction of heat.  The top was heated slower from radiation and from heat 
conduction along the plates.   
 
After 80 minutes the top of the fuel elements reached 500 ºC, the drying temperature.  By this 
time the bottom of the fuel assembly had reached the melting point of aluminum as indicated 
by the isothermal line. Decreasing the initial furnace power gives a slower and even heating 
rate for the fuel assembly, which will reduce the potential for melting the aluminum cladding 
during the drying step.  Note that the thermocouples at the top of the fuel assembly increased 
rapidly to 800 ºC after reaching the melting temperature.  The thermocouples at the top 
pulled out as the fuel assembly began to slump and touched the side of the hot liner; 
therefore, the bottom thermocouples reflect the true melt temperature. 
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Figure 5. Temperature Profile for the Outer and Inner Plates for the Russian IRT Mockup Fuel 

Assembly during the DEH Test [5]. 
 
When the furnace power was shut off the molten aluminum began to cool.  The cooling rate 
was calculated to be 2 ºC/minute and the cooling time was about 1 hour to the aluminum 
solidification temperature.  The total cycle time from startup to complete melting was 3.5 
hours during the test.  Assuming the constant cooling rate, it would take approximately 9 
hours to treat the spent fuel and to reach room temperature if cooled in the furnace.   
 

6. Canister Liner Testing 
 
A testing program was performed to evaluate candidate canister crucible (liner) materials to 
select a material that will withstand the high temperature environment and corrosive 
constituents of the Al-U molten alloy. The testing program is organized into two phases; 
short-term screening tests with several candidate crucible materials; and confirmatory testing 
with high potential candidates under simulated conditions. 
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For the first phase of canister crucible testing, two heating cycles were performed; the first at 
850°C and the second at 750°C. Several small crucibles were loaded with approximately 100 
g of aluminum (alloy 6061) and heated to the maximum temperature for 3 hours in an air 
atmosphere. Details about the crucibles used in these two tests are given in Table 1. Graphite 
was excluded from the matrix due to the air atmosphere and the potential for significant 
oxidation at the test temperatures. With the exception of the alumina castable crucible, the 
small crucibles were 2 inches in diameter by 2 inches in height. Nominal wall thicknesses 
varied for the crucibles according to the whether the original materials were milled or from 
tube stock. Floor thicknesses were initially 0.12 inches for the iron-based crucibles. The 
castable crucible was approximately 4 inches in diameter by 2 inches in height and was cast 
according to vendor specifications. 
 
As noted in Table 1, two oxidized carbon steel crucibles were tested along with the others at 
750°C and 850°C. The crucibles were oxidized or “blued” to potentially hinder the reaction 
of the crucible with the aluminum melt by forming a resistant oxide layer between the two. 
Approximately 0.1 g of weight gain was recorded for the two crucibles during the oxidation 
cycle. Crucibles 4-5 and 4-6 had additions of graphite and iron chips, respectively, to also 
inhibit the reaction of aluminum with the crucible surface. Iron additions greater than 1% 
have shown promise in minimizing the tendency of aluminum to solder during die-casting 
operations [7].  
 

Table 1.  Crucible Testing Materials and Conditions [6]. 
 

 
 
Following the testing of smaller crucibles in Phase I, two larger crucibles were produced 
from carbon steel and tested either with a furnace located at Argonne or using the furnace 
expected for production operations. Larger crucibles were used to obtain a higher molten 
aluminum mass to exposed surface area ratio of 9-17 g/cm2, which is comparable to full-
scale operations.  The test at Argonne was performed with uranium and aluminum (alloy 
6061) in an induction furnace in an argon atmosphere. The other large crucible was tested 
with just aluminum (alloy 6061) at Inductotherm Corp. located in Rancocas, New Jersey, 
using an induction furnace system similar to the anticipated full-scale MMD operations 
furnace.  
 
Results from the canister testing indicate that no significant loss of crucible material was 
measured for both the small and large carbon steel crucibles tests. As a result, carbon steel 



WSRC-MS-2004-00782  

was selected as the material of choice for the MMD canister crucible based on its availability, 
ease of fabrication, and compatibility with aluminum and uranium at high temperatures. 
 
 
 

7.  Furnace Design 
 
The MMD prototype furnace design is guided by furnace evaluation, information from the 
dissolution and integrated tests, and the Functional Design Requirements (FDR) for the 
MMD system. The prototype furnace will be used to precisely map power settings, time, 
temperature requirements, and stirring times to process the IRT surrogate fuel assemblies 
(the largest unaltered assemblies that fit the canister) and other fuel geometries in the MMD 
melt canister. The location of temperature controller transducers will be determined for the 
furnace and canister (if required for the canister). These transducers will allow the operator(s) 
to observe the temperature plateau of phase transitions as the fuel becomes liquid, and again 
as it freezes. A view of the MMD prototype furnace is seen in Figure 6.  
 
The prototype furnace is specifically designed to process aluminum-based fuel assemblies 
and will be capable of processing multiple assemblies simultaneously. In the field, quantity 
will be determined by the fuel type and activity.  Up to four IRT assemblies will fit 
simultaneously in the treatment canister. 
 

 
Figure 6.  Prototype MMD Furnace Design [8]. 

 
Induction furnaces are normally rated by crucible and power supply capacity. Induction 
furnace power supplies fall within a range of operating frequencies designed to meet user 
needs. The furnace load geometry must also be considered so melting, pouring, ladling or 
other operations can be accomplished. Therefore, standard induction furnaces are tailored to 
the user’s needs by adjusting both physical and electrical parameters. MMD requirements 
include specific canister geometry, efficient energy transfer to the canister, enough power to 
melt 100kg of aluminum quickly, and magnetic stirring. The MMD prototype will also be 
used to test air flow and power cable diversion caused by (mock) lead shielding. 
Inductotherm used their tools and experience along with input from the SRNL-ANL team 
and the results of the integrated test to match specific induction furnace parameters to MMD 
system needs.  In list form, these are: 
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- Air-cooled induction furnace 
- Furnace power supply output frequency 500 Hz 
- Induction (magnetic) stirring circuit included in power supply 
- Induction stirring frequency (pulse rate) •60 Hz 
- Coil height: 28.5 inches 
- Coil diameter: 20 inches 
- Liner (crucible) inside diameter: 13 inches 
- Cooling air flow: 2300 scfm 
- Shunt coverage •80% 
- Power supply rating 115 kW 
- Duct length between power supply and furnace coil: 26 inches (minimum) 
- Mounted on support frame (skid) 
- Provided with 480V 3• 60Hz electrical disconnect attached on/near the power supply 
- Remote furnace/temperature control capability 

 
8.  Summary 

 
Currently, aluminum-based Russian research reactor fuel containing highly enriched uranium 
(HEU) is stored underwater in storage basins at various locations in FSU countries. The 
Mobile Melt-Dilute (MMD) treatment technology is an attractive option to convert the HEU 
weapons-useable fuel into a low enriched uranium (LEU), non-proliferable form, and 
encapsulate the form in a sealed container suitable for continued wet or dry storage and/or 
eventual reprocessing or disposal.  The MMD process flowsheet was developed and 
comprehensive component testing and initial experimental test programs have been 
performed to guide the development of a prototype furnace and canister for the MMD 
system.  
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Introduction

There are four research reactors in Brazil. For three of them, because of the low reactor power and low
burn-up of the fuel, except for the concern about ageing, spent fuel storage is not a problem. However for
one of the reactors, more specifically IEA-R1 research reactor, the storage of spent fuel is a major concern,
because, according to the proposed operation schedule for the reactor, unless an action is taken, by the year
2009 there will be no more racks available to store its spent fuel. This paper gives a brief description of the
type and amount of fuel elements utilized in each one of the Brazilian research reactors, with a short
discussion about the storage capacity at each installation. It also gives a description of the activities
developed by Brazilian engineers and researchers during the period between 2001 and 2004, within the
framework of regional project “RLA-4/018-Management of Spent Fuel from Research Reactors”. As a
conclusion, we can say that the advances of the project, and the integration promoted among the engineers
and researchers of the participant countries were of fundamental importance for Brazilian researchers and
engineers to understand the problems related to the storage of spent fuel, and to make a clear definition
about the most suitable alternatives for interim storage of the spent fuel from IEAR1 research reactor.

1. - Brazilian Research Reactors

Brazil has 4 research reactors (RR) in
operation. IEAR1, considered the most important
one, is the oldest in the southern hemisphere. The
reactor, a MTR open pool RR is located at IPEN1,
in the campus of São Paulo University, in São
Paulo city. It started to be built in September 1956,
and reached criticality for the first time on
September 16th of 1957. Although designed to
operate at 5 MW, from 1957 until 1995 the power
level was maintained between 200 kW and 2 MW.
In 1995 a program was established with the
objective to start production of 153Sm, and to
prepare the reactor to produce 131I and 99Mo. As
result of this decision the regime of operation 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 allow the reactor to operate
continuously during 120 hours per week at 5 MW.
The burn-up rate, which is actually 360 MW-Day
per year, is expected to increase to 1100 MW-Day
per year.

IPR-R1 is the second Brazilian RR. Located
at CDTN2, in the campus of Federal University of
Minas Gerais, in Belo Horizonte city, the reactor, a
100 kW Triga Mark I reactor, achieved criticality
for the first time on November of 1960. The reactor
operates as required, and can reach the  rate of 8 hrs

1- IPEN – Nuclear and Energetic Research Institute
2- CDTN- Nuclear Technology Developing Center
3- IEN – Nuclear Engineering Institute

per day, 5 days per week, 40 weeks per year. The
accumulated burn-up of the reactor since its first
criticality until present time is about 150 MWDays.
Due to the low nominal power of the reactor, except
for ageing concern, spent fuel is far from being a
problem.

The third Brazilian RR is called Argonauta,
and is located at IEN3, in the campus of the Federal
University of Rio de Janeiro, in Rio de Janeiro city.
The first criticality of the reactor, which has a
nominal power of 200 W, was reached on February
of 1965, and actually it operates 4 hours per day, 5
days per week, 43 weeks per year. The accumulated
burn-up of the reactor since its first criticality is
about 0,25 MWDays, and as in the case of IPR-R1,
due to the low nominal power, storage of spent fuel
is not a problem.

The most recent Brazilian RR is IPEN/MB-
01. Located at IPEN1, it is the result of a national
joint program developed by the Brazilian Nuclear
Energy Commission and the Brazilian Navy. The
reactor, a water tank type critical facility rated 100
W, is mainly used for simulation of small LWR and
research in reactor physics. It reached criticality for
the first time on November of 1988. For IPEN/MB-
01 the accumulated burn-up is below 0,1 MW-Day.

Maximum fuel enrichment for IPEN/MB-
01 is 4,3%, and for the other 3 reactors is 20%.
Table 1 summarizes the characteristics of the fuel
elements of the four Brazilian RRs, and figures 1 to
4 show a picture of them.

As explained before, due to the low
nominal power rating of IPR-R1, ARGONAUTA
and IPEN/MB-01 RRs, except for ageing concern,
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for   them   storage   of   spent fuel is not a problem.
In the case of IPR-R1, the first refueling is expected
to occur around 2010, and the installation has a
capacity to storage 60 spent fuels.

TABLE 1. Fuel Characteristics of
Brazilian Research Reactors

Reactor Type of fuel
element

Fuel
Elements per

assembly

Number of
assemblies

in core

IEA-R1
U3O8-Al   &
U3Si2-Al
plates

Standard: 18
Control :   12

Standard: 20
Control:     4

IPR-R1 UZrH rods
1(each rod is
one assembly)

1961  :    54
2003  :    59

Argonauta
U3O8-Al
Plates

Standard: 17
Control :    7

Standard:  6
Control :   2

IPEN/
MB-01

UO2
 pellets

within SS
tubes

1(each tube is
one assembly)       680

Figure 1 – IEA-R1 Reactor

Figure 2 – IPR-R1 Reactor

For the ARGONAUTA reactor the situation
is similar. The facility has a fuel storage capacity
for 12 elements, in dry storage, and there is no
expectation to replace any fuel assembly in the next
10 years. IPEN/MB-01 also has a very comfortable
situation, since it has only 680 fuel elements and
3500 position available for dry storage. Since it is a
critical assembly, the expectation is to replace all
fuel elements (with low burn-up) at the same time,
to study a new core configuration.

Figure 3 – Argonauta Reactor

Figure 4 – IPEN/MB-01 Reactor

When we analyze the situation for IEAR1,
we see that its situation is not so comfortable, even
considering that in 1999, 127 spent fuel elements
were sent back to United States of America, within
the USA “Research Reactor Spent Nuclear Fuel
Acceptance Program”, because, according to the
new proposed operation schedule of the reactor, the
refueling frequency is expected to be between 22
and 24 fuel assemblies per year. Since the total
storage capacity of the facility is 156 assemblies in
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the (wet) storage area of the pool, and from these,
29 are already being used to store spent fuel, and 24
are required to store the fuel used in the reactor
core, in case of necessity, this means that only 103
positions are available for storage of new spent fuel,
and if no action is taken until 2009, there will be no
more racks available to store new spent fuel
assemblies.

2. – The IAEA RLA4-018 Regional Project

Considering that the option to send spent
fuel to USA will cease on 2006, on 1999 Dr.
Gonzalo Torres, a research reactor manager from
Chile, decided to propose a regional project to study
the problems of spent fuel in the Latin America
region. After one year of discussions, the project
was finally approved by IAEA, for the biennium
2001-2002, with participation of Argentina, Brazil,
Chile, Mexico and Peru. The project was defined
with one main objective: to define a regional
strategy for the management of the spent fuel from
the research reactors of the region, based on the
economic and technological realities of each
participant country; and two specific objectives: to
define specific conditions for operational and
interim storage of the spent fuel for each specific
research reactor, and to establish forms of regional
cooperation for final disposal of the spent fuel, or
its sub-products.

During a first Coordination Meeting, held
in 2001, four working groups, considered of
fundamental importance for the success of the
project, were defined: characterization, storage
options, public communication and regulation and
safety. Due to the large range of activities related to
the characterization of spent fuel, this working
group was subdivided into 5 subgroups, namely:
burn up, visual inspection, sipping, corrosion, and
Eddy current testing.

What follows is a description of the
activities developed by Brazilian researchers and
engineers on each one of the above areas.

3. - Characterization of Spent Fuel

3.a - Burn up
Two methodologies have been used in

Brazil for fuel burn up calculation: Monte Carlo
simulation combined with Monteburns code
system, and a combination of LEOPARD,
HAMMER-TECHNION, and CITATION codes.

Monte Carlo simulation with Monteburns is
used for IPR-R1 reactor. It is an automated
computational tool that links the Monte Carlo code

MCNP with the burn up and decay code
ORIGEN2.1.

Monte Carlo simulation, with Monteburns
was used in an inter-comparison exercise to
calculate the burn up of fuel element PO4, from
Argentine RA3 research reactor. The result of the
inter-comparison is shown on tables 2 and 3.

Table 2. Calculated discharged average burn-up for the P04
fuel assembly.

Country Codes Burn-up (% U235)
AR WIMS-PUMA 23.5
BR ORIGEN-MCNP-

MONTEBURNS
19.5

CH WIMS-
CITATION

22.8

MX ORIGEN 16.8
PE WIMS-

CITATION
23.2

Table 3. Average burn-up for fuel plates 09 and 19 of the
P04 fuel assembly.

Country Average Burn-
up, Plate 9

[% U235]

Average Burn-
up, Plate 19

[% U235]
BR 19.0 20.7
CH 19.7 22.6
PE 17.0 20.9
AR 18.2

(experimental)
22.2

(experimental)

The burn up calculation methodology used
for IEA-R1 reactor is based on LEOPARD and
HAMMER-TECHNION programs for cross section
generation, 2DB program for the core and burn up
calculations in a two-dimensional geometry and
CITATION program for a three-dimensional
analysis to obtain effective multiplication factor,
neutron flux and power density distributions,
integral and differential control rod worth,
reactivity coefficients and kinetic parameters.

For fuel burn up measurements, an
experimental arrangement has been developed to
measure the burn up of MTR type fuel elements of
IEAR1 reactor, using the non destructive
methodology based on gamma spectroscopy. The
methodology considers the use of fission product
137Cs for fuel elements with cooling time longer
than 2 years, and the ratio 144Ce/144Pr for elements
with cooling time shorter. The system, shown in
figure 5, was developed in 2000, and can be used
whenever it is necessary.
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Fig. 5 - Experimental apparatus for burn up
measurements installed at the pool area of

IEA-R1 research reactor.

3.b- Visual Inspection

IEAR1 irradiated fuel element assemblies have
been routinely inspected using an underwater
radiation resistant video camera, inside the reactor
pool. The system, shown in figure 6, has a B&W
camera and allows only the visualization of the
surface conditions of the two external fuel plates
and the two external support plates. The
visualization of the internal fuel plate’s conditions
is not possible.

The system has been extensively used
during the last four years, to inspect reflectors, fuel
elements, and reactor safety and control rods. The
inspection of the fuel elements realized on October
2002, resulted in a proposition for a spent fuel
catalog, which is shown on top of next page.

A digital camera, operated from the top of
the reactor pool, has been used as an alternative
device to visualize components of the reactor, and
last month we received a color system, camera and
monitor, which is being used to update the spent
fuel catalog.

Crane´s hook 

Pool Reactor Bridge

Fuel Element Handling Tool

water level

0,7 m

metallic support

Camera
underwater 

FA

Fig. 6 – Fuel Inspection arrangement

3.c- Sipping

Sipping tests are performed to detect and
quantify failures in fuel elements. At IPEN, the
system is basically composed by an aluminum tube
which has in its bottom extremity an inlet coupled
to a ¾“ PVC tube as shown in figure 7. The PVC
tube is connected to a demineralyzed water circuit
or to a compressed air system, depending on the
operation phase.

Figure 7- Fuel sipping system
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Proposal for a spent fuel catalog based on visual inspection and sipping tests

Because of some increase on the radiation level within
the reactor room, due to fission products, on February
2003 it was necessary to make sipping testes of all fuel
elements used in the reactor core.  No leak was
detected from the fuel elements, and after an
exhaustive analysis, the source of radiation was found
to be a leaking element (IEA-156), replaced 1,5 years
before, and stored at a position about 8 meters away
from the reactor core. After isolation of the leaking
element, the radiation levels returned to normal values.

3.d -  Corrosion

During the first coordination meeting, it was
decided to establish an experimental program to study
the corrosion of the materials (aluminum and stainless
steel) used as cladding of the several fuel elements. To
do this, a test rack was specified, and a test program
was defined. Figure 8 shows a typical test rack used in
the program. Each rack was built with 15 coupons, as
follows:

Al-1050
Al- 6061

Al-1050 (pre-oxidized and scratched)
Al-1050/Al-1050 (crevice couple)
Al-1050/Al-6061 (crevice couple)
Al-6061/Al-6061 (crevice couple)
Al-1050/SS 304 (galvanic couple)
Al-6061/SS-304 (galvanic couple)
Al-5052/SS-304 (galvanic couple)

Figure 8 - Test rack used in the corrosion program.

Facility Name:  IEA-R1 Research Reactor                      Country: BRAZIL
FUEL ASSEMBLY CHARACTERIZATION DATA SHEET

REVISION  0:  November/2002         By: JERS; AJS This page designed for  a  800X600 presentation

Fuel Identification:  IEA-148
Supplier :   Ipen
Type - MTR   -     Enrichment  :  20%
Dimensions (cm) :  7,97x7,61x87,30
Material  -   U3O8- Al 1100
Cladding - Al ASTM 1060
Number of fuel plates :  18
Initial Mass of U-235 : 180 g
Specific Mass -   1,9 g(U3O8)/cm3
First day in Reactor Core : 16/10/95
Removed from core on :    13/09/99
Calculated Burn up (% 235 U) : 23,48
Measured Burn up  :

Date:                    Classification
                    Visual Inspection   Sipping
Oct/2002             V1                  S0 (Oct/99)

GENERAL REMARKS:
1 - At central region, thin thickness of aluminum oxide layer was lost
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A total number of 13 positions were
selected for the test, being 6 in Argentine, 2 in
Chile, 2 in Brazil, 2 in Peru, and 1 in Mexico. Each
position should receive 3 racks, to be removed one
per year, during the next three years. It was decided
that the analysis of all racks should be made at the
corrosion laboratory available at IPEN, in Brazil,
using a LEICA image analyzer bought by IAEA.
After overcoming some bureaucratic problems the
test racks were delivered by middle July of 2002. In
the Brazilian reactors, the racks were placed as
indicated in Figures 9 and 10

Fig 9 – Location of racks in IEAR1 storage pool (IPEN).

The withdrawn and analysis of the first set of
racks was as follows:

Rack Immersed Withdraw Analysis
CDTN Jul/02 Jul/03 Aug/03
IEAR1 Jul/02 Jul/03 Aug/03
Chile Oct/02 Oct/03 Oct/03
Peru Oct/02 Oct/03 Oct/ 03
Argentina Nov/02 Sep/03 Oct/03
Mexico Feb/03 Sep/03 Oct/03

The results of the first set of racks were
discussed in a  RWS on December of 2003. During this
RWS, the specialists updated the test protocol and
raised the possibility that the decontamination
process affected pitting corrosion features. Then, a
decision was taken to evaluate this effect in IPEN,
prior to withdraw of the second rack. This effect
was evaluated and the final conclusion was that
decontamination performed with 5 and 50% (in
volume) of phosphoric acid does not change the

characteristics of the pits. Also, during the RWS, a
decision was taken to evaluate how the orientation
of the coupons could affect their corrosion, and a
new set of coupons was specified and are being
made available to all participants, to repeat the tests
using a vertical orientation for the coupons.

Figure 10 – Location of racks in IPR1 tank (CDTN)

The withdrawn and analysis of the second set
of racks is being performed during the period of
September-November of 2004, and the results will
discussed in a WS to be hold on December 2004.

Since water quality control is an essential
part of the corrosion monitoring program. Water
quality of IEAR1 is monitored daily, for
conductivity, pH, clorine., and weekly for some
specific radioisotopes. During the RWS on
corrosion, all participants reported the presence of
sediments on the reactor pool, therefore a decision
was taken to determine the quantity and
composition of the sediments in the different
basins. To this effect, the procedure to obtain this
information was elaborated and the design of the
sediment collector was detailed. The proposition
was to install the collectors in all basins until
March/04 (except in Peru), withdrawn then by
September/04 and have measurements made on
October/04.

3.e - Eddy Current testing

Eddy current testing was proposed and
accepted as an additional activity within the group
of spent fuel characterization. Two experts and two
technicians from CDTN have worked in this
activity since 2001. During the period of 2001-
2002, they designed and developed special
inspection probes and a series of 22 calibration
standards, as shown on figure 11, to test TRIGA
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type fuel elements. The calibration standards were
built using electric discharge machining on
rectangular 1050 Aluminum sheets. After
machined, all sheets were carefully bent in order to
reproduce the adequate shape and curvature of the
Triga fuel type.

   

Figure 11 – Developed standard set and probe for
Eddy current tests of  Triga type fuel elements

For testing MTR fuel types, a set of 15
reference standards for IEAR1 fuel elements, using
Al-1050 was prepared. Each set has three laminated
plates, two of them external, (0.38 mm in thickness)
corresponding to the cladding material. A central
piece (0.76 mm in thickness) represents the meat of
the fuel plate. For each reference standard a
different discontinuity, in the form of holes or
cracks, was machined in one of the cladding plates.
The probes, shown in figure 12, were developed
with the adoption of printed circuit technology and
utilization of ferromagnetic core.

Figure 12 – Probe developed for MTR
type fuel elements

Test results, performed at laboratory
conditions, demonstrated the applicability of the
Eddy current methodology to inspect both, IPR-R1

TRIGA type and IEAR1 MTR type fuel elements,
however, in order to consolidate the methodology,
we still need to develop an appropriated scanning
system for both reactors, to make in situ
measurements.

4. - Storage Options

Initially, the main activity for the group of
options was to outline the contents for a document
which should define the options for research reactor
spent fuel management, storage, conditioning,
transportation and ultimate disposal in the countries
of Latin America. In sequence a draft of the
document was consolidated. The document
considers interim and final disposition, including
the definition of a transport cask with both possible
applications for it, transport and storage.  The final
version of the document will be issued by the end
of the year.

During the period of 2001-2002, IPEN
started an internal discussion about the necessity of
an interim storage facility to be built before 2009,
when all positions on the fuel storage pool of
IEAR1 research reactor will be loaded. Therefore
within the scope of this project, the engineers and
researchers of IPEN, started discussions toward a
decision about what is the most suitable solution for
interim (temporary) storage of the spent fuel from
IEAR1.  Two possibilities were defined. The first
one considers the possibility of using an installation
close to the reactor building, which in part overlaps
with the reactor building (see Figure 13), and
transform it in  a  dry  interim  storage  facility.  The

Figure 13 – Location of an alternative dry storage facility
for spent fuel from IEAR1 RR.
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second option considered is to store the spent fuel
within a dual purpose cask, which is being
developed as part of the regional project. A final
decision, including the emission of the safety
related documents for approval of the regulatory
authority, is expected by the end of 2006.

4.a – The dual purpose cask

During the first RWS on “Options”, held in
2002, Brazilian engineers and researchers were
asked to design and development of a dual-purpose
cask, for transport and storage. In this activity the
principal designers are the engineers of CDTN, who
have developed the infra-structure to test a B type
transport cask, as shown on figures 14 to 16.

Figure 14 – Lift and release mechanism

The proposed cask was dimensioned for 21
MTR type and 78 TRIGA type spent fuel elements.
Figure 16 shows the conceptual design of the cask.

Preliminary shielding calculations were
made using the SAS4 modulus of the SCALE
code.  SCALE   is   also   being  used  to obtain the
source term (using modulus ORIGEN-ARP). In this
phase, MCNP code is being used for criticality
calculations, because it is faster, and is used to
obtain the dimensional parameters needed for the

structural analysis, however calculations for the
Safety Analysis Report, to be submitted to the
regulatory authority, will be made using KENO, a
modulus of the SCALE code, which was bought by
IAEA and distributed to all participant countries.
Also, SCALE will be used to determine the fuel
decay heat.

Figure 15 – Concrete and SS platform

Figure 16 – Proposed storage and transport cask.

For the year 2004 it was proposed to build a
half scale model of the cask to be tested by the end
of year, however, because of some difficulties
during the design phase of the model, the signature
of the contract is schedule for the last quarter of
2004, and we expect to build and perform the tests
during first semester of 2005. A set of 55 drawings has
been produced for the model, and were made available
for the participant countries. Regarding the tests, Figure
17 shows the necessary test sequence. As acceptance
criteria, after the tests, the specimen must keep its
shielding integrity, thermal protection, and must present
no leakage or, at the most, a very limited leakage.
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Figure 17 - Test sequence for Type B packages

4.b -  Processing and Conditioning

During the 1st RWS on Options, held in
20002, it was decided to include activities related to
processing and conditioning of burned fuel. In a
extra meeting called specifically to discuss these
activities, we reached the conclusion that this
activity still needed a lot of research and
development, and a proposed program, related to
HALOX processing method, electrochemical
separation and vitrification was planned. On this
meeting, Brazilian researchers agreed to study the
efficiency of the electrochemical separation process
to reduce the volume of spent fuel. To verify the
best conditions of Al electrodissolution some
experiments were planned, using U3Si2/Al targets.
The targets, containing about 0,5 gr of meat with
natural Uranium, were irradiated, during 40 hours at
thermal flux level of 1013. The best conditions,
established in previous experiments, were the basis
to dissolve only the Al, keeping, as much as
possible, the fission products insoluble in the media
studied. A preliminary report of this work was
presented during the coordination meeting held on
March 2004.

Regarding “conditioning”, in the beginning
of  2003 a joint program was established between
researchers of IPEN (Brazil) and Centro Atomico
de Bariloche (Argentina), to study the behavior of
some matrices proposed for immobilization of high
level waste. Within this program, 7 matrices were
selected, as listed on Table 5. The matrices are
being produced and characterized in both
laboratories, and at Centro Atomico la Reina, in
Chile, which has a laboratory that allows to
accelerate the corrosion process of glasses used for
vitrification, using a technique known as “Vapor

Hydratation Test” (VHT). The work developed at
CAB is mainly related to melting in electrical
furnaces and sintering. The work developed at
IPEN is mainly related to melting in electrical
furnaces, melting in microwave ovens, and
sintering. Therefore, some of the work done at CAB
and IPEN are similar, and the results will be used as
part of a “joint qualification process”.

Table 5. Glass matrices used in vitrification studies.

a) Iron Phosphate glasses
[% mol]

Batch ID P2O5 Fe2O3 Al2O3 Na2O
CAB 1 60 40 - -
CAB 2 60 30 - 10
CAB 3 60 30 10 -
CAB 4 61 19 11 9

b) Niobium Phosphate glasses
[% mol]

Batch ID P2O5 Nb2O5 BaO K2O PbO
BP12-18 30 15 12 25 18
NB40 37 40 - 23 -
NB20 40 20 30 10 -

5. - Public Communication

The program of activities related to public
communication was considered one of the most
important in the project, because it is directly
related to public acceptance of the proposed
alternatives for storage and disposal of the spent
fuel from research reactors. It started with a
questionnaire about “communication strategy”
prepared by Mr. Rosamel Muñoz from Chile, and
answered by the professionals from other countries.
During the 1st WS, held in Santiago de Chile, on
December 2001, the communication strategy of
each participating country was evaluated, and for a
common activity, it was decided to produce a
brochure to be distributed to politicians, media
professionals, professors, and general public. The
purpose of the brochure is to describe the benefits
of nuclear energy, provided by research reactors,
with a description of research reactors in all
participant countries, and an introduction of the
spent fuel problem. The brochure included a
questionnaire for the receivers to produce some
feedback information to be used in future activities.
A draft of the brochure was prepared during the 2nd

WS held in São Paulo, in February 2003, and the
final version published in June of that year. A total
of 10.000 copies were produced, being 8000 in
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Spanish and 2000 in Portuguese. According to the
strategy defined, the brochure, and the
questionnaire, should be mailed with a letter signed
by the highest possible national authority related to
nuclear activities in the country, but because of
some transition in the Brazilian Nuclear Energy
Commission, only in 2004 it was possible to obtain
such a letter. The distribution process is under way,
and we expect to conclude the analysis of the
questionnaire before the end of this year.   

6. -  Safety and Legislation

During the first coordination meeting, it
was observed that most of the participant countries
did not have a specific legislation to deal with
transport and storage of spent fuel from research
reactors, therefore a RWS on Safety and Legislation
was planned, with legislators of all participant
countries. During this RWS, held in Mexico City in
2001, it was defined that five documents, related to
regulation and legislation of spent fuel from
research reactors (SFfRR), should be prepared.
Four of documents would be applied for storage,
and the last one for transport. The proposed
documents were:
I-Safety evaluation for storage of SFfRRs;
II-Requirements for operational storage of SFfRRs;
III-Requirements for interim storage of SFfRRs;
IV- Requirements for final storage of SFfRRs.
V-Design guide for transport of SFfRRs;

A draft of above documents was prepared,
but during the 2nd RWS, held in Lima, it was
realized that the regulatory body of participant
countries could not accept the documents as
initially proposed, and a decision was made to
review the number of documents and their titles. In
a first instance, the “requirements” became
“guides”, and finally the “guides” became
“recommendations” .Therefore, the final decision
was to produce 4 documents in the form of
“recommendations”, namely:
A- Recommendations for design of casks to
transport SFfRRs;
B- Recommendations for design of installations for
interim storage of SFfRRs,;
C- Recommendations for the safety analysis of
installations for interim storage of SFfRRs.
D- Recommendations for the transport of SFfRRs;

The four documents were concluded on
February 2003, and actually Mr. Santiago Edgar
Marzana Flores, a researcher from CDTN, is
making the translation to Portuguese, while Ms.

Vera Lucia Cavalcante, from Brazilian Regulatory
Authority is making the final revision. We expect to
have all four documents published in Portuguese by
March 2005.

7. - Effective participation

Year 2001 2002 2003 2004
Number of
persons
involved

26 34 41 41

Man-Hour 2350 4355 11070 7870
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ABSTRACT 

 
The May 2006 expiration date of the Foreign Research Reactor Spent Nuclear Fuel (FRR 
SNF) Acceptance Program is fast approaching.  In April 2004, Energy Secretary Spencer 
Abraham instructed the Energy Department to “initiate actions necessary to extend …. the 
fuel acceptance deadline.”  However, extending the deadline may not be a simple task.  The 
limits on the original program resulted from a delicate negotiation among many 
stakeholders.  Any proposal to increase the duration and scope of the program will have to 
be considered in the context of DOE’s failure since 1996 to develop viable treatment, 
packaging and long-term disposal options for FRR SNF.  It is also unclear whether 
accepting additional low-enriched uranium FRR SNF can be justified on security grounds.  
This paper will propose criteria for acceptance of spent fuel under an extension that are 
intended to minimize controversy and ensure consistency with a threat-based prioritization 
of homeland security expenditures. 

 
 
1.  Introduction 
 
At the 25th annual RERTR meeting in October 2003, a number of participants signed a 
petition to the US government requesting that the Foreign Research Reactor Spent Nuclear 
Fuel (FRR SNF) program be extended from its current deadline of May 2006.  This request 
was prompted by the unexpected failure of high-density LEU uranium-molybdenum (U-
Mo) dispersion fuel during irradiation tests.  This setback has caused a significant delay in 
the development of LEU fuels that could be easily reprocessed, unlike the current 
generation of high-density fuels that are based on uranium silicide.  Some reactor operators 
had hoped that U-Mo fuel would be available by the 2006 deadline, providing them with 
the option to ship their LEU spent fuel to a reprocessing plant once it was no longer 
possible to ship it to the United States for disposal.  Those operators who had been counting 
on the reprocessing option to save them now risk being stranded without a SNF disposition 
path if the FRR SNF program is allowed to expire.     
 
The Department of Energy (DOE) appeared to be sympathetic to this request, and in April 
2004 Energy Secretary Spencer Abraham announced that “I have also instructed the 
appropriate offices within the Department to initiate actions necessary to extend the U.S. 
FRR SNF Acceptance Program’s fuel acceptance deadline, which will allow us to complete 
our work to return this U.S.-origin research reactor spent nuclear fuel.” 2   Secretary 
Abraham also announced at the time that NNSA was consolidating the FRR SNF program 
“within its nonproliferation mission,” that is, placing the program under the jurisdiction of 
the nonproliferation office of NNSA rather than DOE’s Office of Environmental 
Management (EM), which had previously overseen the program.   
 



In addition to calls for extending the acceptance deadline, some observers have argued for 
expanding the program to include materials that are not currently included in its scope.  
These include experimental fuels containing US-origin HEU, and non-US origin HEU.3  
Such an expansion would be consistent with the mission of the recently formed Global 
Threat Reduction Initiative to address all unsecured weapon-usable materials throughout 
the world, but would raise unique issues that would likely require additional environmental 
analyses under the National Environmental Policy Act (NEPA).      
 
Any augmentation of the FRR SNF program, whether by extending the deadline, expanding 
the scope, or both, would pose both practical and policy challenges.  Although the main US 
objectives of the FRR SNF program are (1) to retrieve US-origin HEU from foreign 
locations, and (2) to provide an incentive for research reactor operators to convert to LEU, 
an extension of the program deadline would paradoxically result in a large increase in the 
amount of LEU fuel to be returned to the United States from reactors that have already 
converted.  While some LEU fuel from converted reactors was always included in the 
program --- in order not to discourage reactors from converting to LEU or to penalize those 
that already had --- the total quantity of LEU to be returned was limited by virtue of the 
finite duration of the program. An increase in this effective cap on LEU receipts could be 
unhelpful to the extent that it interferes with the prompt return of all US-origin HEU to the 
United States, for instance by using limited resources needed for HEU shipments, 
reinvigorating public opposition in the United States to spent fuel imports, or negatively 
affecting the safety of spent fuel storage operations at Savannah River Site (SRS) or Idaho 
National Laboratory (INL). 
   
On the other hand, development of a more flexible policy would equip the United States 
with another tool to assist in its stated goal to “identify, secure, remove and/or facilitate the 
disposition of vulnerable nuclear and other radiological materials and equipment around the 
world --- as quickly and expeditiously as possible --- that pose a threat to the international 
community.”4  Thus it is certainly worthwhile to pursue changes in the policy, as NNSA 
has been doing since Secretary Abraham’s April announcement.   
 
However, any changes must be fully consistent with Secretary Abraham’s instruction to 
NNSA “to develop a threat-based prioritization for materials to be shipped under the 
Acceptance program.”  In addition, the new policy must be developed carefully and openly, 
with full involvement of all stakeholders, to avoid disrupting the delicate consensus in 
support of the current program that has allowed it to proceed with minimal public 
opposition.  This would be accomplished most efficiently through the preparation of a 
supplement to the 1996 Final Environmental Impact Statement that would be made 
available for public comment, as required by law.    
 
Given the complexities of the global situation, there is no need for NNSA to anticipate and 
solve every problem that may arise before it announces a new policy.  However, individual 
requests for participation in the extended program must be evaluated on their merits in the 
context of a threat-based prioritization of the available resources.  Thus, NNSA should 
reserve the right to reject any request for participation, even if it meets the criteria, if 
circumstances warrant such a rejection.  Moreover, research reactor operators should expect 
that their inclusion in the extended program will be contingent upon their acceptance of 
additional obligations to help advance the cause of nonproliferation.  
 



Energy Secretary Abraham has not yet made a decision on an extension of the FRR SNF 
acceptance program.  However, some of the details of a draft Supplement Analysis 
prepared by DOE were outlined by Charles Messick of DOE during his presentation at the 
26th RERTR International Meeting.5  According to this presentation, DOE proposes (1) to 
extend the acceptance period by ten years; (2) to require participants in the extended 
program to convert to LEU if they have not already done so; and (3) to accept during the 
extended period spent LEU fuel from the Australian Replacement Research Reactor (RRR) 
slated to begin operating in 2006.  DOE also concludes that these changes to the FRR SNF 
program do not warrant preparation of a supplement to the FRR SNF Final Environmental 
Impact Statement (FEIS).  As the discussion below indicates, we find some aspects of this 
proposal to be attractive but believe that it requires further refinement.    
 
2.  A Threat-Based Prioritization 
 
The fundamental goal underlying the 1996 FRR SNF acceptance policy was “to support the 
broad United States’ nuclear weapons nonproliferation policy calling for the reduction and 
eventual elimination of the use of highly enriched (weapons-grade) uranium in civil 
commerce worldwide.6  This goal should continue to serve as the standard against which 
any proposed extension or expansion of the policy should be measured.        
 
In developing a threat-based prioritization of materials to support an extended FRR SNF 
program, one possible classification is as follows, in descending order of priority:   
 

(a) Reactors that could fully convert to LEU with existing fuels but have not done so 
because they are waiting for reprocessable LEU fuel (e.g. KUR). 
 
(b)  Reactors that cannot convert to LEU with existing fuels (e.g. BR-2). 

 
(c)  Reactors that could convert to LEU with existing fuels but have not done  
so for other reasons (e.g. SAFARI).   
 
(d) Reactors that have converted to uranium silicide LEU fuel with the expectation 
that reprocessable fuels would be available by the acceptance program deadline (e.g. 
R2-0). 

 
(e)  New reactors (e.g. RRR).   

 
In considering the merits of including these reactor categories in an extension of the 
acceptance program, the United States should balance the desire not to penalize reactors 
that have participated in RERTR and converted to LEU against the need to encourage 
reactor operators to develop reliable arrangements for spent fuel disposition other than 
continued shipment to the United States.        
 
Reactors in category (a) should be required to convert to LEU silicide fuel on an expedited 
schedule as a condition for acceptance in an extended program, since there would be little 
excuse for them not to do so.  In addition, the United States should require enhanced 
physical protection measures for such reactors until they are successfully converted and all 
HEU has been removed. 
 



Reactors in category (b) that request participation are near the top of the list, since the 
emphasis of the program is the retrieval of HEU.  However, given that LEU fuels suitable 
for this purpose may not be available for another decade, and that the post-9/11 terrorist 
threat is only likely to continue to increase over this time, the United States should 
encourage reactors in this category to consider shutdown as an alternative.  In addition, the 
United States should require enhanced physical protection measures for such reactors.  (The 
author is unaware of any eligible reactors in this category whose operators are likely to be 
interested in an extension of the US acceptance program.)       
 
The United States should use participation in an extended acceptance program as an 
incentive to encourage reactors in category (c) to convert to LEU as soon as feasible.  
However, since many of these reactors were eligible for the original program yet did not 
commit to conversion, it is not clear that US acceptance of spent fuel under an extended 
program would provide sufficient incentive to convert.         
 
For reactors in category (d), additional criteria should be considered.  First, a distinction 
should be made between those reactors that are in imminent jeopardy of shutdown because 
of a lack of sufficient spent fuel storage capacity, and those that may have sufficient near-
term capacity but are required to provide advance spent fuel management planning to 
regulatory authorities.  Second, a distinction should be made between countries with and 
without an extensive nuclear power infrastructure.   
 
Those reactors in imminent jeopardy of shutdown should be allowed to file “urgent relief” 
acceptance requests similar to those that took place during the period from 1988-1996 when 
the United States policy on off-site HEU fuel receipts had lapsed.  The United States should 
give such requests favorable consideration.   
 
However, it is more difficult for the United States to justify accepting spent fuel from 
reactors merely so that they will be able to comply with a regulatory requirement.  It is 
unclear why the burden should be on the United States to modify its policies substantially 
to accommodate these reactors when their own national regulatory authorities appear 
unwilling to modify their policies.  Similarly, it is hard to understand why countries with 
extensive nuclear power infrastructures, in some cases including interim storage facilities 
for power reactor spent fuel and high-level radioactive waste, cannot find domestic 
solutions for managing the spent fuel from their research reactors.  These reactors should be 
given a low priority in an extended acceptance program.  However, if there is a credible 
threat that a reactor in this category may convert back to HEU fuel from LEU to facilitate 
spent fuel management, the United States should take that into account.                  
 
Reactors in category (e) are discussed below. 
 
3.  Policy Duration 
 
In establishing the original 10-year duration of the acceptance policy, DOE argued that a 5-
year extension would be “unlikely to provide sufficient time for the reactor operators to 
arrange for alternative spent fuel disposal mechanisms,” yet an indefinite extension “would 
be unlikely to provide sufficient incentive for other countries to proceed expeditiously with 
development of alternative arrangements for disposal not involving the United States.”7   
 



The United States again faces the same dilemma in deciding on an appropriate duration for 
an extension of the policy.  However, the difference today is that reactor operators have 
already had ten years to “proceed expeditiously with development of alternative 
arrangements.”  For many operators, this meant focusing exclusively on the hope that U-
Mo dispersion fuel would be available in time, even though they surely must have been 
aware that the development and qualification process for experimental fuels is a risky 
endeavor and that extensive delays should be anticipated.  The United States cannot always 
be relied on to come to the rescue of reactor operators who have made poor decisions.  For 
this reason, a ten-year extension of the policy, as DOE is proposing, would seem to be too 
generous and could well lead to a repetition of the current situation ten years from now. 
 
Instead, the program should be extended in three three-year intervals.  Reactors operators 
should be put on notice that the acceptance policy is not going to be extended beyond nine 
years, and that they must develop other management options for the future.   
 
After the first interval, the United States should assess the progress of operators in 
converting the remaining HEU-fueled reactors and in developing reliable alternative 
arrangements for spent fuel disposition.  Only those who are determined to be making 
good-faith efforts in these two areas should be considered for participation during the next 
interval.  This level of supervision should increase public confidence that an extension of 
the FRR SNF acceptance program will advance United States policy goals.  
 
4.  A Word on Radiological Threats 
 
Some observers have argued that retrieval by the United States of LEU spent fuel from 
foreign research reactors has a direct security benefit in that the spent fuel could be stolen 
by terrorists and used in a radiological dispersal device.  Given the low activity of much 
research reactor spent fuel, the difficulty of effective dispersal, and the vast array of 
unsecured radiological sources in the world, this does not seem to be a compelling 
argument. 
 
However, there is one radiological threat that LEU research reactor fuel presents that merits 
consideration.  The possibility that terrorists could construct a potent neutron source from a 
small quantity of LEU with U-235 concentrations in the 10 to 20% range, using a 
homogeneous reactor design, is of great concern.  Such a device has the potential to cause 
many near-term casualties from acute neutron radiation exposure --- an outcome that “dirty 
bombs” are typically not able to achieve.  This threat may warrant greater controls on LEU 
than are currently in place, and may provide another rationale for the United States to take 
back and secure LEU-based research reactor spent fuel.         
 
5.  NEPA Considerations For an Extended FRR SNF Program 
 
It is essential for the future of the FRR SNF Program that DOE thoroughly assess both the 
nonproliferation implications and the environmental impacts of any contemplated extension 
by preparing a supplement to the FRR SNF Final Environmental Impact Statement (FEIS).  
This is because the current policy is the result of a delicate balancing act between the global 
security interests of the US government and the more parochial interests of stakeholders at 
the local level.  The 1996 reinstatement of the FRR SNF program ultimately survived 
multiple lawsuits by the state of South Carolina because of the thoroughness and depth of 
the FRR SNF FEIS.  In addition, the SNF acceptance program was not challenged in the 



courts by some national environmental groups because they came to agree that the 
nonproliferation benefits of a carefully constrained program outweighed the environmental 
risks associated with importing additional radioactive waste into the United States. 
 
South Carolina, where the bulk of the returned material was to be received, sued DOE 
because it was opposed to the receipt of spent fuel for indefinite interim wet storage at SRS, 
and argued that DOE had neither analyzed the environmental impacts of such storage nor 
presented a credible alternative.  However, DOE was protected from this charge to some 
extent by its commitment in the 1996 Record of Decision to “avoid indefinite storage of 
this spent nuclear fuel in a form that is unsuitable for disposal.”  To this end, DOE further 
committed to “aggressively pursue one or more new [treatment or packaging] technologies 
that would put foreign research reactor spent fuel in a form or container that is eligible for 
direct disposal in a geologic repository.” (This decision itself was an attempt to find a 
compromise between South Carolina representatives, who favored conventional 
reprocessing of FRR SNF in one of the SRS canyons, and some national nonproliferation 
groups who favored a non-reprocessing alternative that did not raise the safeguards 
concerns associated with production of separated HEU.)  While the FEIS evaluated wet 
storage of FRR SNF at SRS for up to 40 years, the ROD can be read as a reasonably firm 
commitment to aggressively move from wet to dry storage within a few years.      
 
Subsequently, in DOE’s 2000 ROD on SRS SNF Management, DOE decided to implement 
a technology known as “melt-and-dilute” to manage most of the MTR aluminum-clad SNF 
at SRS, from both foreign and domestic sources.  This non-aqueous process would convert 
HEU SNF to LEU metallic ingots without separating HEU from fission products, thereby 
reducing the safeguards and security burden posed by HEU SNF in interim storage prior to 
disposition in a repository.             
 
NNSA’s current proposal to amend the 1996 FRR SNF ROD has the potential to upset the 
consensus that allowed the program to go forward with little objection from national 
environmental groups.  Stakeholders who tolerated the import of HEU FRR SNF may feel 
differently about the import of additional quantities of LEU SNF, which would not have a 
direct nonproliferation benefit.   
 
But an even greater risk may result from the possibility that revisiting the FRR SNF ROD 
will focus attention on DOE’s utter failure to fulfill its legal commitments to “aggressively 
pursue” and implement a new processing technology --- namely, melt-and-dilute.  Although 
the melt-and-dilute program was progressing on schedule and under budget to a 
demonstration at an experimental facility at L-Reactor, DOE abruptly cancelled the 
program in 2002 without proposing an alternative.  While DOE maintains that it is giving 
serious consideration to direct disposal of RR SNF in a geologic repository, it has not made 
a decision, and does not appear to be aggressively pursuing development of an appropriate 
packaging technology, as it was required to do under the 1996 ROD.  Moreover, the recent 
D.C. Court of Appeals ruling ordering the Environmental Protection Agency to develop 
new safety standards for the proposed Yucca Mountain repository calls into doubt any RR 
SNF management alternative that anticipates shipments of spent fuel to Yucca Mountain 
will occur within a predictable time frame.         
    
Under DOE’s NEPA implementing regulations, a supplement to a Final Environmental 
Impact Statement (EIS) is required if “the agency makes substantial changes to the 
proposed action that are relevant to environmental concerns, or if  “there are significant 



new circumstances or information relevant to environmental concerns and bearing on the 
proposed action or its impacts.”  In order to evaluate whether a particular change to a 
program meets this standard, DOE must perform a Supplement Analysis.  According to 
Charles Messick’s presentation at the 26th RERTR meeting, DOE’s draft Supplement 
Analysis concludes that a supplement to the FEIS is not necessary for an extension of the 
FRR SNF program along the lines that DOE is proposing.   
 
However, even if the environmental impacts of the proposed extension are bounded by the 
impacts of the program evaluated in the FRR SNF EIS, there are clearly aspects of an 
extended program that constitute “significant new circumstances or information relevant to 
environmental concerns.”  Perhaps most important is the changed context for long-term 
SNF management at SRS since the FRR SNF ROD was issued, due both to the failure of 
DOE to implement a new treatment or packaging technology for the FRR SNF returned 
during the current policy period, and to the greatly diminished prospects for the Yucca 
Mountain repository and geologic disposal within the United States in general.  Both these 
considerations appear to be relevant to DOE’s commitment to avoid “indefinite storage of 
this spent nuclear fuel in a form that is unsuitable for disposal.”     
 
In addition, at least one proposed expansion of the policy appears to directly conflict with 
the criteria in the FRR SNF ROD and would appear to warrant the performance of a 
supplemental EIS.  The FRR SNF ROD explicitly states that “spent nuclear fuel (HEU 
and/or LEU) would not be accepted from new research reactors starting operation after the 
date of implementation of the policy.”  It is clear that this language would exclude 
acceptance of the LEU silicide fuel from the Australian Replacement Research Reactor 
(RRR), which by current estimates will not be fully operational until June 2006.  While one 
may split hairs as to whether or not the word “operation” in the ROD means “full-scale 
operation,” the intent of this restriction was plainly meant to discourage new research 
reactors from starting up with the expectation that the United States would take their spent 
fuel off their hands. 
 
It seems, however, that Australia has undertaken construction of the RRR with exactly such 
an expectation in mind.  The reactor, which was designed to use LEU silicide fuel, 
apparently has no spent fuel management option available to it other than participation in 
an extended FRR SNF program, and no plan for spent fuel management even after an 
extension would expire.  But the fact that this is a new reactor, designed and constructed at 
a time when the limitations and uncertainties of research reactor SNF management were 
well-known, raises the question as to why the designers did not provide adequate long-term 
SNF storage capacity as a contingency.  In any event, even if U-Mo dispersion fuel were 
available on schedule and could be reprocessed overseas, Australia would still have to 
develop a domestic high-level waste disposal capability for the returned high-level 
reprocessing waste.  In fact, because some HEU spent fuel from the HIFAR reactor has 
been sent to Europe for reprocessing, Australia already is in the position of having to 
develop such a waste disposal capability.   
 
Acceptance of RRR LEU SNF by the United States under an extended program would 
merely reward Australia for poor spent fuel management planning, and would be far 
removed from the initial policy goal of supporting “a U.S. nuclear weapons 
nonproliferation policy that seeks to reduce, and eventually eliminate, the use of highly 
enriched … uranium in civil programs worldwide.”  For that reason alone, preparation of a 
supplement to the FRR SNF FEIS is clearly warranted. 



 
6.  Conclusions                   
 
A limited extension of the FRR SNF program is justified for some research reactors.  
However, the extension should be carefully crafted to ensure that it is consistent with the 
nonproliferation goals of the program and limits environmental impacts in the United States 
to an acceptable level.  To maximize the likelihood of public acceptance, DOE should 
prepare a supplement to the FRR SNF FEIS and fully address the public comment it 
receives.  And to avoid the potential for legal action, DOE should begin now to seriously 
address the long-term management of FRR SNF, as it is legally obligated to do.        
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ABSTRACT 
 

CNEA, the Atomic Energy National Commission of Argentina, has been 
participating in the RERTR Program effort since twenty-five years ago 
approximately. Most of this participation and support are related with fuel 
development and fuel manufacturing activities. 

This paper describes the contributions from CNEA fuel related facilities. 
They comprise R&D and manufacturing activities. R&D started in the early 
eighties with the development and fabrication of miniplates for the international 
silicide fuel qualification effort. At present the R&D activities continue with the 
development of fabrication techniques and procedures suitable for the 
manufacturing of fuel plates using the U-Mo based alloys. The above mentioned 
facilities include also a fuel power production plant and a facility for fuel scrap 
treatment. 

In the MTR fuel manufacturing field the contribution began with the 
fabrication of the fuel elements for the conversion of the Argentine RA-3 
Reactor. LEU fuel elements were also produced for several reactors outside 
Argentina. Among them the core for the RP-0 facility in Peru, the conversion of 
the Iranian Reactor, the fuel for the Algerian Reactor and more recently the fuel 
for the MPR in Egypt. All these fuels use U3O8 as fissile material. 

CNEA has qualified also as fuel manufacturer of fuels bearing silicide 
compounds. At present CNEA fuel fabrication plant is taking the manufacture 
of 64 fuel elements for the ANSTO Replacement Research Reactor in Australia. 

As a result of the above mentioned activities more than 12000 fuel plates 
were fabricated and most of them have been successfully irradiated without any 
fuel failure reported. 

CNEA contribution also covered the development and fabrication of 
targets for radio-isotope production. Argentina has converted the production of 
isotopes for medical applications to LEU in 2002. Up to present more than 600 
targets bearing LEU aluminide have been fabricated irradiated and processed. 
Very recently CNEA has also become an international supplier of targets for 
Mo-99 production. 



 
1 Introduction and Background 

The Atomic Energy National Commission (CNEA) is an Argentine governmental 
organization created more than fifty years ago. Its main objective is the development and 
application of advanced technologies in the area of the peaceful uses of the nuclear energy. 
Due to its achievements CNEA has attained a positive national and international renown. 
Highly qualified personnel and very important facilities and laboratories are the most 
significant capital resources of CNEA’s organization. 

In the field of nuclear fuel technology CNEA has accumulated a wide experience in 
the development, calculation, design, fabrication and testing of both, power nuclear fuel 
and research reactor nuclear fuel. All required aspects of this technology are covered 
within CNEA facilities. From UF6 conversion to U-oxide or U-metal at one end to the 
fabrication and control of finished fuel elements on the other end, all the activities related 
with fuel fabrication are carried out under a stringent institutional quality assurance 
program. The CNEA facilities also include a fuel powder production plant and a facility 
for fuel scrap treatment 

2 CNEA and the RERTR Effort 
The participation of CNEA in the RERTR effort started more than twenty-five years 

ago. Most of this participation and support is related with fuel development and fuel 
manufacturing activities. 

CNEA’s work has been quite significant at international level in the program of 
reducing uranium enrichment used in research reactors. Development of fuels, targets and 
other low-enriched elements for reactors and applications were the main evidence of this 
commitment. CNEA was involved also in the conversion of research reactors that were 
using highly enriched elements. In this field CNEA has participated in INFCE (IAEA) and 
later, from 1978, in the RERTR (Reduced Enrichment for Research and Test Reactors) 
program held by request of the United States Department of Energy and coordinated by 
the Argonne National Laboratory (ANL).  

The main milestone of the Argentine participation in the RERTR program was the 
conversion of the RA3 reactor from high enrichment (HEU) to low enrichment (LEU). 
This process included the development of fabrication techniques to manufacture LEU fuel 
elements and the provision of the new fuels to the reactor. 

3 Development of fuel technology for LEU utilization 
As part of the RERTR effort, CNEA worked since the beginning in the fuel 

development field starting with aluminide lines and oxide dispersions in aluminum (U3O8-
Al). In 1979, CNEA received uranium with 20% 235U enrichment in small amounts in the 
form of U3O8 and metal U, which allowed making miniplates of different fuel types. When 
Argentina decided to manufacture fuel elements with 20% of 235U, only UF6 was available 
in the market. For this reason, alternative methods were developed to convert it to U3O8, 
This development was performed considering the special characteristics needed in the 
U3O8 powder in order to obtain fuel plates with sufficient high density (higher than 3 
gU/cm3). 

The development of this technology also allowed the export of a fuel fabrication 
plant with high added value. Progress in this field is given in successive stages, each one 
ending when the development is reasonably completed and qualified to be transferred to 



the manufacturing stage. The methodologies applied in each stage are similar, including 
the training of human resources, basic and applied research, development and production. 

The above mentioned activities conform the CNEA MTR Fuel Project whose main 
steps are: 

3.1 First Research Reactor Fuel Generation -- Initial developments and fabrications 
At the end of the 1950s, CNEA started the 

development and fabrication of fuel rods for the       
40 kW RA-1 reactor. The rods comprised an extruded 
graphite-UO2 in aluminum clad. The uranium used 
was 20% 235U enriched. 

From 1967 to 1987, new MTR-type fuels were 
developed with UAlx-Al plates (90% 235U) for the 5 
MW RA-3 reactor and for the RA-2 critical facility. 
Some of them are still operating since 1982 in the 
RA-6 reactor.  

Three development lines related with LEU fuels 
(less than 20% of 235U) started in 1978. They were:  

• U3O8-Al 
• UAlx-Al 
• UxSiy-Al 
 

In 1980 CNEA decided to use the U3O8-Al line 
as the standard process to manufacture the fuel 
elements for the domestic supply but the development 
of the other lines continued after that year in order to 
obtain experience with different fuel materials. 

 

3.2 Second generation – CNEA industrial fuel supplier 
Based on the previous 

experience and knowledge, the 
second generation of fuels included 
fuel elements specially designed 
and fabricated in accordance with 
the requirements and characteristics 
of specific research reactors like the 
ETRR-2 in Egypt or the Peruvian 
RP-0. Most of the fabricated fuel 
elements are special designs, 
adapted to specific applications and 
customers.     

 
 

RA-1 and RA-3 Reactors 

ETRR-2 - Egypt 



3.3 Third generation – Advanced fuels based on uranium silicide 
This phase of the project consisted in the development and qualification of the 

technology related to uranium silicide (U3Si2). This step began with the preparation of a 
first experimental full-scale fuel element (P04), which was irradiated in the RA-3 reactor. 
The post-irradiation examination of this prototype was carried out in the Post-Irradiation 
Examinations Laboratory (LAPEP). 
This was the first time that an 
inspection in hot cells was 
completely performed in Argentina.  

After P-04 two full-scale 
prototypes, P-06 and P-07, were 
designed and fabricated. They were 
part of the CNEA qualification 
program as silicide high-density 
fuel manufacturer. The dimensions 
of the first fuel element (P06) were 
similar to the standard RA-3 fuel 
but with higher U density (4.8 
g/cm3). P-07 was designed with 
thinner fuel plates, like in the RRR or other operating reactors. Both prototypes reached 
the target burnup of 55 % and were inspected in the RA-3 poolside facility. P-06 was also 
submitted for destructive PIE in the Argentine Hot Cells. As a result of this program 
CNEA qualified satisfactorily as LEU silicide fuel manufacturer. 

3.4 Fourth generation – Very high density fuels based on U-Mo alloy  
The fourth step of the program is based on the favorable fact that CNEA has 

completed all the capabilities required for the development of high and very high density 
MTR fuels. The main facility is the fuel fabrication plant (ECRI). The above mentioned 
capacities are also covered from laboratory basic research to post-irradiation examinations 
of the experimental prototypes and standard fuels. CNEA's competence includes: 
laboratory research in new nuclear materials, characterization facilities, pilot plants for the 
preparation of nuclear raw materials and experimental fuel, test reactor and hot cells 
laboratory for post-irradiation examinations. It is also worth mentioning the well-
developed capabilities in neutronic and thermalhydraulic calculations, simulation codes, 
modeling, fuel engineering and quality assurance.  

This stage of the project started in 1999. 
U-Mo alloys had been chosen as the more 
promissory candidates to study very high-
density fuel materials. Considering the potential 
advantages of these alloys, regarding flexibility 
and safety, this phase of the project was 
initially focused on preparing and 
characterizing U-Mo alloys and assessing their 
comparative advantages as fuel for research 
reactors. An alternative processes to prepare U-
Mo powder was also developed. 

In the last two years and after the results 
obtained by other organizations, the emphasis 
was put on the understanding of the interaction 

PIE of P-06 Fuel Element 

CNEA Fuel Fabrication Plant 



between UMo and Al. Also on the fabrication of sound plates suitable for irradiation with 
the lowest interaction reaction in the as fabricated state. With the advance of these studies, 
the final step of this process will be the irradiation of miniplates and full-scale prototypes. 
The promising results reached up to now allow a continuous and very active participation 
of CNEA in the international effort for the qualification of this new fuel material. The 
UMo fuel is expectedly to be qualified by 2008. Simultaneously CNEA is pursuing to 
obtain its qualification as manufacturer of fuels bearing UMo alloys. 

3.5 CNEA as Industrial HEU and LEU MTR Fuel Supplier 
As was mentioned above, CNEA has reached a very high technological level in the 

production of Research Reactor Fuels and is considered as a qualified and reliable supplier 
of this kind of nuclear fuels. This can be easily corroborated by its experiences as 
domestic and international supplier.  

A detailed list of CNEA fuel productions is presented in the following Table 
 

Reactor 
or 

Facility 
Country Year Type of Fuel U Density Type of 

End Box Quantity supplied 

RA2, 
RA3 and 
RA6 

Argentina 
1963 
- 
1987 

MTR  HEU 0,6 g/cm3 welded 

312 FE 
(5928 curved plates) 

 
135 CFE 

(2025 curved plates) 

RP0  Perú 1987 MTR  LEU 3,1 g/cm3 screwed

23 FE 
(368 flat plates) 

 
5 CFE 

(70 flat plates) 

NUR Algeria 1989 MTR  LEU 3,1 g/cm3 welded 

36 FE 
(684 flat plates) 

 
9 CFE 

(126 flat plates) 

RA3 Argentina 1990 MTR  LEU 3,1 g/cm3 welded 

27 FE 
( 513 plates) 

 
8 CFE 

( 112 plates) 

TRR-2 Irán 1992 MTR  LEU 3,1 g/cm3 welded 

66 FE 
(1254 flat plates) 

 
12 CFE 

(168 flat plates) 

MPR  Egypt 1997 MTR  LEU 3,1 g/cm3 screwed 30 FE 
(570 flat plates) 

RRR Australia 
2005
-
2006 

MTR  LEU 4,8 g/cm3 screwed 64 FE 
(1344 flat plates) 

Notes: FE: Fuel Element CFE: Control Fuel Element 



 

Since the beginning of these MTR fuel 
fabrication activities more than 600 fuel 
elements of different types and more than 
12000 fuel plates have been supplied to 
domestic and overseas customers. Most of 
them have been completely irradiated. The 
performance of these fuel elements has been 
excellent, within the expected parameters for 
their nuclear service and no fuel failures or 
any abnormalities have been reported. 

 
 
3.6 Fuel Targets for Mo-99 production 

CNEA contribution to the RERTR effort also covered the development and 
fabrication of targets for radio-isotope production using LEU to replace the use of High 
Enriched Uranium (90% 235U) for this 
purpose.  

The development was based on the use 
of UAl2 dispersed in an aluminum phase. 

Through this development it was 
possible to obtain targets with densities of 3 
gU/cm3. With this load of uranium the LEU 
targets are suitable to be used without 
geometric modifications and maintaining the 
current process of basic dissolution in the 
radiochemical process. The UAl2 compound 
was selected due to its very convenient 
characteristics, among them its density of 
6,42 g/cm3. 

As a result of this development 
Argentina has converted the production of 
isotopes for medical applications to LEU in 
2002. Up to present more than 600 targets bearing LEU aluminide have been fabricated, 
irradiated and processed. Very recently CNEA has also become an international supplier 
of targets for Mo-99 production.  

4 Final Remarks 
During the last 25 years CNEA has been actively participating in the RERTR effort. 

Four fuel generations of developments and fabrications, as part of the CNEA MTR Fuel 
Project, are proving these commitments. As a result of these largely sustained activities 
CNEA is in condition to supply to domestic and overseas customers different types of 
fuels. Up to now more than 600 FE (12000 fuel plates) have been supplied and 
satisfactorily used in the nuclear service without any report of fuel failures. Development 
activities are now focused on the qualification of the UMo compound as fuel material. 
Also in the qualification of CNEA as UMo fuel manufacturer. 

Fuel for the Australian RRR reactor 

LEU Targets 



 Along with the fuel development activities CNEA also set up the technology for 
using LEU targets for the production of radioisotopes for medical use. Since year 2002 all 
the production of 99Mo from fission in Argentina is performed using LEU targets. CNEA 
is now in condition to provide this type of targets to different customers requiring this 
service. 
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Abstract 
 
Stochastic Monte Carlo neutron particle transport methods have been applied to 
successfully model in 3-D, the HEU-fueled Ghana Research Reactor-1 (GHARR-1), 
a commercial version of the Miniature Neutron Source Reactor (MNSR) using the 
MCNP version 4c3 particle transport code. The preliminary multigroup neutronic 
criticality calculations yielded a keff=1.00449 with a corresponding cold clean 
excess reactivity of 4.47mk (447pcm) compared with experimental values of 
keff=1.00402 and excess reactivity of 4.00mk (400pcm). The Monte Carlo 
simulations also show comparable results in the neutron fluxes in the HEU core 
and some regions of interest. The observed trends in the radial and axial flux 
distributions in the core, beryllium annular reflector and the water region in the top 
shim reflector tray were reproduced, indicating consistency of the results, accuracy 
of the model, precision of the MCNP transport code and the comparability of the 
Monte Carlo simulations. The results further illustrate the close agreement between 
stochastic transport theory and the experimental measurements conducted during 
off-site zero power cold tests.  
      
1. Introduction  
 
The Ghana Research Reacdtor-1 (GHARR-1) is a commercial version of the 
Miniature Neutron Source Reactor (MNSR) and belongs to the class of pool-in-
tank-type reactors [1-2]. It is under-moderated with an H/U atom ratio of 197. 
Thermal power is rated at 30kW with a corresponding peak thermal neutron flux is 
1.0x1012 n/cm2.s. For fresh core, its cold clean excess reactivity is about 4mk. 
Cooling is achieved by natural convection using light water. Presently, the 
GHARR-1 core consists of a fuel assembly HEU (U-Al alloyed) fuel elements 
arranged in ten concentric rings about a central control rod guide tube which houses 
the reactor’s only control rod. The control rod’s reactivity worth is about -7mk, 
providing a core shutdown margin of -3mk of reactivity. The small core has a low 
critical mass. However, its relatively large negative temperature coefficient of 
reactivity is capable of boosting its inherent safety properties [3]. The small size of 
the core facilitates neutron leakage and escape in both axial and radial directions. 
To minimize such loses and thereby conserve neutron economy, the core is heavily 
reflected respectively on the side and underneath the fuel cage by a thick annulus 
and slab of beryllium alloy material. Adding regulated shims of beryllium to the top 
tray can compensate loss of reactivity due to axial neutron leakage.  



A schematic drawing of the cross sectional view through the reactor is shown in 
Fig.1.  
 

 
Fig.1: Cross section through the GHARR-1 reactor 

 
The HEU-fueled GHARR-1 reactor has a theoretically designed core lifetime of ten 
years if it is operated at its maximum flux for 2.5 hours day, five days a week. At 
this rate, the HEU fuel with a burnup of 1% [4] would have been fairly depleted 
resulting in a fall of core excess reactivity to limits below 2.8mk When all the 
regulated beryllium shims have been added and core excess reactivity can no longer 
be sustained, the fuel would have been depleted, and the core would have reached 
its designed lifetime. Refueling can be done with either LEU or HEU fuels, a 
decision which is determined by several factors including reactor physics.  
 
For this reason, core conversion studies on the GHARR-1 facility have been 
initiated. Previously, deterministic methods have been used to perform neutronic 



core calculations and analysis on GHARR-1. However, due to its small core, 
complicated geometry and other associated structures, it has become increasingly 
necessary to employ more versatile methods such as Monte Carlo transport methods 
to accurately model the reactor in three-dimensions (3-D), simulate particle 
transport behavior and estimate reactor physics design and safety parameters. The 
Monte Carlo modeling and simulation will be applied to the core conversion 
program of the initiated on the GHARR-1 facility.     
 
In this paper, the results of the Monte Carlo model, neutron transport and simulation 
of the GHARR-1 reactor using the MCNP4C transport code are presented. 
  
2.0. 3-D Monte Carlo Model and Method of analysis  
 
MCNP is a popular, versatile multipurpose Monte Carlo particle transport code 
used worldwide. It has the capability to model and treat different geometries in 3-D 
and also simulate the transport behavior of different particles. Additionally, MCNP 
has the ability to treat complex nuclear interaction processes [5].   
 
2.1. Physical Model 
 
The physical Monte Carlo model of the GHARR-1 reactor was done following the 
approaches used in the 3-D combinatorial and generalized geometry methods 
applied in MCNP geometry modeling [6]. Thus different geometries in planar, 
conical, spherical and cylindrical configurations of the various zones, sections and 
materials such as the fuel assembly, control systems, reflectors, irradiation channels 
shim tray, reactor vessel, reactor pool and other structural components were 
modeled accordingly. Further use was made of available design data of structural 
components and materials of the reactor. The centre of the GHARR-1 core 
assembly which has a cylindrical configuration with ten fuel lattices concentrically 
arranged about the central control rod guide was chosen as the geometrical mid-
point for the Monte Carlo model.  
 
2.2. Nuclear Model: fission sources, tallies and nuclear data  
 
In the MCNP model of GHARR-1, all the 344 HEU fuel elements of cylindrical 
geometry were modeled as fission sources. The gram mass loading or weight 
content of U-235 per fuel element (gU-235) for MNSR reactors can be calculated 
from the expression [1-2]  

  ( ) mfU XfeVg %1235 −=− ρ    (1) 
 
where V is the volume of the active zone of the fuel element of porosity e%, X is the 
total mass fraction of uranium in the fuel and ρf is the fuel density in g/cm3. The 
quantity fm is defined as 
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where mU-235 and mU-238 are the atomic masses of U-235 and U-238 isotopes 
respectively and ε is the U-235 enrichment. Substituting Eq. (2) into Eq. (1), the 
gram loading of U-235 becomes  
 

  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+

−=
−−

−
− )1(

%)1(
238235

235
235 εε

ε
ρ

UU

U
fU mm

m
XeVg   (3) 

 
from which the density of the fuel can be calculated as  
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Cell tallies for neutron flux and fission energy deposition were adopted in the 
GHARR-1 Monte Carlo model in accordance with the MCNP input data 
preparation, providing for the simulation of neutron fluxes (radial and axial) 
distributions and other physics design and safety parameters. The fission sources 
were also modeled to simulate the fission energy deposition in the reactor core. A 
16-subdivision structure of the Hansen-Roach continuous neutron energy group was 
used in the Monte Carlo model. Nuclear data for fissile and non-fissile isotopes 
associated with materials (fuel, fuel clad, coolant, moderator, control rod and clad, 
reflectors, structural components) of the physical model was chosen from ENDF/B-
VI nuclear data libraries. For cadmium, cross section data from ENDF/B-V data 
libraries was used. The special S(αβ) scattering feature was applied in the nuclear 
model to treat thermal scattering in beryllium and hydrogen in light water for the 
reflector material and water regions respectively of the GHARR-1 Monte Carlo 
model.  
 
2.3. Method of Analysis 
 
The 3-D GHARR-1 Monte Carlo model was simulated to estimate some reactor 
physics parameters such as nuclear criticality and core reactivities, neutron flux 
distribution in some selected locations of the reactor. In particular, neutron transport   
simulations were done for a clean fresh core (zero burnup). Criticality calculations 
were performed by invoking the MCNP KCODE criticality source card to 
determine keff and corresponding core excess reactivities using all fuel elements as 
fission source points. In this analysis, 3000 neutron particle source histories per 
cycle were made for 2000 cycles. The MCNP criticality calculations were 
normalized to the steady-state power level of 30kW. Using the FM card, a value of 



2.434 was computed for the average number of neutrons per fission which is used in 
computing the scaling factors or source strength by which all the tallies are scaled.  
 
The GHARR-1 Monte Carlo model was further simulated for partial and total 
withdrawal (or inserted) of the control rod to different positions to determine 
control rod worth and shutdown margins. The 3-D model also provided for the 
simulation of the ten homogenized fuel lattice zones in order to calculate the radial 
and axial thermal neutron fluxes as well as the fission energies averaged over each 
lattice zone. Other regions such as the reflector materials and irradiation n channels 
were also simulated for radial and axial neutron flux distributions. The results are 
presented and discussed in the next section.  
 
3.0. Results and discussion 
 
The 3-D Monte Carlo MCNP plot of the GHARR-1 core configuration is shown in 
Fig. 2. The vertical cross section of the reactor with the control totally in the core is 
illustrated in Fig.3, showing a vertical slant tube installed for out-of-vessel 
irradiation and other reactor physics experiments.  

  Fig. 2: MCNP plot of GHARR-1 core configuration 
 
Compared with the equivalent drawings shown in Fig.1, the good agreement 
establishes the fact that the model is good and that Monte Carlo techniques can be 
effectively deployed to model geometrically complicated systems 
 



 
Fig.3: MCNP plot of GHARR-1 vertical cross section 

 
The results of the MCNP Monte Carlo criticality calculations for keff, excess core 
reactivity, control rod worth and shutdown margins as compared with experimental 
measurements obtained during zero power criticality and cold test are shown in 
Table 1. 
 
Table 1: Comparison of experimental and Monte Carlo (MCNP4C) criticality results  
 

 
 

 
Experimental 

 
MCNP4C 

 
Criticality (keff) 

 
1.00402 

 
1.00449 

Core excess in cold, 
clean state 

 
4.00  

 
4.47 

 
Control rod worth 

 
-7.00 

 
-7.70 

 
 

Reactivity

 
Shutdown margin 

 
-3.00 

 
-3.27 

 
 
From the table, Monte Carlo MCNP calculations for the keff and cold clean cores 
excess reactivity differ from the experimental results within 0.047% and 11.75% 
respectively. Similarly, the differences in the control worth and shutdown margin 



are 10% and 9% respectively. The differences in values between the experimental 
and MCNP4C calculations are however small. The relatively higher values obtained 
for the MCNP4C Monte Carlo simulations are due to the fact that the masses, 
dimensions and compositions of some material and structural components were 
approximated at the time of the modeling and simulation. Generally, as since 
factors such as size (mass, dimensions), type and material composition (material 
balance), geometry, etc, influence nuclear criticality, the observed differences 
between the experimental and MCNP4C measurements are anticipated. It is 
expected that correct masses and material balance would show more agreeable 
results. 
 
An experimental plot of the radial distribution of the thermal neutron flux intensity 
is shown in Fig. 4.  
 

 
Fig. 4: Radial flux intensity distributions (experimental) 

 
Comparatively, the MCNP4C results for the radial flux distribution in the core, 
annular beryllium reflector and outer irradiation channel is shown in Fig. 5. As 
expected, the neutron flux decays as the core is traversed outwards but peaks up in 
reflector zones such as the beryllium material where (n,2n) reactions occur. 
Comparatively, the MCNP4C results agree very well with experimental results 
measured during the GHARR-1 zero power criticality test as both show the same 
trend in flux distribution.  
 



 
 
 
Fig. 5: Radial flux distribution in the core and some other regions (MCNP),  
 
The axial neutron flux distributions along the fuel rod channels for all the 10 fuel 
lattice zones in the GHARR-1 HEU core obtained via the MCNP4C Monte Carlo 
simulation are shown in Fig.6. The corresponding experimental plot for the axial 
neutron flux intensity measured at three locations between fuel lattices is depicted 
in Fig.7.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6: Axial flux distribution along fuel rod channels in GHARR-1 core (MCNP)  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7: Relative axial flux density (experimental)  
 
Both approaches (Monte Carlo and experimental) show the same observed trend 
with a conspicuous peaking at the geometrical centre and a fall off as the fuel 
channel rod is traversed away from the centre. The close agreement between both 
approaches in the trends is further evidence of a good model and proves the 
suitability Monte Carlo stochastic methods to modeling reactor systems.  
 
The Monte Carlo MCNP4C model of the GHARR-1 reactor also provided for the 
simulation of the fission energy deposited on each fuel element cell and also per 
homogenized fuel lattice zone. This was done to establish the reactor power 
distribution across the GHARR-1 HEU core that would be used as a design 
reference for the GHARR-1 HEU-LEU core conversion program. The MCNP4C 
results of the fission energy deposited in each fuel lattice zone is illustrated in Fig. 8. 
The observed decreasing trend is conclusive that there are more nuclear fissions in 
fuel elements nearer the core centre. The relatively higher peaks obtained for the 
tenth lattice compared with ninth could be explained by the contribution of radial 
neutron reflection provided by the annular beryllium reflector where the neutron 
fluxes are relatively higher (Figs.4 & 5).  
 
It can be inferred from the results of the Monte Carlo simulated fission energies and 
peaking factors that lattice zones closer to the core centre would have relatively 



higher fuel burnups. However, this can be confirmed when a detailed fuel depletion 
and burnup credit analysis is performed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8: Fission energy deposition in fuel lattice zones of GHARR-1 core 
 
 
Conclusion 
 
Stochastic Monte Carlo methods have been applied to accurately develop a 3-D 
model of the GHARR-1 reactor using the versatile MCNP4C particle transport code. 
 
Within limits of errors caused by approximations in material balance and 
dimensions of some components, the Monte Carlo model has successfully simulated 
some important reactor physics and criticality safety design parameters. The results 
are in very good agreement with experimental measurements obtained during the 
facility’s zero power criticality and on-site cold tests. This work thus provides 
further evidence that Monte Carlo methods are accurate in modeling complicated 
geometries and also capable of simulating physics and engineering design 
parameters of nuclear reactors such as the GHARR-1 reactor.  
 
The Monte Carlo model and the simulated results for the present GHARR-1 HEU 
fueled reactor would be used as design references for its HEU-LEU core conversion 
program.  
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Summary 

The spent fuel discharged from the reactors are temporarily stored at the 
reactor pool.  After a certain cooling time, the spent fuel is moved to the 
storage locations either on or off reactor site depending on the spent fuel 
management strategy.  As India has opted for a closed fuel cycle for its 
nuclear energy development, reprocessing of the spent fuel, recycling of the 
reprocessed plutonium and uranium and disposal of the wastes from the 
reprocessing operations forms the spent fuel management strategy.  Since 
the reprocessing operations are planned to match the nuclear energy 
programme, storage of the spent fuel in  ponds are adopted  prior to 
reprocessing.  Transport of the spent fuel to the storage locations are 
carried out adhering to international and national guide lines.  
 
India is having 14 operating power reactors and three research reactors.  
The spent fuel from the two safeguarded BWRs are stored at-reactor (AR) 
storage pond. A separate wet storage facility away-from-reactor (AFR) has 
been designed, constructed and made operational since 1991 for additional 
fuel storage.  Storage facilities are provided in ARs at other reactor 
locations to cater to 10 reactor-years of operation.  A much lower capacity 
spent fuel storage is provided in reprocessing plants on the same lines of AR 
fuel storage design.  Since the reprocessing operations are carried out on a 
need basis,  to cater to the increased storage needs two new spent fuel 
storage facilities (SFSF) are being designed and constructed near the 
existing nuclear plant sites. India has mastered the technology for design, 
construction and operation of wet spent fuel storage facility meeting all the 
international standards 
 
Wet storage of the spent fuel is the most commonly adopted mode all over 
the world.  Recently an alternate  mode viz. dry storage has also been 
considered. India has designed, constructed and operated lead shielded dry 
storage casks and is operational at one site.   A dry storage cask made of 
concrete with stainless steel cavity  was also designed for spent PHWR fuel.  
 



Fuel transportation is subjected to highly explicit safety and security 
regulations, constantly updated by international and national experts.  It is 
noted that the radioactive material transportation regulations comprise two 
distinct objectives. 
 
Security or physical protection, consisting in the preventive losses, 
disappearances, thefts    or misappropriation of nuclear materials.  
 
Safety, which consists in controlling the irradiation, contamination and 
criticality hazards inherent in the transportation of radioactive materials, 
with a view to ensuring that man and the environment remain unaffected by 
the potential pollution involved. 
 
Certain principles underline the transport regulations setup by IAEA and the 
universally adopted rule is that transport safety must be based on three lines 
of defense.  Viz. the concept of a package, the reliability of transport and the 
efficacy of specific resources to deal with an accident. 
 
Spent fuel transport is carried out in "type B" packages, designed to 
withstand severe accident conditions, simulated by tests, validated by 
approval certificates and subject to inspection 
 
Introduction 
 
Energy security is the key to the success of a nation in its forward stride and 
the per capita energy consumed is an index of civilization.  Means of 
achieving this goal depends on the resources at hand and its efficient 
deployment.  Over the years nuclear energy has evolved as a viable 
alternative to conventional routes of energy production. 
 
For long-term nuclear power production, there are two fuel cycle options 
that are of relevance and under consideration at the present juncture, viz. the  
once through cycle with permanent disposal of spent fuel and the closed fuel 
cycle with reprocessing and recycle of uranium and plutonium. Both the 
options require efficient and safe waste management strategies. 
 
The proven resources of low priced uranium are insufficient to support a 
long-term and meaningful contribution to India’s  energy demand by  way of 
nuclear energy. Closing the nuclear fuel cycle by reprocessing the spent fuel 
and recycle of uranium and plutonium back into reactor systems helps in 
exploiting the full potential of nuclear power and  maximizes the resource 



utilization. India is having limited resources of uranium and vast resource of 
thorium. In terms of fossil fuel the thorium resources are equivalent to  800 
billion tonnes of coal  through fast breeder reactor (FBR) and other reactor 
systems using thorium.  The three stage Indian nuclear energy programme 
designed in the second half of the last century by the late Homi J. Bhabha is  
based on the optimum use of the available resources. 
 
The first stage of the nuclear power programme, comprising setting up of 
Pressurised Heavy Water Reactors(PHWRs) and associated fuel cycle 
facilities is already in the commercial domain.  Twelve PHWRs are 
operating and six PHWRs comprising a mix of 540 and 220 MWe rating are 
under construction.  The second stage envisages the setting up of Fast 
Breeder Reactors(FBRs) backed up by reprocessing plants and plutonium 
based fuel fabrication plants.  In order to multiply the fissile inventory, fast 
breeder reactors are necessary for our programme.  A 40 MWt Fast Breeder 
Test reactor has been operating at the Indira Gandhi  Centre for Atomic 
Research (IGCAR), Kalpakkam, since attaining first criticality on 18 
October 1985. Project activities of  a 500 MWe Prototype Fast Breeder 
Reactor(PFBR) is in progress at Kalpakkam. The third stage will be based 
on thorium-233Uranium cycle. 233U is obtained by irradiation of thorium in 
PHWRs and FBRs. 
 
India is currently operating two reprocessing plants for the treatment of 
spent fuel from PHWRs.  The reprocessing capacity is augmented in a 
phased manner to match the nuclear energy programme.  This has resulted in 
the rise of spent fuel inventory and necessitated  the design, construction and 
operation of storage facilities both at-reactor(AR) and away-from-
reacto(AFR) sites prior to reprocessing.  More than 30 years of operation of  
these facilities has given mastery over design, construction and operation of 
spent fuel storage facilities especially wet type meeting all the international 
safety standards.  
 
In India, as the 14 power reactors are operating at different locations, the 
movement of spent fuel from reactor site to storage locations and 
reprocessing plants involve transport operations.  The transport safety 
regulations applicable to spent fuel comply with the rules applicable to all 
radioactive materials, which constitute a subcategory of dangerous materials 
(class 7). Strict compliance to these regulations has resulted in incident free 
transportation of spent fuel from various locations by both rail and road for 
more than 25 years.  
 



Nature of Spent Fuels and Management Strategy 
 
Research reactors CIRUS and DHRUVA employ  aluminium cald, natural 
uranium metallic fuel.  The fuel used in Fast Breeder Test Reactor is a 
mixture of Pu and U carbide clad in stainless steel.  TAPS-1 and 2 (BWRs), 
use zircaloy clad, 2.5% enriched uranium 36  pin fuel cluster and the 
PHWRs are fuelled with  natural uranium oxide in 19 pin bundle.  
 
The annual spent fuel arisings from the operating 12 PHWRs and 2 BWRs  
are shown in Table 1.  Since India has adopted a closed fuel cycle  on a 
'reprocess to recyle mode', the storage of spent fuel prior to reprocessing 
forms a part of the spent fuel management policy.  Fig 1. Shows the scheme 
of spent fuel management strategy followed in India. 
 
 
 

Table 1.Operating Nuclear Power Plants & annual Spent Fuel Discharges 
 

 Name of 
Plant 

 
 

Reactor 
type 

 

Start of  
operation 

 

Rated 
capacity 
MW(e) 

 

Annual SF 
arisings 
tHM/a 

RAPS 3 &4 PHWR 2000,2000 2x220 60 

KAIGA 1&2 PHWR 2000,2000 2x220 60 

KAPS 1 & 2 PHWR 
 

1993, 1995 
 

2x220 
 

60 
 

NAPS 1 & 2 
 

PHWR 
 

1991, 1992 
 

2x220 
 

60 
 

MAPS 1 & 2 
 

PHWR 
 

1984, 1986 
 

 170 and 220 
 

53 
 

RAPS 1 & 2 
 

PHWR 
 

1973, 1981 100 and 200 
 

45 
 

TAPS 1 & 2 
 

BWR 
 

1969 
 

2x160 
 

21 
 



Spent fuel Storage   
 
(a) Wet storage of spent fuel has been the predominant mode of storage in 

India at various nuclear reactors and reprocessing plants. 
 
The BWRs are in operation  since 1969.  The storage pond at AR was 
initially designed to store 528 spent fuel assemblies(SFAs).  Subsequently 
the capacity was increased to 1500 SFAs by reracking using high density 
racks.  A  separate   wet  storage facility, AFR  has  been   designed 
constructed and made operational since 1991 for storage of 2000 SFAs 
extendable to 3312 SFAs.  The fuel pool is 9 m (W) x 13 m (L) and 13 m 
(D).  The depth accounts for 4.4 m fuel height, 5 m for cask height, 2.6 m for 
shielding and 1 m free board.   Radiation shielding around the pool is 
provided by 1.5 m thick concrete wall.  The pool is 5 m below the ground 
level and 8 m above ground and is lined with stainless steel 304 L plate.  
The concrete structure has been tested for leak tightness.  A leak detection 
system has been provided.   
 
RAPS 1&2 were the first two PHWRs to be commissioned in 1973 and 1981 
in Rajasthan.  The SFAs generated from these reactors are stored in SS trays 
in the spent fuel pool at the station.  The capacities of the fuel pool was 
adequate for about 10 years full power operation.  The storage capacity of 
the pool was increased by 30% of its original capacity by reducing the 
spacing between each tray and by increasing the stack height.  The latest 

Power Reactors 
(Minimum cooling of spent fuel for 430 days) 

Reprocessing facility AFR facility 

Fabrication of 
Mixed 

U-Pu fuel 

Radioactive waste 
Conditioning in 

borosilicate matrix

Interim storage for 
~30 years in near 
surface engineered 
storage facility  

Final disposal in 
deep geological 

repository 

Fig. 1.   Spent fuel management in India 



PHWRs are being designed to have fuel pools with storage capacity of 10 
reactor years. 
 
The spent fuel is stored at reprocessing plants in underground fuel pools 
lined with SS plates.  Their storage capacity is much less compared to fuel 
pools of PHWRs since they ate meant to meet operational requirements of 
reprocessing plants. 
 
Figure 2. shows a  spent fuel storage facility.   A typical  pool have a 
capacity of  about 63 t HM  of PHWR fuel. The fuel pool details are as 
follows : 
 
(1) Size                                                  : 10 m(L) x 8 m(W) x 5.2 m(D) 
(2) Clear water shielding                                : 3.0 m 
(3) Total water volume                                : 450 m3 
(4) Pool water turn over time                        : 37.5 h 
(5) Fuel pool lining (Stainless Steel)            : 3.2 mm 
 

            Fig. 2. Schematic Diagram of a typical spent fuel pool 
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The fuel pool floor has been designed for two different load bearing capacity 
viz., cask handling and fuel storage. The spent fuel is stored in trays in a 
stack of 20 trays leaving  a clear water shielding of 3.0 meters. A movable 
bridge provided with  fixed and sliding tong spans the top of the storage pool.  
These tongs are used for handling of the fuel under water.  A seventy ton 
Electric Overhead Travelling (EOT) crane is used to handle the cask.  A 
push and pull ventilation system have been adopted to minimise air born 
activity in the fuel handling operating area.  Fig. 4. Shows the photograph of 
a pool at reprocessing facility.  
 
 

 

 
 
Design of New Spent Fuel Storage Facility 
 
In order to cater to the increased rate of spent fuel generation need has arisen 
to augment the storage capacity for spent fuel.  Accordingly additional spent 
fuel storage facilities (SFSFs) are being constructed in the vicinity of the 

Fig. 3. Spent Fuel Storage Pool at Reprocessing Facility 



power station and reprocessing plant. The plant layout is designed to take 
care of following aspects: 
 

• Seismic events 
• Maintaining the water table below the raft 
• Leak detection 
• External  cooling provision 
• Single failure proof EOT crane 
• Engineered ventilation system 
• DM Plant 
• Provision for class III power 
• Pond water polishing system 

 
Seismic and civil structure design 
 
The design of SFSF is based on the guidelines given in IAEA TECDOC-
1250 used in safety classifications of system and components for  Nuclear 
Fuel Cycle Facilities.  These are designed for Operating Basis Earthquake 
(OBE). The design of pool building and other associated building is 
performed by using the local soil/rock data obtained through a geotechnical 
investigation.  The design of various mechanical system and components is 
carried out as per the respective design codes and standards based on their 
safety classification and seismic categorisation. The pool structure has been 
designed for hydrodynamic response during seismic event to check for the 
stability of the structure.   
 
The design of civil structure is carried out for a life span of 50 years. The 
design of the civil structures would take care of the applied bearing pressure 
under all load combinations, the total & differential settlements, the 
liquefaction effects for the sub grade below  under seismic condition; the 
adequacy of safety factor against overturning, sliding & flotation,  structural 
integrity, thermal loading etc. 
  
Fuel pool 
 
The fuel pool is designed as under ground structure on a foundation raft 
sitting on a hard rock strata. The cask handling and seating zone of pool are 
suitably located to avoid the movement of cask  over the stored fuel bundles. 
The pool walls and raft are made of High Performance Concrete (HPC) with 
additional micro silica and water proofing compounds  for improved leak 



tightness.  The depth of pool is based on minimum biological shielding of 3 
meter above top most tray of the stack and handling of cage during cask 
unloading. The radiation levels, estimated at water surface and at working 
level are less than 1 µSv/hr. The shielding analysis is carried out by using 
the ORIGIN–2 computer code for source estimation and using 2-D transport 
theory code DOT–3 for dose rate calculation.   
 
Single failure proof EOT crane of 75 t capacity has been provided to handle 
70 t shipping casks. The crane has sufficient safety features like double wire 
rope system, two rope drums, two independent brakes, VVF drive etc.  A 
pool bridge carries out the handling of fuel storage trays and fuel bundle 
within the fuel pool. The pool bridge is equipped with suitable electrical 
hoist and tong for handling of tray and fuel bundle.   
 
An impact absorber inside the pool is provided to take care of accidental fall 
of shipping cask in the pool while handling. The impact absorber would 
absorb the bulk of the impact energy and save the fuel pool structure.  The 
stresses developed in the raft because of the residual energy of the fall of the 
cask would be well within the safe limits.   
  
The maximum pool water temperature is limited to 40°C in normal 
condition and 60°C in accidental conditions. Suitable plate type heat 
exchangers have been provided to remove the heat generated for the spent 
fuel bundles. In the event of power failures, these cooling systems shall run 
on Class-III power supply.   
 
Infiltration bore wells are provided around SFSF to keep the water table low 
enough in the local vicinity.  Additional level monitoring and sampling 
arrangements are provided to monitor contamination of sub-soil water body 
as a result of highly improbable event of a breach of the pool, the lining and 
raft simultaneously.  Schematic diagram of the layout of  SFSF is given    
Fig. 4 
 
The Spent fuel pool is RCC tank lined with  SS 304 L plates welded on SS 
304 L rectangular tubular sections embedded in concrete. On either side of 
the channel anchoring struts are welded in a staggered fashion.  The welding 
of the liner plates with supporting channel is shown in Fig. 5.  These tabular 
sections are connected to 15 NB pipe routed from the tubular grid section to 
the leak detection pit.  All pipes are seamless SS 304 L hydro-tested and 
radiographed before embedding in concrete.  Any accumulation of water in 
leak detection pit will be indicative of leakage through the liner weld. The 



leakage collection system  is compartmentalised so that it would be possible 
to identify the source of  leakage.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Schematic diagram of the SFSF layout 

Fuel Pond

Spent  Fuel Storage Building

UTILITY BUILDING

Detail-A

ROAD

Proposed 1.5m wide infiltration trench 
for Maintenance De Watering

Stack

Bottom of Pump
EL. 0.200

PUMP

Header

Manhole
cover

Bottom of sump
EL. (-)0.300

Entry of HDPE
pipe in sump at
EL. 0.700

Rungs for 
Inspection of
Sump (TYP)

FGL
EL (+)10.000

400 THK
CONCRETE/
Masonary Sump

DETAIL-A
Details of Corner sump with Pump

Fuel Pond

Spent  Fuel Storage Building

UTILITY BUILDING

Detail-A

ROAD

Proposed 1.5m wide infiltration trench 
for Maintenance De Watering

Stack

Fuel Pond

Spent  Fuel Storage Building

UTILITY BUILDING

Detail-A

ROAD

Proposed 1.5m wide infiltration trench 
for Maintenance De Watering

Stack

Bottom of Pump
EL. 0.200

PUMP

Header

Manhole
cover

Bottom of sump
EL. (-)0.300

Entry of HDPE
pipe in sump at
EL. 0.700

Rungs for 
Inspection of
Sump (TYP)

FGL
EL (+)10.000

400 THK
CONCRETE/
Masonary Sump

DETAIL-A
Details of Corner sump with Pump

Bottom of Pump
EL. 0.200

PUMP

Header

Manhole
cover

Bottom of sump
EL. (-)0.300

Entry of HDPE
pipe in sump at
EL. 0.700

Rungs for 
Inspection of
Sump (TYP)

FGL
EL (+)10.000

400 THK
CONCRETE/
Masonary Sump

DETAIL-A
Details of Corner sump with Pump

Fig. 5. Leak detection system



Operation of spent fuel storage facilities 
 
With the present experience of spent fuel storage of BWR & PHWR fuel 
over a period of three decades, it has been found that wet storage is a safe 
method for storing zircaloy clad fuel from BWRs and PHWRs as the 
integrity of zircaloy clad is intact in pool environment. The pool water 
chemistry is maintained with pH of 6-8 and specific conductivity of less than 
1 µS/cm.  
 
In line with ALARA principle an innovative concept has been practiced for 
the last 10 years to maintain the chemistry of the pool water by recirculating 
the pool water through micro filter cation exchanger  and anion exchanger.  
An average DF of 2 to 3 is obtained across the cation bed which is 
regenerated with nitric acid once in eight months and the regenerant is  
recycled to the process.  The anion exchanger is regenerated with NaOH 
when the pH of the pool water falls below 6.0.  the regenerant is sent to 
LLW as its activity is very low of the order of 10-5 mCi/L.  A schematic 
diagram of the water polishing system is shown in Fig. 6.  
 

 
 

 
There is a compact filtration system, which operates under water for 
cleaning of pool floor for muck/debris collected during cask handling and 

FUEL  

FILTER BANK

( O5 NOS. ) 

   CATION 

EXCHANGE

     ANION 

EXCAHNGE

FUEL POND LEVEL 

RECIRCULATION PUMP 

FUEL POND RECICULATION SYSTEM 

Fig. 6. Schematic diagram of the water polishing system 



fuel storage. The filters are remotely handled and disposed off through a lead 
shielded cask. The filters have 20-micron fine particles capacity and made of 
cellulose fibre and layers of wire mesh and silicon paper.  The system is 
working satisfactorily with water visibility maintained at very high level 
(turbidity below 0.2 ppm on silica scale). 
 
A DM water plant is also provided to meet make up water requirement of 
pool due to evaporation losses and for cask washings 
 
The thermal loading  of the pool has to be maintained with in  stipulated 
limits under the operating and accidental conditions 
 
R&D study is also being pursued for application of ultra filtration module 
for cleanup of pool water. Ultra filtration membrane typically have pore size 
in the range of 10 to 100 nanometer and work at a pressure of 1 to 10 bars.  
An average DF with respect to alpha and beta of 4 and 3 respectively are 
obtained and the turbidity of water could be brought down from 0.3 NTU to 
0.1 NTU.  A schematic diagram of a pilot plant using UF module is shown   
in Fig. 7. 
 

 

 
 
 

Fig. 7. UF module and the Schematic of the UF process 
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Dry Storage 
 
As the dry storage casks are modular, passive, easily constructible and 
comparatively of low cost, these have been adopted as 'add on' system for 
additional storage to the fuel storage pools. Dry storage of spent fuel 
assemblies from BWRs at TAPS was taken up as an interim measure when 
the available storage capacity in the AR facility was fully utilised. The DSC   
is designed to store 37 BWR spent fuel assemblies with a burnup greater 
than 13,000 MW-d/t HM and a minimum cooling period of 10 years. Square 
boxes made of 3.25 mm thick SS 304 plates are used to support 37 spent fuel 
assemblies. These plates also act as neutron poison and keep them in 
subcritical condition. Four such casks are in use at TAPS without any 
external cooling. These DSCs also have been used for transportation of the 
spent fuel from the reactor pool to AFR pool. 
 
Concrete casks have also been developed for PHWR fuel from RAPS 1 & 2 
and can accommodate 220 Nos. of 10 year cooled spent fuel assemblies with 
a maximum burnup of 10,000 MWd/t HM. The cask has 750 mm thick 
reinforced concrete shielding on all sides and 850 mm at the bottom. The 
cask is lined with 6 mm thick steel plate both inside and outside and is 
designed to withstand mechanical stresses to control cracking of concrete. 
The total weight of the cask, when fully loaded with spent fuel assemblies, is 
60 t.   
 
Spent fuel transport 
 
Since the reactors are located at different locations, a number of transport 
operations involving spent fuel movement are required to be carried out 
annually for either storing at the AFRs or for reprocessing operations.  Fuel 
transportations are subjected to highly explicit safety and security 
regulations constantly reviewed by international and national experts.  The 
radioactive material transportation regulations comprise two distinct 
objectives. 
 

 Security or physical protection, consisting in the prevention of losses, 
disapperances, thefts or misappropriation of nuclear materials. 

 Safety, which consists in controlling the radiation contamination and 
criticality hazards with a view to protect the man and the environment. 

 
Transport safety regulations applicable to spent fuel comply with the rules 
applicable to all radioactive materials, which constitute a subcatagory of 



dangerous materials(class 7).  All transport of radioactive materials with in 
the country is governed by guidelines by the statutory regulatory authority-
the Atomic Energy Regulatory Board(AERB).  The materials can be 
transported only in packages which are designed in accordance with 
standards and guidelines prescribed by AERB.  These standards are based on 
international practices/regulations such as those drafted by IAEA. 
 
The transport safety regulations are based on three lines of defence. 
 

 The package consisting of the material transported and its container must 
be sturdy and adapted to its contents. 

 Reliability of the means of transport 
 The efficacy of the resources to deal with an incident or accident 

 
Technical principles common to all packages 
 
Package safety features should include 
 

 Containment of the radioactive materials, to combat radilogical hazards. 
Eg. Surface contamination levels. 

 Radiological protection, to combat radiation hazards 
 Sub-criticality 
 Protection against temperature related damage 

 
The regulations then define, on the basis of the package types 
 

 For package design, technical specifications and qualification 
requirements 

 For package utilisation, various radiation protection, labeling and 
registration requirements 

 For package maintenance, maintenance programme 
 
In this frame work, spent fuel is transported in 'Type B' packages designed to 
withstand severe accident conditions simulated by tests validated by 
approval certificates and subject to inspection. 
 
The tests under accident conditions are 
 

 a 9 m drop test on a hard unyielding surface 
 a 1 m drop on a a mild steel bar 
 exposure to 800 C fire for 30 minutes 



 immersion in 200 m depth water 
 
Considerable experience has been acquired in spent fuel handling transport.  
In India, spent fuel transportation is carried out in specially fabricated and 
tested shielded cask by rail and road. 
 
Spent fuel from TAPS is transported to AFR storage facility by road in 
stainless steel clad and lead shielded cask of 70 t.  Shipment of PHWR spent 
fuel from SF from RAPS/MAPS to reprocessing facility is carried out by rail 
and road.  
 
The cask designed to handle at any one time 220 bundles of CANDU fuel                         
(corresponding to about 3200 kg of UO2) irradiated to an average 6700 
MWd/t and cooled for 120 days.  The over all dimensions of the cask are 
3270 L x 2440 W x 2230 H mm.  The cask cavity dimensions of the cask are 
1600 L x 1220 H x 1220 D mm.  The cask weighs 63,000 kg and is provided 
with four lifting trunnions.  The spent fuel bundles are housed in a single 
cage stacked in two columns, each housing 110 assemblies (10 x 11).  
Shielding equivalent to 280 mm of lead has been provided to give a dose 
rate of about 32 mr/hr on the shield.  The cask is provided with level 
indicator, thermo-couple for measuring the coolant temperature and vent 
lines.  The vent is provided with off-gas filter. 
 
The cask is designed for transport in wet condition with external means of 
removing heat.  The cask is also provided with fins ( 6 mm thick, 150 mm 
high and 76 mm apart) for heat transfer and the external surface is clad with 
stainless steel to facilitate decontamination.  The hear removal capacity is 75 
kW.  Schematic diagram of the shipping cask is shown in Fig.8. 
 



Fig. 9 Shows the photograph of the trailer loaded with the transportation 
cask. 
 

Fig. 9. Transportation Cask on  trailer 

Fig. 8. Design Features of the PHWR Spent fuel transport Cask 



Conclusions 
 
1. Operation of wet spent fuel storage facilities for more than three decades 

has given mastery in design, construction and maintenance of these 
facilities meeting the national and international specifications. 

 
2. Limited experience is gained in the design of dry storage facilities. 
 
3. Incident free cross country transportation of spent fuel transportation 

could be carried out complying with national and international 
regulations. 
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ABSTRACT 
 
The occurrence of flow excursion instability during passive heat removal for Tehran Research Reactor (TRR) 
has been analyzed at low-pressure and low-mass rate of flow conditions without boiling taking place. Pressure 
drop-flow rate characteristics in the general case are determined upon a developed code for this purpose. The 
code takes into account variations of different pressure drop components caused by different powers as well as 
different core inlet temperatures. The analysis revealed the fact that the instability can actually occur in the 
natural convection mode for a range of powers per fuel plates at a predetermined inlet temperature with fixed 
geometry of the core. Low mass rate of flow and high sub-cooling are the two important conditions for the 
occurrence of static instability in the TRR. The calculated results are compared with the existing data in the 
literature.  
 

1. Introduction 
 
A flow may be subjected to a static instability should the flow conditions change by a small 
step from the original steady state, another steady state is not possible in the neighboring of 
the original state [1]. The outcome state could be in either steady or periodic situation. The 
occurrence of the phenomenon is governed by the steady state laws. Consequently, the 
threshold of the phenomenon can be predicted merely by applying steady-state laws [1]. 
Ledinegg [2] fruitfully attempted to analyze excursive instabilities. The Ledinegg instability, 
flow excursion, involves a sudden change in the flow rate to a lower value [1]. Under certain 
conditions the curve of steady-state system pressure drop versus flow (internal characteristic 
of the heated channel) has not a single-value function of pressure drop and as a consequence a 
flow excursion may take place [2]. 
Several studies have been carried out to investigate the phenomenon with particular attention 
to its application in the nuclear industry. The most recent work attributed to Ishii [3], Lahey 
and Yadigaroglu [4], and Yadigaroglu [5], respectively. 
 

2. Theory of instability 
 
The steady-state operating condition for a flow in a given heated channel is defined by: 
 

.int extPP ∆=∆                                            (1) 
 
Upon certain physical conditions, the slope of the internal pressure drop curve, plotted versus 
inlet mass flux, becomes algebrically smaller than that of the external pressure drop curve. 
The external pressure drop is provided either by a hydrostatic head in natural circulation or by 



a pump in forced flow. It is adequate, however, to analyze the internal pressure drop (demand) 
curve for its minimum point in the process of predicting flow excursion. The physical 
situation leading to the minimum point will be given by: 
 

0.int =
∂
∆∂

inG
P

                                                 (2) 

 
The internal pressure drop equation is in fact axial momentum equation along any given 
vertical channel. The usual form of this equation is obtained after averaging over the pipe 
cross-sectional area and then integrating over the pipe length. Should the slope of the external 
pressure drop-versus-flow curve (pump characteristic) be greater than the slope of the internal 
pressure drop-versus-flow curve (system characteristic), the system undergoes a static flow 
transition, namely, flow excursion takes place. The condition under which this phenomenon 
happens is expressed as follows: 
 

G
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G
Pext

∂
∆∂

<
∂
∆∂ .int.                                         (3) 

The meeting point of the external (pump characteristic) pressure drop curve and the internal 
(system characteristic) pressure drop curve determine the operating conditions of the system 
as shown in Fig. 1. 
The curve relating pressure drop to mass flow rate for a given heated channel cooled by 
flowing water consists of three distinct regions. Of the three, two of which have a positive 
slope and the third one a negative slope. The regions of positive slope correspond 
approximately to single-phase flow. Either all liquid or all steam as the case may be. 
However, in the region of negative slope, three different physical conditions are highly 
expected to exists. These are low quality, boiling, and high quality, respectively.  
The phenomenon of excursive-flow instability is a consequence of the change in slope from 
positive to negative as the liquid mass flow rate is diminished and boiling happens in the 
coolant channel. 
The process may be well understood by referring to Fig. 1. As it is clear from the figure, 
curves S1, S2, Sc, S4 represent the system characteristic (internal pressure drop) curves for 
different channel powers, respectively. The curve AA represents pump characteristic 
(external pressure drop) curve for forced convection. The equilibrium mass flow rate is 
determined by the intersection of the pump characteristic curve and the system curve. For a 
given channel power less than that corresponding to Sc, the operating point is at L, giving 
mass flow rate M. Upon increasing the power from zero to a value corresponding to Sc has 
little effect on the channel mass flow rate. The curve Sc is tangent to the pump characteristic 
curve AA. Any increase in power input above Sc results in a situation in which the only 
intersection of the S-curve with AA will be at F. The “operating point” of the channel 
therefore moves along AA from L to F as the power is increased slightly from its critical 
value. And the mass flow rate drops abruptly from M to Mc. This large change in the mass 
flow rate leads to a situation in which burn-out can occur with consequent overheating and 
possibly melting of fuel plates unless the power is reduced (Whittle and Forgan [6]). The 
onset of flow instability may be caused due to either increased channel power or decreased 
channel mass flow rate. 
 
 

3. Derivation of the model 
 



3.1. Physical model  
 
For a conceptual model of a natural circulation loop (system), the pressure losses around 
the loop(system), including the acceleration and friction losses, are equal to the driving 
force arising from the buoyancy of the bubbles. Under natural circulation conditions, a 
loop (system) operates without a pump, and the flow is driven entirely by the buoyancy-
generated pressure head. Nuclear reactors are generally benefit from the natural 
circulation potential in obtaining a decay power removal capability. However, the exact 
power that may be removed from the core varies according to the concerned plant design. 
 
The steady state internal pressure drop (system characteristic) of any closed system may 
be obtained by integrating momentum equation that rules the system. For a vertical 
channel where the coolant is forced to flow in upward direction, the momentum equation 
is given by: 
 

formfrictiongravityonacceleratiinertiaoutin PPPPPPP ∆+∆+∆+∆+∆=−                 (4) 
 
Should the system operates in forced convection mode, then the sum of the pressure drop 
components in Eq. (4) must be equal to the balancing external pump head. In other words: 
 

pumpoutin PPP ∆=−                                                                                    (5) 
 
However, in natural circulation mode the balancing head resulting from buoyancy equals 
the total pressure drop components given by Eq. (4). As a consequence, for natural 
circulation mode in the steady-state operation, the pressure drop equation takes the form: 
 

formfrictiongravityonacceleratiinertiabuoyancy PPPPPP ∆+∆+∆+∆+∆=∆                 (6) 
 
Eq. (6) is convenient to use for the decay heat removal in the nuclear reactors. Due to 
time variations of density as a function of temperature, it is more practical to use the 
average value of density in the vertical channel as well as in the chimney placed obove 
the core. One should bear in mind that for upward flow, fluid thermal expansion assists 
the mass flow rate in upward flow direction and the convection pressure drop component 
must appear in the total pressure drop of the system. In contrast to upward flow direction, 
thermal expansion resists the mass flow rate of the liquid. Also, notice that gravity 
actually aids the flow of liquid in downward flow direction, whereas it is a pressure drop 
component in the upward flow direction. 
 
3.2. Basic assumptions 

 
      The path where the pressure drop components are taken into account includes entry to the   

fuel element, active length of the fuel plates, chimeny, and exit of the fuel element. 
 

      The basic assumptions used in the derivation of the model are as follows: 
 

(1) uniform heat flux distributions along the active length of the fuel plates. 
(2) velocity variations of the coolant outside the fuel elements are ignored.   
(3) density variations are considered to be varied linerly with temperature. 



(4) sub-cooled flow at the inlet to the coolant channel and subject to a constant, paralell 
channel type pressure drop boundary conditions.  

(5) all physical properties of the coolant along the fuel plates are ignored, but the density 
variations. 

(6) the pressure drop along the chimney is ignored. 
 
The error dut to uniform heat flux along the active length of the fuel plates is small    
compared to real heat flux and is less than 5% (Zvirin, [7]). 
Due to time variations of density as a function of temperature, it is more practical to use 
the average value of density in the vertical channel as well as in the chimney. Therefore 
for average density of coolant along the chimney one may derive the following relation: 
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For ease of calculations, it is assumed that the generated heat is uniform along the fuel 
plates. Therefore, the temperatue rise of the coolant along the  heated channel will be 
linear: 
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It is also assumed that the density variations due to temperatue follows the Boussinesq 
approximation: 
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Therefore, for the coolant channel exit density (average density of the coolant in the 
chimney) one may obtain: 
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For the average density along the coolant channel and chimney the following relations 
may be obtain: 
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      3.3. Model derivation 

 



Under steady state conditions all the time-dependent terms disappear from the momentum 
equation. Thus the momentum equation reduced to  
 

bf PP ∆=∆                                            (7) 
The buoyancy head is equal to the difference between the maximum coolant density and 
minimum coolant density along the loop (system) times the difference in elevation 
between the thermal center of heat extraction and thermal center of heat addition. The 
buoyancy head can be expressed as 
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Upon substitutions 
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One should bear in mind that the model derived so far would apply for single phase and in 
case of two-phase flow the necessary modification must be made to include the effect of 
vapor phase in the whole system (Farhadi, [8]). 
The effect of inlet temperature on the external characteristic of the system for a given 
power can be analyzed as follows. For highly sub-cooled coolant, the component of 
pressure drop are mainly fP∆ and gP∆ , respectively. Therefore, the total pressure drop for 
highly sub-cooled region will be 
 

fg PPP ∆+∆=∆                                  (10) 
 
Upon substitutions 
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Finally 
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       Eq. 12 will be used for finding the minimum point on the system characteristic curve. 

 
 

4. Results and discussion 
 
       
      Tehran Research Reactor is a pool-type research reactor, operating with Max. 5 MW       

thermal, water-cooled and moderated reactor. The reactor core is rectangular in geometry 
with vertical fuel elements parallel to the core axis. The coolant is gravity driven through 



the coolant channels to an external heat exchanger and eventually returned to the bottom 
of the reactor pool.  
Fig. 2 shows the calculated acceleration, friction, form, and gravity pressure drop 
components for the water-cooled and moderated Tehran Research Reactor. When the 
mass rate of flow to the heated coolant channel decreases, the internal pressure drop 
across the channel caused by pipe friction decreases. When the mass rate of flow to the 
heated channel increases, the internal pressure drop across the channel caused by coolant 
acceleration first increases and then decreases. This later effect, for a given power and 
constant cross-sectional area of the coolant channel, is mainly due to density variations as 
a result of coupled effect of mass rate of flow as well as temperature distributions at the 
exit and entry of the coolant channels. The internal pressure drop across the coolant 
channel due to form losses increases smoothly with increasing mass rate of flow and this 
is caused by density variations at the inlet to the heated coolant channel and at the exit of 
the heated coolant channel. All the terms on the right hand side of the frictional, 
accelerational, and form losses components of pressure drop are functions of mass rate of 
flow as well as proportional to the square of the mass rate of flow. Details of which is 
given in Farhadi, 2003. The gravitational pressure drop component is not a function of 
mass rate of flow. The internal pressure drop curve clearly shows a minimum which is a 
characteristic of excursive instability. The minimum pressure drop point occurs always at 
low mass rate of flow for this type of flow instabilities.  
Eq. 12 is differentiated with respected to mass rate of flow and equated to zero. This is 
done so in order to find the positions of minimum on the pressure drop-mass rate of flow 
curve and the results is shown in Fig. 2. The figure shows that for a given pressure drop, 
the points of minimum (mass rate of flow ) on the pressure drop-mass rate of flow curve 
move towards right as the power is increased. 
Whittle and Forgan suggested the following correlation for predicting the onset of flow 
static instability 
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where η is bubble detachment parameter is depends only on the system pressure. The 
correlation is valid for sub-cooled coolant (ordinary water) flowing (upward and 
downward) in narrow heated channels (width 2.54 cm, thickness 0.14 to 0.32 cm, and 
length 40 to 61 cm) under the following conditions: 
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where 
Lh=heated length of channel. 
Dh=heated equivalent diameter of the channel. 
 
They could correlate many experimental data accordingly. Fig. 3 shows the calculated 
data band for Tehran Research Reactor. For a given fuel plate power as the inlet 



temperature into the core begins to increase from a predetermined value, the value of R 
starts to increase. Due to this increase the whole system tends toward the unstable 
condition (see Fig. 3 for clarity). The probable range of flow static instability is given in 
Table 1.  
 
 
5. Conclusions 

 
A theoretical parametric study for flow static instabilities of coolant flow in the upward 
direction (natural convection) has been performed. A computer program has been 
developed which predicts the probable onset of the flow static instability within a range of 
inlet temperature into the core of Tehran Research Reactor.  
1. Static instability can actually occur in a natural convection system (passive heat 

removal) depending on inlet temperature into the core for a given power and fixed 
geometry of the core. For Tehran Research Reactor and for inlet temperature into the 
core ranging 15-65 ºC and corresponding power per fuel plate ranging 200-300 
W/plate, the static instability is expecting to take place and this is shown as data 
scatter band on Fig. 4. 

2. The mechanism of static type flow instability can be interpreted by means of 
analyzing the characteristic curves of the driven head (pump in case of forced 
convection) and the loop (system) flow resistance, and the operation curve for natural 
convection. 

3. The obtained results could be used in Tehran Research Reactor Safety Analysis 
Report in order to license it for futur safe operation. 

 
      Nomenclature 
 
      A    cross-sectional area 
      De   hydraulic diameter 
      cp    heat capacity at constant pressure 
      f      friction factor 
      L     coolant channel length 
      Lch   length of chimney 
      Leff  effective length of coolant channel 

q&    heat flux 
Gin   inlet mass rate of flow 
β    thermal expansion coefficient 
µ    viscosity 

     ρ     density 
     P∆    pressure drop 
     fT∆  coolant temperature difference 
     W     coolant mass rate of flow 
      z      axial length along coolant channel  
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HIGH FLUX REACTOR  
EVOLUTIONS AND IMPROVEMENTS 

 
Following the changes over the years in experimental and safety requirements at the ILL a great deal of 
work has been carried out on the installations :  

 
- In 1985, a new cold source was installed, allowing the production of ultra-cold neutrons via a 

vertical channel. 
 

- From 1991 to 1995 the reactor block was replaced, allowing us to perform reactivity 
calculations and determine other neutronic values. 

 

- In 2003, a new hot source was installed with three beam tubes viewing it; the new system is 
now operating very efficiently. 

 

- This year a major beam tube is to be replaced with a new zircaloy tube.  
 

- And finally, from 2003 to 2006, the facility is being upgraded significantly to withstand 
newly-defined safe-shutdown earthquakes. 

 
In parallel, developments are on-going on the efficiency of the instruments and the neutron guides under 
the Millennium Programme. These will result in overall gains in data collection of over a factor of 10. As 
the ILL’s international convention has been extended to the end of 2013 the Institute is therefore now 
well-set to maintain its position as a centre of excellence in the scientific use of slow neutrons for the 
twenty years to come.  
 
INTRODUCTION 
 
ILL is geared to the assumption that the Institute will continue to operate for another 20 years. Substantial 
investments have been and continue to be made, including : 
 

• An instrument renewal programme known as the “2ème souffle” or “second wind”, covering the 
period from 1980 to 1986, 

 

• The replacement of the reactor block in 1995, 
 

• Measures currently being implemented to comply with new seismic spectra recently defined 
(2003 to 2006), 

 

• The on-going Millennium Programme, which aims to increase experimental performance by a 
factor of 10. 

 
Our goal, now, is to guarantee that the availability and reliability of all “Key Components” matches the 
anticipated lifetime of the facility. At the same time, we are seeking to optimise maintenance and 
operations both from a technical and an economic viewpoint and to enhance overall efficiency. 
 



 
 

A NEW VERTICAL COLD SOURCE IN 1985 AND A NEW HORIZONTAL SOURCE IN 1987 
 
A cold source is a volume containing hydrogen or deuterium at a very low temperature in order to supply 
neutrons with a wave length of up to 20 angstrom. The new vertical source SFV3 made it possible to : 
 

1. Extract a beam of very cold neutrons using a new vertical guide tube. These neutrons are then 
transformed into ultra cold neutrons (~5 m/s) via a turbine, allowing neutrons to be supplied at a rate 
of 50 n/s, 

 

2. Optimise the flux of cold neutrons in the different guides thanks to the placing of an insert inside the 
vertical cold source. 

                                      
            
                         Beam tube inside the reflector              Vertical Cold Source 
 

 
Horizontal cold source 

 
 



 
 
 
A NEW REACTOR BLOCK IN 1995 
 
This became necessary when a crack was discovered on the anti-turbulence grid during a routine annual 
inspection. 

 
 
The cracking was caused by high flux irradiation combined with thermomechanical stresses and a 
concentration of stresses on a particular point. We solved this difficulty by designing a new replaceable 
grid. 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
This modification resulted in the whole of the reactor block being replaced, which was a world first for a 
research reactor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

November 1992 Early 1994 January 1995 
Cutting work on the reactor block Delivery of the new reactor block   Reactor restart 

 
    
 
A NEW HOT SOURCE  
 
The hot source is a graphite block heated to 2 000 °C in order to produce neutrons with a wavelength of 
0.5 angstrom. Following the gradual loss of the control thermocouples, plans had to be made to replace 
the old hot source. Replacing such a component after 20 years of service involves much more than simply 
installing a replica component: the regulations governing pressure vessels had changed, the materials and 
techniques available were no longer the same… We also took the opportunity to modify the beam tube 
liners viewing the hot source. As a result, the new hot source is even more powerful than the old one, to 
the great satisfaction of the users. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
INSTALLATION OF ZIRCALOY BEAM TUBE LINERS 
 
The  service life of the beam tube liners used originally, which are made of aluminium, is around  5 years. 
These are gradually being replaced by zircaloy beam tube liners which will no longer have to be replaced, 
since zircaloy ages much better than aluminium under thermal flux. The advantages of this include : 
 

• A reduction in the exposure of staff, bearing in mind that these components are highly activated, 
 

• A reduction in the amount of radioactive waste produced, 
 

• Higher availability, since the replacement of a beam tube liner requires a shutdown of around 6 
months, as well as the dismantling and reassembly of the corresponding experimental equipment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
MODIFICATION OF THE CIVIL ENGINEERING STRUCTURES IN ORDER TO 
WITHSTAND NEWLY DEFINED SSE 
 
An SSE is a Safe Shutdown Earthquake. For the containment structure of the HFR (comprising a 
reinforced concrete inner shell and a metallic outer shell), previous non-linear calculations had 
demonstrated that the level of stability was adequate. However, to provide a full demonstration of the 
containment’s stability using this method would have been a lengthy and expensive task. Also, it would 
have been difficult to get the safety authority to accept the results and even then some reinforcement work 
would have been necessary. Therefore, a number of reinforcement measures have been defined based on a 
linear approach. These concern in particular the concrete slab on the operating level of the reactor 
building, which is located at a height of 14 m and whose horizontal stability was up to now only 
guaranteed by the “central core”, in other words the steel-jacketed, reinforced concrete cylinder which 
houses the reactor pool. The reinforcement work scheduled will make it possible to direct the forces 
sustained by the slab towards the reactor containment, which is made of reinforced concrete and is very 
strong. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The whole programme of work is due to be completed in 2006. 
 
MILLENNIUM PROGRAMME 
 
Many projects are under way with the aim of achieving a gain in data collection efficiency of a factor of 
ten. 
 
 



 
 
PLANS FOR THE FUTURE 
 
To be able to operate efficiently and without interruption for the 20 next years, all components, 
procedures and project structures must be analysed. ILL is therefore launching a programme concerning 
the “Key Components” of the reactor : 
 
• Replacement of the vertical cold source, with a view to its optimisation, 
 
• Neutronic calculations carried out in conjunction with the CEA, in order to optimise the manufacture 

of our fuel elements and to be able to design new elements, if necessary, for example if monolithic 
UMo fuel becomes available. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
CONCLUSION 
 
ILL is currently developing a number of programmes involving safety-related reinforcement work and 
instrument renewal in order to maintain its position as a centre of excellence in the scientific use of slow 
neutrons for the next twenty years. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Welcome to ILL. We hope you will enjoy its pleasant and bustling international atmosphere and its 
beautiful surroundings. 
 
 
 



 

BURN-UP MEASUREMENTS OF SPENT FUEL USING GAMMA 
SPECTROMETRY TECHNIQUE 
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ABSTRACT 
 

Burn-up results obtained for HEU (45% of 235U) fuel assemblies of the RECH-1 
Research Reactor using gamma spectrometry technique are presented. The spectra were 
got from an in-pool facility built in the reactor to be mainly used to measure the burn-
up of irradiated fuel assemblies with short cooling time, where 95Zr is being evaluated 
as possible fission monitor. A program to measure all spent fuel assemblies of the 
RECH-1 reactor was initiated in the frame of the Regional Project RLA/4/018: 
“Management of Spent Fuel from Research Reactors”. 
The results presented here were obtained from HEU spent fuel assemblies with cooling 
time greater than 100 days and 137Cs was used as fission monitor. The efficiency of the 
in-pool system was determined using a slightly burnt experimental fuel assembly, 
which has one fuel plate (one of the outer plates) and the rest are dummy plates. An 
average burn-up of 2.8% of 235U was previously measured for the experimental fuel 
assembly utilizing a facility installed in a hot cell and 137Cs was used as monitor. 

 
1. Introduction 
 
In the near future, the RECH-1 research reactor will be completely converted to the use of LEU 
(19.75% of 235U) fuel. The current reactor core loads 22 HEU (45% of 235U) fuel assemblies 
fabricated by the UKAEA in Dounreay, Scotland, and 12 LEU fuel assemblies fabricated by the 
Chilean Fuel Fabrication Plant (PEC). The meat composition of the experimental LEU fuel assembly 
is U3Si2-Al, whereas the HEU fuel assemblies have a meat composed by UAlx-Al. The first two LEU 
fuel assemblies were loaded in the reactor core in December 1998, and the second two in July 1999. 
LEU fuel assemblies have been gradually loaded in the core to replace HEU fuel assemblies which 
have reached the discharged burn-up. The total conversion of the RECH-1 reactor will be achieved 
during the first semester 2006. The first four LEU fuel assemblies loaded in the reactor core are 
supporting a local qualification program to know the behavior under irradiation of fuel assemblies 
fabricated by the PEC. 
 
In order to measure the burn-up of irradiated fuel assemblies, the CCHEN has two completely 
independent facilities using gamma spectrometry technique: a hot cell facility and an in-pool facility. 
The first facility is mainly used to measure the burn-up of spent fuel assemblies with cooling time 
larger than three months, while the second is mainly used to measure the burn-up of fuel assemblies 
with shorter cooling time. 
 
For long cooling time, 137Cs is an excellent fission monitor [1,4]; however, this monitor could be 
used up to cooling time of about 90 days with good reproductiveness of the measurements and 
reliable results [2,3,5,6,8]. The results here presented are confirming the quality of 137Cs as monitor 
for irradiated fuel assemblies with cooling time larger than 100 days. 



 

There are great experience in the measurement of burn-up in several places using gamma 
spectroscopy technique and 137Cs as fission monitor; however, the use of this technique for irradiated 
fuel assemblies with short cooling time (few days) produces serious difficulties in the treatment of 
the collected data. The origin of these difficulties is the high activity generated by a large number of 
fission products of short half life, which increases the dead time of the measuring system and the 
background, both effects reduce the quality of the statistics of the monitor. Monitors like 95Zr, 140La, 
103Ru, and 95Nb have good statistics; however, they have too short half life to keep the accumulated 
burn-up for long irradiation time. 
 
2. Measurements 
 
Before collecting the spectra it is necessary to determine the absolute efficiency, ε, of the measuring 
system, which includes a set of careful measurements performed outside of the reactor pool and a 
recreation of the proper conditions once the system is placed in the reactor pool. With the purpose to 
determine the absolute efficiency, a fuel assembly with removable LEU fuel plates was fabricated by 
the PEC. In the experimental arrangement, the attenuation factors due to the water between the 
plates of the fuel assembly and the 7.4 mm water gap between the outer plate and the lower end of 
the collimators scanning tube were considered. The measurements were performed using a 152Eu 
source with an initial activity of 3.66 mCi ± 3.5% determined on 28 January, 1995 in accordance 
with the calibration certificate. The efficiency obtained with that source was satisfactory; however, 
measurements later performed demonstrated that this source does not represent neither the geometry 
nor the material of a fuel assembly. Additionally, the collimators system is difficult to align and 
taking in account that the detector is detachable some instabilities in the results were found. 
 
With the purpose to improve the methodology of measurement and to have a better representation of 
the behavior of a spent fuel assembly, it was decided to use an experimental LEU fuel assembly 
slightly burnt (2.8 %), which has one fuel plate while the others plates are dummy. The burn-up 
reported for the experimental fuel assembly was achieved from reliable measurements, which were 
done in the hot cell system; thus, it was decided to use that fuel assembly as calibration source. The 
fuel plate of the experimental assembly was divided in 11 zones of equal length. Consequently, 
counts of a total of 11 points were collected. 
 
 
 

  
 
 
 
 
 
 
 
 
 
The efficiency curve given in Figure 1 was obtained in the hot cell system. This curve will be used to 
evaluate the absolute efficiency for the in-pool system using 137Cs as fission monitor. 
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To obtain an expression which gives the absolute efficiency of the in-pool system, it will use the 
same hypothesis that it was used in the burn-up algorithm; i.e. the density of activity  from a small 
area of the fuel plate is taken on equal independently if the measurement of that position was done in 
the hot cell system or in the in-pool system. Consequently, for the cell system: 
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and similarly for the in-pool system: 
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where, ρp and ρc is the density of activity at the position x; s is the meat thickness; a y b are the main 
collimators diameters in the cell and in-pool system; Sp(E) and Sc(E) are the attenuation factors; P(E) 
is the fission yield of the monitor at the energy E; εp(E) and εc(E) are the absolute efficiency; tm is 
the time of measurement; and Cts(x) are the counts at the position x. The sub-indices P y C mean 
pool and cell, respectively. 
 
Taking into account that, 

t
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and from equations (1a) and (1b), it obtains the expression, 
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where, ∆t is the elapsed time between cell and in-pool measurements, and λ is the half life of 137Cs. 
 
It is useful to define the factor, G(E), as follows: 
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For the energy peak of 137Cs (661.66 keV), and with a = 0.28 cm, b = 0.40 cm, Sc = 0.96629, Sp = 
0.87508, λ = 6.2777× 10-5 d-1, and ∆t = 1435 d,  the value of the factor G(E) turns out to be 2.46579. 
 
The absolute efficiency found for the cell system was 3.76×10-8, which did not depend on the 
position where the measurement was done. From equation (3), it was found that the efficiency for 
the in-pool system depends on the measuring position as it is shown in Table 1. 



 

Table 1.- Absolute efficiency for cell and in-pool system 
Position, cm εC (Cts/tm)P (Cts/tm)C εp 

27.5 3.76 × 10-8 1.94 × 10-1 2.92 × 10-1 6.17 × 10-8 

58.5 3.76 × 10-8 2.74 × 10-1 4.43 × 10-1 5.73 × 10-8 

 
As a first approximation, it was decided to take the average value of the in-pool efficiencies given in 
Table 1 as the absolute efficiency for the system, whose value is: 
 

abs 137 8
P            ( Cs) 5.95 10                                               (5)−ε = ×  

 
Therefore, the efficiency given by equation (5) will be used to evaluate the burn-up of  HEU fuel 
assemblies. Figure 2 shows the spectrum obtained from the LR-17 fuel assembly, which was loaded 
in the reactor core on 21 March, 1989 and unloaded on 24 January, 2004. During this period, the 
assembly was irradiated 520 days. 
 
The spectrum was obtained counting during 1800 s, which shows well defined peaks for 95Nb, 95Zr, 
134Cs, and 137Cs. In order to correct for possible instabilities of the measuring system, and to check 
on dead time and pile-up corrections, all measurements were referred to the 1332 keV peak produced 
by a low intensity 60Co (5.27 y) source, which was simply taped to the HPGe detector. The 60Co 
1173 and 1332 keV peaks  are clearly shown in the spectrum of the Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

 
 
3. Results 
 
Table 2 and 3 show the burn-up values determined in two independents set of measurements during 
2003-04. In total, 11 HEU fuel assemblies were measured. Table 2 shows burn-up values obtained 
using a source of 152Eu to determine the efficiency of the system, and Table 3 shows burn-up results 
obtained after determining the efficiency using the experimental fuel assembly as was mentioned 
before. The burn-up calculated values were obtained using neutronic codes (WIMS-CITATION). 
 

Table 2: Burn-up results using a source of 152Eu to determine efficiency 
Fuel 

Assembly 
Date of 
Measure 

Cooling 
Time, d 

Measured 
Burnup, % 

Calculated 
Burnup, % ∆, % 

LR-01 09/09/03 139 33.50 44.25 24.19 
LR-15(1st) 26/11/03 882 48.00 41.30 16.22 

LR-04 07/01/04 1226 34.33 39.13 12.26 
LR-23 08/01/04 259 38.62 44.15 12.52 
LR-19 13/01/04 1357 39.75 38.28 3.84 
LR-21 14/01/04 588 38.09 41.39 7.97 

LR-15(2nd) 15/01/04 932 31.46 41.30 23.83 
 

Table 3: Burn-up results using an experimental fuel assembly to determine efficiency 
Fuel 

Assembly 
Date of 
Measure 

Cooling 
Time, d 

Measured 
Burnup, % 

Calculated 
Burnup, % ∆, % 

LR-17 23/06/04 118 44.74 46.22 1.01 
LR-27 24/06/04 119 35.96 46.88 19.94 
LR-35 28/09/04 696 35.87 43.03 12.99 
LR-10 29/09/04 697 35.58 43.01 13.67 
LR-03 06/10/04 223 41.45 45.19 8.27 

 

In general, the measured values of burn-up turned out to be lower than the calculated values, 
behavior that was shown in references [2,3,7]. The source of experimental error is attributed to the 
efficiency, algorithm, geometry, statistic factors, calibration, quality of the collected data,  alignment 
of the system, etc. It recognizes that a representative error could be very difficult to estimate due to 
the correlation among the factors involved. In accordance with the previous burn-up measurements, 
it could establish that the greatest effect has its origin in the first two factors; i.e. efficiency and 
algorithm. Thus, at a rough estimate it could give an error of about 15%. 
 
4. Conclusions 
 
The burn-up measurements for HEU fuel elements with cooling time larger than 100 days have 
confirmed that the 137Cs is an excellent fission monitor and, taking into account the results obtained, 



 

the algorithm used will be maintained to measure the whole spent fuel assemblies of the RECH-1 
research reactor.  
 
The efficiency for the in-pool system, which was obtained using the experimental LEU fuel 
assembly slightly burnt, gives results of burn-up statistically reasonable, representing an 
improvement in comparison with those obtained with the efficiency determined using a 152Eu source. 
 
It is recommended to improve the procedure to align the set of collimators and to modify the way to 
recharge nitrogen into the detachable detector, both with the purpose to avoid changes, which could 
perturb the measurements. 
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ABSTRACT 
 

The Argentine Research Reactor RA-3 was designed to produce radioisotopes and it operates with 
LEU (U3O8) fuel since 1990. Its initial power was 5 MW and it has recently been upgraded to 
10 MW. The National Atomic Energy Commission (CNEA) is both its owner and operator.  
At the beginning of this year, the Nuclear Regulatory Authority extended its operation license to an 
authorised power of 10 MW after a series of modifications and tests carried out by the installation 
during 2002 and 2003. 
As a consequence of this power increase, the installation introduced some non-systematic 
modifications in its fuel management strategy with the purpose of preserving the operation period in 
20 days approximately. The main change was to load 2 fuel elements per cycle in some cycles 
(instead of 1 as it used to be at 5 MW).  
The purpose of this work is to perform a conceptual analysis of possible fuel management strategies 
for the RA-3 reactor, that could provide quantitative elements for a safety assessment, as well as to 
evaluate the fuel management flexibility at 10 MW in compliance with standards in force.  
It is concluded that operation at 10 MW with a 2 FE/cycle strategy leads to a significant excess 
reactivity at the beginning of cycle, but still in compliance with the margins established by the 
standards of application.  

 
 

1. Introduction 
 
The Argentine Research Reactor RA-3 was designed to produce radioisotopes and it operates 
with LEU (U3O8) fuel since 1990. Its initial power was 5 MW and it has recently been 
upgraded to 10 MW. The National Atomic Energy Commission (CNEA) is both its owner and 
operator.  
At the beginning of this year, the Nuclear Regulatory Authority (ARN) extended its operation 
license to an authorised power of 10 MW after a series of modifications and tests carried out 
by the installation during 2002 and 2003. 
As a consequence of this power increase, the installation introduced some non-systematic 
modifications in its fuel management strategy with the purpose of preserving the operation 
period in 20 days approximately. The main change was to load 2 fuel elements per cycle in 
some cycles (instead of 1 as it used to be at 5 MW).  
The purpose of this work is to perform a conceptual analysis of possible fuel management 
strategies for the RA-3 reactor, that could provide quantitative elements for a safety 
assessment, as well as to evaluate the fuel management flexibility at 10 MW in compliance 
with standards in force. 
The installation has already submitted documents [1] showing that the reactor can operate at 
10 MW, with, for example, a 1 FE/cycle strategy, similar to that used at 5 MW. In other 
words, it is already demonstrated that the reactor is operable at 10 MW. We are here only 
interested in analysing the limitations that this upgraded power may impose on the fuel 
management, and particularly the feasibility of changing to a permanent 2 FE/cycle strategy.  
As concerns the core safety, the two interesting items related to fuel management are: 
compliance with reactivity safety margins and limitation of the power peaking factor (PPF 
smaller than 3.5 for the present configuration with 25 FE). 



  

According to the corresponding thermal-hydraulic analysis [2], the improvements carried out 
in the cooling circuit are such that the power upgrade from 5 to 10 MW does not require a 
modification of the maximum power peaking factor (PPF) allowed. Therefore, if no increase 
of the actual core PPF occurs, the safety margin that guarantees the correct fuel element 
cooling will not decrease. The actual PPF value can change as a consequence of a change in 
the burnup distribution, or because the control rods will be more inserted due to the increase 
of the beginning of cycle (BOC) reactivity.  
In several opportunities the RA-3 core was loaded with fuel elements containing more 
uranium mass than the standard, be the case of a U3Si2  FE or 2 standard fresh FE in the same 
cycle. In every case the PPF was always smaller than 3.1 with an average value of 2.8. This 
shows that there is an adequate margin to the maximum value allowable of 3.5.       
On the contrary, a new fuel strategy with a permanent loading of 2 FE/cycle, will undoubtedly 
lead to an increase of the BOC reactivity. Moreover, even without a change in the fuel 
strategy, the power upgrade from 5 to 10 MW implies a certain BOC reactivity increase. It is 
because of this fact that this paper mainly concentrates on the analysis of the compliance with 
reactivity safety margins.  

    
2. Calculation model 

 
The model chosen in order to carry out the conceptual analysis of different fuel management 
strategies is simple, and enables to achieve some general conclusions quite easily. It consists 
of a 5x5 grid without control rods. Except its central position, in which an irradiation box has 
been located, all the other positions are filled with standard fuel elements (SFE) of the U3O8 
type, giving a total of 24 FE. The fuel region is surrounded by a first annulus of graphite 
blocks and by a second outer annulus of a water reflector. The dimensions are those of the 
corresponding RA-3 reactor regions. A simplified graph is shown in Figure 1 as well as the 
refuelling chains used.  
For the description of the FE in the reactor model, an explicit frame model was used.  
For the 5 MW case, a usual cross section (XS) library generated with WIMS for all the 
involved materials was used [3]. This library is routinely used in the ARN for the RA-3 
reactor calculations at that power. For the 10 MW case, only the XS for fuel and frames have 
been recalculated.  
 
Based on this model the following working plan was proposed: 
 
a) Generate (macro) XS = f(Bu) with equilibrium Xe for 5 and 10 MW (WIMS) 
 
b) Prepare a simple reactor model with 24 FE and central irradiation box (CITVAP) 
 
c) Obtain equilibrium core for the standard previous conditions: P=5MW, T=20 days,  

1 FE/cycle. The end of cycle reactivity ρEOC thus obtained will be used as a reference 
value.  

 
d) Obtain new equilibrium cores changing  5 to 10 MW; 1 to 2 FE/cycle and matching ρEOC 

to the reference value previously obtained. 
 
e) Comparing ρBOC (c and d) obtain ∆ρBOC due to the different effects. 
 
f) Using e extrapolate new values of ρBOC and analyse compliance with standards in force. 
 



  

 
3. Effects on reactivity 

 
We will estimate the reactivity changes (BOC without xenon) due to the three effects 
described in what follows. We will consequently estimate the shut down margin decrease 
produced according to the results.  
 

3.1. Xenon effect 
 
Comparing theoretically the equilibrium BOC cores when the reactor is operating at 5 MW 
and 10 MW, with the same fuel shuffling strategy, particularly 1 FE/cycle, it may be 
concluded that:  
The cycle length changes from a value of  T5 to a new value T10 . 
If no changes were produced due to xenon poisoning, it would result that  T10 = 1/2 T5  .  
Thus, the FE would achieve exactly the same discharge burnup and burnup distribution in 
both cores would be the same. In that situation, the maximum reactivity value (BOC, cold 
without Xe) would be the same for both cases, 5 and 10 MW.  
As Xe is not saturated at 5 MW, the reactivity loss due to Xe undergoes a certain increase (at 
10 MW as compare with 5 MW). 
If a fixed reference value for reactivity is considered at the EOC, the cycle length results 
somewhat smaller, T10 < 1/2 T5. Therefore the average BOC core burnup is smaller and thus 
the maximum reactivity (cold without Xe) is increased.  
 

3.2. Modified fuel strategy  (1   2 FE/cycle) 
 
A systematic strategy change from 1 FE/cycle to 2 FE/cycle preserving the strategy type 
(out → in or in → out, represented with the symbols OI o IO) enables, on one hand, to 
increase the cycle length significantly re-establishing a value T10 ≅ T5. Thus the average core 
burnup difference between BOC and EOC increases, therefore increasing the reactivity 
change during the cycle.  
Again, as the EOC reactivity value is fixed, the maximum excess reactivity also increases.   
 

3.3. Modified fuel shuffling  (OI   IO) 
 
We here refer to the effect produced when inverting the trajectory sense of the FE in the core 
(OI  IO). This effect is not too important but has been also analysed.  
When the fresh FE are loaded into the core in its central region (IO), the BOC reactivity 
undergoes an increase as compared with the equivalent OI strategy.  
 

4. Calculations and results 
 
Using the program CITVAP, the equilibrium state was found for the core described, operating 
at 5 MW, with a cycle length fixed in 20 days, corresponding to an average actual cycle 
length. For such equilibrium condition the BOC and EOC reactivity values were calculated. 
Some graphite blocks surrounding the fuel region were eliminated in order to achieve a not so 
high EOC reactivity for the hot, non-Xe state ( ρEOC ). 
Although the value obtained  ρEOC =  2052.6 pcm is not the actual EOC reactivity (near to 
1000 pcm), this value is useful as a reference to define the comparison criterion with other 
cycles. Independently of the fuel management strategy and/or the power at which the reactor 
is operating, the core should always provide the same EOC reactivity reserve in order not to 



  

penalise the irradiation capacity of the installation. Therefore, it will be considered an 
imposed condition to have ρEOC =  2052.6 pcm in the new cycles with modified power or fuel 
strategy.  
Several strategies were then analysed, varying the number of FE discharged per cycle, the 
type of strategy and the power, adjusting the cycle length in order to obtain 
ρEOC = 2052.6 pcm for every case. 
Two basic variations were considered as concerns the number of FE discharged per cycle:  
• 1 FE/cycle 
• 2 FE/cycle 
 
and two different types of strategy  for each case: 
• From the outer region to the inner one (OI) 
• From the inner region to the outer one (IO) 
 
Table 1 shows the general results obtained with CITVAP for the BOC and the EOC 
reactivities in different situations.  
The Xe reactivity worth for all the analysed situations was approximately 2830 pcm at 5MW, 
and some 3250 pcm at 10 MW. 
The BOC reactivity increase for the hot, non-Xe state due to each of the analysed changes is 
shown in Table 2. As a consequence of the fact that the temperature effect is essentially the 
same for 5 and 10 MW, the previous results also correspond to the BOC reactivity increase 
for the cold non-Xe state.  
It is noticed that an increase from 5 to 10 MW, and almost independently of the fuel 
management strategy, produces a BOC reactivity increase of some 330 pcm. 
If 2 FE are discharged per cycle instead of 1, the reactivity increases in about 650 pcm, while 
a modification in the type of strategy from OI to IO produces an increment of at least 
150 pcm for each fresh FE loaded per cycle.  
The actual fuel management strategy used in the reactor is not completely systematic, so that 
it is not possible to describe it clearly as belonging to the OI or the IO type, so that the values 
here shown should be considered only as a trend.  
 

5. Estimation of the new shut down margins 
 
Table 3 shows the excess reactivity, the reactivity worth of the safety rods, the shut down 
margin (SM) and the reactivity safety factor (RSF) for different situations. The corresponding 
values for 5 MW are representative of a typical core and were obtained as a conservative 
average of several actual configurations with greater excess reactivity, having smaller burnup 
values than the equilibrium ones. These values correspond to a cold non-Xe core with 6 mini-
plates of approximately 1 g U235 each, loaded at the central irradiation box.  
The new operation margins for 10 MW were estimated by adding to the typical values for 
5 MW, an increment of 330 pcm due to the Xe effect plus another 650 pcm due to the change 
of fuel management strategy from 1 FE/cycle to 2 FE/cycle when corresponds.   
As it may be noticed, for both the 1 FE/cycle and 2 FE/cycle fuel strategies, the margins 
established by the Argentinean Standards are by far fulfilled [4]. Even taking into account the 
approximations in the conceptual model used, it may be concluded that the operation at 
10 MW does not impose a restriction on the type of fuel management strategy, at least for a 2 
FE/cycle strategy.  
Nevertheless, as it may be seen in Table 3, the condition of subcriticality with two control 
rods only (CR1+CR4), results preserved with difficulty. For the case of 1 FE/cycle, the shut 
down margin with only two rods SM(CR1 + CR4) is only 170 pcm. For a 2 FE/cycle strategy, and 



  

in the most reactive condition with CR1 and CR2 inserted, the core is super-critic with a 
reactivity ρCR1+CR4 = + 480 pcm. It should be noticed that this reactivity is almost equal to the 
reactivity provided by the 6 mini-plates for  99Mo production. 
The preceding values show that if a permanent 2 FE/cycle strategy is used at 10 MW, it is 
very probable that under certain circumstances, the pair CR1+CR4 could result insufficient to 
maintain the BOC core in a subcritical state. In such case, the first start up should be carried 
out decreasing the excess reactivity, for instance, withdrawing some graphite blocks of the 
reflector.  
Another choice could be to replace (permanently) the pair of control rods defined as Safety 
and Compensating Rods (at present CR1 and CR4) by some other pair with greater reactivity 
worth.  
For instance, the pair (CR2,CR4) is frequently more absorbing than the pair (CR1,CR4) being 
its reactivity worth between 200 and 900 pcm greater according to the burnup distribution. 
The drawback of using this pair (CR2,CR4) would be that during the first operation day with 
CR2 inserted, while the Xe is established, it will affect the neutron flux at the central 
irradiation box in a greater amount than CR1.  
The pair (CR1,CR3) could also be chosen, being the one having the greatest reactivity worth 
for almost every core configuration. Such pair would result in an addition of approximately 
1000 pcm or more to the shut down margin. The drawback of using this pair is that the flux 
perturbation on the central irradiation box would occur during the whole cycle. Symmetry 
would also be broken, although it is not a strict symmetry due the asymmetric flux 
distribution. Nevertheless, this could be solved moving the rods symmetrically.  
 
6 Conclusions 
 
It is concluded that the operation at 10 MW with both types of fuel management strategies, 
1 FE/cycle and 2 FE/cycle, is completely compatible with the Argentinean Standards in 
force [1].  
It is probable that the condition fixed by the reactor logic (CR2 and CR3 withdrawn while 
rising power), could not always be fulfilled for the BOC, cold, non-Xe core when loading two 
fresh FE per cycle. Although this is not an original regulatory requirement, it has been added 
by the installation into the mandatory documentation of the RA-3 reactor. 
In view of the results obtained it would be convenient for the installation to define a long-term 
fuel strategy, loading 1 or 2 FE/cycle. If the second option were chosen, the installation 
should evaluate the actions to be followed in order to guarantee subcriticality during start up 
with the above mentioned two control rods withdrawn.   
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8. Tables 
 

Power 
(MW) 

Cycle 
length 
(days) 

N° FE / 
cycle 

Strategy 
type 

ρ(BOC) hot 
with Xe 
(pcm) 

ρ(BOC) hot 
without Xe 

(pcm) 

ρ(EOC) 
(pcm) 

5 20 1 OI 2716.0 5562.8 2052.6 

5 38.65 2 OI 3315.7 6149.7 2056.2 

5 23.12 1 IO 2880.4 5715.8 2042.7 

5 44.30 2 IO 3628.8 6442.6 2054.2 

10 9.59 1 OI 2654.3 5911.5 2052.5 

10 18.54 2 OI 3202.6 6460.1 2055.6 

10 11.10 1 IO 2813.2 6062.5 2039.6 

10 21.25 2 IO 3509.1 6750.8 2054.6 

 

Table 1. BOC reactivity for the hot, with and without Xe core, and EOC reactivity for 
the 5 and 10 MW and two different fuel management strategies.   
 

 
Cause of ∆ρBOC (cold, no Xe):  

POWER Refuelling strategy ∆ρ BOC (pcm) 

OI 348.7  
1 FE/cycle 

IO 346.7 

OI 310.4 

 
 

5  10 MW 
(Xe increase)  

2 FE/cycle 
IO 308.2 

OI 586.9  
1  2 FE/cycle 

 IO 726.8 

1 FE/cycle 153.0 

 
 
 

5 MW 

2 FE/cycle 

 
OI  IO 

292.9 

OI 548.6  
1  2 FE/cycle 

IO 688.3 

1 FE/cycle 151.0 

 
 
 

10 MW 

2 FE/cycle 

 
OI  IO 

290.7 

 

Table 2. BOC reactivity increase for the cold, non-Xe core.  



  

 

 

 

 

5 MW (6 minipl. IN) 10 MW (6 minipl. IN)  (2) 
Parameter 

Range 
established 

by standards 1 FE / Cycle (1) 1 FE / Cycle 2 FE / Cycle 

Excess reactivity 
(pcm ) No limit 6200 6530 7180 

Reactivity worth of 
the safety rod bank 

(pcm) 
No limit 16000 16000 16000 

SM4 SE       (pcm) ≥3000 9800 9470 8820 

SM (4 – 1)SE
   (pcm) ≥1000 4800 4470 3820 

SM (CR1 + CR4) (pcm) ≥0 500 170 

CR1 + CR4 do not 
make the reactor 
subcritical  (cold, 

non Xe) 

RSF ≥1.5 2.58 2.45 2.23 

  

 

Table 3. Estimated BOC, cold, non-Xe reactivity values for the operation at 10 MW and 
safety reactivity margins.  

 
 

(1) Typical values, taken from the analysis of historical values for 5 MW. 

(2) Estimated values on the basis of  (1) and corrected with the variations shown in Table 2. 

 

 

 

 



  

 
 

 

 

Figure 1. Schematic cross section of the core according to the proposed model. 
 

Unique refuelling chain for 1 LEU FE/cycle 
 FRESH   1    5    24    20    2   …    13    17    12    8 

 

Two refuelling chains for 2 LEU FE/cycle 
 FRESH   1    24    2  …     13    12 

 

 FRESH   5    20    10  …    17    8 

 

OBS. : 21 SFE + 4 CFE ≅ 24 SFE 
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ABSTRACT 
 
The paper presents the methods developed and calculations carried out to analyse the photon 
source term and equivalent dose rates of the Vinča RA reactor spent fuel load inside the 
aluminium barrels. An analysis methodology for the radiological characteristics evolution, based 
on the SAS2H, MCNP-4C/ORIGEN2.1 and KENO-V.a/ORIGEN2.1 utility codes is presented 
along with information representing the validation of the methods and geometrical models. The 
sequence SAS4 with the MORSE-SGC code, and the MCNP-4C, a Monte Carlo code has been 
used for solving the shielding problem. Gamma dose rates estimated at 1 cm and 100 cm in radial 
direction from the water reflector surface of the aluminium are presented and discussed. 
 
 

INTRODUCTION 
 
The planning and activities related to the safe transport of spent fuel elements from the RA 
reactor1 at Vinča Institute to the reprocessing plant, performed during last few years, have 
resulted in development of valid methods for radiological characterisation of spent fuel and 
shielding analysis of storage containers and transport casks with spent fuel elements of the RA 
reactor. This development has been based on the Vinča Institute report presenting the historical 
review of fuel depletion and fuel burnup data for the RA reactor spent fuel elements.2 

 
Determination of the isotopic composition of the materials present in spent fuel of the RA reactor 
and subsequent derivation of the heat generation and radiation source terms has been the first 
study performed.3 The complexity of this study arises from the end region effect between fuel 
elements placed inside the fuel channel. This paper describes three procedures, being prepared for 
the analysis of spent fuel characteristics (radiation sources, decay heat, and spent fuel isotopic 
composition) of the RA reactor. The first procedure is based on the application of the SAS2H 
control module4 from the SCALE-4.4a code system5 and an approximate geometrical model. The 
second computational tool employed consists the MCNP-4C utility code6 and ORIGEN2.1 code7 
interfaced by the MOCUP driver.8 Recently developed,9 the third procedure KWO2 is based on 
the applications of the KENO-V.a code10 and ORIGEN2.1 code.  
 
Results representing the validation of the methods and geometrical models are included and 
radiation characteristic evaluations (radiation sources) of spent fuel slugs of the RA reactor are 
presented. Analysis of those results has allowed for further discussion in choosing the appropriate 
values of the radiation source terms needed for the shielding investigations of the stainless steel 
and aluminium containers with spent fuel slugs of the RA reactor. 



The design oriented shielding analysis was performed with the standard calculation model 
available in the SAS4 sequence11 of the SCALE-4.4a code system, which is based on the 
MORSE-SGC,12 a Monte Carlo code with the (27 neutron – 18 gamma) coupled energy groups 
cross-section data library. The calculation model used assumes that the materials of fuel 
assemblies and their sources have been smeared over the horizontal cross section of the fuel 
assembly. For reference shielding calculation the MCNP-4C, a Monte Carlo code with proton 
cross section data library MCPLIB (designed by identifiers ending in .02p) and detailed geometry 
of spent fuel containers were used.  
 
Example application is given for a case with 30x6 spent fuel slugs in the aluminium barrel 
surrounded with 100 cm of light was analysed. The results obtained under assumption that all 
fuel slugs were irradiated at 6000 MWd/t (average fuel burnup of the RA reactor spent fuel with 
2% 235U enriched metal uranium) and cooled for 40 years. 
 
 

PROBLEM DESCRIPTION 
 
The 6.5/10 MW heavy water moderated and cooled research reactor RA started operation in 1959. 
It was first operated with 2% enriched uranium metal fuel. The fuel element is aluminium clad 
hollow cylinder with diameter of 3.7 cm, and height of 11.3 cm, containing metal uranium in 
tubular form. New fuel with 80% enriched uranium dioxide dispersed in aluminium, having the 
same geometry shape and amount of 235U per fuel element, was purchased in 1976. From 1976 to 
1979, the reactor operated with mixed 2% and 80% enriched fuel core.  
 
The complexity of fuel depletion and decay analysis for the reactor RA arises from the effect of 
the end region between the fuel tubes of adjacent fuel elements in the reactor RA core. This effect 
can be accurately account only with detail three-dimensional (3D) model. One 3D model of 
reactor RA unit cell, used in the MCNP-4C and KENO-V.a Monte Carlo calculations is shown in 
Figure 1.  

 
 

Fig.1. Vertical cross section of the fuel element (slug) and the 3D model 
 
 



In this model, detailed design specifications for the reactor RA fuel element are modelled as 
closely as possible. In order to overcome the end region problem, a multi-region cylindrical 
Wigner-Seitz cell with white boundary conditions at the cell boundary (i.e., with isotropic 
reflection at the outer cylindrical boundary) is introduced.3 It corresponds to an infinite array of 
infinitely long cylindrized cells. In this one-dimensional (1D) model, the aluminium from the end 
region is added to the inner and outer aluminium cladding and outer cylindrical moderator is 
enlarged for the volume of heavy water in the end region. The geometry of the proposed unit cell 
is given in Table I. 
 

Table I. Geometrical Dimensions of the Wigner-Seitz Cell of Reactor RA 
 

Radius (cm)  
Zone 

 
Material 3D-Model 1D-Model 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Heavy Water 
Clad (Al-Sav) 
Heavy Water 
Clad (Al-Sav) 

Metal U (2% 235U) 
Clad (Al-Sav) 
Heavy Water 

Fuel Channel (Al-Sav)
Heavy Water 

(Outer Moderator) 

1.05000 
1.17500 
1.45000 
1.55000 
1.75000 
1.86000 
2.05000 
2.15000 

Square Cell 
(Pitch = 13 cm) 

1.00677 
1.17500 
1.42021 
1.55000 
1.75000 
1.89093 
2.05000 
2.16266 
7.79664 

 
As an example of validation work, the case with 30x6 spent fuel slugs in the aluminium barrel 
(figure 2) surrounded with 100 cm of light was analysed. The results obtained under assumption 
that all fuel slugs were irradiated at 6000 MWd/t (average fuel burnup of the RA reactor spent 
fuel with 2% 235U enriched metal uranium) and cooled for 40 years. 
 

 
 

Fig. 2. Horizontal cross section of aluminium barrel 
with spent fuel slugs of the RA reactor 
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MODELLING AND CALCULATIONS 
 
The complexity of isotopic composition study arises from the end region effect between fuel 
elements placed inside the fuel channel. This paper describes three procedures, being prepared for 
the analysis of spent fuel characteristics (radiation sources, decay heat, and spent fuel isotopic 
composition) of the RA reactor. 
 
The first, design-oriented procedure is based on the application of the SAS2H control module 
from the SCALE-4.4a code system and an structured approximate geometrical model, which uses 
a simplified unit fuel within an infinite lattice for the fuel burnup analysis (asquarepitch option 
for annular cylindrical rods in a square pitch).  
 
The second computational tool employed consists of the MCNP-4C and ORIGEN2.1 codes 
interfaced by the MOCUP driver. In addition to calculating, flux and power distribution, MCNP-
4C calculates effective one-group cross-sections for the fuel constituents. These cross sections are 
used by ORIGEN2.1 code for burnup analysis. The cross-sections used for MCNP-4C 
calculations are taken from the Vinča VMCCS library;13 based primarily on ENDF-B/VI data but, 
if not available, on JENDL3.2 and BROND2 data. For isotopes not included in the MCNP-4C 
analysis, ORIGEN2.1 uses cross sections from its pre-processed standard libraries. The new 
ORIGEN2.1 one-group cross sections library (Hwrleu.lib) was prepared by using a detailed (3D) 
model of reactor RA unit cell and the MCNP-4C Monte Carlo code. This library replacement is 
important in regard to the radiological characterisation of reactor RA spent fuel elements. 
 
Recently developed, the third procedure KWO2 is based on the applications of the KENO-V.a 
and ORIGEN2.1 utility codes with the ENDF/B-V based 238-group cross section library.5 In this 
procedure the standard predictor/corrector steps are included (instead of predictor steps that are 
used in the MOCUP procedure). The major advantage of using KENO-V.a/ORIGEN2.1 
procedure is the decrease in computation time by about a factor of 20 compared with MOCUP. In 
the both: MOCUP (MCNP-4C/ORIGEN2.1) and KWO2 (KENO-V.a/ORIGEN2.1) reference 
procedures, the fuel burnup model with 90 main fission products was used.  
 
The design oriented shielding analysis was performed with the standard calculation model 
available in the SAS4 sequence of the SCALE-4.4a code system, which is based on the MORSE-
SGC, a Monte Carlo code with the (27 neutron – 18 gamma) coupled energy groups cross-section 
data library. The calculation model used assumes that the materials of fuel assemblies and their 
sources have been smeared over the horizontal cross section of the fuel assembly.  
 
The reference shielding calculation is based on the MCNP-4C, a Monte Carlo code with proton 
cross section data library MCPLIB (designed by identifiers ending in .02p) and detailed geometry 
model of spent fuel containers.  
 
 

RESULTS 
 
The validity of the Wigner-Seitz cylindrization for the reactor RA unit cell was carefully verified 
by comparison between the Monte Carlo and transport calculations of the cylindrized cell and the 
initial square cell in 3D geometry. Results for various burnup conditions obtained as 137Cs 
evolution without any buckling corrections to the neutron spectrum are shown in figure 3. 
 
The results obtained for the photon source spectrum from one fuel element of the RA reactor 
(with 2% of 235U in metal uranium) are given in figure 4. 
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Fig. 3. Comparison of 137Cs density during the fuel burnup 
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Fig. 4. Comparison of energy spectra of photon sources obtained with the ORIGEN-S code 

(based on the ENDF/B-IV, i.e., DLC-7E library) and ENSDF oriented calculation  
(based on the corrected ENDF/B-VI.8, i.e., EPDL-97 library) for one fuel slug of 

the RA reactor with fuel burnup of 6000 MWd/t and cooling time equal to 40 years 
 
The results given in figure 4 are obtained by eliminating the double accounting of photon 
emissions for parents and metastable daughters in the data evaluations of the Evaluated Nuclear 
Structure Data Files (ENSDF). The photon source strengths obtained with ORIGEN-S procedure 
were about 50% higher than the new ENSDF based results. The high difference is observed for 
the low energy photons, the photons that do not play a significant role in the shielding 



calculations. For 137mBa photons (at 661.7 keV), covering about 90% of photon source strength, 
the photon sources agreed within a few percent. 
 
Analysis of those results has allowed for further discussion in choosing the appropriate values of 
the radiation source terms needed for the shielding investigations of the stainless steel and 
aluminium containers with spent fuel slugs of the RA reactor. 
 
As a representative fuel assembly for the shielding calculation, the aluminium barrel with 30x6 
spent fuel slugs of initial enrichment equal to 2% of 235U (figure 2) surrounding with 100 cm of 
light water is chosen. In this case the aluminium barrel with spent fuel slugs has been considered 
appropriate to model the average sources corresponding to fuel burnup of 6000 MWd/t and 
cooling time equal to 40 years. The source energy spectra and nuclide densities of these fuel 
elements provided by the ORIGEN-S and ENSDF based calculations have been used as input for 
the further Monte Carlo transport calculations. Constant radial and axial distributions for active 
part of the sources have been assumed. 
 
The results for energy spectra of photon flux at the outer surface of the radial light water reflector 
surrounding the aluminium barrel with 30x6 spent fuel slugs (at the average fuel burnup of the 
RA reactor equal to 6000 MWd/t and with cooling time equal to 40 years) are shown in figure 5, 
and obtained equivalent gamma dose at distances equal 1 cm and 100 cm from radial light water 
reflector are given in tables I, II and III. 

0.0 0.2 0.4 0.6 0.8 1.0
0

1x104

2x104

3x104

4x104

5x104

6x104

7x104

8x104

9x104

1x105

  26 discrete gamma levels (ENSDF library)
  94 CSEWG groups (ENSDF library)
  18 SCALE groups (ENSDF library)

Ph
ot

on
 fl

ux
 s

pe
ct

ru
m

 [ 
γ c

m
-2
 s

-1
 ]

Energy [MeV]

 
Fig. 5. Comparison of energy spectra of photon flux at the outer surface of light water 

reflector surrounding aluminium barrel with 30x6 spent fuel slugs obtained for 
different photon sources based on the ENSDF based libraries 

 



Table I. Comparison of equivalent gamma dose rate outside the light water reflector surrounding 
aluminium barrel with 30x6 spent fuel slugs obtained with different MCNPTM codes 

 
Atomic 
Number 
Density 

 
Photon source 

Equivalent 
gamma dose rate 

[mSv/h] 

 
 

Case 
Used 
code 

Used 
code 

Strength 
(γ s-1) 

Source 
definition 

1 cm 
from H2O 
reflector 

100 cm 
from H2O 
reflector 

MCNP-4C/MCPLIB2 (ENDF/B-IV, DLC-7E) 
1 SAS2H/ 

ORIGEN-S
ENSDF 
based 

routine 

 
1.81⋅1013 

26 (8+181) 
discrete 
levels 

0.94 
(±1.4%) 

0.20 
(±1.7%) 

MCNP-52/MCPLIB4 (ENDF/B-VI.8, EPDL97) 
2 SAS2H/ 

ORIGEN-S
ENSDF 
based 

routine 

 
1.81⋅1013 

26 
discrete 
levels 

0.91 
(±1.4%) 

0.20 
(±1.8%) 

 
 

Table II. Comparison of equivalent gamma dose outside the light water reflector surrounding 
aluminium barrel with 30x6 spent fuel slugs (at the average fuel burnup of the RA reactor equal 
to 6000 MWd/t and with cooling time equal to 40 years) obtained for different photon sources 

 
Atomic 
Number 
Density 

 
Photon source 

MCNP-4C/MCPLIB2 
Equivalent gamma dose 

[mSv/h] 

 
 

Case 
Used 
code 

Used 
code 

Intensity 
(γ s-1) 

Source 
definition 

1 cm 
from H2O 
reflector 

100 cm 
from H2O 
reflector 

ORIGEN-S and ORIGEN-2.1 libraries 
1 SAS2H/ 

ORIGEN-S
 

ORIGEN-S
 

3.20⋅1013 
Histogram 
18 groups 

1.22 
(±1.2%) 

0.26 
(±1.5%) 

2 SAS2H/ 
ORIGEN-S

 
ORIGEN-S

 
4.32⋅1013 

18-discrete
levels 

0.96 
(±1.5%) 

0.20 
(±1.9%) 

3 MOCUP/ 
ORIGEN-2

 
ORIGEN-2

 
4.41⋅1013 

18-discrete
levels 

0.62 
(±1.8%) 

0.13 
(±2.3%) 

ENSDF based library 
4 SAS2H/ 

ORIGEN-S
ENSDF 
based 

routine 

 
1.81⋅1013 

Histogram 
18 groups 
(SCALE) 

1.21 
(±0.9%) 

0.26 
(±1.1%) 

5 SAS2H/ 
ORIGEN-S

ENSDF 
based 

routine 

 
1.81⋅1013 

Histogram 
94 groups 
(CSEWG) 

0.95 
(±1.0%) 

0.20 
(±1.3%) 

6 SAS2H/ 
ORIGEN-S

ENSDF 
based 

routine 

 
1.81⋅1013 

8+18 
discrete 
levels 

0.94 
(±1.0%) 

0.20 
(±1.3%) 

                                                           
1 The first 8 gamma lines represents 99.9% of photon source, and other 18 effective gamma lines cover the 
rest of photon source (0.1%). 
2 This results was obtained with the MCNP-5.0 utility code licensed to M. Pešić from the Vinča Institute 
of Nuclear Sciences 



Table III. Comparison of equivalent gamma dose outside the light water reflector surrounding 
aluminium barrel with 30x6 spent fuel slugs (at the average fuel burnup of the RA reactor 

equal to 6000 MWd/t and with cooling time equal to 40 years) obtained for 
different geometrical models used with the MORSE-SGC code 

 
Atomic 
Number 
Density 

 
Photon source 

MORSE-SGC (18-groups)
Equivalent gamma dose 

[mSv/h] 

 
 

Case 
Used 
code 

Used 
code 

Intensity 
(γ s-1) 

Source 
definition 

1 cm 
from H2O 
reflector 

100 cm 
from H2O 
reflector 

Detailed (heterogeneous) geometry model  
1 SAS2H/ 

ORIGEN-S
 

ORIGEN-S
 

3.20⋅1013 
Histogram 
18 groups 

1.26 
(±1.6%) 

0.28 
(±1.2%) 

Simplified geometry model (with volume homogenised fuel cell)  
2 SAS2H/ 

ORIGEN-S
 

ORIGEN-S
 

3.20⋅1013 
Histogram 
18 groups 

1.22 
(±1.0%) 

0.27 
(±0.8%) 

 
The resulting dose rate values will be used to assist the development of the working procedures 
that have to be observed during the loading of the cask as well as for the audit activities. The 
conservative approximations used have to be taken into account in order to have more precise 
basic input needed to establish the conditions of personnel operation in the working area, and to 
ensure the safety of the staff under ALARA principles. 
 
 

CONCLUSIONS 
 
This study shows: 
 
• A good agreement between two MCNPTM calculations, the MCNP-4C code (with the 

MCPLIB2, the ENDF/B-IV, i.e., DLC-7E based library) and MCNP-5 code (with the 
MCPLIB4, the new ENDF/B-VI.8, i.e., EPDL97 based library);  

• A good agreement between results for the equivalent gamma dose rate obtained with two 
different discrete levels models of photon source (i.e., with the ORIGEN-S code and new 
ENSDF based model); 

• A high difference (about 30%) between these models and discrete levels model used in the 
ORIGEN2.1 code, since this code assigns the 137mBa line (at 661.7  keV) to pre-defined line at 
575 keV); 

• A good agreement between the 18 groups results obtained with two libraries (i.e., with the 
ORIGEN-S code and new ENSDF based model), and a high difference (about 25%) of these 
results and  results obtained with the ORIGEN-S and ENSDF discrete levels models; and 

• A good agreement between the 18 groups results obtained with two geometry models used 
with MORSE-SGC code (i.e., with the detailed representation of fuel elements and with 
volume homogenised fuel cells), and a high difference (about 30%) of these results and 
results obtained with the ORIGEN-S and ENSDF discrete levels models. 
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ABSTRACT 
 

U-Mo dispersed fuel can not fulfill the U density requirements for high flux reactors. 
Besides, in-pile experiments have shown a large interaction between the fuel particles and 
the matrix. Replacing dispersed fuel by an U-Mo foil has been proposed and is currently 
under investigation as a possible  solution to these problems. Friction stir welding is being  
experimented at ANL to fabricate fuel plates.  Supported by the ENDE - CAC - CNEA 
experience in FSW, experiments have been started. Successful weld were  obtained 
between aluminum and  stainless steels (as subrogate material instead U-Mo) which 
allowed the selection of optimum parameters. This were applied to encase stainless steel 
and U-Mo foils in aluminum plates. The first objective was the implementation of  the 
process, optimization of operative parameters and selection of the adequated tests to qualify 
the welding. The second objective was to apply these technic to fabricate U-Mo /Al alloys 
diffusion couples. First results are presented. 

 
 
I. Introduction 
 
U-Mo dispersed fuel which have being developed up to now, can not fulfill the U density 
requirements for high flux reactors. These fuels have also shown a large interaction 
between the fuel particles and the matrix  presenting some doubts concerning an acceptable 
irradiation performance [1]. U-Mo foils have been proposed to be used instead of the fuel 
dispersion, and are called monolithic fuel elements. It is thought that they will contribute to 
solve the problems described above [2]. 
The usual rolling procedure applied to the fabrication of  dispersed fuel elements are not 
adequate in the case of U-Mo foils. Several options have been suggested [2], Friction Stir 
Welding (FSW) and transient liquid phase bonding (TLPB) are under experimentation [3]. 
The Laboratorio de Soldarura at ENDE, CAC, CNEA (Argentina) has a great experience in 
bult welds using FSW [4], this supports the experiments that have been initiated to encase 
U-Mo foil in Al using this techniques. 
In FSW bult welds, a cylindrical rotating tool is impinged onto the meeting surface of the 
edges of the pieces to be weld. As the tool is moved along the length of the pieces it 
produces the dispersion of the oxides, plastification of the material and the weld. In the 
fabrication of a  monolithic fuel element, two cladding Al plates have to be welded face to 
face and to bond this cladding to the metallic foil in-between them, without stirring the fuel 
into the Al.This is possible if the tool is plunged only in the upper Al plate, Fig.1. When the 



rotating tool passes close enough over the foil, smears the aluminum onto the foil giving a 
good interfacial contact. This characteristic of bonding without modification of the fuel 
surface makes FSW a potential acceptable method to fabricate monolithic fuel elements and  
also diffusion couples. Its remarkable features are: 
solid state bonding, neither gaseous protection nor 
third welding element is required and it is a 
machining process. 
Experiments to implement the process started 
performing welds between AA6061 T6 (Al) and 
AISI 316 (SS). They allowed to obtain  a set of  
optimum operative parameters [5].  
This work presents the experiments in which 
stainless steel  and U-Mo foils were encased in 
aluminum applying previous results. One of the 
objectives is the fabrication of diffusion couples to 
study the bond of the U-Mo foil with Al and various Al alloys out and in-pile experiments. 
 
 
 
II. Experimental 
 
The first Al-Al and AL- SS welds were done for different operative conditions such as 
speed (v), angle (α) and shoulder diameter(D) of the tool, pin diameter (d), tool-interface 
gap (h) and constant rotating speed Fig.1. 
Mechanical tests were performed to select the best parameters. They included: tensile and 
bend tests on normalized samples, pillow test on 150 mm x100 mm and 100mm x 100mm 
samples, debonding test and metallography. The selected parameters of the process  related 
to the higher mechanical resistance of the bond were 
 

h = 0.10mm 
V = 90 mm/min. 
α = 0.5 º 
D = 24 mm 

 
With this parameters SS foils and U-Mo foils were encased in Al plates. 
U-Mo foils were cut from a U-7%Mo arc melted alloy and thinned with parallel faces by 
mechanical polishing. Two pieces of 11.5 mm x 5.5 mm x 0.93 mm with rounded corners 
were prepared. The foils were placed in a cavity machined on one of the Al plates. Pieces 
were set together  as in Fig.1 and welded in overlapping laps with an overlap of 1mm. The 
set is machined, turn upside down and the operation is repeated. 
Metallography using OM and SEM was performed in sections perpendicular to the welding 
plane. This was done to check the quality of the bond at the interface. 
Two samples of the encased U-Mo foils were submitted to diffusion anneals, 2 hours at 530 
C, to evaluate the behaviour of the weld. One diffusion anneal was quenched and the other 
slow cooled. Another one  at 300 ºC is still on going. 
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Fig. 2 Welded interface for SS encased in Al. 
Mechanical polishing up to 1 µm. 

Fig.3. U-Mo encased in Al. Detail of a 
corner. SEM 750X 

Fig. 4. Failure at the interface of a SS/Al weld 
due to the contact of the pin with the foil. 

III Results 
 
It was possible to obtain satisfactory welds with no defects or debonding at the interface for 
SS and U-Mo foils, micrographs are shown in Fig.2 and 3 

Fig.4 illustrates a failure produced when the pin got in contact with the SS. The stirring of 
the foil into the Al is observed and also a severe deformation of the grain microstructure 
has happened.  
 

 

The diffusion anneals of 2 hours at 530°C showed an continuous interdiffusion layer along 
the surface of the U-Mo foil been an indication that a good contact was obtained by FSW, 
Fig.5.  
 
 
 
IV. Discussion and conclusions 

Al 6061 

Fig. 5  Same sample of Fig 3 , annealed 2 Hs at 530°C. 
Backscattered electron image. 800X 



 
FSW was applied successfully to weld face to face with no contact of the tool at the 
interface, Al alloys plates between them and with foils of other alloys such us SS and U-Mo. 
An adequate control of the operative parameters allowed to encase SS and U-Mo foils in Al 
cladding. As a result of this the process is considered potentially acceptable to fabricate 
diffusion couples and monolithic fuel elements. 
From all the variables studied, the pin–interface gap is the most important related to the 
mechanical resistance of the bond and the most difficult to control because of its 
dependence on the precision of the equipment, thermal expansion of the whole set, 
dimensional tolerances of the foils and precision of the machining previous to the welding 
of the second face. Most of these are magnified if the equipment is not properly 
instrumented.  
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ABSTRACT 
Earlier (Bariloche, 2002) we have shown the possibility of the conversion of reactor 

PIK from HEU(90%) to MEU(36%) fuel. Monte Carlo calculations have demonstrated that 
the [UO2(25vol.%)+Cu] meat with density 2.2gU/cm3 could be changed for the 
[UO2(38vol.%)+Al] meat with 3.6gU/cm3 with noticeable gain in reactor neutronics. The 
following attempt to reach LEU(19.75%) conversion with UMo(9w.%) meat with Al cladding 
(instead of stainless steel) failed due to the strains and stresses, which arise in the FE during 
the working cycle. There is a possibility of the cladding peeling off the meat. 
 In this talk we suggest for PIK to use [UMo(9w.%)60vol.%+Mg] meat with 
9.4gU/cm3 and stainless steel cladding. Thin tubes with such meat were manufactured and 
used during fifty years as 6% enriched fuel elements in the first Nuclear Power Station of 
Russia. We plan to perform the Monte Carlo simulations for such PIK-4 FE. In the case of 
success it would be the first example of HEU-LEU conversion of high-flux reactor without 
change of core geometry. 
 
 

1.  INTRODUCTION 
1.1. Design of the reactor. The high-flux research nuclear reactor PIK is under construction 
south of St. Petersburg and 4 km from the town of Gatchina [1-2]. The purpose of this reactor 
is the study of fundamental properties of matter, investigations of new materials as well as 
radiobiological and applied research. The reactor is equipped with sources of hot, cold and 
ultracold neutrons. Its design was described briefly earlier in our report in Barilochi [3]. In 
this report we show on Fig.1 the design of PIK FE and arrangement of experimental devices 
in the heavy water reflector on Fig.2. The FE of reactor PIK has a complex geometry. Its 
diameter is 5.15mm and it has an active length of 500mm. Cladding of the FE is made of 
stainless steel and the meat of the pin is UO2 in bronze matrix[4]. The standard reactor fuel 
enrichment in project is 90%. The reactor is equipped with several manual control rods. The 
central control rod–shutters are situated in the central control rod guide. The absorbing 
shutters made of hafnium move in opposite directions from the central plane of the core, 
forming a window ∆H between the sheets. The 8 equal outer control rods are placed in the 
reflector tank. The rods are inserted in inclined channels at an angle of 8o to the vertical. Two 
rods are used as safety rods (SR) and 6 rods are under manual control. Ten horizontal 
experimental channels, 6 inclined channels and 6 vertical channels are placed inside the 
reactor tank (Fig.2). The materials, of which they are made, their sizes and coordinates are 
given in Ref.[2]. The composition of alloys is also given in Ref.[2]. The volume of heavy 
water in the tank is about 8.5 m3. The concentration of heavy water is (99.86 ±0.03)%. A 
source of cold neutrons (CNS) and of hot neutrons (HNS) are also located in the reflector. 
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Fig.1. FE and BAR of PIK reactor [2]. (The 
dimensions are in mm.)  

 
 
 

 
 

 

 
 

 
 

 
 

 
 

 
 
 

 
 
 
 
 
Fig.2. Scheme of experimental channels [2]. (Top 
view.) 

 

Table 1. Standard PIK and PIK-2FE specification (lattice spacing a=5.23 mm; cell area 
2 23 / 2 23.67mmcS a= = ; 211.84cmcV = ; cell water ratio 

2
0.575H Oω = ; meat ratio 0.305Mω = ) 

  Standard PIK PIK-4 
1 Meat UO2+Cu UMo(9w.%)+Mg 
2 235U enrichment, 5ζ , w.%  90 19.75 
3 U volume fraction, w.% 25 60 
4 U meat density, M

Uγ , g/cm3 2.194 9.39 
5 235U meat density, g/cm3 1.967 1.855 
6 

5 5
M

U Mγ γ ω ζ= , g235U/l  600 566 
7 Matrix material density in meat, g/cm3 6.25 1.74 
8 K∞  

ρ∞    % 

1.6176(3) 

38.18(1) 
1.4679(5) 

31.88(2) 

 

1.2. Methods of Calculation. The main part of calculations in this report was performed with 
a new Russian Monte Carlo code MCU REA [5]. The code is designed for the calculations of 
reactor neutronics. The constants library is significantly expanded there. The new library 
DLC/MCUDAT-2.2 contains information about 320 nuclides. It is possible to calculate the 
change of fission fragments and of the burnable absorber isotope concentrations during the 
reactor cycle. All calculations were done only heterogeneously. In FE’s we have separately 
considered the meat, cladding, water and the FA casing. To find the accuracy of our reactor 
PIK calculations special experiments were performed at the PIK Mock-up. For 56 
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experimental criticality assemblies the calculated reactivity deviation from zero is 0.1-0.2%. 
Code MCNP-4C with ENDF/BVI library gives similar results. Thus the comparison with data 
of the boron poisoning calculations for the Mock-up with heavy-water reflector demonstrate 
that code MCU REA can be recommended for calculations of the operating modes of reactor 
PIK.  

2. NEW  PIK-4 FE 
2.1. PIK-3 FE. The standard PIK FE withstand large non-uniformities of energy 

release thanks to the good heat conductivity of the bronze matrix. However the PIK-type meat 
have at least two shortcomings. First, the copper of bronze strongly absorbes neutrons and 
reduces the reactor’s multiplication factor. Second, in order to achieve a sufficiently high 
multiplication factor one needs a high uranium concentration 5γ  in the core. The UO2 
composition prevents to increase 5γ  considerably. The way out is to use weakly absorbing 
structural materials, such as aluminum or magnisium and UMo alloy. As a material for the 
heat transport in the meat matrix, aluminum is second after copper. However aluminum 
interact strongly with UMo fuel particles and especially at higher fuel temperatures. UMo 
alloy can be used as a meat alone without the matrix at all. In this case to keep the same area 
of the pin in PIK-3 FE it was used with aluminum cladding of larger thickness (Fig.1). At a 
power of 100 MW, the temperature of the reactor FE meat goes up to 397C at the center [6]. 
The temperature of the cladding at the cladding-meat boundary goes up to 272C. The 
temperature on the FE surface varies from 150C at the end of the edge up to 236C between 
the edges. The non-uniformity of heat release over the FE perimeter is 1.6. As a result of a 
poor combination of the heat expansion coefficients of the aluminum cladding and UMo meat, 
the temperature stresses tend to peel the cladding off the meat in the FE edges. The estimated 
magnitude of the thermal stresses at the interface between cladding and meat reaches values 
comparable with the yield stress of aluminum and its alloys. The extensions arising at the 
boundary, including inelastic strains, provoke a peeling off of the cladding. Therefore it is 
doubtful that an FE of such a configuration of UMo meat with aluminum cladding can 
successfully work. 

2.2. PIK-4 FE with LEU (19.75%) fuel.  
Concerning the FE cladding, one can advance two considerations in favour of 

continuing to use stainless steel: 1. The strength of steel is twice that of aluminum alloys. 
Aluminum cladding has to be of approximately twice the thickness of steel cladding in order 
to contain fragments equally well. 2. An important argument in favour of steel FE cladding is 
the simplicity and reliability of its manufacturing technology: vibratorial compaction [4]. 
Thus we come to the conclusion, that the FE of reactor PIK with LEU fuel may contain an 
UMo fuel in magnesium matrix and a steel cladding. The FE with UMo(9w.%) vol.60% meat 
in magnesium matrix have been used in the first Russian nuclear power plant for about 50 
years. The enrichment of uranium is 6%. Up to 50-60% of 235U has burnt up during two 
cycles.  

For LEU (19.75%) fuel we choose the meat with (UMo(9w.%) ceramic in Mg matrix 
and exactly the same as PIK HEU geometry (Fig.1). In Table 1, the volume densities of U and 
of Mg for 235

5 566g /U lγ =  are listed. The multiplication factor for the infinite lattice of 
infinite PIK-4 LEU FE with LEU (19.75 w.%) fuel is about 17% lower than for infinite lattice 
of infinite PIK HEU FE (Table 1). For this purpose the new gain of reactivity for the reactor 
with LEU fuel must be found to provide the same duration of operation cycle. 

The new PIK-4 LEU FE’s with LEU (19.75%) fuel must be fabricated and tested by 
various in-pile irradiations. Only thereupon can we recomend the PIK-4 LEU FE for practical 
use. 



 

3.  FRESH CORE 
3.1. Fresh core design. We have studied the cores with standard PIK FE and with UMo in 
magnesium matrix based new PIK-4 FE. To provide the necessary initial reactivity to the core 
we exchange the cylindrical stainless steel vessel and housing for aluminum ones. This leads 
to 4.05(5)% gain in reactivity. The aluminum vessel must be 10 mm thick; the aluminum 
housing can be 4 mm thick; the D2O cooling gap remains 4 mm. Additional gain of reactivity 
is due to the absence of fuel profiling for the LEU case. Otherwise the design of reactor PIK 
remains the same. 

3.2. Contribution to reactivity of the fresh core components is shown in Table 2. 
Aluminum and stainless steel vessels and housing are considered. The initial reactivity excess 
for the core with PIK-4 FE and aluminum vessel and housing with LEU (19.75%) fuel is 
about the same at slightly lower concentrations of 235U compared to the reference case of 
standard PIK FE. The worth of 144 BAR's is about 1.4 times higher; the worth of shutters is 
nearly the same for aluminum vessel and housing. For the steel vessel and housing the weight 
of 144BAR’s is nearly the same while the weight of the shutters is slightly higher. Due to the 
change of the steel of vessel and housing for aluminum, the worth of 8 control rods is 
significantly increased (about 3 times). 

Table 2. Contribution to effK  and reactivity the fresh core components. 

 Standard PIK New core 
Vessel and housing Stainless steel Steel Aluminum 
FE type PIK PIK-4 
Meat UO2+Cu UMo(9w.%)+Mg 
Fuel HEU (90%) LEU (19.75%) LEU (19.75%)

 

5γ , g235U/l 600 566 

1 Core with trap components, 
Exp.Fac., fuel profiled, ρ , % 

1.1415(5) 
12.40(4) 

1.0853(4) 
7.86(3) 

1.1427(4) 
12.49(3) 

2 With 144 BAR’s,  
'BAR sρ∆ , % 

1.1061(4) 
–2.80(5) 

1.0515(4) 
-2.96(5) 

1.0921(4) 
-4.05(5) 

3 Shutters dropped ∆H=1.2cm,  
Shρ∆ , % 

1.0215(5) 
–7.49(6) 

0.9604(4) 
-9.02(6) 

1.0110(4) 
-7.35(5) 

4 Shutters +6RR+2SR 
8CRρ∆ , % 

1.0035(6) 
–1.76(8) 

0.9409(4) 
-2.16(6) 

0.9520(4) 
-6.13(6) 

5 Equilibrium fuel cycle, fpd 24 -- 24 

3.3. Neutron fluxes for fresh cores are shown in Table 3. Conversion to LEU fuel leads to 
lowering of fluxes in reactor by about 8% for thermal neutrons and by about 2% for fast 
neutrons. The fluxes in the D2O-reflector remain nearly the same. Changing of steel vessel to 
aluminum one leads to considerable increase of thermal neutron flux at its inner surfase and 
slightly redused flux in the water trap due to reallocation of the flux. Due to absence of 
strongly absorbing steel the thermal neutron fluxes in the D2O-reflector are about 30% higher. 
For the dropped shutter the perturbed thermal flux in the center of the horizontal channel with 
diameter 8.2 cm is increased up to 15 21.3 10 n/cm sthΦ = ⋅  for aluminum vessel. 

 

 



 

Table 3. Thermal (E<0.625 eV) Φth and fast (E>0.8 MeV) ΦF neutron fluxes. Regulating rods 
and shutters are withdrawn.  

Vessel and housing Steel Steel Aluminum 
FE type PIK 

HEU (90%) 
PIK-4 

LEU (19.75%) 

 
 
 

5γ , g235U/l 600 566 

 Reactivity excess, ρ∆ ↑ , % 9.59(3) 2.40(4) 6.45(4) 
 iΦ , 1014 n/cm2s thΦ  FΦ  thΦ  FΦ  thΦ  FΦ  

1 CEC in trap 45.6(6) 7.2(4) 42.0(5) 7.0(3) 39.0(5) 6.2(3)
2 Vessel 3.94(2) 5.47(2) 3.62(2) 5.35(2) 8.21(4) 5.77(2)
3 Horizontal channel H4-4', D=8.2 cm 9.47(7) 0.14(1) 9.47(7) 0.13(1) 12.0(1) 0.18(1)
4 Radial channel H1 6.3(1) 0.24(1) 6.3(1) 0.24(1) 8.2(1) 0.27(1)
5 Inclined channel I6 5.31(4) 0.15(1) 5.24(3) 0.15(1) 6.45(3) 0.17(1)
6 HNS 1.99(2) 0.001 2.05(2) 0.001 2.77(2) 0.001

 
 
3.4. LEU fuel operation conditions. The mean heat flux for the FE in the core is about 3.1 
106W/m2. It  is several times higher for the spot point. We also estimate the burnup of 
uranium. Preliminary estimates show that the operation cycle duration is about 24 days with 
reloading of ½ of the core during the 7 days shut down. It amounts to 36 MW day/kg U. At 
the first power plant the maximal heat flux was about 2.1 106W/m2. Also the maximum 
burnup of this type of fuel was about 16 MW day/kg at Beloyarsk NPP. Additional in pile 
irradiation under reasonable conditions is necessary to prove the possibility of using UMo 
fuel in magnesium matrix as an LEU fuel for reactor PIK. 

 
CONCLUSIONS 

Calculations with Russian MCU REA code of a full scale computer model of the PIK 
reactor in Gatchina show that the uranium density of 9.4 gU/cm3 of LEU (19.75%) fuel in 
PIK-4 FE geometry gives worse core neutronics than standard PIK FE with HEU (90%) fuel. 
The change of reactor vessel and housing to aluminum one lead to considerable increase of 
reactor neutronics providing nearly the same operating cycle duration as for standard PIK 
case. The PIK-4 FE with LEU (19.75%) in the same geometry as in reference case of standard 
PIK FE with HEU (90%) have (UMo(9w.%)+Mg) meat and same stainless steel cladding.   
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ABSTRACT  
 

Corrosion of aluminium alloy cladding of spent nuclear fuel elements in ordinary water is 
examined in the spent fuel storage pool of the RA research reactor at the Vinča Institute of 
Nuclear Sciences, Belgrade, Serbia and Montenegro. Experimental examinations are carried 
out within framework of the International Atomic Energy Agency (IAEA) Coordinated 
Research Project (CRP) “Corrosion of Research Reactor Aluminium-Clad Spent Fuel in 
Water”, Phase II. Racks with coupons made of different aluminium alloys were exposed to 
water influence for period of six months to six years. The project comprises also activities on 
monitoring of the water chemistry and radioactivity in the storage pool. Visual and 
microscopic examinations of surfaces of aluminium coupons of the test racks have been done 
recently and results were presented in this paper confirming strong influence of water quality 
and exposition time to corrosion process. 

 
 
1. Introduction 
 
The 6.5 MW heavy water moderated and cooled research reactor RA [1] was bought as a 
turn-in key project from the ex-USSR in 1956. It started operation in December 1959, with 
2% low enriched uranium (LEU) metal fuel elements of the TVR-S shape [2]. The reactor 
operated with LEU fuel until 1976, when 80% high-enriched uranium (HEU) dioxide TVR-S 
fuel elements were purchased [3]. Both fuel elements have the same – ‘slug’ - geometry and 
similar mass of U-235 nuclide (7.25 – 7.7) g.  
 

 
 

Fig. 1. The TVR-S LEU and HEU fuel elements of the RA reactor [2] 



The TVR-S slug is an annular cylinder, with 3.72 cm outer diameter, consisting of a tube 
with 2 mm thick fuel layer and 1 mm thick inner and outer aluminium cladding. The fuel 
layer has the total length of 10.0 cm, while the total length of the slug is 11.3 cm. During the 
RA reactor operation 8030 fuel elements were used. Aluminium, used in the TVR-S fuel 
elements, is known in Russia as the SAV-1 alloy (0.985 weight fraction is aluminium). 
Average volume of one TVR-S slug is measured as (60 ± 5) cm3, while the total area of 
aluminium in contact to water is estimated at (420 ± 40) cm2. Average mass of the LEU slug 
is about 460 g, while average mass of the HEU slug is about 160 g. 
 
The temporary spent nuclear fuel storage pool (Figure 2) is designed within the RA reactor 
building [1]. The pool, 6.5 m deep, consists of four inter-connected basins and an annex to 
the fourth basin. Each basin has rectangular cross-section with approximate dimension: width 
1.60 m and length 3.80 m. The annex is 1.60 m wide and 1.70 m long. Each basin can be 
separated, i.e., closed (but not hermetically) by a door manufactured from carbon steel. Pool 
walls and bottom are made from concrete of various thickness (0.60 – 1.3) m and lined by 
1 cm thick stainless steel plate. The pool, filled with about 200 m3

 of stagnant, tap water, is 
connected by special underground water channel to the reactor block that allows transfer of 
spent nuclear fuel elements to the storage area. Due to water vaporization, tap water is added 
to the pool once per year. 
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Fig. 2. Spent fuel storage of the RA reactor 



2. Chemical and Radioactivity Parameters of Water and Sludge in the Pool 
 
Chemical parameters of the water samples, taken from the basins of the storage pool, were 
measured few times per year since 1997, and once per month, since 2002. Range and average 
values of measured chemical parameters in the water samples of the RA spent fuel storage 
pool in the last two years are shown in Table I [4].  
 

Table I. Ranges and average values of chemical parameters  
of RA storage pool water measured in 2002 and 2003. 

 

Water parameter Range in 
2002 - 2003 Average ± 1σ 

pH factor 7.31 – 8.39 7.53 ± 0.12 
El. conductivity (µS/cm) 360 – 570 451.3 ± 27.6 
Fe ions (mg/L) 0.07 – 0.21 0.13 ± 0.01 
Cu ions (mg/L) < 0.01 < 0.01 
Al ions (mg/L) < 0.01 < 0.01 
Chlorides, Cl (mg/L) 65 – 85 73.0 ± 0.9 
Sulphate ions, SO4 (mg/L) 31 – 70 48.6 ± 1.5 
Nitrate ions, NO3 (mg/L) < 0.05 < 0.05 
Hardness, dH 6.5 – 7.5 6.9 ± 0.1 
Temperature (°C) 14.5 – 21.5 18.5 ± 0.5 

 
Water purification system in the RA spent fuel storage pool includes pump (flow rate about 
60 L/min) in basin no. 4 with mechanical filter (25 µm) only. The water circulation is 
performed every day during working hours. After sludge removal in 1996 and day-per-day 
operation of the purification system, clearness and visibility of the pool water are improved 
in spite of further accumulation of dust at the water surface. 
 
Specific (volume) radioactivity in the water of the basins is measured few times per year, 
since 1996 and once per week, since 2002. Typical measured values in 2002 - 2003 were as 
following: (90 ± 9) Bq/mL from 137Cs nuclide and < 1 mBq/mL from 60Co nuclide (MDA for 
the Ge detector) [4]. Relative uncertainties of specific (volume) activities are given for 
normal distribution of probability and the coverage factor equal to 1. 
 
Few sludge samples, taken out from the pool in 1996, were examined for qualitative 
composition by using x-ray method in the IAEA Seibersdorf Laboratory in 1997 [5]. It was 
shown that the main sludge component (about 0.85 weight fraction) is Fe2O3, which give red-
brown colour to the deposits. Impurities of Pb, Cr, Mn, Ca and Zn are confirmed within few 
percents, while traces of Cu and Ni were found too. According to the CRP-II 
recommendation, sediments in the pool were collected for seven months by using special 
designed pot. The sediments were weighted as the total sludge mass of (5.038 ± 0.005) g. The 
sedimentation rate was determined as (11.3 ± 0.5) mg/cm2 per month [4]. The sludge from 
the pot is examined also at the calibrated Ge spectrometer and radioactivity originated from 
137Cs and 60Co nuclide was measured only. Specific (mass) activity has been estimated as 
(12.70 ± 0.35) kBq/g attributed to 137Cs nuclide and as (960 ± 20) Bq/g attributed to 60Co [4]. 
Sludge average density of (0.84 ± 0.05) g/cm3 is used. 



3. Test Racks Description 
 
Various (test) racks with coupons of different aluminium alloys and stainless steel were 
prepared and distributed to participants within phase I (CRP-I: 1996 – 2001) and phase II 
(CRP-II, 2002 – 2005) of the IAEA CRP on “Corrosion of Research Reactor Aluminium-
Clad Spent Fuel in Water”. Five racks were received and immersed in the RA reactor spent 
fuel storage pool (Table II) near containers with spent fuel elements, in the ‘vertical position’, 
i.e., the rack axis was vertical and the coupons surfaces were horizontal. 
 

Table II. Immersion data and exposition time of the racks 
 

Rack Name 
/CRP-phase 

Immersion date 
/Basin no (B-#) 

Removal 
Date 

Exposition 
Time (months)

Status as of 
May 1st, 2004 

Rack#1 
/CRP-I 

July 1996 
/B-4 30 July 2002 72 examined 

Rack#2.1 
/CRP-I 

26 February 2002 
/B-1 25 July 2003 16 examined 

Rack#2.2 
/CRP-I 

26 February 2002 
/B-1 2 March 2004 24 examined 

Rack#1 
/CRP-II 

26 March 2003 
/B-3 

26 September 
2003 6 examined 

Rack#2 
/CRP-II 

26 March 2003 
/B-2 6 April 2004 12 under examination

 
Aluminium and stainless steel coupons are manufactured [6] in form of disks (3 mm thick) 
with ID/OD = 30/70 mm or ID/OD = 30/100 mm. Chemical composition of aluminium alloys 
used for the test coupons of the racks, produced entirely in the AEKI FRL [7], is shown in 
Table III. Percent weight fractions are given for main impurities, while the Al contents are 
calculated is such a way that the total sum of all components is equal to 100 %. Numbers 
equal the given limits are used for impurities which fractions are given by limit values, e.g., 
values given as <0.1 or >0.2 are used in the calculations as 0.1 and 0.2, respectively. 
 

Table III. Chemical composition of aluminium alloys 
 

Alloy 
type 

Al 
[%] 

Cu 
[%] 

Mg 
[%] 

Mn 
[%] 

Si 
[%]

Fe 
[%] 

Ti 
[%] 

Zn 
[%] 

Cr 
[%] 

Br 
[%] 

1100 99.100 0.16 <0.1 0.05 0.16 0.48 0.005 0.03 0.005  
5086 99.561 >0.2 4.1 0.43 0.19 0.33 0.04 0.045 0.10 0.004
6061 97.690 0.25 0.94 0.12 0.65 0.24 0.04 0.03 0.04  
6063 98.325 0.16 0.73 <0.05 0.37 0.24 0.04 0.03 0.055  

SAV-1 98.570 <0.01 0.53 <0.05 0.71 0.09 <0.005 0.03 <0.005  
 
Positions of coupons made of aluminium alloys (AA or SAV-1) and stainless steel (SS) 
within the racks (from top to bottom) are given in Table IV. Spacers between coupons are 
manufactured as ceramic rings (7 mm thick, ID/OD = 28/58 mm) made of alumina (Al2O3). 
Supporting elements of the racks assembly were manufactured from X8CrNiTi 1810 stainless 
steel (mainly) and from 99.9 % pure aluminium (DIN 1712). Total height of the racks is 
about 150 mm. Site-specific coupons were not prepared in the Vinča Institute due to lack of 
appropriate aluminium material and technology.  



 
Table IV. Composition of the racks (positions of coupons from top to bottom) 

 
Rack Name /CRP-Phase 

Rack#1/CRP-I 
(Batch-I) 

Rack#2.1/CRP-I 
(Batch-II) 

Rack#2.2/CRP-I
(Batch-II) 

Rack#1/CRP-II 
(Batch-I) 

Rack#2/CRP-II
(Batch-I) 

Ceramic ring 
SAV-1/04 
SAV-1/60 

Ceramic ring 
SS 316/02 

AA 6063/68 
Ceramic ring 

SS 316/01 
AA 6063/59 
Ceramic ring 
AA 6063/05 
AA 6061/60 
Ceramic ring 
AA 6063/04 
AA 6061/56 
Ceramic ring 
AA 6061/18 
AA 1100/56 
Ceramic ring 
AA 6061/07 
AA 1100/53 
Ceramic ring 

Ceramic ring 
SS 316/133 

AA 6063/145 
Ceramic ring 
SS 316/121 

AA 6061/123 
Ceramic ring 
AA 6063/159 
AA 6063/196 
Ceramic ring 
AA 6061/217 
AA 6063/227 
Ceramic ring 
AA 1100/229 
AA 1100/236 
Ceramic ring 

Ceramic ring 
SS 316/114 

AA 6063/135 
Ceramic ring 
SS 316/115 

AA 6061/142 
Ceramic ring 
AA 6063/150 
AA 6063/198 
Ceramic ring 
AA 6061/212 
AA 6063/200 
Ceramic ring 
AA 1100/240 
AA 1100/214 
Ceramic ring 

Ceramic ring 
SS 304/330 

AA 6061/302 
Ceramic ring 
AA 6063/249 
AA 6063/228 
Ceramic ring 
AA 6063/204 
Ceramic ring 
AA 6061/312 
Ceramic ring 
SS 304/350 
SAV-1/377 

Ceramic ring 
SAV-1/358 
SAV-1/346 

Ceramic ring 
SAV-1/335 

Ceramic ring 
SAV-1/312  

Ceramic ring 
 

Ceramic ring 
SS 304/332 

AA 6061/305 
Ceramic ring 
AA 6063/208 
AA 6063/244 
Ceramic ring 
AA 6063/221 
Ceramic ring 
SS 304/360 
SAV-1/366 

Ceramic ring 
AA 6061/321 
Ceramic ring 
SAV-1/376 
SAV-1/353 

Ceramic ring 
SAV-1/317 

Ceramic ring 
SAV-1/329 

Ceramic ring 

 
4. Visual examination 
 
All test racks are treated and examined according to the IAEA established Test protocol [6]. 
After the rack withdrawn, it was noted that red-brown sediments have covered top - front side 
surfaces of all coupons. There was not notice of sediments at bottom (exposed to water, too) 
sides of the coupons. The racks were disassembled and the coupons were cleaned from 
deposits and decontaminated using 5 % solution of phosphoric acid and demineralised water. 
The pH factors were determined using pH paper at outer and inner surfaces of the coupon 
couples and compared to the pH factor of the pool bulk water. It was very hard to separate 
some of the coupled coupons and in few cases a tool has to be applied. Pitting, as a main 
localized form of corrosion of aluminium in water, has been seen at surfaces of all coupons, 
except of the pre-oxidized ones. Spots of different shades of grey colour and black colour 
(assumed to be aluminium-oxide) were observed at coupon’s surfaces too. Results of all 
examinations of the coupon’s surfaces were recorded in the CRP Progress report [4]. In this 
paper, the results related to the influence of the rack exposition time to the water at the 
corrosion effects of aluminium alloys are presented. Photographs of the racks, immediately 
after withdrawn from the pool water are shown in Figure 3. 
 



 
(a)   (b)  (c)   (d)  (e) 

Fig. 3. Racks after exposition time of: 6 (a), 12 (b), 16 (c), 24 (d) and 72 months (e) 
 
Evidences of colour dislocation and strains were found out at surfaces of aluminium coupons. 
Spots of different shades of grey and black colour were observed at coupons. Crevice 
corrosion was found at coupled sides of coupons, while pit of various size and shape covered 
both sides of aluminium coupons. Intensive corrosion processes at aluminium surfaces under 
ceramic rings and galvanic corrosion effects at aluminium coupons coupled sides to stainless 
steel coupons were noted. Uneven oxidation with pits of different shape and size are found.  
 

 
 

Fig. 4. Galvanic and crevice corrosion at Al coupons after exposition time of 6 months 
  

 
 

Fig. 5. Crevice corrosion at SAV-1 couple after 12 months of exposition time 
 

 
Fig. 6. Crevice corrosion at coupled side of 6061 coupon and dull side of front 1100 coupon 

after 24 months of exposition time 



 

Fig. 7. SAV-1 crevice couple after 72 months of exposition time 
 
5. Examination under microscope 
 
Examinations of aluminium coupons from the racks are carried out under a microscope with 
magnification (M) x10 and x20, with the aim to study pits and other effects of corrosion 
process. Pits of irregular shape and various depths are found, but no corrosion pits were 
observed under scratched line made at pre-oxidized coupons. 
 

 
 

Fig. 8. Deep pits at top surface of SAV-1 coupon and circular pits at 6061 coupon after 6 
months of exposition time (Mx10) 

 

 
 
Fig. 9. Deep pits at both surfaces of 6063 coupon after 16 months of exposition time (Mx10) 

 

 
Fig. 10. Deep pits at both surfaces of 6063 coupon after 24 months of exposition time (Mx10) 



 
Fig. 11. Deep irregular shape pits at surfaces of 6063 and 6061 coupons and a pit covered by 

a white blister at SAV-1 coupon, after 72 months of exposition time (Mx10) 
 
Conclusion 
 
The Vinča Institute of Nuclear Sciences, Belgrade, Serbia and Montenegro, participates in 
the IAEA CRP on “Corrosion of Research Reactor Aluminium-Clad Spent Fuel in Water – 
Phase II”. Information related to study of water and sludge characteristic in the RA reactor 
spent nuclear fuel storage pool and corrosion process at test racks with coupons made of 
various aluminium alloys are given in this paper. The racks with coupons were exposed to the 
pool water influence for period of 6 months to 6 years. Effects of corrosion process are noted 
at all coupons and studied visually and under a microscope. It is believed that the final results 
of the Vinča’s studies, carried out at the extreme bad tap-water conditions, will improve the 
management and storage practices and procedures at research reactor interim spent fuel wet 
storage facilities through better understanding of the localized corrosion of aluminium 
cladding and the ranges of water chemistry parameters that provide resistance to corrosion. 
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Abstract 

The transportation and packing module on the basis of metal and concrete cask 
for the long-term storage and shipment of the spent nuclear fuel is developed 
in compliance with the requirements of the national standards and IAEA 
recommendations.   Such wares designed for the NPP and submarine reactors 
fuel may be remade also for the research ones.  A procedure and remote 
device for the radiation protection control of this cask equally its integrity 
checks after dynamic testing also is described. 

 

 

Introduction 

In compliance with the requirements of national standards 
and regulations which are valid in nuclear power 
engineering and also IAEA recommendations [1], 
transportation packaging modules (TPM) for long-term 
storage and shipment of the spent nuclear fuel (SNF) have 
to  ensure rated protection against ionizing radiation and 
withstand emergency impacts while preserving integrity of 
tightness system and radiation protection. 

Special Mechanical Engineering Design Office has 
developed and “Ijorskie Zavodi” JSC et al. manufacture 
such a module on the basis of metal and concrete cask 
(TPM MCC) for spent nuclear fuel of RBMK-1000 reactors, 
nuclear-powered submarines, ice-breakers fleet etc. In 
general, the structure of MCC may be presented as three 
coaxial steel shells the space  between them being filled 
with high-density (4 and 3.5 g/cm3) concrete of high 
ductility and reinforced with composite grid of bars, clamps 
and rings (Fig.1). 

We have developed a procedure to control radiation 

 
 

 
Fig.1. Metal and concrete cask 
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protection (RP) of this cask and RP integrity checks after dynamic testing which simulate 
emergency situation during transportation.  This control includes two directions.  First is 
concerned a verification of the integrity and entirety of the cask body concrete filling after 
manufacturing and testing.  It refers to the question of its strength.  And other as the control 
of the RP itself is the comparison of the ware RP control data with the ones for the standard 
wall fragment being of minimum mass thickness.  This second version of the control 
confirms the safety of the biological shielding. 

Test bench of γ-control [2, 3] was designed and constructed as a technical decision of 
these tasks. 

Procedure 

 

The task included assessment of the cask RP parameters, correlation of estimated and 
pilot data, cask manufacturing quality control as well as assessment of its body concrete 
filling uniformity and finally, confirmation of RP integrity under applied dynamic loads. RP 
γ-control method has been selected for this task-solving. This method is based on radiometry 
of cask walls by irradiation from a radioactive source. So successive investigation and 
gamma-ray flaw detection of cask wall are being performed in order to determine local values 
of exposure rate (ER) at its outer surface. This type of control enables to detect inside 
imperfections (cavities) of body concrete filling and technological deviations of the article 
manufacturing process: misalignment of shells, ellipsoid shape, deviations of mass thickness 
etc. 

Gamma-control test bench of MCC  is an electric mechanical facility fitted with 
remote PC-based programmable control (schematically see Fig.2). Its operation is based on 
synchronous scanning of the cask surfaces provided by a source of ionizing radiation and 
detection unit. The source-detector couple passes MCC horizontal perimeter with constant 
angular speed and during estimated period of time. Thereupon it shifts for a pre-set pitch in 
vertical plane and run recurs. Thus, the whole cylindrical surface of the cask from top to 
bottom mark is investigated. 

 

 

 

 
 

Fig.2.  Scheme of the test bench 
                      1 – Cask 
                      2 – Gamma source 
                      3 – Detector 
                      4 – Control unit 
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Radioactivity of the radiation source has been specified by optimal selection between 
adequacy of pulse calculation (ER value) at the cask outer surface and safety operating 
conditions of personnel. Finally the industrial defectoscope with source of radiation Co-60 on 
radioactivity of 1011 Bq (lines 1.17 MeV and 1.33 MeV, half-life period 5.3 year) is used. 
Crystal NaJ (Tl) ∅ 63 mm runs as a detector. Its energy operating range is 20-3300 keV, 
calculation interval is 300-10000 pulses/s, ER calculation error is ±10%. Information is 
transmitted via signal conversion circuit and interface and enters PC input both for routine 
display on the monitor and for accumulation and processing. Operational information is 
displayed on PC monitor for video control in the form of bar chart: descriptive diagram of ER 
dependence  at outer surface (mR/s) on angular coordinate for one perimeter (Fig. 3).  
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     Fig.3. Exposure rate at the MCC surface                    Fig.4. The same as F. 3 with defect     

A set of bar charts which have been taken along the whole height of the cask give a 
complete display of ER values in all points of its surface. Bar chart is a detailed print of given 
part of protective wall and for instance, it is acknowledged by its “thin structure”, i.e. regular 
vertical decrements corresponding to bar grid which reinforces concrete. Also being fixed are: 
tie beams, superposed flanges, other technological elements of article body. One of the main 
tasks of control is to detect inside cavities in concrete filling (if exists). This task has been 
already resolved for instance during investigation of global large scale model (1:2.5) when 
bar charts enabled not only to indicate coordinates of a cavity but also to assess its linear 
dimensions (Fig.4). Afterwards both method and technique were tested on routine MCC units 
(lot over 50 ones). The patent for system is available. 

To reveal defects the special results processing code SCAN 2D was developed. It 
allows to indicate flaw coordinate and linear dimensions as well to give preliminary judgment 
about cask being fit. The code holds patent registration.   

 

Results 
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Estimated assessment of method sensitivity of minimum detected imperfection linear 
size was satisfactory. It matched with pilot data (calibration) and was accounted for 20 mm. 

By testing, display and processing of test results in PC provided buildup of multi-
color resultant chart-scanning of ER values on the whole surface of the cask is accumulating. 
It shows reliable and potentially weak sites of protection, technological elements, bars, 
hardware and a lot of other elements in compliance with pre-set color scale (24 color hues). 
Besides, existing portion of this chart is permanently available on the monitor display along 
with routine bar chart and therefore provides a clear view of probable imperfections for an 
operator thus enabling to make operational decisions for repeat measurements, local 
definitions, etc. 

A procedure for identification of real imperfections in concrete filling of cask body 
was created. Control level of imperfection RP is introduced in test bench software support as 
a threshold signal. 

 

Conclusions 

Selected method of γ-control showed its applicability, reliability and representation 
during investigation of global model and variety samples of metal and concrete casks for SNF. 

A test bench for practical solution of this procedure is designed and developed. 
Durable operation of test bench had confirmed an accurateness of estimated design, 
technological and program decisions during its development. 
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ABSTRACT 
The presented paper considers some specific questions of the licensing process regarding 
the reconstruction of the Bulgarian IRT-2000 research reactor, which includes conversion 
to the low enriched fuel. This specificity has risen as a result of two facts. The design of 
the reactor reconstruction was made on the basis of the existing fresh 36% highly 
enriched fuel. But after finishing of the design process, this fresh highly enriched fuel 
was shipped back to Russia in the framework of the RERTR program. These facts have 
involved some changes in both – in the licensing and the design processes. Re-analysis of 
the neutronic and thermal-hydraulic calculations is required to be made on the base of the 
technical specifications of the new LEU fuel. To facilitate the licensing process the NRA 
has adopted regulatory acceptance criteria for approval of the reactor core design with 
LEU fuel. 
 

1. Introduction 

The research reactors core conversion to low enriched (LEU) fuel and utilization of a 
newly developed fuel will be the essential challenge to the licensing and operation of 
these reactors. Some risk of suspending the operating license of the older research 
reactors can be provoked by their inability to meet new safety requirements. Many 
research reactors, which are under extended shut down conditions, also can be converted 
to the low enriched fuel but the conversion process should be adapted to the current state 
of the reactor installation. To keep lower costs and to satisfy the safety requirements it is 
reasonable to accomplish reducing of the fuel enrichment in parallel with refurbishment 
and modernization of the old research reactors undertaking special measures for shipment 
of the cumulated spent fuel and for radioactive waste management. This leads to some 
specificity in the licensing process of reduced enrichment for such reactors. 

This paper presents the Bulgarian regulatory approach regarding the IRT-2000 research 
reactor refurbishment giving a special attention to the conversion of the reactor core to 
the 19,7 % LEU fuel – IRT-4M. 

2. Licensing status of the Bulgarian research reactor 

The IRT-2000 research reactor (IRT RR) was designed and built from 1959 to 1961 as a 
pool type reactor. First criticality was reached in September 1961 and it was put into 
normal operation in November 1961 according the Decree of Council of Ministers. At 
that time the reactor was in operation without license for operation due to a lack of a 
Regulatory Basis. 
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The reactor was shut down on 13 July 1989 according to prescript of the Regulatory 
Body (at present – Nuclear Regulatory Agency). In this prescript many remarks and 
additional requirements had to be responded in order to enhance the safety in reactor 
operation. Although the operator – Institute for Nuclear Research and Nuclear Energy – 
met the requirements put into the prescript, the reactor remained in extended shut down 
state during the last 12 years. The main reason for this extended shut down was absence 
of any Government decision for the future of the reactor till 1999. On 17 May 1999 the 
Council of Ministers decided to cease the operation of the IRT-2000 reactor until a final 
decision is taken on the basis of site investigation for further use of the reactor installation 
and the IRT-2M fresh fuel. The Decree of July 6, 2001 of the Council of Ministers enacts 
to reconstruct the old reactor into a 200 kW (low power) reactor. 

On 25 September 2002 the operator of the IRT RR applied for permit for design of a low 
power (200 kW) reactor. The NRA has issued a permit to INRNE, on 17 December 2002, 
to design a low power reactor, which includes dismantling of the existing IRT-2000 
reactor systems. On 22 December 2003 the operator has submitted to the NRA a 
Preliminary Safety Analysis Report (PSAR) and on 25 April 2004 – a design project for 
the low power reactor. The design project was based on the 36% HEU fresh fuel IRT-2M 
fuel - Russian origin, which was received in Bulgaria in 1980. But in fulfillment of the 
program for shipment of the HEU fuel, this fresh fuel was shipped back to the Russian 
Federation at the end of 2003. This fact provoked confusion into the licensing process. 

3. Specificity in the licensing process 

The new Bulgarian Act on the Safe Use of Nuclear Energy /ASUNE/ was adopted in the 
year 2002. It replaced the former Act on the Use of Nuclear Energy for Peaceful Purposes, 
which was in force for about 17 years. 

The ASUNE covers the activities involving nuclear energy and sources of ionizing 
radiation mainly by establishing a consistent authorization regime. It is an up-to-date act, 
based on the IAEA requirements and standards, and yet fully in compliance with the 
Bulgarian legislative system. 

The newly adopted Act is based on the following main principles: 

• Priority of safety over economic and other social needs; 
• Occupational and public exposure to ionizing radiation to be kept as low as 

reasonably achievable /ALARA/; 
• Direct and personal liability of the licensee/permit holder; 
• Independence of the regulatory body;  
• Application of a less prescriptive approach; 
• Issuing of authorizations under conditions of legal equality and transparency. 

The ASUNE prescribes issuing of two types of authorizations: 

• Licenses; 
• Permits; 



 

18/P 

From a legal point of view those two types of authorizations have one and the same 
nature – they are individual administrative acts according to the Bulgarian law. That’s 
why there is no difference between those authorizations in terms of the issuing procedure. 

Licenses and permits are issued following a submission of application with enclosed 
documentation. The main questions concerning nuclear safety and radiation protection, as 
well as safety analysis, are considered in the licensing documentation with the aim to 
reduce the risk from improper and unauthorized use. Fuel and core design features are 
included in the Safety Analysis Report (SAR). The SAR includes information about type, 
amount, physical, thermal and hydraulic characteristics of the fuel system, fuel load 
patterns and the corresponding operational limits. 

The NRA staff should conduct analyses and safety assessments on the basis of 
information included in the SAR to evaluate the adequacy of design and safety features of 
reactor systems. 

To manage this process, the NRA has established an internal procedure, which is a 
document from the NRA Quality Assurance Program. The flow chart diagram of this 
procedure is shown in Fig. 1. According to this procedure the applicant, who has applied 
for a license or permit, is obliged to submit to the Chairman a complete set of the 
licensing documentation, which is defined in a separate regulation. The Chairman 
distributes this set of documents to the General Department on Regulation of Safety in 
Nuclear Facilities and the Department on Safety Analyses, Assessment and Research. 
With the aim to conduct a safety assessment of the enclosed documentation, the heads of 
these two departments compose a Safety Assessment (SA) team. The SA team evaluates 
the information, included in the licensing documentation, in respect to: 

a) Completeness – All significant influence on safety must be identified and 
adequate safety measures should be included in the licensing documentation. 
Any additional risk foreseen but not specifically analyzed or protected against 
must be shown to be negligible. 

b) Clarity – There must be a presentation of the processes and the safety 
justification that will be applied, with clear reference to supporting 
information and clear identification of conclusions and recommendations. 

c) Objectivity – The conclusions in the safety assessment should be supported as 
far as reasonably practicable with factual evidence. The understanding of the 
systems behavior or processes should be established from appropriate 
research and development. 

d) Correctness – The methods and codes, that are used to demonstrate safety, 
must be developed for this purpose. 

Concerning the fuel utilization and core arrangements, the SA team evaluates the 
information included in the licensing documentation to confirm that the functional 
capabilities of the fuel system are not reduced below those assumed in the safety analysis. 
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To manage the IRT refurbishment licensing process has applied the procedure described 
above but taking into account the specificity of the current status of the reactor. The 
specificity has risen as a result of the following three facts: 

• The operator does not possess an actual license for operation; 

• The reactor core was designed on the basis of 36% HEU fuel – IRT-2M; 

• This fresh 36% HEU fuel was shipped to its country of origin in compliance 
with the requirements of the RERTR program after completion of the design 
process. 

To avoid these problems and to facilitate the licensing process the NRA applied a little bit 
different procedure, which flow chart is shown on Fig. 1. 

The NRA decided to use an independent assessor to support the licensing process. The 
independent assessor evaluates safety analyses performed by the manufacturer and 
operator in respect to the fuel design criteria applying their knowledge and performing 
independent calculations. The use of different computer codes from the assessor and 
operator is needed to perform a real independent assessment. The accomplishing of an 
independent expertise is a separate step in the licensing process. The independent 
assessor should prepare a document with expert conclusions and recommendations. On 
the basis of such document the regulatory authority should issue an order for approval of 
the IRT-200 design, including utilization of the new LEU fuel design [1]. The NRA also 
required from the operator to apply similar approach and to employ an independent 
assessor. This assessor should be involved in the design process and to do ad-hoc 
assessment of the design during the design process. The operator is obliged to implement 
all reasonable comments and recommendations of the assessor. From the NRA side such 
independent assessor is the UK Serco Assurance Ltd. and from the operator side – 
Belgatom, Belgium. 

The information provided in the PSAR and associated documents are the primary basis 
for licensing and the NRA should make a determination regarding the following points:  

• Provision of sufficient and adequate information;  
• Compliance of information with all regulatory rules and regulations;  
• Accuracy of information (i.e. independent checks of design and quality 

assurance programs);  
• Feasibility and capability of engineered solutions to meet the design objectives 

with regard to nuclear safety and radiation protection. 

To asses the information included in the SAR, the NRA has to apply acceptance criteria. 
For that purpose the NRA has developed criteria for acceptance of the SAR [2]. These 
criteria are divided on: 

1) Criteria for completeness of the PSAR 

• Completeness of the PSAR contents and structure; 

• Completeness of the postulated initiating events list; 
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Fig. 1: Flow chart of the licensing process for refurbishment of the IRT-2000 RR 
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2) Criteria to the information included in the SAR 

• General description of the facility 

• Design bases, including nuclear fuel and reactor core design; 

• Design information on all components of the reactor core; 

• Design information on reactor systems and components; 

• Systems or component description, including drawings, schematics and 
specifications of principal components, including materials; 

• Operational analyses and safety considerations; 

• Instrumentation and control features; 

• Technical specifications requirements and their bases including testing and 
surveillance. 

3) Radiological criteria 

• Radiological criteria for normal operation – ALARA levels; 

• Radiological criteria for accident conditions – dose limits for operator and 
general public and gaseous and aerosols release limits to the environment. 

According to the national legislation, the NRA conducted licensing activities to review 
the IRT RR licensing application and evaluated the proposed SAR, which was based on 
36% HEU fuel. To determine whether or not the facility can be reconstructed and 
operated consistent with the applicable regulations, the NRA used these acceptance 
criteria during the evaluation process. On the basis of design assessment, analysis of 
fulfillment of defined acceptance criteria and results from the external expertise, the NRA 
returned the design project to the operator for new revision. It should be noted that the 
completeness of the regulatory review was itself hampered by the deficiencies in the SAR, 
so that a further review of the revised Safety Case should be carried out once these 
deficiencies have been addressed. 

This new revision should include the core conversion from 36% HEU to 19,7 LEU fuel 
and should consider all comments and requirements made by the independent assessors. 
Before starting of the IRT-2000 refurbishment the operator should fulfill the following 
regulatory requirements: 

• Revising of the design project and the safety analysis report for removal of all 
comments and re-analysis of core with respect to LEU core conversion as well 
as re-analysis of the safety case; 

• Obtaining new external expertise from both the operator and the regulator 
assessors with positive conclusions for adequacy of the design on the basis of 
LEU fuel; 

• Shipment of the cumulated HEU and LEU spent fuel back to the Russian 
Federation. 
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4. Regulatory requirements to the revised design project 

Summary of reactor facility changes 
For clear understanding of the design changes it is preferable to include a new chapter in 
the SAR in which the operator will provide a brief summary of any proposed changes 
with references for the detailed fuel design and performance discussions. Additional 
useful information could be provided by a comparison between the IRT-3M HEU, on 
which the first revision of the design was based, and the new IRT-4M LEU, which will 
be used in the converted reactor core. 

Also any changes in the safety analyses, safety margins and operational limits and 
conditions should be briefly listed with a reference to the SAR sections in which they are 
discussed in more details. 

Comparison with similar facilities already converted to LEU fuel 
A comparison with similar facilities that have been already converted to LEU fuel will 
give additional evidences for successfulness of the conversion process. The information 
should be oriented to the similarities and differences between the facilities in design, and 
construction. Any problems that were identified and resolved at the converted facilities 
can be briefly discussed and measures to avoid such problems at the IRT-Sofia facility 
should be addressed in that part of the SAR. 

Reactor core design 

A detailed discussion of the reactor core components and structures should be provided 
by the operator, including a summary description of the core changes for the conversion 
to LEU fuel. The figures and lists comparing important design parameters and operational 
characteristics should be also provided. The SAR should outline principles for selecting 
allowable core configurations. 

The LEU fuel elements should be compared to the HEU fuel elements. Any changes 
resulting from the lower enrichment and possible higher uranium concentration in the 
LEU fuel elements is required to be included in the SAR. The operator should discuss in 
details the mechanical design of the fuel elements, volume ratios of fuel to moderator and 
fuel to coolant, the thermal capabilities and characteristics of fuel components. 

The anticipated inherent reactivity feedback coefficients, including the reactivity 
coefficients of the fuel temperature, moderator temperature, moderator density and voids, 
and the power distribution variations should be provided. The characteristics and 
mechanisms of a prompt fuel temperature coefficient of reactivity and its effect on 
stability and safety of the reactor operation should be analyzed. Changes in delayed 
neutron fraction and prompt neutron lifetime resulting from the core conversion should 
be also considered. The analyses should also include the plutonium production and 
effects of Plutonium-239 on LEU reactor operating characteristics, such as changes in 
reactivity and delayed neutron fraction. 
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Control rods worth and excess reactivity 

Any changes to the characteristics of the control rods (e.g. the mechanical design, 
material, and configuration) for the proposed LEU core should be described and excess 
reactivity should be analyzed. The safety analysis should ensure that control rod worth 
for the proposed LEU core remains within acceptance limits for control or shutdown 
functions or for potential reactivity change accidents. 

The factors as the effects of Xenon-135, Samarium-149, and other fission products, void 
coefficient, temperature coefficients of reactivity for fuel and moderator, burnup and 
generation of fissile material impact on reactivity from the experiments should be 
considered in the revised version of the design. The neutron spectral hardening associated 
with conversion to LEU should also be considered. 

Changes should be analyzed to demonstrate that reactor control and function should be 
acceptably ensured. The control rod worth and excess reactivity should be verified in the 
commissioning tests. 

Shutdown margin 

The shutdown margin is an important parameter because it relates to the capability of the 
control system to shutdown the reactor safely under any operating conditions. The 
operator should present the bases for shutdown margin technical specifications for the 
LEU core and compare them with those stated for the HEU core. Any changes in the 
shutdown reactivity for the cold, clean reference core arrangements and operating 
conditions that may be limiting with regard to shutdown margin should be analyzed in the 
SAR. The safe shutdown of the reactor should be demonstrated, including any reactivity 
changes caused by expected burnup and by failure of any allowed movable experiment. 

Thermal-hydraulic characteristics 

Any changes in the thermal-hydraulic parameters and characteristics during routine and 
transient conditions that may arise from the fuel conversion should be analyzed and 
presented in the revised version of the SAR. Possible changes include the number or 
dimensions of coolant channels and fuel tubes, core dimensions, power density, fuel and 
cladding temperatures, surface heat flux, radiation heating, thermal conductivity of the 
fuel and coolant flow rate. Changes to power peaking factors for the conversion to the 
LEU core should be included for the expected and limiting control rod operating 
conditions in this analysis. The results from the analyses should show that the LEU-fuels 
reactor thermal-hydraulic design will function under postulated accident scenarios and 
conditions. Any change in the thermal-hydraulic parameters between the HEU core and 
the proposed LEU core should be discussed in the revised SAR. Changes in the thermal-
hydraulic characteristics should not result in exceeding design limits, such as departure 
from nucleate boiling ration (DNBR), flow instability, or fuel safety limits. If there would 
be significant changes in fuel element flow rates or heat transfer characteristics, 
verification should be provided that the changes result from factors in the conversion 
process beyond the control of the operator. 
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Any proposed changes to the technical specifications, including safety limits, should 
ensure that the reactor will operate safely during routine and transient conditions under all 
analyzed combinations of system parameters. 

Accident analysis 

The operator should present the comparison of the HEU and LEU accident analyses. This 
comparison should demonstrate that the conclusions reached in the safety analyses for 
HEU core remain valid for the LEU core. For example, a maximum beyond design basis 
accident that assumes a fission product release scenario for a HEU fuel element may be 
used for the LEU fuel if the operator demonstrates that the two fuels have sufficiently 
similar physical characteristics and fission product inventories. 

New or revised accident analyses of the LEU fuel should be performed if the techniques 
used for the current HEU analyses are no longer available or appropriate. If the 
conversion creates the possibility of a new accident scenario or significantly changes the 
potential consequences of a previously accepted HEU accident scenario should be also 
considered in the SAR. New or revised safety analyses should demonstrate that the LEU 
core can safely withstand the postulated accidents and that the consequences meet the 
radiological acceptance criteria. 

The revised version of the SAR should include a systematic approach for hazard 
identification. In the first revision of the SAR the hazard identification process was not 
carried out at a sufficiently detailed level to identify all possible fault sequences. Instead, 
a list of generic hazards was used as the basis of the safety assessment. In some cases, 
additional hazard identification has been performed to identify the individual initiating 
events, which could cause the ‘generic’ fault; this has not been performed systematically 
to ensure that the listing is complete and comprehensive. The main recommendation that 
is made by the Serco Assurance [3] is: 

“To specify the classification of fault sequences and structure the analysis of these 
sequences to clarify the assumptions and operating envelope, and improve the rigor of 
the safety argument to demonstrate that hazards have acceptable consequences or very 
low frequency”. 

With regard to Design Basis and Beyond Design Basis Accident Analyses, there are a 
number of general comments that are made by the Serco Assurance [3]. The following 
are considered to be significant deficiencies in the treatment given in the SAR: 

• Criteria are unclear for classification of faults as within or outside the Design 
Basis; 

• There are insufficient analyses of initiating event frequencies and radiological 
consequences (i.e. doses to public and workers) for fault sequences to enable them 
to be classified; 

• For Design Basis faults, there is insufficient analysis of event sequences; 
• For Design Basis faults, there is insufficient justification that the safeguards 

provided are sufficient and that the design is tolerant of single failures; 
• From the analysis of Design Basis faults, there is no clear definition of the key 

safety systems and the safe operating envelope (see further detailed comments); 
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• For Beyond Design Basis faults, there are inadequate Accident Analyses. 

The operator should clarify the criteria for allocation of events as Beyond Design Basis 
and indicate clearly which accident sequences are considered in this category. 

Alternatively, the accident analyses should demonstrate adequate assurance of public 
health and reactor safety for the proposed core and fuel. Also, the accident analyses 
should show that the radiological acceptance criteria are met or compensatory measures 
are proposed to ensure that the acceptance criteria will be met. 

Requirements for computer codes 

Validation evidence for all codes used in the SAR should be presented and reasons for 
using different codes in different parts of the safety analysis should be outlined. The 
verification status of used computer codes for physical characteristic and control rod 
efficiency calculations during the design and accident analysis has to be presented in the 
SAR [3]. 

5. Conclusions 
Many activities for investigating the economic and safety implications in future 
reconstruction of the reactor are carried out. Many works for clarifying and subordinating the 
variety of activities have also been done in order to produce a reliable design project. As a 
result of these activities the design of the new IRT-200 low power reactor has submitted to 
the NRA for assessment and approval. But unforeseen circumstances as shipment of fresh 
HEU fuel, lack of design information concerning the new LEU fuel and lack of 
experience in the designing of research reactors led to some incompleteness of the safety 
justifications in the design. Many of the shortcomings found in the safety assessment 
derive from the lack of full identification of all fault sequences and initiating events. As a 
result of this the SAR does not demonstrate the safety of the design of the reconstructed 
IRT-200 reactor with sufficient rigour. 

On the basis of mentioned above the NRA decided that the IRT-200 design should not be 
approved until the deficiencies in the SAR are remedied. In parallel with this the NRA 
proposed to the operator to revise the design project and SAR and to include in this new 
version the core conversion from HEU to LEU fuel. 
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ABSTRACT 
 

Currently, the enlarged commercial exploitation of nuclear Research Reactors (RR) 
has increased the consideration to their corresponding safety issues. These later were 
so far been performed using conservative computational tools. Nowadays, the 
application of Best-Estimate (BE) methods constitutes a real necessity since they 
allow reducing conservatisms in the calculations and consequently getting more 
realistic safety margins. The global aim of the current work is an attempt to apply this 
technique using the system thermal-hydraulic RELAP5/MOD3.2 code. For this 
purpose, the generic IAEA research reactor Benchmark problem is re-considered. 
Furthermore, one of the most severe accident categories that may occur during a RR 
lifetime is also considered. This later is related to a total and partial blockage of the 
cooling channel of a single Fuel Assembly (FA). Such event constitutes a stern 
scenario for this type of reactor since it may lead to local dryout and eventually to loss 
of the FA integrity.  
 

 
1.  INTRODUCTION 

The lack of full understanding of complex mechanisms connected to the interaction between 
thermal-hydraulic and neutronics still challenge the design and the operation of nuclear reactors. This 
lacking is generally overcome by adopting conservative safety limits. Nowadays, the availability of 
powerful computer and computational techniques together with the continuing increase in operational 
experience imposes the revisiting of those areas and eventually the identification of design/operation 
requirement that can be relaxed [1]. So far, almost all of the safety analyses of research reactors have 
been performed using conservative computational tools [2, 3, 4]. The application of Best-Estimate 
(BE) method constitutes a real necessity in the safety and design analysis and allows getting more 
realistic simulation of the processes taking place during the steady state operation and transients. In 
comparison to the conservative approaches, the application of Best-Estimate methods results in a 
precise prediction of the system behavior leading to mitigation of constraining limits in design and 
operation. In this framework, an attempt is made to apply the BE technique to perform safety 
evaluation under research reactors operational conditions. For this purpose the IAEA 10 MW MTR 
research reactor problem [5] is re-considered using the thermal-hydraulic RELAP5/Mod 3.2 code 
system  [6]. This code was firstly developed to simulate transient in nuclear power reactors as PWR, 
BWR, and VVER. Only limited work was performed to access the applicability of this code to the 
research reactors operating conditions (low pressure, mass flow rates, power, etc) [7,8,9]. In the 
following, a summary of the simulation of the IAEA benchmark exercise by RELAP5/Mod 3.2 is 
presented in comparison with the results of two conservative channel codes. The results of two severe 
hypothetical initiating events, related to total and partial blockage of a single FA cooling channel, are 
also presented.  



RERTR 2004 International Meeting on Reduced Enrichment for Research and Test Reactors, Vienna, 7 – 12 November 2004 - Austria 
 

 
2.  THE BENCHMARK PROBLEM 
The IAEA Research Reactor as defined in reference [5] is a pool 10 MW MTR type. The core is 

cooled and moderated by downward forced circulation of light water. The reactor core consist of 5 x 
6 grid core (see Fig.1) containing 21 Standard MTR Fuel Elements (SFE) (see Fig.2) and 4 Control 
Fuel Elements (CFE) (see Fig.3). The core is reflected by graphite on two opposite faces and 
surrounded by water. The SFE contain 23 standard plates whereas the CFE contain 17 standard plates 
with special region to receive the 4 fork type absorber blades. No information was made available for 
the coolant loop in the benchmark specification volumes [5]. In the current framework, a standard 
nodalization of a typical MTR research reactor was considered [8, 9]. The reactor pool above the core 
zone is also modelled in order to adequately simulate the natural convection process (Fig.4). The 
benchmark problem consists in some protected transients in MTR Highly Enriched Uranium core 
(HEU) and Low Enriched Uranium (LEU) cores. These generic reactors are representative of 
medium power research reactors with high fissile loading and more demanding thermal-hydraulic 
requirements, and used only to give an indication of the reliability of the methods adopted. 

 
 
 
 
 
 
 
 
 
 
 
 
 
     Fig. 1 - Core Configuration          Fig. 2 - Standard Fuel Element       Fig. 3 - Control Fuel Element 
 
      

2.1.  Kinetic or overpower transients 
 The Fast RIA (FRIA) transients are initiated by a super prompt ramp positive reactivity 
addition of $1.5/0.5 s in the HEU and LEU cores. The Slow RIA (SRIA) consists in a continuous 
insertion of 9¢ /s in the HEU core and 10 ¢/s in the LEU core. The reactor is assumed to be at an 
initial operating power of 1W and with full downward cooling flow (not as the benchmark 
specifications which consider initial upward flow). The safety system is activated when the core 
power exceeds 12 MW, by inducing a negative reactivity of -$10 in 0.5 sec within a response delay 
time of 0.025 s.  

 
2.2.  Thermal-hydraulic transients 

The flow decay is modelled as an exponential (exp(-t/T)) decrease with a period T equal to 1 
sec and 25 s for the Fast LOFA (FLOFA) and the Slow LOFA (SLOFA) cases, respectively. The 
LOFA transients are initiated at a nominal core power of 12 MW and full core downward cooling 
flow conditions. The reactor scrams when the flow decay is reduced by 15%, with a response delay 
time of 0.2s. According to the Benchmark specifications, the calculations are stopped when the flow 
reach 15% of its nominal value. However, in the present case the simulation goes beyond this limit. 
The Natural Convection Valve (NCV), as modelled in the RELAP5 nodalization, allows a flow 
reversal and the establishment of passive decay heat removal process by natural circulation flow [9]. 
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2.3.  Flow blockage transient 
 In the following, an attempt to model the behavior of the FA under severe accidents is 
investigated by considering hypothetical initiating event inducing partial and total flow blockages. 
Such event constitutes a severe accident for this type of reactor since it may lead to local dryout and 
eventually to a loss of the FA integrity. For this purpose, each FA is simulated in order to perform a 
BE approach of the physical phenomenology involved during such transient. A standard fuel element 
(SFE) channel (see Fig.5) was chosen to be subjected to such events. 
 

 
     Fig. 4 - Plant Nodalization                                                 Fig. 5 - Core nodalization 

 
 

3. RESULTS AND DISCUSSION  

3.1 RIA transients 
 Typical power behavior following a positive reactivity insertion in the HEU and LEU cores is 
well predicted by RELAP5/Mod 3.2 calculations. As reported in [10], during the both considered 
FRIA cases, the power excursion is stopped by the scram shutdown. For illustration, the response of 
the HEU core is shown in Fig.6. As expected, the power response exhibits exponential rise during the 
earlier transient instant, which is slightly slowed by prompt Doppler feedback effect. The energy 
released during the transient did not alter significantly the power course since the coolant temperature 
rise occurs during the control rods insertion period. In case of SRIA, a beginning of self-limiting 
power behavior was observed when the power trend begins to quench under the delayed feedback 
effect due to the coolant temperature rise before the reactor is scrammed. Differences between the 
channel codes and the system RELAP5/Mod3.2 code are more emphasized for the coolant 
temperature response as shown in Fig.7. The outlet temperature as predicted by RELAP5 exhibit a 
small delayed response due to the inertial effect of the whole cooling loop. This effect is not observed 
in the results of channel codes calculations where fixed core inlet flow is assumed.  
During the FRIA case, subcooled Nucleate Boiling (NB) regime occurs for a short period just before 
the peak power time occurrence. This two-phase flow regime takes place when the cladding 
temperature is higher than the onset of NB temperature (≈126°C).  
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 The used channel code predict a certain amount of void while the void predicted by 
RELAP5/Mod 3.2 code remains null even though higher cladding temperature is obtained (up to 
160°C). Similar result was obtained by newer RELAP5/Mod 3 version [7]. This may be due to 
inadequate RELAP5 Lahey’s model in predicting the amount of void under low pressure operating 
conditions [9]. The higher peak power predicted by RELAP5 could be explained by the absence of 
void feedback contribution during the power excursion course.  
For the SRIA, differences between REALP5 and channel codes results are practically inexistent for 
both power and temperature responses. The core and the coolant loop interactions are weak since the 
dynamic of the transient is relatively slow. 
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         Fig. 6 - Core power course during FRIA                       Fig. 7 - Outlet coolant temperature FRIA 

 
 
3.2 LOFA transients 
During LOFA, the buoyancy forces, due to the coolant heat up by the decay heat generation, 

become important, at a certain moment of the transient course, in comparison with the decaying 
pump active forces. A mixed convection flow establishes followed by a flow reversal and natural 
circulation regime. As specified in [10], the LOFA calculations are terminated when the flow decay 
reaches 15% of its nominal value. This threshold was adopted due to the inadequacy of almost of the 
channel computational tools in modeling such phenomena. The results of RELAP5 and two used 
channels codes for temperature behaviors are reported in Fig.8 and Fig.9. The fuel as well as the 
coolant temperature exhibits a steady rise due to the degradation of the core cooling as consequence 
of the flow decay. After the scram of the reactor power, a sharp decrease of core temperature is 
observed. However, due to the combined effect of constant decay heat and continuous reduction of 
the core flow rate, the core temperatures exhibit a second rise. The increase is further sustained as the 
flow regime passes though a laminar flow regime and further to a mixed flow when the NCV is 
opened. The core temperatures begin to decrease only when the natural circulation flow is fully 
established. In general, differences between the RELAP5 and channel codes predictions for the 
LOFA transients are mainly related to the thermal-hydraulic interactions between the core and the 
coolant loop. These mechanisms could not, in any case, be adequately simulated without considering 
the effect of the different components of the whole cooling loop. 
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Fig. 8 - Clad surface temperature and relative 
inlet mass flow rate during FLOFA transient. 

Fig. 9 - Clad surface temperature and relative 
inlet mass flow rate during SLOFA transient. 

 
 
3.3 Flow blockage transients 

 The analyzed flow blockage cases are divided in two categories. The first one is a partial 
blockage of an SFE channel of 95% of nominal flow area obstruction. The second one is an extreme 
scenario where a total blockage of the cooling channel is considered. 

 3.3.1. Partial blockage 
 During the first period of the transient, a redistribution of the mass flow in each channel occurs 
as shown in Fig.10. Accordingly, the fuel and the coolant temperature in the obstructed channel 
experiences a sharp increase (Fig.11), and a beginning void production (Fig.12). As consequence, 
due to the strong contribution of feedback effects, the reactor power, as shown in Fig.13, exhibits a 
self-shutdown behavior. Later, after 200 s the reactor power becomes enough low and the mass flow 
rate in the obstructed channel still sufficient to cool down the FA and to stop the void generation. The 
reactor power continues to reduce with dumped oscillation caused by the moderator feedback effect 
until end of calculations at 1000s. No FA damage has been observed during this transient. 

 

Fig. 10 - Mass flow in different channel Fig. 11 - Coolant temperature in the  
          obstructed channel 
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Fig. 12 -Void fraction in the obstructed 
channel 

 
Fig. 13 - Reactor Power 

 
3.3.2. Total Fuel Assembly blockage 

 In this extreme case, the total loss of flow occurring in the obstructed channel leads to sharp 
two-phase flow conditions with rapid increase of fuel and coolant temperatures (Fig.14). The large 
quantity of produced vapour  (Fig.15) induces local dryout of the fuel plate. In this case, even though 
large void and Doppler feedback are involved, the reactor power as shown in see Fig.16 remains high 
leading to excessive cladding temperature. The melting threshold is reached in almost 25 s (see 
Fig.14). However, these results seem to be unrealistic and conservative. Indeed the point kinetic 
model did not consider separately the individual kinetic behavior of each FA. In fact, the power of 
the obstructed channel is expected to exhibit self-shutdown behavior according to the amount of 
generated void. Inversely, in the intact FA channels the power should increase due to the decrease of 
the coolant and the fuel temperatures as consequence of the relative rise of the individual coolant 
mass flow rates. This case emphasizes the limit of the use of the point kinetic approach to such cases. 
Therefore, a BE simulation of such transients requires the use of 3D kinetic calculations. This may be 
done using the current Coupled Codes computational tool technique in a future work.  

Fig. 14 - Fuel temperature in the obstructed 
channel. 

Fig. 15 - Void fraction in the obstructed 
channel. 
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Fig. 16: Reactor power 

 
 
4. CONCLUSION 
 Increased consideration to safety issues of research reactors has emerged as a consequence of 
their enlarged commercial exploitation. So far, conservative computational tools are used to perform 
safety analyses for design and exploitation of such reactors. Nowadays, it becomes necessary to 
review the limiting safety margins by using Best-Estimate calculation methods. The current work 
constitutes an application of the RELAP5 thermal-hydraulic system code to Research Reactors 
operating conditions. The transients herein considered are those specified in the IAEA 10MW 
benchmark exercises plus two hypothetical severe scenarios related to partial and total obstruction of 
a the cooling channel of a given fuel assembly. For these purposes, each channel of the core was 
simulated individually event thought, in this first approach, the point kinetic model is used to derive 
the core power behavior during the transient. According to the obtained results the following 
conclusions can be drawn: 

o The RELAP5 simulation results are more realistic than the channels codes used so far. The 
main feature of such system code is that interaction between the coolant loop and the core 
dynamic are taken into account. Nevertheless, RELAP5 closure relation ship related to the 
prediction of the amount of subcooled nucleate boiling void at low pressure onset should be 
more investigated; 

o For flow blockage lower than 95%, only an increase of the coolant and clad temperature are 
observed without any consequences for the integrity of the fuel assemblies. The remaining 
cooling mass flow rate still sufficient to maintain clad temperature below melting point; 

o In the case of total obstruction, the code predictions seem to be unrealistic (rapid dry-out 
conditions are reached in a short time and the cladding melting may occur) since the 
considered point kinetic model could not consider separately the power generated in each 
individual FA. 

Therefore, as a general conclusion, in order to get best estimate simulations of transient 
phenomena the neutron kinetic response should be investigated using the coupled code technique. 
This method will consent the exploitation of the main features of thermal-hydraulic system and 3D 
neutron kinetics codes.     
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ACRONYMS 

3D  Three-Dimensional 
BE Best-Estimate 
IAEA International Atomic Energy Agency 
FA Fuel Assembly 
HEU Highly Enriched Uranium 
LEU Low Enriched Uranium 
LOFA LOss of Flow Accident 
RIA Reactivity Insertion Accident 
RR Research Reactor 
SFE Standard Fuel Element 
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