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Technical Meeting (TM)  
on  

“Review of Solid and Mobile Fuels for Partitioning and Transmutation Systems” 

 
Summary of Meeting 

 
Monday, 15 December 2003 
 
Introduction  

Mr. E. Gonzalez (CIEMAT, Spain) warmly welcomed the participants. The scientific secretary briefly 
introduced the background and objectives of the meeting and asked them to introduce themselves 
individually. 

Session 1: Qualification of Solid and Mobile Fuels 

1. NEUTRONIC, FUEL AND MATERIAL PROPERTIES OF A MOLTEN SALT TRANSMUTER 

Victor Ignatiev, RRC-Kurchatov Institute, Russian Federation 

The molten salt concept is very important to consider as an element of future nuclear energy system 
due to self-sustainability, low waste production, and transuranium (TRU) burner system. This 
integrated technology based on fluid nature of fuel gives extra flexibility to get simpler back end of the 
fuel cycle scenarios due to easy fuel preparation, handling, and recycling. 

This contribution aims at reviewing the results of the works performed, particularly in Russia, on 
molten salt reactor technology development and evaluating the importance of remaining uncertainties 
for molten salt burner concept implementation. 

A study was made to examine the conceptual feasibility of molten salt transmuter cores fueled with 
different compositions of TRU trifluorides from LWR spent fuel. Different conceptual core 
configurations, solvent systems, as well as different removal cycles for soluble fission products were 
considered. In this study the main attention has been paid to single stream transmuter system without 
U-Th support.  

It is feasible to design Na Li,Be/F critical system based on a core without a moderator fuelled by TRU 
from LWRs for fuel start up loading and make up, while equilibrium AnF3+LnF3  concentration for the 
soluble fission product removal cycles of 300-1500 effective full power days (efpd) is truly below the 
solubility limit at minimal fuel salt temperature 550-600oC in primary circuit. The optimal spectrum 
for the Na,Li,Be/F Molten Salt Advanced Reactor Transmuter (MOSART) system is fast with 
significant epithermal component (core without graphite moderator). Due to intensive production of 
Cm-245 in the spectrum of core without graphite moderator, it is possible to support necessary 
criticality without additional neutron sources. 

New experimental data received in these studies were fed into the conceptual design efforts. The 
consideration includes the following Na, Li, Be/F molten salt properties: phase transition behavior, 
trifluorides/oxides solubility for actinides and lanthanides, viscosity, thermal conductivity, heat 
capacity, density, and redox potential. The compatibility studies of the container materials with the 
Na,Li,Be/F mixture are underway. 

Recommendations are made regarding the types of experimental studies needed on a way to 
implement the molten salt technology in back end of the fuel cycle. 

2. PRELIMINARY ANALYSIS OF TRANSMUTATION FUELS FOR KALIMER 

Byoung-Oon Lee, KAERI, Rep. of Korea 

The U-TRU-Zr metallic fuel is being considered as the transmutation fuel for the KALIMER (Korea 
Advanced Liquid MEtal Reactor) in the Rep. of Korea. 
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The MACSIS (Metal fuel performance Analysis Code for Simulating the In-reactor behavior under 
Steady-state conditions) has been developed for the design of metallic fuel in KALIMER. A 
parametric study was performed using the MACSIS code. Main structures of MACSIS code consist of 
the temperature profile calculation routine, the swelling/FGR calculation routine, and the deformation 
calculation routine. 

There were a few fuel characteristics relating with TRU material, so material data of the U-Pu-Zr were 
used for those of the U-TRU-Zr. The parametric analyses were also performed for the selection of 
nominal design parameters. 

Considering the hot channel temperature of the KALIMER core, the linear power limited by the 
power-to-eutectic temperature was decreased to about 350 W/cm. This result shows the concept of the 
duplex cladding may be needed for preventing eutectic melting. 

A constituent migration analysis was performed by inserting the quasi-binary U-Zr model into the 
MACSIS code. The results show a significant amount of Zr was depleted in the middle zone. So it is 
expected the centerline melting temperature of U-20TRU-15Zr fuel will be increased, but eutectic 
temperature at fuel surface may be decreased. 

In order to evaluate the He effect resulting from 241Am transmutation, the He generation rates were 
considered in the code. It was estimated that the He effect is an important factor, even though the 
241Am weight was very low. 

It is expected that the burnup limit for the metallic fuel will be increased depending on the plenum 
length and the cladding thickness. 

Probabilistic CDF (Cumulative Damage Fraction) during transient conditions for the KALIMER fuel 
pin was estimated using the transient test data results and the Weibull probabilistic analysis. It is 
expected the failure probability of the KALIMER fuel pin was lower than that of the WPF (Whole Pin 
Furnace) pin, because of a higher plenum-fuel volume ratio and lower cladding inner radius to 
thickness ratio. 

As there exist lots of uncertainties in the modeling such as material data, eutectic melting, and the 
FCMI (Fuel Cladding Mechanical Interaction), etc, some experimental tests are needed for clarifying 
the uncertainties of the fuel modeling. 

3. ACTIVITY IN NEA FOR P&T AREA  

Enrique Gonzalez, CIEMAT, Spain 

The long-term hazard of radioactive wastes arising from nuclear energy production is a matter of 
continued discussion and public concern in many countries. By the use of partitioning and 
transmutation (P&T) of the actinides and some of the long-lived fission products, the radiotoxicity of 
the high-level waste (HLW) and, possibly, the safety requirements for its geologic disposal can be 
reduced compared with the current once-through fuel cycle. To make the technologically complex 
enterprise worthwhile, a reduction in the HLW radiotoxicity by a factor of at least one hundred is 
desirable. This requires very effective reactor and fuel cycle strategies, including fast reactors (FRs) 
and/or accelerator-driven, subcritical systems. The accelerator-driven system (ADS) has recently been 
receiving increased attention due to its potential to improve the flexibility and safety characteristics of 
transmutation systems. 

The NEA study “Accelerator-driven Systems (ADS) and Fast Reactors (FRs) in Advanced Nuclear 
Fuel cycles” compares FR- and ADS-based actinide transmutation systems with respect to reactor 
properties, fuel cycle requirements, economic aspects, and R&D needs. The essential differences 
between the various systems are evaluated with the help of a number of representative “fuel cycle 
schemes”. The strategies investigated include an evolutionary transmutation strategy in which the 
ADS provides additional flexibility by enabling plutonium utilization in conventional reactors and 
confining the minor actinides to a small part of the fuel cycle, and two innovative transuranics (TRU) 
burning strategies, with an FR or an ADS, in which plutonium and minor actinides are managed 
together to minimize the proliferation risk. A novelty in the present study is that the analyses are 
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carried out in a consistent manner using reactor and fuel cycle parameters which have been agreed 
upon by international experts. 

Principal messages which could influence policy decisions are: 

• While P&T will not replace the need for appropriate geological disposal of high-level waste, the 
study has confirmed that different transmutation strategies could significantly reduce, i.e., a 
hundred-fold, the long-term radiotoxicity of the waste and thus improve the environmental 
friendliness of the nuclear energy option. In that respect, P&T could contribute to a sustainable 
nuclear energy system. 

• Very effective fuel cycle strategies, including both fast spectrum transmutation systems (FR 
and/or ADS) and multiple recycling with very low losses, would be required to achieve this 
objective. 

•  Multiple recycle technologies that manage Pu and minor actinides (MA) either together or 
separately could achieve equivalent reduction factors in the radiotoxicity of wastes to be disposed. 
The study shows that pyrochemical reprocessing techniques are essential for those cycles 
employing ADS and FRs where very high MA-content fuels are used. 

• In strategies where Pu and MA are managed separately, ADS can provide additional flexibility by 
enabling Pu-consumption in conventional reactors and minimizing the fraction of dedicated fast 
reactors in the nuclear system. 

• In strategies where Pu and MAs are managed together, the waste radiotoxicity reduction potential 
by use of FRs and ADS is similar and the system selection would need to be made based on 
economic, safety and other considerations. 

• Further R&D on fuels, recycle, reactor and accelerator technologies would be needed to deploy 
P&T. The incorporation of transmutation systems would probably occur incrementally and 
differently according to national situations and policies. 

• Fully closed fuel cycles may be achieved with a relatively limited increase in electricity cost of 
about 10 to 20%, compared with the LWR once-through fuel cycle. 

• The deployment of these transmutation schemes need long lead-times for the development of the 
necessary technology as well as making these technologies more cost-effective. 

 
 
Tuesday, 16 December, 2003 

Session 2: Reactor Physics and safety characteristics of transmutation systems based on solid 
and mobile fuel types 

1. IAEA ACTIVITIES IN THE AREA OF PARTITIONING AND TRANSMUTATION 

Young-In Kim, IAEA 

The IAEA activities in the area of partitioning and transmutation (P&T) are performed within the 
framework of the technical working group on fast reactors (TWG-FR). The TWG-FR is a standing 
working tool. It provides a forum for exchange of non-commercial scientific and technical information 
and also a forum for international collaboration on generic R&D programs on advances on fast 
reactors and accelerator driven sub-critical systems (ADS). 

To meet the sustainability criteria, one of major challenges for long-term development of nuclear 
energy, the IAEA´s activities in P&T are in response to the radioactive waste management aspect. In 
this regard, the IAEA initiated a number of activities on utilization of plutonium, transmutation of 
long-lived radioactive waste, ADS, thorium fuel options, and innovative reactor systems and fuel cycle 
options. 

The IAEA´s activities that have recently been achieved, and that are being conducted and planned are 
presented. These activities include coordinated research projects (CRPs), topical technical meetings, 
workshops, LMFR and ADS R&D databases, and collaborative efforts with other international 
organizations. Ongoing and planned CRPs as main colalborative R&D activities, devote to 
comparative assessment of transient behavior of advance transmutation systems for both critical and 
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sub-critical systems, and analytical and experimental benchmarks of the sub-critical cores. As part of 
the IAEA´s knowledge management effort, web-based LMFR and ADS databases have been 
constructed to facilitate information exchange between Member States. 

2. THE R&D ACTIVITY IN BRAZIL: CONCEPTUAL FAST ENERGY AMPLIFIER ADS 
COOLED BY HELIUM IN A DOUBLE STATA Th/U FUEL CYCLE 

José R. Maiorino, IPEN, Brazil 

A feasibility of using the Energy Amplifier (EA) to eliminate Pu, utilization of different fuel cycles 
(U/Th/Pu), and incineration as an alternative to geological storage, and economy of the EA had been 
studied. Even so we believe that some improvements in the Rubbia’s concept can be made. The main 
point which we wish to consider in the Modified Energy Amplifier (MEA) concept, is the introduction 
of more than one point of spallation, in order to reduce the requirements in the accelerator and to 
obtain a more uniform fast neutrons distribution besides increasing the amount of regions closer to fast 
neutrons that can improve the possibility of incineration of TRU as well as of long-lived fission 
products (FPs). The other change in the MEA concept is the substitution of the coolant, melted lead in 
natural circulation, by helium. The reason for this change is that there are few technological 
experiences with lead liquid coolant whereas helium coolant has been used successfully in the high 
temperature reactor and proposed in the fast system like the gas cooled fast breeder reactor as well. 
Besides, using helium (He) as coolant will allow the use of direct thermodynamic cycle (Brayton) with 
gas turbines, which is more efficient than the thermodynamic cycle proposed in the EA. Finally, the 
fuel cycle proposed by Rubbia assumes that the fuel stays in a fixed position during 5 years with a 
high burnup (150 MWD/t), and goes into a reprocessing in batch every five years. In the MEA concept 
we use the same idea of the CANDU reactor of fuel channels containing fuel bundles, which are 
shuffled or refueled on line. Then the MEA proposed consists of a horizontal cylinder (CALANDRIA) 
filled with lead. 

The spallation region consists of circulating liquid lead. In this region the accelerator proton beam 
induces the spallation reaction in symmetric points. The second region is a buffer consisting of solid 
lead cooled by helium and isolated from the spallation region by a thermal isolator, which has the 
function of softening the energetic spallation neutron. The third region is the seed region consisting of 
solid lead with channels where fuel bundles are located. In this region the fission as well as the 
incineration of TRU occurs. The helium flows through the channels which are thermally isolated from 
the lead, allowing the heat generated to be transferred mostly to the coolant, although due to high 
temperatures heat will be transferred by radiation. The fourth region is the blanket, which is 
geometrically similar to the seed region but using fertile material, mainly thorium in the bundles. 
Finally, the last region is the lead reflector. 

The in-core fuel cycle will allow on-line shuffling using the same principle as employed in the 
CANDU reactor.  Bundles (Th-232) from the blanket can be moved to the seed region after 
equilibrium is reached, and then there is enough fissile material (U-233). Besides continuous shuffling 
can also be made in order to optimize the fuel utilization and waste incineration. A continuous 
refueling can be made by extracting burned bundles and reprocessing it on line to extract TRU, Pu, 
and fissile material (U-233 in Th/U cycle) which are returned to the core after fuel fabrication. A feed 
of fresh thorium and waste (TRU/FP) from existing thermal reactors will allow to use the natural 
thorium resource as well as to couple the MEA with thermal reactors and open the possibility to avoid 
secular final storage. 

first calculations were made to propose some qualitative and quantitative changes in the Rubbia's 
concept by the introduction of more than one spallation point in order to make the power density 
distribution more uniform and to reduce the requirements (current and energy) of the accelerator. Also, 
the sub critical core in the Rubbia’s concept that is loaded with hexagonal array of fuel pins imbibed in 
molten lead is replaced by a solid lead calandria cooled by helium. The first analyses of MEA in 
beginning of life (BOL) reveal that the best option is to use three symmetric spallation sources.  
Moreover, the radial power peaking factor is less than 2.0 and the lead can be kept solid by an 
appropriate cooling design. The final conception possesses a gain of 70 for Ep = 500 MeV and a 
thermal power of 100 MWth for Ip = 1 mA in each one of the spallation regions. The helium 
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temperature for this power is 800ºC, which makes possible to use a Brayton cycle with higher 
efficiency. However, for Ep = 1 GeV, the gain is 110, which is very close to the Rubbia’s case. 

3. CLOSED FUEL CYCLE AND CONTEMPORARY TENDENCIES OF THE NUCLEAR 
FACILITIES DEVELOPMENT. 

Vladimir Lelek, Miloslav Hron, NRI Rez plc, Czech Republic  

The decision to develop nuclear facility should be made not only through the technical and financial 
arguments, but also sometimes even with greater weight on political, general safety and public 
acceptance reasons. Moreover, a responsible statement about financial needs should be made at the 
beginning of the study possible only with a great error (roughly speaking - factor of two). A time 
reaching up to the stage of industrial facilities is estimated about fifteen or even more years. If the 
technical development and realization is successful, we can express a more responsible conclusion 
only in such long time intervals. During such long periods, the criteria for political and financial 
decisions could be changed and the technical development might be necessary to follow the new 
situation with a change in the stream of money. On the other side, the stream of money into 
technology leads to a more precise forecast and a more responsible decision for future realizations. 

The attempt is made, in the paper, to reflect technical problems in the closed fuel cycle (like solid and 
liquid fuel options) with the public demands (refusing of nuclear energy and spent fuel disposal 
generally, preferring waste less technologies) and political safety aspects (non-proliferation, spent fuel 
storages).  

A special attention is devoted to such problems in smaller countries, where demands for energy cannot 
be covered by local classical sources and nuclear energy and spent fuel are already long time reality. 
The organizational measures and tendencies will be analysed how to compose sufficiently great and 
qualified collectives to be able to overcome from the local final disposal development to the common 
technology realizing practically closed fuel cycle and enabling decomposition of water for the 
hydrogen production during the first half of this century. 

Overview information is given about the Czech national technical program SPHINX (SPent Hot fuel 
Incineration by Neutron fluX) within the EU Program (MOST Project) and within the cooperation 
with Russian institutes in the molten salt technologies, which might be an example of a convenient 
contribution to the basis for a final decision in a global and long-term scale. It is shown, that the 
concept SPHINX is feasible and after further development can close fuel cycle in Czech Republic in 
this century. 

4. CURRENT RUSSIAN ACTIVITIES IN P&T AREA 

Alexandre V. Lopatkin, NIKIET, Russian Federation 

It is generally accepted that the general policy of radioactive waste management should be consistent 
with the long-term plans for nuclear power development adopted in the corresponding country. 
Russian activities aimed at setting up in the future a fuel cycle of nuclear power with reasonably 
minimised quantities of radwaste subject to burial are being carried out by Minatom as part of the 
general Russian Federation´s Strategy for development of domestic nuclear power. Several key 
missions of this Strategy deserve special mention: 

• Construction in the next 20-40 years of improved thermal reactors which will run on enriched 
uranium until the economically acceptable reserves of natural uranium are exhausted; 

• Reprocessing of all spent fuel of thermal reactors to separate plutonium and long-lived nuclides; 
• Development of a new generation of fast reactors which will meet the requirements placed on 

innovative reactors for large-scale electricity production (economic efficiency, safety, minimized 
radwaste, proliferation resistance); 

• After 2030, deployment of a system of novel fast reactors, using plutonium separated from spent 
fuel of thermal reactors, and solution with their help of the totality of problems associated with 
transmutation of long-lived nuclides. 
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A Task named “Transmutation” was set up in 2001, within the general Minatom’s programme, to 
develop a scenario for transition to the fuel cycle of future large-scale nuclear power as part of the 
above Strategy and to resolve the technological problems of minimising the quantities of long-lived 
nuclides generated in the closed fuel cycle and subject to final disposal. This Task combines and 
arranges the work in the following directions: 

• Using system models of nuclear power, to study various scenarios for transition from the current 
state of the industry to large-scale nuclear power whose fuel cycle will provide radiation-
equivalent management of long-lived radioactive waste, including its burial; 

• To develop radiochemical technologies meant for homogeneous (small additions to fuel) or 
heterogeneous (special fuel rods or assemblies) transmutation of minor actinides (MA) and long-
lived fission products (LLFP) in the closed fuel cycle of fast reactors; 

• To optimize the procedures and conditions of MA and LLFP transmutation; 
• To verify nuclear data libraries for MA and LLFP, and to update the cross-sections in various 

neutron energy regions; 
• To investigate alternative approaches to MA and LLFP transmutation. 

The transmutation of MA and LLFP in closed fuel cycle of fast reactors is main target of Minatom´s 
Transmutation Task R&D.  

5. PYRO-PARTITIONING APPLIED TO P&T AND DIRECT SPENT FUEL DISPOSAL  

Paloma Díaz Arocas, CIEMAT, Spain 

Objectives: 

• Determine stability of spent fuel under intermediate and final repository conditions 
• Model the long-term evolution of spent fuel (SF) matrix under repository conditions 
• Fundamental data acquisition on chemical processes involved in the several pyrochemical 

concepts (chloride molten salt and oxide-fuel type) 
• To maintain a scientist team specialised on actinides chemistry in aqueous and non-aqueous 

solutions formed in the frame of international collaborations. 

National and international collaborations  

ITU-JRC (Karlsruhe, Germany), CEA (Marcoule, France), FzK-INE (Karlsruhe, Germany), UE, 
OECD/NEA, IAEA, University of Valladolid (Spain), ENRESA (Spain) 

Main research areas include: 

• Influence of intermediate dry storage on spent fuel stability 
• Radionuclides retention by co-precipitation and sorption processes  
• Influence of environmental parameters on radionuclide release (Fe, H2, metal/oxygen (M/O), and 

container back-fill materials). Instant release is also investigated.  
• Matrix alteration processes by radiolytic products formation (alpha-doped materials, gamma 

radiation)  
• Thermodynamic and kinetic modelling 
• Direct chlorination of UO2- type fuels 
• Electrochemical techniques aplied to radionuclides separation. Liquid and solid cathodes are 

investigated. 
• Separation by salt-metal extraction (reductive extraction) 
• Preliminary studies on materials for molten salt technology. 

Activities on spent fuel stability under repository conditions 

Spent fuel stability is studied through leaching (batch, sequential and dynamic test) and co-
precipitation experiments. Activities are focussed on the influence in the leaching rates of spent fuel 
matrix and radionuclides retention of environmental parameters as redox conditions, pH, container 
material and its corrosion products, H2 pressure, radiolityc products generation, etc.  
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Materials considered are SIMFUEL, UO2, irradiated fuel (UO2 and MOX type fuels), U/Actinides 
solutions. Underground waters under consideration are synthetic and natural granite, granite-bentonite 
water and high concentrated saline solutions (brines).  

A comparison of the fraction inventory present in aqueous phase of the elements studied with 
SIMFUEL with other from spent fuel demonstrate the convenience of using chemical analogue to 
provide important insight for the knowledge of spent fuel dissolution behaviour. 

Co-precipitation process is an important retention mechanism for actinides and fission products. 
Results indicate that in case of trivalent radionuclides the formation of mixed solid phases provides a 
decrease of radionuclide concentration in solution of about three orders of magnitude. 

Quantification of radiolysis effect on spent fuel matrix stability, modelling and model validation may 
only be performed through several approaches: experiments with internal and external alpha and/or 
gamma sources, spent fuel and non-irradiated fuel.  

Activities on Pyrochemical reprocessing 

Pyrochemical concepts are studied through dissolution experiments in the considered molten salt, 
electrochemical and liquid-liquid (L-L) extraction experiments. Materials under study are chemical 
analogues of UO2-type fuel. Experiments are carried out in chloride molten salt (i.e. LiCl-KCl, 450ºC). 
Viability of solid and liquid electrodes is study. Liquid metals as Cd and Bi are tested.  

Studies methodology is based on the construction and comparison of the so called Generalised 
Pourbaix type Diagrams (GPTD) E-pO2-, for uranium oxide and rare earth-oxide compounds and the 
chlorinating gaseous mixtures, if possible, which enables to propose the main lines for the 
pyrochemical separation process.  

Dissolution studies are focused on determining the stability of the compounds formed and the reaction 
rates when direct chlorination from the oxide form is performed. Fundamental data acquisition of REs 
and uranium in the eutectic LiCl-KCl at 450ºC is performed. Effect of temperature, surface area and 
sample size is under consideration. 

Potential values of electrochemical systems studied have indicated that selective electrodeposition of 
rare earth element (REE) and U in solid cathode is possible. In case of utilisation of liquid Cd cathode 
simultaneous electrodeposition of U and RRE will occur due to potential values of actinides and REE 
are close. 

Infrastructure 

A new laboratory (control area) was constructed to perform experiments with long-lived radionuclides 
(traces level). Operation started on August 2003. During laboratory construction  (2000-2003) 
experimental work was performed in a conventional chemical laboratory equipped with two glove 
boxes with atmosphere control, solid phases characterization equipments (TG-DSC, XRD, etc) and 
chemical analysis equipments (ICP-MS). The CIEMAT Nayade facility is used for the experiments 
with external gamma radiation sources. The so-call alpha laboratory (IR-15 facility of CIEMAT) is 
partially used to perform U/Actinides precipitation experiments.  

6. FUEL SELECTION CRITERIA SPECIFIC FOR DOUBLE STRATUM MINOR ACTINIDE 
BURNERS 

Janne Wallenius and Marcus Eriksson, KTH, Sweden 

Outline: 

• Accelerator Driven Systems in the Double Strata fuel cycle 
• Neutronic studies of potential ADS fuel matrices 
• Down-selection for detailed core 
• Detailed results for three matrices. 
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The neutronic properties for the following dedicated inert matrix fuels were studied: 

• Solid solution oxides: ZrO2, ThO2 
• Solid solution nitrides: ZrN, HfN, YN 
• CERCER oxides: MgO 
• CERMET oxides: Cr, V, Mo, Mo-92, W. 

Conclusions: 
• Fertile matrices do not improve neutronic performance of americium bearing fuels. 
• High linear rating (high thermal conductivity + high melting temperature) improves neutronic 

performance as well. 
• CERCER oxide in MgO matrix appears to be a reasonable reference fuel for Minor Actinide 

burning in LBE cooled ADS. 
• Solid solution nitride in ZrN or CERMET oxide in Mo-92 matrix offer better performance, but 

high T stability (nitrides) and helium release (CERMET) issues need to be addressed. 
• These fuels will be fabricated and irradiated in Phenix starting 2005. 
 
 
Wednesday, 17 December, 2003 

Review of development status and prospects of solid and mobile fuel based transmutation 
concepts 

Several ways to decrease radioactive wastes from spent fuel were presented in the discussion. It should 
be pointed out that there is a rising interest to this problem as from public so from nuclear specialists. 
Taking into account the huge amount of R&D works needed, a model analysis should be prepared 
with the aim to decrease higher actinides and plutonium resources in spent fuel, and estimate money to 
do R&Ds and the whole price of cycle in this century. Special attention should be devoted to the so 
called spent fuel funds in the countries having it.  

The meeting participants recommended the IAEA to put into action to organize such comparative 
study.  

Brazil: Presently Brazil has no official policy or program for high level waste management. The 
present policy is to safely store spent fuel in interim storage (dry or wet). Also there is no official 
program on reprocessing and the utilization of fissile material (U-Pu) either in thermal or fast reactors. 
However, Brazil is participating in all international initiatives related to innovative reactors (INPRO, 
Generation IV), and P&T R&D activities as a TWG-FR Member State so as to have an opportunity to 
take future decisions and to keep the track on the world technological developments. Even with such 
official policy, the Brazilian Technical representative at this technical meeting has the following 
position regarding the points: 

• Fuel Cycle Schemes and Performance for P&T: Given the Natural Resources available in the 
country, a Th/U fuel cycle in a double strata looks as a interesting option 

• Reactor Concept for Transmutation: Given the R&D under development (just in the beginning 
stage), a helium cooled concept with solid fuel (oxide or metallic) is the most attractive option. 

• R&D Needed: Since the R&D is just on the beginning stage, there is a big and enormous R&D 
needed. However, at short time scale the implementation on calculation capability (neutronics, 
transmutation, thermo-hydraulics, etc) is given to its high priority. 

• International Cooperation and coordinated R&D: It is a key issue for developing R&D activities in 
Brazil. However, given the economical constraint (especially for a developing country), the IAEA 
support (fellowships, research contracts, etc) is kindly requested for his participation in it. 

Czech Republic: The Czech specialist expressed interest to continue the molten salt mobile fuel 
option for future closed fuel cycle development. Czech Republic will take part in the future 
comparative studies on the waste management and nuclear fuel cycle options. 

It was discussed expected decreasing of the classical raw materials used for the electricity and heat 
production during this century and possible consequences. Resulting technical answer could be 
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hydrogen production using nuclear reactors with the high temperature output. It is probable that such 
technology could be realized on the high-temperature reactors with the molten salt cooling and also on 
the molten salt reactors burning plutonium an minor actinides or using thorium-uranium fuel. There is 
no doubt that it should be brought into the industrial level during this century. 

All of these will underline demand to work with the minimum wastes and the re-use contemporary 
existing spent fuel storages. 

Republic of Korea: At present, Korea has R&D activities only for a preliminary fuel cycle scheme. 
Recently several academic studies on critical system concepts using sodium and lead as coolant are 
being conducted. Korea expressed its wish to participate in international collaborative R&D activities 
under the IAEA’s auspices. 

Following items are proposed as the IAEA´s future activities for the fuel development: 

• Material data for metallic fuel, including TRU data 
• Irradiation experiment for verification of computer codes and fuel performance 
• Benchmark on fuel performance analysis codes. 

Russian Federation: Russian activities aimed at setting up in the future a fuel cycle of nuclear power 
with reasonably minimized quantities of radwaste subject to burial are being carried out by Minatom 
as part of the general Strategy for development of domestic nuclear power. 

Task named “Transmutation” was set up within the general Minatom’s programme. This Task 
combines and arranges the work in the following directions: 

• Using system models of nuclear power, to study various scenarios for transition from the current 
state of the industry to large-scale nuclear power whose fuel cycle will provide radiation-
equivalent management of long-lived radioactive waste, including its burial; 

• To develop radiochemical technologies meant for homogeneous (small additions to fuel) or 
heterogeneous (special fuel rods or assemblies) transmutation of minor actinides (MA) and long-
lived fission products (LLFP) in the closed fuel cycle of fast reactors; 

• To optimize the procedures and conditions of MA and LLFP transmutation; 
• To verify nuclear data libraries for MA and LLFP, and to update the cross-sections in various 

neutron energy regions; 
• To investigate alternative particularly (based on solid and mobile fuel) approaches to MA and 

LLFP transmutation. 

Theoretical and experimental studies on different solid and mobile fuel based nuclear systems 
concepts as applied to P&T are under way now in Russia. Particularly, the molten salt concept is very 
important for consideration as an element of future nuclear energy system (self sustainable, low waste 
production and TRU utilization system). This integrated technology gives extra flexibility to get 
simpler back end of the fuel cycle scenarios due to easy fuel preparation, handling and recycling.  

Significant chemical problems remain to be resolved at the end of prior MSRs programs, notably, 
graphite life durability, tritium control, fate of noble metal fission products. Questions arising from 
plutonium and minor actinide fueling include: corrosion and container chemistry, new redox buffer for 
systems without uranium, analytical chemistry instrumentation, adequate constituent solubilities, 
suitable fuel processing and waste form development. However, these problems appear to be solvable. 
New theoretical and experimental data on neutronic, fuel and material properties of Molten Salt 
Transmuter received in Russian studies will be fed into the conceptual design efforts. 

For future IAEA activity, it is proposed to have a CRP on comparative assessment of different P&T 
systems based on solid and mobile fuels from the viewpoint of: 
• Criteria specification and data available for concept evaluation 
• Fuel cycle issues (fabricability, reprocessability, compatibility, etc) 
• Safety performance.  
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Thursday, 18 December, 2003

Summary and Recommendations 

Specialists (see list of participants – Attachment 1) met at the CIEMAT (Centro de Investigaciones 
Energéticas, Medio Ambientales y Tecnológicas) and discussed problems of the solid and mobile fuels 
for partitioning and transmutation (P&T) systems of the spent nuclear fuel by fission of transuranium 
elements and separation of the fission products by various technologies. 

The representatives of participating countries have informed in their presentations about the current 
status of solutions and plans in the spent nuclear fuel management options in their countries (see 
Agenda – Attachment 2)  

Specialists decided to support steps leading to the definition of appropriate technical policy for the 
development of efficient radioactive waste transmutation and/or consumption systems based on solid 
and mobile fuels. It is generally recognized that an international collaboration is important to achieve 
the effort. To forward this effort, as IAEA´s future activities, following topics and activities are 
suggested: 

• a Co-ordinated Research Project (CRP) on comparative assessment of different P&T systems 
based on solid and mobile fuels from the viewpoint of:  

- criteria specification and data available for concept evaluation, 
- fuel cycle issues (fabricability, reprocessability, compatibility, etc) 
- performance, including safety and non-proliferation issue. 

• A topic technical meeting for defining criteria and available data specifications (for solid and 
mobile fuels) in the near future. In this case, more participations from both TWG-FR and non-
TWG-FR Member States are requested. 

• Preparation of technical document that will describe the development status of effective 
transmutation system options, including solid and mobile fuels in multiple recycling with very low 
actinides losses to waste. 
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Monday, 15 December 2003 

9:30-10:15  Welcoming Address 
(Mr. E. Gonzalez) 

 
   Introduction of Participants (all participants) 
 
   Review and Approval of Agenda (all participants) 
 
10:15-11:15  Session 1: Qualification of solid and mobile fuels 

 Paper presentations (1 ~ 2 papers) by 
• Mr. V. Ignatiev 
• Mr. B.O. Lee 

 
11:15   Coffee break 

 
11:30-12:30 Paper presentations (1 ~ 2 papers) by 

• Mr. E. Gonzalez 
 
12:30   Lunch 
 
14:00-15:15  CIEMAT Facility Tour  
 
15:15-16:15  Review of development status and prospects of solid and mobile fuels  
  for partitioning and transmutation systems and discussion on: 
  (all participants) 

• Availability of basic data and technology 
• Existing and planned facilities and experimental programs 
• R&D needs  
• Prospects for international collaboration and co-ordination of R&D activities 

 
16:15   Coffee Break 
 
16:30-18:00  Review of development status and prospects of solid and mobile fuels 
   for partitioning and transmutation systems and discussion, continued. 

 
Wrap up of Session 1 
• Summary, conclusions 

 
18:00   Adjourn 
 
20:30   Dinner 
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Tuesday, 16 December 2003

9:00 Session 2: Reactor physics and safety characteristics of transmutation 
systems based on solid and mobile fuel types 

 
 Paper presentations (2 ~ 3 papers) by 

• Mr. Y.I. Kim  
• Mr. J. Wallenius 
• Mr. J. Maiorino 
 

10:30 Coffee break 
 
11:00-12:30 Paper presentations ( ~ 2 papers) by 

• Mr. V. Lelek 
• Mr. A. Lopatkin 

 
12:30 Lunch 
 
14:00-15:30 Review of development status and prospects of solid and mobile fuel  
 based transmutation concepts and discussion on: 
 (all participants) 

• Fuel cycle schemes and performance for P&T 
• Reactor concepts for transmutation 
• R&D needs 
• Prospects for international collaboration and co-ordination of R&D activities 

 
15:30 Coffee break 
 
15:45-17:00 Review of development status and prospects of solid and mobile fuel  
 based transmutation concepts and discussion, continued. 
 Wrap up of Session 2 

• Summary, conclusions 
 

17:00   Adjourn 
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Wednesday 17 December 2003

9:30-10:30 Session 3: Proposal for future R&D activities 
 Discussion on future R&D activities: 
 (all participants) 

• Analytical and experimental benchmarks 
• International collaboration 
• IAEA’s role in meeting the needs for information exchange and  

           collaborative R&D 
• IAEA’s future activities (e.g., CRP, technical topical meeting) 

 
10:30 Coffee break 
 
11:00-12:00 Discussion on future R&D activities, continued. 
 
 Wrap up of Session 3 

• Summary, conclusions 
 

12:30   Lunch 
 
14:00-15:30 Drafting of the Meeting Report  
 (all participants) 

• Proposal for future activities 
• Conclusions  

 
15:30 Coffee break 
 
15:45-17:00 Drafting of the Meeting Report, continued 
 
17:00 Adjourn 
 
 
Thursday, 18 December 2003 

9:00-10:30  Drafting of the Meeting Report, continued 
 
 
10:30   Coffee break 
 
11:00-12:00  Drafting of the Meeting Report, continued 

 
    Approval of the Meeting Report 
    (all participants) 

• Summary, conclusions 
 

12:00   Adjourn of the TM 
 
 
(Note) Please prepare a written summary of each presentation (approximately 1-1½ pages) and bring 
electronic files of: 1) a written summary and 2)a presentation itself for preparing the meeting report. 
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NEUTRONIC, FUEL AND MATERIAL PROPERTIES OF A MOLTEN SALT TRANSMUTER 

VICTOR IGNATIEV 

123182, RRC-Kurchatov Institute, Moscow, RF 

ABSTRACT 

The molten salt concept is very important for consideration as an element of future nuclear energy system 
(self sustainable, low waste production and TRU burner system). This integrated technology because of 
fluid nature of fuel gives extra flexibility to get simpler back end of the fuel cycle scenarios due to easy 
fuel preparation, handling and recycling. 

A study was made to examine the conceptual feasibility of molten salt transmuter cores fueled with 
different compositions of TRU trifluorides from LWR spent fuel. Different conceptual core configurations, 
solvent systems, as well as different removal cycles for soluble fission products were considered. In this 
study the main attention has been paid to single stream transmuter system without U-Th support.  

New experimental data received in our studies feed into the conceptual design efforts. The consideration 
includes the following Na,Li,Be/F molten  salt properties: phase transition behavior, trifluorides / oxides 
solubility for actinides and lanthanides, viscosity, thermal conductivity, heat capacity, density and redox 
potential. The compatibility studies of the container materials with the Na,Li,Be/F  mixture are underway. 

1. INTRODUCTION 

A radical way of simplifying the P&T fuel cycle, which would make itself possible to realize on the base 
of only one fuel carrier into the integrated system, omitting the stages of nuclear fuel fabrication and 
refabrication in case of multiple recycling, is usually connected to the development of the liquid-fuel 
systems. Molten salt transmuter system is considered as most promising of the liquid-fuel systems [1]. 
This technology opens the potential to have [2,3]: 

• Minimal parasitic absorbers in their cores and much smaller in-process inventory of product compared 
to solid fuel designs. 
• Utilization of fuel of different nuclide compositions in continuous operation with no special 
modification of the core.  
• Continuous or in batch fuel processing on relatively short cycle times in a facility coupled to fuel 
circuit.  
• High fuel burn up and low actinide losses to waste stream in fully closed fuel cycle. 
• On-site simplified back-end fuel management, which means no transportation of spent fuel and no 
interim storage for spent fuel. 
• Heat to electric efficiency due to high temperature. 
Note, that molten salt concepts are considered in Generation-IV scenarios [3] not only for TRU 
incineration purpose, but also for negligible TRU production basing on Th introduction in the fuel cycle. 
Prior and current molten salt designs, mainly employ graphite moderated cores and single salt stream, 
which can contains not only fissile, but also fertile materials for generating  233U in the thermal spectrum 
option. For example, the core of single fluid EdF AMSTER [4], succeeding the ORNL MSBR design [1] 
modified to P&T needs. 

The effort is made to examine the conceptual feasibility of  MOlten Salt Advanced Reactor Transmuter 
(MOSART) cores fuelled with different compositions of TRU’s from LWR spent without UF4 or ThF4 
support [2]. The objectives of the conceptual studies are to consider a candidate flow sheet for MOSART 
concept that would be feasible. New experimental data received in our studies feed into the conceptual 
design efforts. 
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2. NEUTRONIC PROPERTIES AND POSSIBLE FUEL CYCLE 

2.1 Design objectives, system description, and constraints 

The MOSART concept described here represents single fluid design fuelled by TRU trifluorides without 
UF4 or ThF4 support. This system is considered to take advantage of absence from Th or U, namely:  

• Improve nuclear performance for transmutation of TRUs. No captures on Th and Pa in core. 
• Easy processing, because the fuel salt is free of Th fertile material.  
• Minimize TRU losses to waste by decreased processing rates and simplification of the fuel salt 
processing flow sheet. 
There are, of course many possible arrangements for MOSART flow sheets. The principle variables that 
can be used for optimizing the MOSART performance are: the choice of fuel solvent system and feed 
material composition; neutron flux density and volume of fuel salt outside core; the volume fraction of salt 
in the graphite moderated core and reflector parameters; the duration of the fuel cycle, including the fuel 
processing times. 

Fig.1.1 provide preliminary design configuration for the MOSART which is used here to evaluate 
feasibility of this concept. As can be seen, core configuration and fuel circuit arrangement are changed 
compared to MSBR and AMSTER. The primary requirement for this redesign is optimisation of the 
neutron spectrum (varied by the graphite to fuel ratio in the core and reflector parameters) and effective 
neutron flux (varied by specific fuel power density and  fuel salt inventory outside the core).  

Fig. 1.1. 2400MWt MOSART concept 

A TRU-bearing fuel of molten fluorides is pumped through the core, coaxial piping and  heat exchangers 
made of a nickel-molybdenum alloy, called Hastelloy NM (see details in Section  4). At design power, the 
fuel salt, which would have liquidus temperature below 500oC, would enter core at 550-600oC, and 
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transport 2400MWt to the secondary salt. In this case inventory of fuel salt outside core is about 18m3.  

Provisions have to be made in the primary circuit to remove and return fuel salt without opening the 
primary containment and to add fuel salt constituents as required to maintain the chemical conditions of 
the salt and core criticality.  

Scenarios. In our study focus is placed on Double Component scenario, in which MOSART is used as 
TRU burner system of the LWR long lived radioactive wastes. Three feed TRU compositions, summarized 
in Table 1.1, have been considered. The first is a typical composition of the TRU from UOX spent fuel of 
a commercial PWR (60 GWd/tU - 4.9% 235U/U; after 1 year cooling).  

The second one was obtained by the following way: 4,9% 235U/U irradiated in PWR up to 60 GWd/tHM 
(Stage 1); after 7 years cooling the Pu from the spent fuel it is used for MOX fuel production with natural 
uranium and 7% Pu; after 3 additional years of MOX fuel production, that fuel also irradiated in the PWR 
up to 60 GWd/tHM (Stage 2). Remaining TRU, including minor actinides from Stage 1 irradiation, after 
10 years cooling are the fuel for MOSART. 

Also, some fuel cycle transmutation strategies, consider fueling by TRU compositions with rather large 
amount of minor actinides. The worst fuel composition transferred to MOSART fuel cycle is represented 
in the last column – for core start up and make up are used TRU loadings resulted after infinite recycling 
in the LWRs. As can be seen for Scenario 3, (239Pu+241Pu)/Pu ratio is about 3 times less compared to 
Scenario 1 and Scenario 2. It can be mentioned also that in the last case the concentration of Cm is much 
higher than for previous ones. 

TABLE 1.1. MOSART Start up and Feed Material Compositions, in mass % 

Scenario 1 2 3 
Np 6.42 6.51 0.94 
Pu238 3.18 2.77 7.07 
Pu239 43.93 48.36 9.41 
Pu240 21.27 19.97 38.91 
Pu241 13.52 8.30 10.41 
Pu242 7.88 6.25 20.86 
Am241 0.55 5.56 1.56 
Am243 2.33 1.69 5.19 
Cm 0.92 0.59 5.65 

 

 

 

 

 

 

The fuel solvent system. There are two potential solvent systems Na,Zr/F and Li,Be,Zr/F that have been 
already in nuclear system application and that are potentially applicable to burner concept (see Table 1.2). 
In addition for  MOSART design we propose to look on ternary Na,Li,Be/F system as the fuel solvent (see 
details in Section 2, [7]). 

TABLE 1.2. The Fuel Solvent Systems Selected for Preliminary Consideration  (in mole %) 

Salt LiF NaF BeF2 ZrF4

A 7 64 29 - 
В 15/17 58 27/25 - 
C 73 - 18 9 
D - 50 - 50 

Due to the solubility limit, main concern for MOSART is to be expected with TRU and rare earths 
dissolved as trifluorides (see details in Section 2.2). It is the reason to avoid from consideration most 
established Li2BeF4 system with low enough solubility for trifluorides at operating temperatures (0,3 
mole% at 550oC) [10]. Systems B and D able to reach solubility of AnF3+LnF3 2 mole % or even more at 
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minimal operating fuel salt temperatures 550-600oC (see also details in Section2, Fig. 2.1 [1,5]). All these 
salts melt respectively at temperatures below 500oC. 

Neutron spectrum. The neutron spectrum was varied by changing of the volume fraction of salt in the 
graphite moderated unit cell. The fuel salt contents in the cell were varied (from 1 to 100%) by fuel 
channel diameter and cell pitch changing. For replacement cost is reasonable the graphite in core must 
survive a fluence 3·1022 n/cm2  (En >50 keV) for fast neutrons damage (see details in Section 3). 

Effective neutron flux and unit power. Effective neutron flux was varied by specific fuel salt power qv 
from 30 to 80 W/cm3. The unit thermal power is 2400MWt. In this case the volume of the fuel salt out side 
the core was assumed equal to 18 m3. 

Fission product clean up and fuelling policy. The performance of MOSART would be strongly dependent 
on the availability of on-site continuous fission product clean up unit (see Table 1.3). In molten salt 
system all fission products do not go to the processing plant (i.e. Xe, Kr, halogens, and noble metals). 
Most important processing operations consist in recycling of TRU for transmutation and removing the 
soluble rare earths in order to hold neutron absorption in this material to acceptable level. In processing 
unit, Be will not be extracted from solvent system: Zr, TRU and rare earths are extractable in that order. 
As result, C and D solvent systems, containing ZrF4 as important constituent, would be more convenient 
for single pass molten salt concept. Systems A and B are suitable for easy multiple processing. Preliminary 
Flow Sheet for MOSART Fuel Cleanup Unit is given on Fig. 1.2. To minimize actinide losses in 
reprocessing we considered only reasonably relaxed removal times (1-5 yr) for soluble fission products. 

Экстрактор Реэкстрактор

Осадитель
Bi+95%TRU+4%Ln

Li,Na,Be/F
+ TRUF3 + LnF3

BiF3

Li, Na,
Be

Bi + TRU

Противоточная экстракция
Li, Na

5%
TR

U
 +

 1
%

Ln

BI

95%LnF3

Li,Be/F

5%TRUF3 +
96%LnF3

5%TRU + 1%Ln

Li,Na,Be/F

Bi

Li,Be/F

Bi
 +

 T
R

U
 +

 5
%

Ln

Li,Na,Be/F
+ TRUF3 + 5%LnF3

BiF3

 

Fig. 1.2 Preliminary Flow Sheet for Fuel Cleanup Unit 
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TABLE 1.3. Methods and Cycle Times for Fission Products Removal and TRU Recycling for MOSART 

Component Removal time Removal operation 
Kr, Xe 50 sec Sparging with He 
Zn, Ga, Ge, As, Se,Nb,Mo, Ru,Rh,Pd,Ag,Tc, 
Cd,In,Sn,Sb,Te 2.4 hr Plating out on surfaces+ 

To  off gas system 
Zr 
Ni, Fe, Cr 
Np, Pu, Am, Cm 
Y, La, Ce, Pr, Nd, Pm, Gd, Tb, Dy, Ho, Er, Sm, Eu 

 
 
1-5 yr 

Sr, Ba, Rb, Cs 

Reductive Extraction 

Li, Be, Na 
 
>30 yr Salt discard 

Objective of this study is to find optimum core parameters while accounting for technology constrains. In 
these context the following results are sought:   

• Keff  & equilibrium concentrations vs. (An+Ln)F3 solubility limit. 
• Temperature reactivity coefficients. 
• Fractional burn up and TRU loss to waste. 
 
2.2. Methodological Approach and Computational Tools 

A system of coupled, linear differential equations describing the inventory of each actinide isotope in 
MOSART can be written as follows: 
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,where for i- nuclide: 1/τi – removal rate; qi – make up rate; zi – losses to waste;  Ri – the reaction rates on i- 
nuclide. 

The reaction rates of the nuclides are changing during the loading lifetime according to spectrum changes 
and it may be assumed that the molten salt system lifetime may be divided on finite number of time 
intervals, for which the reaction rates are constant: 
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        (1.2) 

F(t)=f(t)Vin / (Vin+Vout) – in these equations is the averaged effective flux, where f(t)- the real neutron flux 
in the core; Vin and Vout - the volumes of the fuel salt in and out of the core. This is consistent with an 
assumption of rapid fuel circulation / mixing and much slower nuclide composition changes. 

The above equation system describes the transition to the equilibrium state. It must be noted that transition 
to equilibrium for many cases may be rather long, comparable with the core lifetime and must be included 
in the optimization process. 

The data obtained as a result of the burn up calculations permit to determine the integral parameters, 
characterizing system as TRU transmuter. The following two parameters have been used for these 
purposes: 
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TRU transmutation output: - full amount of fissioned TRU nuclides during t period. This 
parameter is proportional to the thermal power of the system and reaches its maximum in critical reactor 
fuelled only by TRU’s. 

)(tN TRU
F

TRU transmutation efficiency: 

( ) ( )
( )tN
tNtK TRU

TRU
F

G =             (1.3) 

where - full amount of loaded TRU nuclides during t period. )(tNTRU

For the system loaded only by TRU’s with short (compare to core lifetime) transition to equilibrium 
period: 
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               (1.4) 

where  T- core lifetime, ME-equilibrium TRU loading, P-thermal power of the system, Ef-fission energy. 

TRU transmutation efficiency KG aspires to maximal meaning for the systems with very long lifetime T, 
minimal possible equilibrium specific loading (ME/P) and minimal losses to waste in fission products 
removal process (z/τ). 

To treat the unusual requirements of this study the adaptation and development of simulation method on 
the base of MCNP4B+ORIGEN`-2.1 coupled system have been devised. Special features include the 
following: 

• Periodic spectrum recalculations with the fuel composition differ from the ordinary U-Pu fuels; burn-
up equations for large number of nuclides with the accurate burnup decay chains description. 
• Periodic additions of fissile material can be made. Fissile material can be added on demand to 
maintain a specified reactivity margin. 
• Periodic withdrawals of fission products can be made selectively by nuclide.  
• Ability of make up / removal rates optimization taking into account the necessity to maintain core 
criticality while the trifluorides concentration is below the solubility limit. 
• Accounting of TRU losses to waste in reprocessing. 
This tool have been tested on Li,Be,Th,U/F concepts developed by ORNL  and EdF and can be used both 
for cell and full core burn up optimization calculations.  

A simple unit cell model has been used for the MOSART optimization calculations. It represents 400 cm 
height graphite prism with fuel flowing through axial cylindrical hole. There are fuel salt 30cm plenums 
between the core and top / bottom reflectors with 50cm thick. The “black absorption” and “reflection” 
conditions have been assumed on the top / bottom and radial boundaries of the cell. In our calculations the 
graphite temperature is 950/1000К, average fuel salt temperature is 900/950K and graphite density is 
1.8g/cm3. The absorbing cross section of the graphite for 0.0253eV neutrons is corresponding to that’s in 
the ENDF/B-VI.  

It was assumed that the unit cell must represent Keff of the core near 1.025 taking into account the radial 
leakage of neutrons; this Keff is supported to be constant from the initial loading to the end of the core 
lifetime. The change of the radial leakage due to modification of the core dimensions in the process of 
power density variation was not accounted - it was assumed that the special measures to minimize the 
radial neutron leakage are used in this case. 

The neutron spectrum was altered by changing the graphite to fuel ratio in the unit cell. The effective 
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neutron flux was varied with the specific fuel power density. 

2.3 Parametric study Results 

For different solvent systems (see Table 1.2) the dependence of model cell Keff vs. fuel to cell ratio was 
explored with MCNP-ORIGEN-2.1 code. Calculations have been done for the square cell with 20 cm 
pitch and for the start-up core with fuel salt containing 1mole% actinides trifluorides and the worst fuel 
material composition (Scenario 3, Table 1.1) . 

On Fig.1.3 there are the calculation results for initial loading Кeff verses fuel to cell ratio in the square cell 
with 20 cm pitch for diluents А, В, С и D. It can be seen, that from the neutron economy point of view, 
salts C and D (containing Zr) have some advantages (up to 10% in Keff) in super thermal and thermal (fuel 
to cell ratio up to 20%) spectrum due to larger absorption cross-sections of Na in thermal spectrum.  

For cells with harder spectrum of neutrons Vfuel/Vcell > 0,4 (including cell without graphite), situation is 
changed and the advantage receives Na,Li,Be/F mixture. The solvent systems containing zirconium 
concede due to strong resonance of neutrons with energy more than 100eV on zirconium. For cell without 
graphite moderator, the difference in Кeff between Na,Li,Be/F, and  Na,Zr/F mixtures is about 50 %. Thus, 
with other things being equal, the choice of the salt solvent should be caused by a spectrum of neutrons in 
the core. In the next studies focus is placed on solvent system B that can provide most balanced neutron 
characteristics for different Vfuel/Vcell ratios and adequate AnF3+LnF3 solubility.  

The influence of the neutron spectrum was investigated on the transient to equilibrium calculations of 
heterogeneous systems with  graphite to fuel salt ratio from 1 up to 30 and homogeneous systems without 
graphite moderator. The AnF3+LnF3 concentrations at equilibrium vs. graphite to fuel  ratio for salts B and 
D fuelled by TRU feed composition from MOX PWR spent fuel (Scenario 2 in Table 1.1) are shown on 
Fig.1.4.  In this case for the burn up calculations the fuel salt specific power 50W/cm3  and removal time 
for lanthanides trifluorides (La, Ce, Pr, Nd, Sm) one  year were taken. Note, that at equilibrium in thermal 
spectrum (graphite to fuel salt ratio >30) the content of  240Pu and 242Pu in nuclide mass proportion is 
particularly high. As the spectrum hardens their relative concentrations decrease to minimum for 
homogeneous core. Instead, in the last case the concentrations of dominant fissile isotopes 239Pu, 241Pu and 
245Cm are maximum. Mass proportion for start-up and equilibrium loadings of Na,Li,Be/F homogeneous 
cores are shown on Fig.1.5  and  1.6. 

The influence of loading scenarios on transmutor neutronics was explored. The transients to equilibrium 
for the systems with homogeneous core fueled by three different Scenarios (see Table 1.1) are presented 
on Fig.1.7. The core characteristics are the same as in the previous case. For homogeneous core due to 
intensive grown up of  245Cm in the fast (with large epithermal component) spectrum it can support  
necessary criticality even for  worst TRU start-up and feed composition (Scenario 3 in Table 1.1). At 
equilibrium (start-up) concentrations of (TRU+Ln)F3 in the fuel salt are  about 0,6(0,4); 0,8(0,5) and 2(2) 
mole% for Scenarios 1,2,3 respectively.  

The influence of effective flux and fission products removal rates is demonstrated on the calculation 
results for TRU start up and feed composition for Scenario 2 (see Table 1.1) and presented on Fig. 1.8. At 
increase of neutron flux in the system without fission products (τLn = 0 days) the rate of 245Cm 
accumulation also increasing and accordingly, the equilibrium concentration of actinides necessary for 
criticality maintenance decreases. With increase of the soluble fission products removal cycle from 0 to 
1500 efpd, equilibrium concentration of AnF3+LnF3 is increasing and necessary amount of TRU to 
overcome fission product loading simultaneously grows. 
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It can be seen that for fission product removal periods from 300 till to1500 efpd the correspondence of  
specific fuel salt power  and minimal equilibrium concentration of AnF3+LnF3 exist. The optimal specific 
fuel salt power is near 50W/cm3. In this case homogeneous core diameter/height and effective neutron flux 
are respectively about 3.5m / 4 m and near 1x1015 n/cm2 sec. The increase of the flux higher than this does 
not give any advantage for minimization of TRU equilibrium concentration and besides, results in 
essential reduction of core dimensions. Last one, will require development of special measures to decrease 
neutron leakage from the core. 
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Fig.1.3 Keff  vs.  Vfuel/Vcell for A, B, C and D Solvents 

 

Fig.1.4 Equilibrium AnF3+LnF3 Concentration vs. Graphite to Fuel Salt Ratio (qv=50W/cm3  and 
τLn=300efpd) 
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Fig.1.5 Mass Proportion for TRU in Na,Li,Be/F Critical Core without Moderator (Scenario 1) 

 Fig.1.6 Mass Proportion for TRU in Na,Li,Be/F Critical Core without Moderator (Scenario 3) 

Fig.1.7 AnF3+LnF3 Concentrations in Transient to Equilibrium for Different Start-up and Feed Fuel 
Compositions in  Na,Li,Be/F Core without Moderator (qv= 50W/cm3  and τLn =300efpd) 

At the same time, the insignificant difference in TRU equilibrium concentrations for qv equal 30 and 
50W/cm3 can be used for optimization of core dimensions and decrease of heat flux and damage neutrons 
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fluence on the reflector. Note that decrease of fuel salt specific power in this case will result in 
corresponding increase of transient to equilibrium period (see Fig.1.9). To decrease actinides losses to 
waste, the removal times for lanthanides can be increased from 1 year up to 3 or 5 years without any 
concern of solubility limit. 

On the base of the unit cell parametric study has been fulfilled, the preliminary MOSART core concept 
was prepared. The characteristics for the system with homogeneous core fueled by start up and feed 
material composition according to Scenario 2 are summarized in the Table 1.4 and on Fig.1.10.  

Some preliminary neutronic characteristics for this option of MOSART have been obtained on the base of 
full-scale 3D core calculations. Total temperature coefficients (Doppler + dilatation) for the core with 
radial graphite reflector 40cm thickness are negative and equal to −0.14pcm/K for the start up loading and  
–1.53pcm/K for the equilibrium loading. Obviously, to provide core stability the core configuration 
negative feedback for the initial loading must be stronger. It seems the natural idea to avoid this concern is 
to optimise geometry of the core and its radial reflector. 

The radial power distribution calculations for the core with graphite reflector 40-50cm thickness show 
large radial irregularity on the core-reflector boundary. This effect may be smoothed, for example, by 
dividing of the radial reflector on two coaxial cylinders with 10cm and 40cm thickness separated by 10cm 
salt layer. Radial power distribution for this case is given on Fig.1.11. The inside graphite reflector is 
influenced highly by the damage neutrons and must be replaced every 3-4 years. Note, that the use of the 
graphite reflector moderates spectrum in the outer radial regions of the core and increasing the equilibrium 
loading.  

 

Fig.1.8 Equilibrium Concentration of AnF3+LnF3 vs. Specific Fuel Salt Power and Removal Times for 
Rare Earths 
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Fig.1.9 Transient to Equilibrium for Different Fuel Specific Power 

TRU transmutation output of MOSART concept will be several times higher than that of the subcritical 
molten salt system or critical one with diluents. In the case of 100 years lifetime MOSART provides TRU 
transmutation efficiency KG 91-95%. For single cycle losses z =10-3, KG is practically independent from 
fission products removal times higher than one year. KG for MOSART system in this case is fully 
determined by the equilibrium specific loading (ME / P) and is near 95%. For single cycle losses z =10-2, 
KG can be changed from 91% to 93% by removal times changing from 1 to 3 years. The proportion of 
MOSARTs in a PWR nuclear fleet needed to burn its TRU production is less than 25%. 

 

Fig.1.10  TRU Loading in 1100 MWe MOSART 
The tritium production issue, due essentially to (n,t) reactions on lithium isotopes, concerns MSR 
concepts. This production in 1GWe MSBR [1] and 1GWeAMSTER [4] with 72LiF-16BeF2-12ThF4 fuel 
salt is ~50 times higher than in a PWR. 1GWe MOSART system (see Table 1.4) with 15LiF-58NaF-
27BeF2  fuel salt, depending of specific fuel salt power 30 - 50W cm-3 will generate 5 - 3 times less of 
tritium respectively compared to MSBR and AMSTER. Note, that ORNL developed in the frame of 
MSBR project a process to trap this tritium in the NaF-NaBF4 cooling salt circulating in the secondary 
circuit [1]. 
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The MOSART concept considered here represents the result of a first-round effort to balance core 
configuration and its associated neutronic properties, but it is by no means an optimized design. It needs 
future consideration on the base of the 3D core full scale loading burn up calculations, the work on the 
optimisation of the core configuration and structure materials choosing. Also, concerning the concept 
studies and optimization, more precise MOSART calculations are needed to confirm its safety. 

 

Fig 1.11  Radial Power Distribution in MOSART Core 
TABLE 1.4. Characteristics of  MOSART Concept, [2] 

Thermal power :                       2400MWt 
Electrical power :                     1100MWe 
Annual load :                      7200 hours / yr 
Load factor :                        82.1% 
Annual production :                  7.92TWhe 
Specific fuel salt power :           50W cm-3 

Volume of fuel salt in core:       30.4m3

Volume of fuel salt in system:   48.4m3

Fuel salt: 
Composition, mole % 
Solvent density, g.cm-3 

at 625 °C 
Mass of fuel salt in core, kg 
Mass of fuel salt in system, kg 
Mass of FP in system kg 
Mass of TRU in system, kg 
Fuel processing rate, kg/day 
FP removal time, days 
Average burnup: FP/TRU, at% 
Pu: Pu / TRU and  
Pu fissile / Pu, % 
In-system inventory at 75 yrs: 
Np/Pu/Am/Cm/Bk/Cf, kg 

 
0,8AnF3 -58NaF-15LiF-27BeF2
2.575-5.29 10-4 T,°C; 
2.07 
65360 
104060 
650 
4820 
347 
300 efpd 
13.5 % 
71% and  
44% 
 
99/3428/372/882/5/19 

Wastes per year : 
Single TRU cycle losses  
Mass of :Np/Pu/Am/Cm/Cf, g  
Mass of TRU, kg 
Mass of gaseous FP, kg 
Mass of noble metal FP, kg 

 
10-3

99/3428/372/882/5/19 
4.8  
360 
235 

2. MOLTEN SALT PROPERTIES 

  32



“Review of Solid and Mobile Fuels for Partitioning and Transmutation Systems” CIEMAT, Madrid, Spain, 15 – 18 December 2003 

 
2.1 Phase Behavior 

Three ternary compounds, NaLiBe2F6 (melting point 280°C), Na2LiBe2F7 (melting point 340°C), and 
NaLiBeF4 (melting point 305°C) have been described in [6], meanwhile in [7] has suggested that the 
melting points for Na2LiBe2F7 and NaLiBeF4 are 355oC and 240oC, respectively. NaLiBe3F8 was 
discovered, but not NaLiBe2F6 during triangulation of LiF-NaF-BeF2 system [7]. Following cross sections 
were shown as triangulating: LiF-Na2BeF4, LiF-NaBeF3, Li2BeF4-NaBeF3, Na2LiBe2F7-NaBeF3, 
NaLiBe3F8-BeF2, NaLiBe3F8-Li2BeF4, NaLiBe3F8-NaBeF3.  

Prospective compositions (in mole%) selected for phase transition behavior study within ISTC#1606 are 
given in Table 2.1. According to [7], the liquidus temperature for composition A was slightly higher than 
500°C, and that for compositions B2 and C was 480°C and 500°C respectively. 

Analysis of DTA curves for compositions A, B1, B2, B3, and C obtained in VNIITF experimental studies 
during constant rate heating and natural cooling of salt samples indicates the following results: 

• Composition A is located on line of melting (crystallization) of binary eutectics Na2BeF4-NaF and 
heating (cooling) curves contain two peaks: sharp low temperature one at 483±2°C corresponds to melting 
(crystallization) of ternary eutectics LiF-NaF-Na2BeF4, and protracted high temperature one corresponds 
to that of binary eutectics Na2BeF4-NaF. Liquidus temperature being determined on the basis of heating 
curves is 536±2°C, on the basis of cooling curve is 515±2°C. Liquidus temperature for composition A 
(515-536°C) coincides with data [7] satisfactory. 

TABLE 2.1. Na,Li,Be/F mixtures under study (in mole%) 

Mixture LiF NaF BeF2

A 7.1 64.1 28.8 
B1 13 58 29 
B2 15 58 27 
B3 17 58 25 
С 22.0 56.6 21.4 

• Composition C is located in the field of primary crystallization of sodium fluoride. Cooling curves of 
the samples show three peaks. Sharp low temperature peak at 486±2 °C corresponds to melting 
(crystallization) of ternary eutectics LiF-NaF-Na2BeF4 (as in case of composition A). Second peak at 480-
500°C corresponds to melting (crystallization) of binary eutectics LiF-NaF, and third one corresponds to 
melting (crystallization) of NaF. Liquidus temperature determined using cooling curves is 570±1°C. It is 
impossible to determine liquidus temperature using heating curves in this case because all three thermal 
effects were registered as one wide peak.  

• Taking under consideration composition C one can see that its liquidus temperature (570°C) is 
sufficiently higher, than those, compared (∼500°C) determined from phase diagram [7]. Explanation of 
this discrepancy may be following – last composition is located in the field of primary crystallization of 
sodium fluoride – the most refractory constituent of investigated ternary system. That is why even small 
changes in composition can lead to significant changes of liquidus temperature. 

• Composition B2 corresponds to ternary eutectics LiF-NaF-Na2BeF4. Heating (cooling) curves contain 
one endothermic (exothermic) peak at 479±2°C, which corresponds to melting (crystallization) of triple 
eutectics.  This value is in good agreement with data [7]. For B2 composition, the stratification of system 
on both solid and liquid phases during cooling   is not observed.  Liquidus temperatures determined on the 
basis of heating / cooling curves are: 494oC for B1 and 486oC for B3 compositions. 
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• 58NaF-15LiF-27BeF2 (mole%) and 58NaF-17LiF-25BeF2  (mole%) molten salt mixtures could be 
most of interest for further detailed studies of its properties as applied to MOSART concept [2]. 

2.2 Solubility of Actinide / Lanthanide Trifluorides and Oxides 

The actinide and lanthanide trifluorides are moderately soluble in BeF2, ZrF4 and ThF4 containing 
mixtures. It is important for MOSART application that, if more than one such trifluoride (including UF3) 
present, they crystallize as a solid solution with the same trifluorides composition as that in the solution. If 
so, specific trifluoride solubility might possibly be exceeded by its concentration. 

The solubility of the actinide and rare earth trifluorides in salt mixtures LiF-BeF2 containing systems has 
been measured previously by ORNL and IHTE. Note that for rare earth trifluorides IHTE values [8], 
nearly identical to that obtained in ORNL [9], showed different temperature dependence of solubility for 
LaF3, NdF3, and CeF3. Divalent fission products anticipated in MOSART operation would probably not 
significantly affect the solubility of PuF3 [9]. 

ORNL studies [9,10] used technique of isothermal saturation to determine solubility of PuF3 in molten salt 
fluorides. Container with molten salt mixture and excess amount of PuF3 was exposed at fixed temperature 
to obtain phase equilibrium in the system: molten salt - solid phase. After that molten salt was sampled for 
α-spectrometry analysis to determine concentration of PuF3 in the system. A lot of efforts and time was 
spent in these studies to remove oxide impurities from the system and reach equilibrium before a sample 
of the liquid was taken. 

In our study method of isothermal saturation in molten phase with permanent measurement of PuF3 
distribution in system by γ-spectrometry was used. Note, that time at temperature before sampling (needed 
to reach equilibrium in the system) in our studies changed from 20 to 32 hours with temperature increase 
from 550oC till to 675oC. 

ORNL [9,10] and ISTC#1606 experimental data on the solubility of PuF3 in LiF-BeF2 containing systems 
at different temperatures (T) are given in Table 2.2. As can seen from the Table 2.2, data on PuF3 
solubility obtained for molten 2LiF-BeF2 system in ISTC#1606 study are in good agreement with those 
experimentally determined between 525°C and 650oC in both ORNL studies [9,10]. 

For ternary Na,Li,Be/F salts with reduced BeF2 content, much higher solubilities of PuF3 compared to 
2LiF-BeF2 system, were obtained within ISTC#1606 study.  PuF3 solubility obtained in temperature range 
525-650oC for 58NaF-17LiF-25BeF2 (mole%) mixture is about 50% higher compared to 58NaF-15LiF-
27BeF2 (mole%). Our study has shown for 58NaF-15LiF-27BeF2 (mole%) mixture in temperature range 
550-650oC PuF3 solubility values, about 20-30% higher compared to interpolated from ORNL results [9] 
for 56.5NaF-17.5LiF-26BeF2 (mole%) mixture (see Table 2.2). 

As can seen from Table 2.2 and Fig.2.1, for considered LiF-BeF2 - containing systems, decrease of BeF2 
from 34 mole % down to 25 mole % provide about 5 times increase of PuF3 solubility. Note, that measured 
solubility of PuF3 truly satisfy the requirements for Na,Li,Be/F MOSART concept [2]. Measurements on 
actinide plus lanthanide trifluorides solubility in Na,Li,Be/F system are underway now within ISTC#1606. 

 

 

TABLE 2.2.  Solubility of PuF3  in molten 2LiF-BeF2  and Na,Li,Be/F  systems (in mole%) 

2LiF – BeF2

ORNL [9] ORNL [10] VNIITF [5] 
T,oC mol% T,oC mol% T,oC mol% 
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525 0.23 522 0.23 525 0.24 
575 0.39 574 0.39 575 0.36 
600 0.58 595 0.47 - - 
625 0.72 625 0.66 625 0.52 
650 0.83 657 0.72 675 0.84 
NaF 56.5 NaF 58 58 
LiF 17.5 LiF 15 17 
BeF2 26 BeF2 27 25 

ORNL [9] VNIITF [5] 
T,oC mol% T,oC mol% 
500 0.5 525 - 1.58 
550 1.4 550 1.33 1.94 
- - 575 1.66 2.48 
600 1.4 600 1.94 3.00 
- - 625 2.48 3.85 
640 2.6 650 2.89 - 

 

Fig. 2.1. 

Solubility of PuF3 in Molten Li,Be/F Containing Mixtures [5]; Ο - Data for CeF3 in Na,Zr/F Molten 
Mixture [1] 

The behavior of molten fluoride system such as mentioned above is markedly affected by appreciable 
concentration of oxide ions [11]. Oxides solubility for 58NaF-15LiF-27BeF2  (mole%) at 650-750oC and 
40NaF-60LiF (mole%) at 800oC has been also measured within ISTC#1606 (see Table 2.3). 

The solubility of tetravalent metals (U, Pu, Zr, Ce) oxides in both systems are low. Differ from Na,Li/F 
system for Na,Li,Be/F system concentration of La and Nd trivalent rare earths increased with La2O3 and 
Nd2O3 oxides addition according to reaction: 

3BeF2 + Ln2O3  ⎯→ 3BeO + 2LnF3

In our study it was not found tendency for plutonium as PuF3 to precipitate as oxide for Na,Li/F system. 
Also, BeO addition to 56.9NaF-14.7LiF-26.4BeF2-2.0CeF3 (mole%) system did not change beryllium and 
cerium concentration (within experimental error). In last experiment СеF3 was used as the PuF3 proxy. 

TABLE 2.3.  Oxides solubility in Na,Li,Be/F and Na,Li,/F mixtures (mass%), [5] 

Oxide Na,Li,Be/F Na,Li/F 
UO2 (PuO2) 0.05 0.05 
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ZrO2 0.007- 0.014 <0,27 
CeO2 0.05 0.03 
La2O3 Interaction 0.04 
Nd2O3 Interaction 0.17 
BeO - 0.003 

2.3 Preliminary Estimated Transport Properties 
The design of MSR and, particularly MOSART, requires detailed information on heat and mass 

transport properties of the proposed fuel and coolant fluoride melts. This criterion  relates to the physical 
properties of the fuel ( determinant factor for the  design behavior in normal and accidental conditions) , in 
particular the specific heat, density, thermal conductivity and viscosity. Given below are estimated values 
of the density (ρ), the dynamic viscosity (η), the isobaric heat capacity (cp), and the thermal conductivity 
(λ) of the chosen ternary solvents. The calculation was made by IHTE using experimental data available 
for molten LiF, BeF2, NaF and their mixtures [12-19]. Those values were determined by reliable 
experimental techniques: hydrostatic weighing (ρ), relaxation oscillations of a pendulum (η), high-
temperature calorimetry (cp), as well as coaxial cylinders (λ).  
The calculation algorithm was based on the principle of additivity of the properties (Рх) of ternary salt 
compounds, which can be found from the relationship Px = Σ Ni ⋅ Рi. Here Ni and Pi denote mole fraction 
and corresponding property of individual salts fused or their binary mixtures, which may make up a test 
ternary compound. The closer the chemical compositions and, consequently, the similar the properties of 
the initial melts and a multi-component mixture, the more reliable is the prediction, which usually is 
connected with an interpolation of the input data. Unknown properties of LiF-NaF-BeF2 melts may be 
estimated preferably in the presence of reliable experimental data on LiF-BeF2 and NaF-BeF2 binary 
systems. 

The density of the selected fuel compositions was estimated by both methods (with individual fluorides 
melts or their binary mixtures), because sufficient data are available [12]. The density values determined 
by different methods agree fairly well. Given below are equations for density vs. temperature for 
Na,Li,Be/F compositions. The temperature T is shown in Kelvin degrees and ρ in g/cm3 for melts A, B 
and C respectively: 

ρA = 2.572 – 5.16⋅10-4 T          (2.1) 
ρB = 2.575 – 5.29⋅10-4 T          (2.2) 
ρC = 2.578 – 5.38⋅10-4 T          (2.3) 
The viscosity of the selected fuel compositions was calculated similarly to the density. Literature data on 
the viscosity of LiF-BeF2, NaF-BeF2 and LiF-NaF binary systems [13-16] were used. The values reported 
in the literature for lithium and sodium fluorides as well as for 67.2LiF-32.8BeF2 (mole%) eutectic 
mixture coincide within 10% at a temperature from the melting point (Tmelt) to (Tmelt + 200K). Given 
below are equations of the viscosity temperature dependence for chosen Na,Li,Be/F ternary melts. The 
temperature T is shown in Kelvin degrees and η in cP for melts A, B and C respectively:  

logηA = - 1.028 + 1663.8 / T         (2.4) 
logηB = - 1.002 + 1617.4 / T         (2.5) 
logηC = - 0.900 + 1519.9 / T         (2.6) 
The isobaric heat capacity of the selected fuel compositions was calculated by both methods using a 
simplified scheme, because, as is known, this property of salt melts depends slightly on the temperature in 
the interval Tmelt + 200K [12-14]. The change of the isobaric heat capacity with temperature, which was 
determined for some salts, is overlapped by relatively large experimental errors (up to 10-20%). 
Experimental values of the heat capacity of molten fluorides of lithium and sodium and their mixtures 
with beryllium difluoride [14] were taken as the input data. To verify the calculation method described 
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above, we compared our calculated values and experimental values [13] of the heat capacity for two melts. 
These values (in cal⋅g-1⋅K-1) are compared below (T = 973K): 
24.0LiF-53.0NaF-23.0BeF2: cр exp =0.54; ср calc =0.548 
7.5LiF-63.5NaF-31.0BeF2: ср exp=0.51; ср calc =0.514 
The thermal conductivity of the selected salt compositions was calculated by an empirical equation, 
describing experimental values of several dozens salt melts, including alkali metals fluorides and their 
mixtures [19], within the measurement accuracy provided by the method of coaxial cylinders:  

λ = -0.34 + 0.5·10 -3Т + 32.0 / М        (2.7) 

Here, λ is the thermal conductivity in W/(m⋅K), T is the temperature in K, and M is the molecular mass in 
g/mole. The applicability of this equation to prediction of the thermal conductivity of fluoride melts, 
including those with ions of polyvalent metals, was verified by a comparison of experimental and 
calculated values on the thermal conductivity for already studied salt compositions. The thermal 
conductivity values, estimated with  (Eq.2.7) for the selected Na,Li,Be/F mixtures at 800K and 1000K, are 
given in Table 2.4. It also contains predicted values of density, viscosity and heat capacity. 

TABLE  2.4. Predicted values of transport properties for Na,Li,Be/F mixtures [5] 

 

 

 

 

 

 

 

 

 
 
Figures of merit for transport properties of liquid.  Obviously a liquid fuel or coolant capable of taking up 
a lot of heat per unit volume requires a lower flow rate to do its job. If it has a low viscosity it requires less 
pumping power to achieve that flow rate. An approximate figure of merit to express this factors in normal 
operation ( fixed reactor power, fluid heat up in the core  and pipe parameters) is : 

  E1  =   2.0

28,2

µ
ρpC

    

In connection with developments in  safety philosophy (passive after heat removal) an approximate figure 
of merit for the natural convection quality of the coolant could be : 

E2 =  Cp ρ β 0,5 ∆Tc
1,5

where Cp
 – specific heat (J /(kg K)), ρ -density( kg / m3) , µ -viscosity ( kg /(m s)), β - thermal expansion 

(1/K) and  ∆Tc - fluid heat up in the core. 
 
 

 

 

Salt composition 
Molecular weight (M) 

A 
42.3 

B2 
41.0 

C 
39.5 

Density,  g/cm3

800 K 
1000 K 

 
2.16 
2.06 

 
2.15 
2.05 

 
2.15 
2.04 

dρ/dT, 104 g/cm3/K 5.16 5.29 5.38 
Viscosity, cP 
800 K 
1000 K 

 
11.28 
4.33 

 
10.48 
4.13 

 
8.92 
3.72 

Heat capacity, cal/g/K 0.515 0.529 0.54 
Thermal conductivity, W/m/K 
800 K 
1000 K 

 
0.82 
0.92 

 
0.84 
0.94 

 
0.87 
0.97 
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Fig. 2.2 Figures of merit E1 and E2 for physical properties of liquids compared to sodium at 500 oC. Data 
for 0,95(72LiF-16BeF2-12ThF4)+0,05UF4 and 0,99(58NaF-15LiF-27BeF2)+1PuF3 (in mole%) at 800K 
In term of merits given for physical properties molten salts selected in our study look better than liquid 
metal high temperature coolants (see Figure 2.4). Molten salts have a much higher heat capacity per unit 
volume than lead and sodium, so that the physical size (cost) of pumps and piping will be smaller. The 
molten salts have a much lower thermal conductivity than liquid metals, so that sudden coolant 
temperature changes which directly correlate with   fluid heat up in the core will provide less thermal 
shock to system components. 
2.4 Measurement of Viscosity 

In Kurchatov Institute experiments the technique was based on method of oscillating cylinder filled by the 
salt. Kinematic viscosity of two salt mixtures A:  64.2NaF-7.0LiF-28.8BeF2 (mole%) and C: 56.7NaF-
22.0LiF-21.3BeF2 (mole%) have been measured in temperature range from liquidus up to 800oC with 
accuracy 4-6% (dispersion). Dependences of kinematic viscosity vs. temperature, received by processing 
of experimental data in a range of temperatures 525-800oC can be represented as (in m2/s): 

νA = 0.1344 exp{2900 / T(K)}         (2.8) 
νC = 0.1527 exp{2509 / T(K)}         (2.9) 
Fig. 2.3 gives correlation of kinematic viscosity for these mixtures vs. temperature. As one would expect, 
viscosity grows up with increasing of BeF2 concentration in the system.  

Comparison of our experimental data with the modeling estimations done in previous Section has shown 
coincidence of estimations to experimental data at high temperatures (800oC > T > 600oC), and significant 
deviation at temperatures close to liquidus temperature. Note, that our experimental data in that 
temperature range are in good agreement with the earlier ORNL data [10] for close Na,Li,Be/F 
compositions, where viscosity measurements were done in the temperature range  of 600-800oC with three 
different instruments. 
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Fig. 2.3. Kinematical viscosity vs. temperature: ◊ , ∆ - experimental points for 64.2NaF-7.0LiF-28.8BeF2  
and  56.7NaF-22.0LiF-21.3BeF2 (mole%); Solid lines – correlations obtained from Eq.2.8 and Eq.2.9; 
Dashed lines – estimations from  Eq.2.4 and Eq.2.6. 

2.5 Thermal Conductivity Measurement 

Our data on thermal conductivity measurements for molten 64.2NaF-7.0LiF-28.8BeF2 (mole%) in 
temperatures range of 500-800oC could be presented by following equation  (in W/m/K):  

λA = 0.8380 + 0.0009 [t (oC) - 610.3]        (2.10) 

These values were determined by reliable experimental techniques of coaxial cylinders. Dispersion of data 
on the thermal conductivity caused by statistical disorder of experimental points and appreciated under the 
assumption of its homoscedastivity, is evaluated as 0.028 W/m/K or about 3% of measurement value. 
Total dispersion of these measurements, determined by accuracy of calibration is estimated as 15%. 

It is interesting to compare our experimental data with results of preliminary modeling estimations, as well 
as other data available for molten LiF, NaF and BeF2 containing salts. As can be seen from Fig. 2.4, our 
experimental data (thick solid line) are quite in agreement with modeling estimations (thin dashed line). In 
ORNL [20] the thermal conductivity of several molten salt mixtures, including Li,Be/F; Li,Be,Zr/F and 
Li,Be,Th/F was measured between 550-850oC by variable gap method. This paper gives the experimental 
values of 1.0–1.2W/m/K for molten 2LiF-BeF2 system. The occurrence of maximum value of thermal 
conductivity was observed at about 700oC for salt mixtures containing lithium fluoride. ORNL studies 
[20] for molten 66LiF-34BeF2 (mole%) mixture have shown values about 30% higher compared to our 
experimental data for molten 64.2NaF-7.0LiF-28.8BeF2 (mole%) system. Basing on experimental data on 
thermal conductivity of molten individual  LiF and NaF [17-19], such a discrepancy in our and ORNL 
results would be explained by replacement of  LiF on NaF in the ternary system. 
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Fig. 2.4. Thermal conductivity vs. temperature: thick solid lines – experimental data for 64.2NaF-7.0LiF-
28.8BeF2 (mole%) and Eq.2.10; Thick dashed line (∆) – ORNL data for 66LiF-34BeF2 (mole%) [20]; 
Thin dashed line – estimation from Eq.2.7 
2.6. Measurement of Density 

The density is measured at Kurchatov Institute by a method of hydrostatic weighing. Measurements are 
carried out for molten 58NaF-15LiF-27BeF2 (mole%) system in temperature range from 500oC till to 
700oC. Our data could be presented by following equations  (in g/cm3): 

ρ =  2.163±0.0023 -(4.06±0.29)10-4(t - 601.4)       (2.11)  

after processing of 2519 experimental points in temperature range 482 - 770 0С and 

ρ =  2.178±0.0011 -(4.19±0.21)10-4(t - 563.2)       (2.12) 

after processing 1863 experimental points in temperature range 482 - 670 0С. 

Difference between these correlations in temperature range of interest 482 - 800 0С does not exceed 0.2%. 
The experimental data on density vs. temperature are given in Fig. 2.5. Our experimental data are in 
agreement with modeling estimation done in Section 2.3. 
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Fig. 2.5. Dependence of density vs. temperature for 58NaF-15LiF-27BeF2 (mole%) system 

3. STRUCTURAL MATERIALS 

The success of an MSR and, particularly MOSART, is strongly dependent on the compatibility of the 
container materials with the molten salts used in primary and secondary circuits. The high temperature, 
salt redox potential, radiation fluence, energy spectrum poses a serious challenge for any structural alloy 
in a MOSART. Design of practicable system demands the selection of salt constituents such as LiF, NaF, 
BeF2, UF4 , ThF4, PuF3 etc.,  that are not appreciably reduced by available structural metals and alloys 
whose components Fe, Ni and Cr can be in near equilibrium with the salt.  

If 300-series stainless steels are exposed to uranium fueled salt under the closed system conditions the 
corrosion rate is manifested by surface voids of decreased Cr content to a depth of 60-70 µm at 600-
650oC. Note, that data on corrosion rates obtained in experiments with Li,Be,Th,U/F for the 304SS and 
316SS at ORNL and later at Kurchatov Institute for the Russian austenitic steels 12H18N10T and AP-164 
agree well with each other[22]. For the Li,Be/F system not containing uranium, where  the oxidation 
potential of the salt could be lowered by buffering with metallic Be without concerns for 
disproportionation of UF3, the corrosion rate was decreased at 650oC from the 8 to the 2 µm/yr. 

Early materials studies at ORNL [21] led to the development of a nickel-base alloy, Hastelloy N, for use 
with fluoride salts (see Table 3.1). The alloy contained 16% molybdenum for strengthening and chromium 
sufficient to moderate oxidation rate in air and not enough to lead to high corrosion rates in salt.  This 
alloy was the sole structural material used in the MSRE and contributed significantly to the success of the 
experiment.  However, two problems were noted with Hastelloy N, which needed further attention before 
more advanced reactors could be built.  First, it was found that Hastelloy N was embrittled by helium 
produced from 10B and directly from nickel by a two-step reaction.  This type of radiation embrittlement is 
common to most iron and nickel—base alloys.  The second problem arose from the fission-product 
tellurium diffusing a short distance into the metal along the grain boundaries and embrittling the 
boundaries. The last ORNL preferred solution to the cracking problem was to continue with Hastelloy N 
with some additional small modifications of composition. In material tests with Te, a modified Hastelloy 
N (see Table 3.1) containing 2% Nb was found to be entirely free from cracks [21]. 

At Kurchatov Institute the Ni based alloy Hastelloy NM (or HN80MT) was also chosen as a reference one 
[21]. The results of our studies on  mechanical, corrosion and radiation properties various alloys of 
HN80MT permitted us to suggest the Ti and Al–modified alloy as an optimum container material for the 
MSR. This alloy named HN80MTY has the composition given in Table 3.1. 
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Ternary Na,Li,Be/F molten salt system with decreased contents of lithium and beryllium was not studied 
in corrosion loops before. Note, that there is a lack of data on development and operation of molten salt 
corrosion loops fuelled only by actinide trifluorides. Thermal convection loop developed for corrosion 
studies of various Ni-based alloys with molten Na,Li,Be/F mixture, containing actinide trifluorides is 
developed and constructed within the ISTC#1606. This design provide tests of the materials specimens in 
loop cold leg at molten salt temperature 550-600oC, molten salt heat up about 100oC and its flow rate up to 
5 cm/s (Re > 3000).  The main goal of the ongoing test is to study the corrosion processes between 15LiF-
58NaF-27BeF2 mixture (in mole%) and specimens of Ni-based alloys. Material specimens of three 
different types, particularly: US HastelloyNM alloyed by Nb [21], Russian HN80MTY [22] and Czech 
MONICR [23] are under study in corrosion loop now (see Table 3.1). 

Preliminary isothermal test on compatibility of selected Ni-based alloys with molten 15LiF–58NaF–
27BeF2 (% mole) is already done in corrosion loop at Kurchatov Institute site. Corrosion samples were 
exposed in molten salt during 100 hrs at 650oC. The initial loss weight of HN80MTY was five times lower 
than MONICR, but twice higher than Hastelloy-NM alloyed by Nb under equivalent conditions. As first 
reaction concerning MONICR, it could be note, the more iron in the Ni-based alloy (see Table 3.1), the 
less uniform corrosion resistance [21,22]. 

Na,Li,Be/F corrosion  test also includes the studies of system redox potential effect on materials corrosion. 
The development of a device for measuring the redox potential (DRPM) of uranium free Na,Li,Be/F 
system in the thermal convection corrosion loop is considered as very important for analysis of molten salt 
streams fuelled only by actinide trifluorides. 

Table 3.1  Chemical composition of nickel based alloys ( content , % by weight ) 
Element Hastelloy-NM [21] HN80MTY [22] MONICR [23] 
Ni base base base 
Cr 7.61 6.81 6.85 
Mo 12.2 13.2 15.8 
Ti 0.001 0.93 0.026 
Fe 0.28 0.15 2.27 
Mn 0.22 0.013 0.037 
Nb 1.48 0.01 <0,01 
Si 0.040 0.040 0.13 
Al 0.038 1.12 0.02 
W 0.21 0.072 0.16 
Cu 0.12 0.020 0.016 
Co 0.003 0.003 0.03 
B 0.008  0.003 0.003 
Ce, S, P <0.003 <0.003 0.003 
C 0.020 0.025 0.014 

A new diaphragm-free meter with a dynamic beryllium reference electrode for the redox potential 
measurement in the BeF2 and TRU trifluorides containing melts was developed by IHTE. Preliminary tests 
of the DRPM in 14.3LiF–59.0NaF–26.7BeF2 (in mole%) mixture at 600°C allowed determining optimal 
conditions for electrochemical formation of the dynamic beryllium reference electrode, which ensures 
reproducibility of the redox potential values of the melt. It was shown that DRPM with a dynamic 
reference electrode is highly sensitive to changes in the salt redox potential (within ±5mV). Experiments 
with the 14.3LiF–59.0NaF–26.7BeF2 (in mole%) mixture containing additions of CeF3 and PuF3, also 
confirmed the DRPM efficiency. 

Full-scale thermal gradient test in corrosion loop with increasing temperature and time is under way now. 
Further tests with PuF3 containing mixtures are planned for the next ISTC#1606 stage at VNIITF site. 
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MSR’s Use a Molten Salt Coolant 
Containing Dissolved Fuel

Use of  molten salts as  fuel material has been 
proposed for different reactor types and 
applications 
Earlier development programs

US Aircraft Nuclear Propulsion Program (1950s)
US Molten Salt Breeder Reactor Program (1960s)
R&D  in Russia, France, Japan (in 70s – 80s)

Current interests (Gen IV, INPRO, EC MOST, ISTC)

Waste (actinide) burning
Efficient electricity production
Hydrogen production (long term)
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Molten Salt Characteristics

Molten fluoride salts preferred over chlorides
Low nuclear cross section
Excellent chemical stability
No troublesome long-lived activation products

Choice of salt depends upon mission
Breeder (low absorption cross section: lithium and beryllium fluorides
Waste burner (high solubility for TRU’s)
Hydrogen production (low tritium production: zirconium, sodium, and 
other fluorides)

Leading candidates were investigated during the Prior Programs
Simple alkali halides: FLiNaK (FLiNaRb)
Zr-containing salts: ARE salt NaF-ZrF4 (and ternary systems)
Be-containing salts: MSRE coolant salt-7Li2BeF4

Two MSR’s Were 
Successfully Operated

Aircraft Reactor Experiment (ARE)
Program goal (1950s): military jet engine
Power: 2.5 MWt
Peak temperature out: 860°C
Salt composition: NaF-ZrF4-UF4

Molten Salt Reactor Experiment (MSRE)
Program goal (1960s): breeder reactor
Power: 8 MWt
Temperature out: 650°C
Salt composition : 7LiF-BeF2-ThF4-UF4
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Rationale for Using MSRs for Waste 
Burning is Based on Engineering, 
Cost, and Operational Issues
Minimal parasitic absorbers in their cores and much smaller in-process 

inventory of product compared to solid fuel designs.

Utilization of fuel of different nuclide compositions in continuous 

operation with no special modification of the core. 

Continuous or in batch fuel processing on relatively short cycle times 

in a facility coupled to fuel circuit. 

High fuel burn up and low actinide losses to waste stream in fully 

closed fuel cycle.

On-site simplified back-end fuel management, which means no 

transportation of spent fuel and no interim storage for spent fuel.

Heat to electric efficiency due to high temperature.

Interest in MSRs is for Burning 
Actinides and Long-Lived FP’s

Thermal Reactors
(with Pu recycle)

Thermal Reactors
(with Pu recycle)

Fast Reactors
(with Pu recycle)
Fast Reactors

(with Pu recycle)

Pu, MA, Th
I-129, Tc-99
Pu, MA, Th
I-129, Tc-99

Molten Salt
Burner System

MiningMining

EnrichmentEnrichment

Final Form Product DisposalFinal Form Product Disposal

Enriched Uranium Depleted Uranium

Pu

Fuel Cycle Advocated in Kurchatov Study

Russia
EC (CEA-France)
EdF (France)
Korea
Czech Republic
U.S. (Academic)

Ongoing Molten Salt 
Transmutation Programs
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Areas for Actinide burning R&D

Preferred salt composition for this mission
Choice of fuel salt for high actinide content

Materials compatibility with new salt (REDOX)
Disposition of noble metal fission products
Reactor physics: Code for coupling chemistry, 
Scenarios and safety parameters, Feed back 
reactivity validation
Engineering design

Update design 
Adopt regulatory structure to liquid fuels
Modernize strategy for remote operations

Objectives and Developments

Current study is applied to examine, potential of MSR as 
TRU transmuter for U-Th free single fluid streams
WP1: Reactor physics & fuel cycle consideration
WP2: Experimental study of behavior and fundamental 
properties of fuel composition
WP3: Experimental verification of structural materials
This effort is done by Kurchatov Institute (Moscow), VNIITF 
(Snezinsk) and IHTE (Ekaterinburg) within ISTC Task#1606 
titled  “Experimental study of molten salt technology for safe, 
low waste and proliferation resistant treatment of Pu and MA in 
accelerator driven and critical systems” supported by EC
Foreign Collaborators: CEA, BNFL, FZK, KTH
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WP1: MOSART configuration
Chemical Processing Reactor Application

Variables & Results sought

kef & Equilibrium 
concentrations  vs  
An+Ln solubility limit

Fractional burn up

Reactivity coefficients 
at different burn up

Radiation damage to 
graphite

Solvent  and feed 
material composition

Volume fraction of 
salt in core and its 
zoning

Neutron flux density 
and  volume of fuel salt 
outside  core

FP’s removal times
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WP1: System description 

Objective of study: Find optimum core 
parameters while accounting for  
technology constrains 

• Procedure: Two calculation schemes 
taking into account the specific  of 
fluid fuel reactor (MCU + ORIGEN-S, 
MCNP4B + ORIGEN-2) have been 
developed and tested for MSBR, DMSR 
and AMSTER

Scenarios: single fluid MSR with FP’s 
clean up is used  as TRU transmuter
of LWR spent fuel

Scenario 1 2 3

Np 6.42 6,51 0,84

Pu238 3.18 2,77 6,34

Pu239 43.93 48,36 8,44

Pu240 21.27 19,97 34,89

Pu241 13.52 8,30 9,33

Pu242 7.88 6,25 18,7

Am241 0.55 5,56 1,4

Am243 2.33 1,69 4,65

Cm 0.92 0,59 5,07

Fuel Salt Criteria& Solvent System
Low neutron cross section for  
solvent components
Thermal stability of the salt 
components
Low vapour pressure
Radiation stability
Adequate solubility of fuel and FP’s 
components
Adequate melting point & transport 
properties 
Chemical compatibility with 
construction materials
Low waste and cost fuel clean up

50-50-D

918-73C

-27
25

58
58

15
17

В1
B2

-29647A

ZrF4BeF2NaFLiFSalt
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The MOSART - single fluid design fuelled by 
TRUF3 without UF4 or ThF4 support

This system is considered to take advantage of 
absence from Th or U, namely: 
Improve nuclear performance for transmutation of 
actinides trifluorides. No captures on Th and Pa in 
core.
Easy processing, because the fuel salt is free of Th
fertile material. 
Minimize losses of TRU to waste by decreased 
processing rates and simplification of the fuel salt 
processing unit’s flow sheets.

MSR fuel processing
Removal of FP’s for discard as a waste is 
primary purpose of fuel  processing
MSR offer the opportunity for continuous 
processing on relatively short cycle time in a 
facility coupled to reactor 
All  FP’s do not go to processing plant (Xe, Kr, 
noble met.)
Be is not extracted;  Zr, U, Pu, Pa, RE’s and Th
are extractable in that order
Main concern deal with RE’s dissolved as
trifluorides
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Methods & cycle times for FP removal
Component Removal

time
Removal operation

Kr, Xe 50 sec Sparging with He

Zn, Ga, Ge, As, Se,Nb,Mo, 
Ru,Rh,Pd,Ag,Tc, 
Cd,In,Sn,Sb,Te

2.4 hr Plating out on surfaces+
To  off gas system

Zr

1-5 yr
Reductive Extraction,
Oxides Precipitation, 
Electro deposition

Ni, Fe, Cr

Np, Pu, Am, Cm

Y, La, Ce, Pr, Nd, Pm, Gd,
Tb, Dy, Ho, Er, Sm, Eu

Sr, Ba, Rb, Cs >30 yr

Li, Be, Na Salt discard

MOSART: fuel clean up
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MOSART Study Results

MOSART Study Results

Scenario 3

Scenario1
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MOSART findings
• The optimal spectrum for the MOSART is fast with significant epithermal 

component (core without graphite moderator). Due to intensive grown up 
of  Cm-245 in spectrum of core without moderator it is possible support
necessary criticality without additional neutron sources.

• It is feasible to design Na,Li,Be/F critical system based on core without 
moderator  fuelled by TRU corresponding to the Scenarios 1 and 2 of fuel 
start up loading and make up, while equilibrium AnF3+LnF3 concentration 
for the soluble fission product removal cycle 300 epdf is below solubility 
limit (<1mole%) at minimal fuel salt temperature 550oC.

• It is not feasible to design Na,Zr/F or Li,Be/F critical systems based on 
core with or without moderator  fuelled by TRU corresponding to the 
Scenarios 1-3 of fuel start up loading and make up for the soluble fission 
product removal cycle 300 epdf. For these cores the equilibrium 
AnF3+LnF3 concentration for the soluble fission product removal cycle 300
epdf is higher solubility limit at fuel salt temperature 550/600oC.

MOSART Study Results
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In the case of the graphite moderated Na,Li,Be/F cores the AnF3+LnF3
equilibrium concentrations are significantly higher. For graphite to fuel salt 
ratio in the core >1 they become higher than 2 mole%. 
For Na,Li,Be/F core without moderator it may be possible to design MOSART 
fuelled by TRU composition corresponding to worst Scenario 3 to be critical. 
In this case concentration of AnF3+LnF3 in the fuel salt would be about 2 
mole% at start up and equilibrium for 1 year  removal times for soluble 
fission products. This value is truly below the (AnF3+LnF3) solubility limit for 
the 58NaF-17LiF-25BeF2 molten salt mixture at the temperature 550oС -
600oС.
For 2400MWt Na,Li,Be/F MOSART concept optimal fuel salt specific power  is 
about 50W/cm3 and it corresponds the core with the diameter / height 
about 3.5m / 4m and effective neutron flux near 1x1015 n/cm2 /s.
In order to decrease losses to waste for MOSART the removal times for 
soluble fission products can be increased up to 5 yr for  Scenario 1 and 
Scenario 2 loadings; in case of Scenario 3 loading - up to 2 yr

MOSART findings – cont’d

MOSART Study Results
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TRU transmutation efficiency

T - core lifetime, d - single cycle 
losses to waste, τ –fission product 
removal time, ME - equilibrium 
TRU loading ,  P - system thermal 
power,  Ef - fission energy
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For the system loaded only by 
TRU’s with short (compare to
core lifetime) transition to 
equilibrium period:

Full amount of fissioned and 
loaded TRU nuclides during  t
period: and

MOSART case :  KG =95% 

T = 100 yrs,  d = 10-3,  τ > 1yr

P = 2400MWt, ME = 4820kg

Thanks to the possibility to load without any fertile support MOSART system
fuelled only by TRU’s has maximum possible output, high enough
transmutation efficiency and can be fuelled by the wide range of TRU 
compositions from LWR spent fuel. The proportion of MOSART’s in a LWR 
nuclear fleet needed to burn its TRU production is less than 25%. 
The preliminary 3D calculations show the negative total temperature 
coefficients both for start up (−0.14pcm/K) and equilibrium (–1.53pcm/K ) 
loadings. The increase of the coefficient absolute meaning for start up 
loading should be done on the base of core – reflector geometry 
optimisation. Concerning the further concept studies and optimization, more 
precise MOSART calculations are needed to confirm its safety.
The tritium production issue, due essentially to (n,t) reactions on lithium 
isotopes, concerns MSR concepts. This production in 1GWe MSBR and 1GWe 
AMSTER with 72LiF-16BeF2-12ThF4 fuel salt is ~50 times higher than in a 
PWR. 1GWe MOSART system with 15LiF-58NaF-27BeF2  fuel salt, depending
of specific fuel salt power 50W cm-3 will generate 5 times less of tritium
respectively compared to MSBR and AMSTER.

MOSART findings – cont’d
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Na,Li,Be/F phase diagram
An’s solubility (trifluorides, oxides)
Transport properties (viscosity, thermal 
conductivity, density, heat capacity)
Standard free energies of formation for         
Ln/An trifluorides
An/Ln distribution coefficients for 2-phase 
system (electrowinning, precipitation, 
reductive extraction)

WP2: Na,Li,Be/F properties

Phase Diagram
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• Phase transition behavior studies lead us 
to place  emphasis on 58NaF-15LiF-27BeF2
mixture with liquidus temperature 479°C. 

• Composition 58NaF-17LiF-25BeF2 with 
melting temperature of 494-496oC could 
be also of interest for further studies. 
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Solubility of An / Ln Trifluorides

PuF3 solubility  is maximum in pure LiF or NaF 
The AnF3 and LnF3 are moderately soluble in 
BeF2, ZrF4 and ThF4 containing mixtures. It is 
important for TRU transmuter  application that, if 
more than one such trifluoride (including UF3) 
present, they crystallize as a solid solution with 
the same trifluorides composition as that in the 
solution. 
Divalent fission products anticipated in MSR  
operation would probably not significantly affect 
the solubility of PuF3 .

Trifluorides Solubility
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6-Со57 source, 7-NaI(Tl) detector 
8-Na,Li,Be/F, 9-electrode
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Our experimental data on solubility of PuF3 for molten 2LiF-
BeF2 salt system are in good agreement with previous ORNL 
data. For considered LiF-BeF2 - containing systems, decrease 
of BeF2 from 34 mole% down to 25 mole % provide about 5 
times increase of PuF3 solubility.
For molten 58NaF-15LiF-27BeF2 and 58NaF-17LiF-25BeF2
mixtures (in mole%), the following solubility of PuF3 was 
obtained in our study: 1.33 and 1.94 mole% at 550oC and 
1.94 and 3.00 mole% at 600oC. 
The measured solubility of PuF3 truly satisfy the 
requirements for Na,Li,Be/F MOSART concept.

Trifluorides Solubility

Oxides solubility

Oxide mas.% T,oC

PuO2 0,05♣ 800

ZrO2 0,007
0,014

650
740

CeO2 0,06
0,03

650
740

La2O3 0,07
0,49

650
740

Nd2O3 2 650

BeO 0,003♣ 800

Zr – Be – Pu – Am - RE• Oxides solubility for 58NaF-
15LiF-27BeF2 (mole%) at 
650-750oC and 40NaF-60LiF 
(mole%) at 800oC have been 
measured. 

• The solubility of tetravalent 
metals (U, Pu, Zr, Ce) oxides 
in both systems is very low. 

• It was not found tendency 
for plutonium as PuF3 to 
precipitate as oxide.
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MS Physical  properties

Salt composition
Molecular weight (M)

A
42.3

B2
41.0

C
39.5

Density,  g/cm3

800 K
1000 K

2.16
2.06

2.15
2.05

2.15
2.04

dρ/dT, 104 g/cm3/K 5.16 5.29 5.38

Viscosity, cP
800 K
1000 K

11.28
4.33

10.48
4.13

8.92
3.72

Heat capacity, cal/g/K 0.515 0.529 0.54

Thermal 
conductivity,W/m/K
800 K
1000 K

0.82
0.92

0.84
0.94

0.87
0.97

• The computation technique and 
experimental data on binary salt 
compositions were successfully 
used for prediction of the 
physicochemical properties for 
different ternary fluoride salt 
compositions. 

• Main result is estimation of the 
properties (density, heat capacity, 
viscosity, thermal conductivity, 
expansivity) for chosen molten 
Na,Li,Be/F mixtures in the 
temperature range  of 800-1000K.

Figures of merit for liquid 
properties

2.0

28.2

1 µ
ρ⋅

= pC
E

5.0
2 βρ ⋅⋅= pCE
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Viscosity

Solid line -KI  data,   Dashed line –ORNL  data
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Experimental data on kinematic viscosity measurement of several Na,Li,Be/F 
salt compositions are processed in the temperature range from liquidus up 
to 800oC. Our experimental data in that temperature range are in good 
agreement with the ORNL data for close Na,Li,Be/F compositions.

Thermal conductivity

Solid line –KI data, λ=0.838 +0.0009(t - 610) , t = 500-7500C with dispersion 15%
Dash line– IHTE estimation: λ= -0,34 + 0,005∗Т+32/М, ORNL data for Li,Be/F – ∆

• Thermal conductivity of molten 64.2NaF-7.0LiF-28.8BeF2 (mole%) mixture is 
measured in temperature range 500-750oC. In this temperature range thermal 
conductivity of Na,Li,Be/F system is increased from about 0.75W/m/K up to 1.0W/m/K. 
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Na,Li,Be/F density 
ρ,g/cm3

400 500 600 700 800 
2.08

2.12

2.16

2.2

T,oC 

Experimental data on density measurement of molten 58NaF-15LiF-27BeF2
(mole%) salt composition are processed in the temperature range from 
liquidus up to 770oC. Our data could be presented by (in g/cm3): 

ρ =  2.163±0.0023 -(4.06±0.29)10-4(t - 601.4)

Our experimental data are in agreement with modeling  IHTE estimations 

Thermodynamic data available
 

 
Compound 

-∆Gf,1000, 
kcal/mol 

-∆Gf,298, 
kcal/mol 

ZrF4 376±1 432±1 
UF3 307±1 342±1  
UF4 388±2 436±1 
NpF3 311±2 349±2 
NpF4 376* 426* 

PuF3 320±5 360±3 
PuF4 367±5 419±5 
AmF3 325* 365* 

AmF4 340* 390* 
CmF3  - - 

*) – evaluated values 

•The challenging task for 
MOSART clean up unit is the 
An/Ln separation

•An/Ln separation  factors 
could be given by:
lnΘ=−{∆ Go

f(Ln,T)-∆ Go
f(An,T)}/(RT)

•For FP’s clean up unit 
development it is necessary,
to have reliable data ( 1-2 
kcal/mol) on An/Ln standard 
free energies of formation
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Measurement of potentials:
EMF method –in solid galvanic cells

1

1

2
3

4

1 – electrodes (Mo, 
Cu);
2 – solid electrolyte 
(LaF3, CaF2);
3 – PbF2, 
4 – Ln (La, Ce, Nd)

 

 
LnF3 

∆G = A + B T 
kcal/mol  (exper.)

∆G = A + B T 
kcal/mol  (*) 

 
LaF3 

 
- 415 + 58⋅10-3⋅T 

 
- 411.4 + 57.5⋅10-3⋅T 

 
CeF3 

 
- 413 + 59⋅10-3⋅T 

 
- 410.8 + 56.7⋅10-3⋅T 

 
NdF3 

 
- 410 + 59⋅10-3⋅T 

 
- 406.7 + 58.7⋅10-3⋅T 

 (*) – Resukhina T.N. et al  

Reduction potentials

1

2

3

4

7

6

5

88

1-glassy carbon crucible
2-working electrode-Mo 
3-reference electrode-Mo
4-Na,Li/F;     Na,Li,Be/F;

Na,Li,Be,Pu/F 
5-counter electrode- C
6-thermocouple 
7-vessel, 8-gas inlet

Li,Na,Nd,La/F

Li,Na/F
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Reductive extraction

Relative extractabilities of elements are determined by measuring 

equilibrium distribution coefficients in the two phase system : 

MFn(melt) + nLio(Bi) ⇔ Mo(Bi) + nLiF(melt)

The distribution coefficient for component M is defined by :

D = XM / XMFn

The ratio of distribution coefficients (Θ = D1 / D2) features the 

separation of the 2 components between phases

The  separation  factors for  different  elements with the same valence -

n (e.g. actinides and lanthanides) could be given by:

lnΘ =  − {DGo
f(Ln, T) - DGo

f(An,T)}/(RT)

WP3: Container metal

Because the products of oxidation of metals by fluoride 
melts are quite soluble in corroding media, passivation is 
precluded, and the corrosion rate depends on other 
factors, including:
• Cation imbalance due to fission (also Te corrosion)
• Atmospheric oxidants
• Cyclic corrosion 
•More Reducing Salts will be needed in Next Generation
Systems:

minimizes the thermodynamic potential for
corrosion

eliminates Te-attack compatible with actinides
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WP3: Corrosion studies

Compatibility of 15LiF-58NaF-27BeF2 salt 
containing PuF3 with Ni-based  alloys: 
ORNL - Hasteloy-NM (1.5%Nb),          
KI-HN80MTY (1%Al),  Scoda MONICR 
Tests  in natural convection loop with  
reasonable  salt inlet temperature  6000C 
and gradient  of about 80 –1000C
Redox measurement and  studies on 
corrosion prevention

Composition of Ni based alloys
Element Hastelloy-NM HN80MTY MONICR
Ni base base base
Cr 7.61 6.81 6.85
Mo 12.2 13.2 15.8
Ti 0.001 0.93 0.026
Fe 0.28 0.15 2.27
Mn 0.22 0.013 0.037
Nb 1.48 0.01 <0,01
Si 0.040 0.040 0.13
Al 0.038 1.12 0.02
W 0.21 0.072 0.16
Cu 0.12 0.020 0.016
Co 0.003 0.003 0.03
B 0.008 0.003 0.003
Ce, S, P <0.003 <0.003 0.003
C 0.020 0.025 0.014
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Thermal convection  loop
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Redox measurement

Cathode

Anode

Indicating 
electrode

A new diaphragm-free meter with a 
dynamic beryllium reference electrode for 
the redox potential measurement in molten 
salts containing BeF2 and TRU trifluorides is 
developed. Optimal conditions for 
electrochemical formation of the dynamic 
reference electrode, which ensures 
reproducibility of the redox potential values 
of the melt, are determined. It was shown 
that such a device is highly sensitive to 
changes in salt redox potential (< ±5mV).
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Properly Buffered System
Inhibits Corrosion

More-reducing REDOX 
buffers will be necessary
in the future to minimize
corrosion, increase service
temperature (Yb(III)/Yb(II)).

Measurement and
adjustment of REDOX are
possible by many methods. 
Very simple and practical
methods need to be
developed for industrial
systems.

Graphite for MSRs

• Graphite in a main part of MSRs serves no structural 
purpose (its primary function is, of course, to provide neutron 
moderation)  other than to define the flow patterns of the 
salt 
• The requirements on the material are dictated most 
strongly by nuclear considerations, namely stability of the 
material against radiation induced distortion and no 
penetrability by the fuel bearing molten salt
• The main problems arise from the requirement of stability 
against  radiation induced distortion
• The pyrolytic sealing work was only partially succesful.
Development of sealing techniques should be continuing 
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Changes under irradiation in graphite

Separation  Factors
Element LiCl-KCl/Bi LiF-BeF2/Bi LiF-BeF2-ThF4/Bi

U 1 1 1
Np 8-10 - 3-4
Pu 12 8 12
Am 23 - 16 
Cm - 50 90
Nd 1000 25000 18000
La 2500 190000 27000
Gd 104 106 -
Sm 106 105 2⋅105

Eu 107 4⋅107 2⋅107
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Summary

• Molten salts have many desirable properties for reactor
applications, and it seems likely that –given sufficient 
intellectual effort, development time and money transmuting
system and producer of energy in U-Pu or U-Th fuel cycle
could be developed

• Significant chemical  problems are remain to be resolved at the
end of prior MSRs programs, notably, graphite life durability, 
tritium control, fate of noble metal fission products

• Questions arising from Pu and MA fueling include: corrosion
and container  chemistry, new Redox buffer for systems
without U, analitical chemistry instrumentation, adequate 
constituent solubilities, suitable fuel processing and waste form
development 
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ABSTRACT 

The metallic fuel is being considered as the fuel for the KALIMER in Korea. The MACSIS for an metallic fuel is being 
developed as the steady-state performance computer code. Main structures of code consist of the temperature profile 
calculation routine, the swelling/FGR calculation routine, and the deformation calculation routine. The performance and the 
burnup limits for the transmutation fuel were analyzed preliminary by the MACSIS code. There were a few fuel 
characteristics relating with TRU material, so the material data of the U-Pu-Zr were used for those of the U-TRU-Zr. The 
parametric analyses were also performed for the selection of nominal design parameter. And it is expected that the burnup 
limit for the alloy fuel will be increased depending on the plenum length and the cladding thickness. There are lots of 
uncertainties on the modeling such as the bubble distribution and the fission gas release, etc., so some experimental tests are 
needed for clarifying the uncertainties of fuel modeling. 

 

1. INTRODUCTION 

Metallic fuel is being considered as the transmutation fuel for the KALIMER in Korea.1 U-TRU-Zr is 
being considered for the alloy fuel meats, and the cladding material was the HT9 for each fuel. 

The performance analysis in fuel rod design is essential to assure adequate fuel performance and integrity 
under irradiation conditions. In this paper, parametric study has been performed by the MACSIS (Metal fuel 
performance Analysis Code for Simulating the In-reactor behavior under Steady-state conditions)[1] This code 
will be used for simulating operational limits of metal fuel under steady state conditions. Main structures of the 
code consist of the temperature profile calculation routine, the swelling/FGR calculation routine, and the 
deformation calculation routine. 

Present studies represent parametric results and the capability for efficiently predicting the performance 
parameters as a function of burnup. 

There were a few fuel characteristics relating to TRU material, so the material data of the U-Pu-Zr were 
used for those of the U-TRU-Zr. In the alloy fuel, the burnup limits were analyzed according to the plenum-to-
fuel ratio and the cladding thickness by MACSIS. 

The radial fuel constituent migration may affect the in-reactor performance of metallic fuel rods such as 
melting temperature, thermal conductivity, power generation rate, phase boundaries and porosity distribution of 
the fuel slug. A subroutine has been made and installed into the MACSIS code to simulate constituent 
redistribution. 

The generation of helium gas during transmutation of 241Am may be a significant issue that must be 
considered in the design of the fuel for transmutation. In this paper, the He production rates calculated by the 
other code are inserted into the swelling/FGR routine of the code. 

In Section 2, the model features and general description of MACSIS code are described. A parametric 
study on the variation of design parameters for metallic fuel rods is performed using the MACSIS code in Section 
3. The conclusions are given in the final section. 
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2. CODE DESCRIPTION  

MACSIS is metallic fuel performance computer code which calculates thermal performance 
characteristics and dimensional changes of the fuel rods in liquid metal reactor with a fast neutron environment. It 
is comprised of a series of subroutines which model liquid metal reactor fuel phenomena. MACSIS code 
calculates temperature distribution, dimensional changes, axial growth, fission gas release, and the radial 
redistribution of the fuel alloying elements during irradiation in the metallic fuel slug. It assumes that the fuel slug 
is an infinitely long rod concentric with an infinitely long cladding. The above assumption, together with the 
assumption of axisymmetry, allows the analysis to be one-dimensional (i.e., only gradients and movements in the 
radial direction are allowed). Another major assumption is that conditions of fuel and its environment are at 
steady-state as an element power is specified.  

A detailed thermo-mechanical analysis is performed in the radial direction with provisions to specify up 
to 10 radial rings for the fuel-cladding system. The calculations for the fuel slug are done by dividing the fuel slug 
into 10 concentric annuli of equal thickness and performing the calculations at each radial node. The MACSIS 
gap conductance is a simplification of the Ross-Stoute gap conductance model. It considers three components 
contributing to the heat transfer across the fuel slug-to-cladding gap. When the fuel slug and cladding are not in 
contact, the mechanisms are radiant heat transfer and heat conduction through the sodium in the fuel slug- 
cladding gap. If the fuel slug and cladding come into contact, the heat conduction through the sodium and solid-
solid conduction at points along the fuel-cladding interface are used. Axial variations in operating conditions are 
accounted for by inputting powers and fast fluxes for up to 20 fuel axial nodes and one plenum node. The axial 
nodes are thermally coupled through the calculated coolant temperatures, and axial heat conduction is ignored. 
However, there are no provisions for mechanical coupling between axial nodes, except for calculating rod internal 
pressure. Released fission gas in each segment is accumulated over the segments for calculation of coolant 
temperatures and plenum pressure. 

The number of burnup increments is left to the discretion of the code user. As burnup proceeds, material 
properties of the fuel slug and cladding change with time. These changes are due to the variations of temperature, 
stress and radiation dose. For each time increment, fission gas release is updated, plenum pressure is computed, 
and fuel temperatures are adjusted to account for changing gap conductance. In the MACSIS, time dependent 
effects of these phenomena on fuel performance are modeled by assuming that fission gas is released only after a 
reactor shutdown i.e., at the end of a burnup interval specified by a power i ,and burnup i data pair. The first set of 
calculations is done at the start of the burnup interval. It is assumed that conditions have reached steady state at 
power i as soon as the power level is changed from power i-1, i.e., at burnup i-1, but that there is no gas retained 
in the fuel which would affect its performance at the start of each burnup interval. This is done to compute the 
effect of previously released gas on quantities at the end of previous burnup interval. The second set of 
calculations is done at the end of burnup interval. During constant power interval, a part of the gas produced is 
released and the rest of it accumulated at the grain boundaries. The effects of the gas retained in the fuel on the 
fuel performance are then included in the second set of calculations. 

Program and numerical techniques have been developed in a way which provides code with short running 
times and modular independence of models, so that user may easily choose or replace proper models. The 
MACSIS code consists of a driving routine, I/O routines, mathematical models, and physically-based theoretical 
model for fission gas release and correlated model for fuel swelling. The mathematical models are heat transfer, 
gas pressure and, dimensional changes of fuel and cladding.  

The key phenomena which are significant in controlling metallic fuel pin behavior and reliability are 
known to be large fission gas release and fuel swelling in the early irradiation stage, fuel constituent redistribution 
and bond sodium logging into the interconnected porosity and fuel/cladding eutectic reaction [2].  
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3. PERFORMANCE ANALYSIS 

3.1. Design Parameter  

The alloy fuel consists of a U-TRU-Zr metallic alloy slug and liquid metal thermal bonding in HT9 steel, 
much like the Experimental Breeder Reactor II (EBR-ll) fuel or fuel developed for the Integral Fast Reactor (IFR) 
concept. A fission gas plenum is located above the fuel slug and sodium bond. The key design parameter for the 
alloy fuel is shown in Table 1. 

TABLE 1. The Key Design Parameter  
 Alloy 

Fuel Slug Contents (wt%) 
241Am Content (wt%) 

Fuel Slug Diameter (mm) 
Smeared Density (%) 

Pin Outer Diameter (mm) 
Cladding Thickness (mm) 

Fuel Slug Length (mm) 
Peak Linear Power (kW/m) 

Coolant Outlet Temperature (°C) 
Cladding Material  

65U-18Pu-1Am-0.3Cm-0.2Np-0.5RE-15Zr 
0.6  

5.66 
75 
7.6 

0.53 
500 
28.2 
510 
HT9 

3.2 Fuel Temperature Prediction 

The precise prediction of fuel temperature distribution is one of the most important factors in a fuel 
performance code, because fuel temperature affects almost all of the fuel element behaviors. It is known that the 
key factors which may affect the temperature distribution of metallic fuel are porosity formation, bond sodium 
infiltration into the porosity, and heat generation rate and thermal conductivity dependence on fuel constituent 
migration. 

The fuel temperature calculation schemes are developed and implemented into the MACSIS code to 
incorporate the major temperature controlling factors as mentioned above. 

The thermal conductivity of the unirradiated U-TRU-Zr alloy, k0, can be expressed as the function of 
temperature and alloy composition [3]. 
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,where T is the temperature in kelvin and Wz is the weight fraction of zirconium. 

The porosities and sodium infiltration effect should be considered in calculating the thermal conductivity 
of irradiated metallic fuel. These effects can be determined by porosity correction factor, Pf, which was derived by 
Bauer and Holland[4],  
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,where kNa is the thermal conductivity of logged sodium, k0 is unirradiated fuel thermal conductivity, PNa is the 
sodium-filled porosity fraction, Pg is the gas filled porosity fraction and ε is 1.72. 
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The predicted temperatures of U-Zr metal fuel by MACSIS versus LIFE-M, etc [3,5~10] are plotted in 
Fig. 1 which is an evaluation of the various temperatures from cladding mid-wall to fuel centerline. It is apparent 
that MACSIS has reasonably good capability in predicting fuel pin rod temperatures. 
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Fig. 1. Comparison of U-Zr metal fuel temperatures predicted by MACSIS and LIFE-M 

 
Figure 2 shows several cases of temperature variation with respect to linear heat generation of a typical 

KALIMER fuel pin. In the design of a metallic fuel pin, fuel temperature limits on fuel melting and 
eutectic/liquid-phase formation should be considered from a temperature point of view. Based on the aggregate of 
TREAT tests, ANL concluded that centerline fuel melting, even extensive melting exceeding 80 % of a given 
radial cross-section, is not a problem and does not result in pin failures [11]. However, the prevention of 
centerline fuel melting is regarded as a design limit of KALIMER fuel pins for conservatism. It is expected that 
the solidus temperature of U-20TRU-15Zr metallic fuel is 1000oC. As irradiation proceeds, the thermal 
conductivity of metallic fuel is degraded to approximately 50 % of the initial value at around 1 at% burnup. For 
further irradiation, the conductivity is restored by bond sodium infiltration into the fuel slug. In the case of 50 % 
degraded thermal conductivity, which is the worst condition in terms of fuel temperature, the calculated power-to-
melt is about 650 W/cm.  
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Fig. 2. The operating limits on linear power rate for metallic fuel pin in KALIMER 
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During irradiation, a complicated multi-element metal mixture including fission products is formed at the 
fuel-cladding interface of a metallic fuel pin. According to the experimental results, no liquid phase has been 
observed at temperatures below 700oC. Above this temperature, a liquid phase is formed at the interface and its 
penetration reduces the cladding thickness. Although the detailed mechanism of this behavior is not yet known, it 
has been shown that the penetration does not cause an instantaneous failure but proceeds at a certain rate that is 
dependent on the composition and temperature of the mixture. Considering this indication, the most conservative 
criterion that prevents eutectic reactions during a steady state operation is considered in the KALIMER fuel pin 
design. Using the nominal irradiation temperature of a KALIMER fuel pin, the calculated power-to-eutectic is 
about 520W/cm. If we consider the hot channel temperature, the power-to-eutectic decreases to about 350 W/cm. 

3.3 Fuel Constituent Migration 

The radial fuel constituent migration related to the formation of three distinct phasal zones is a general 
phenomenon in irradiated U-Pu-Zr and U-Zr alloys [12]. This phenomenon may affect the in-reactor performance 
of metallic fuel rods, influencing such factors as melting temperature, thermal conductivity, power generation 
rate, phase boundaries and porosity distribution of the fuel slug. Thus, constituent redistribution modeling is 
essential when developing a metallic fuel performance code. The constituent migration model adopted in 
MACSIS was based on the Ishida’s model [13] and Hofman’s theory [14]. 

Ishida’s model is a ternary diffusion model that employes a quasi-binary U-Zr phase diagram with 
constant plutonium contents for the U-Pu-Zr system. In this paper, the quasi-binary U-Zr phase diagram has been 
reconstructed by several polynomial equations.  

A subroutine program has been made and installed into the MACSIS code to simulate constituent 
redistribution. This subroutine determines the phase field at each node from the temperature profile and 
composition concentrations. The polynomial equations have been made to determine the phase field from the U-
Zr phase diagram. After then, it evaluates material properties such as molar enthalpy, volume fraction and 
diffusion coefficient, and compute the Zr concentration at each node. The diffusion coefficients used in this 
subroutine are based on the Hofman’s model [14]. 

The driving forces acting on the Zr migration are consist of molar enthalpy of solution (∆Hs) term due to 
Zr solubility change with radial temperature profile, heat of transport (Q*) term due to temperature gradient, and 
concentration gradient term which always keeps opposite direction against the (∆Hs+Q*) term.  

Figure 3 shows the calculated radial profile of Zr and measured Zr concentration for the U-19Pu-10Zr. 
The dashed line shows the initial Zr composition. As shown in Fig. 3, significant amount of Zr is depleted in the 
middle zone.  
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Fig. 3. Calculated and measured radial profile of Zr for U-19Pu-10Zr 
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As described before, the driving forces acting on the Zr migration can be divided into 3 terms, i.e., molar 
enthalpy of solution (∆Hs) term due to Zr solubility change with radial temperature profile, heat of transport (Q*) 
term due to temperature gradient, and concentration gradient term which tends to equalize the concentration 
distribution.  

The diffusion coefficient controls the amount of Zr redistribution, while the ∆Hs and Q* control the 
direction and trend of redistribution. Unfortunately, in U-Pu-Zr alloy, neither the in-reactor diffusion coefficient 
nor the heat of transport is determined yet. To resolve this problem, firstly the ex-reactor diffusivity is increased 
until the amount of Zr depletion is coincides with experimental data.  

Sohn et al [15] experimentally determined the heat of transport of ternary U-19Pu-10Zr alloys, and the 
value for  was –77 kJ/mole. In this paper, however, it was assumed that the value for  was –97 kJ/mole, 

because the discrepancy was small in this value. The greater depletion of zirconium in intermediate (ζ+γ) phase 
region can be explained by the lower zirconium mobility of (δ+ζ) phase. 

*
γQ *

γQ

Figure 4 shows the simulated Zr redistribution for U-20TRU-15Zr fuel. The main reason for Zr addition 
to metallic fuel is to increase melting point of the fuel and to enhance the chemical compatibility between fuel and 
cladding. In this regard, the fuel constituent redistribution may affect the integrity of fuel pin. At around 650 oC of 
fuel temperature, the model predicts the Zr fraction in fuel center reaches its peak of 0.5, and there will be no 
centerline Zr depletion expected in all range of temperature. This indicates fuel centerline melting will be retarded 
as redistribution occurs during off-normal conditions. But Zr depletion at fuel surface may affect deleterious 
effect on fuel pin integrity. The model also predicts that the sharp Zr depletion occurs at fuel surface when the 
fuel surface temperature is approached the upper limit of (ζ+γ) phase boundary. This phenomenon has not been 
confirmed yet experimentally, but the fuel designers might be careful on this effect for setting up their operating 
temperature limit. 
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Fig. 4. Calculated radial profile of Zr for U-20TRU-15Zr 

3.4 Fission Gas Release and He rate insertion 

3.4.1 Fission gas retention and release [1] 

The production rate of the fission gas products is proportional to power density, and a predictive 
capability for the behavior of fission gas in nuclear fuel during normal and off-normal conditions is essential to 
any rational estimate of fuel element integrity. The first step of fission gas release is the movement of fission gas 
created in the fuel matrix to the fuel grain boundary. The second step of fission gas release is the movement of 
fission gas on the grain boundary through the fission gas tunnels to the fuel rod gas plenum.  
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When gas atoms arrive at the grain boundaries, they precipitate to form bubbles which can grow until they 
inter-link. Additionally, the bubbles and the grain boundaries on which they are located can also migrate. Tunnels 
subsequently form at grain edges and the gas ultimately escapes to a free void within the rod. While the fission 
gas contained by the fuel tends to cause swelling, fission gas that has been released promotes shrinkage by 
pressurizing the solid and thereby encouraging the collapse of internal porosity and bubbles. There is also a 
temperature-independent mechanism of fission gas release incorporated into the MACSIS. The release occurs by 
direct flight from the fuel while the gas atom is still an energetic fission fragment(recoil), interaction of a fission 
fragment, a collision cascade, a fission spike with a stationary gas atom near the surface or by micro-
cracks(knockout). The release model by the direct recoil and knockout mechanisms are also incorporated into the 
MACSIS code. 

Figure 5 shows the percentage gas releases according to burnup variation, predicted by the semi-
theoretical models in the MACSIS code. According to the experimental results, it appears that fission gas release 
largely increases at around 1 to 2 at% burnup and the maximum fission gas release at a burnup of 13at% was 74 
%. The predictions by MACSIS with the semi-theoretical models agree comparatively well with the experimental 
results from ANL, according to burnup increase.  
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Fig. 5. Fission Gas Release as function of burnup 

3.4.2 He rate insertion 

The estimated helium production rates from 241Am was 50 ml He per gram of transmuted 241Am[16]. As 
shown in Table 1, initial loaded 241Am contents by the preliminary KALIMER heavy metal contents were 0.6 
wt%. So the initial loaded 241Am weight calculated by the preliminary KALIMER fuel dimensions were 0.3g, It is 
assumed that the time required to achieve 50% transmutation of 241Am is 2.5 years.6 The He generation rates of 
the alloy and the inter-metallic dispersion fuel were assumed to be about 5.6ml/165day. 

In the MACSIS, the He generation rates were inserted into the FGR (Fission Gas Release) analysis 
module, and then the volume of the fission gas generated was calculated including the He generation rates.  

3.5 .Burnup Limits Analysis  

Figure 6 shows the cladding strain comparison with He effects as a function of the plenum-to-fuel ratio 
for alloy fuel. The cladding strain of a low-smeared density pin can be accounted for by the plenum pressure 
stress alone [17]. The effects on total diametric strain with different plenum sizes were analyzed by the MACSIS 
code. As shown in Figure 6, the deformations below 10 at% burnup were less than approximately 0.5 % in every 
case. As the swelling of the HT9 has been neglected, the cladding strain is only due to thermal and irradiation 
creep. 
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Fig. 6. Cladding strain according to plenum-to-fuel ratio for the alloy fuel 
 

A shorter plenum length results in a larger total diametric strain. In the case of the plenum-to-fuel ratio of 
1.5 with the He effect, it was estimated that the total strain was about 3% at 13.8 at%, while the total strain 
without the He effect was about 3% at 14.8 at%.  

The values of total strain without the He effects were about 3.49, 0.9 and 0.44% at 15at% for the 1.5, 1.75 
and 2.0 plenum-to-fuel ratio, respectively. But the values of total strain with He effects were about 16, 2.1 and 
0.75% at 15at% for the 1.5, 1.75 and 2.0 plenum-to-fuel ratio, respectively. These results indicate that the He 
effects will be a very important factor for the higher burnup, even if the He weight were very small. 

In Fig. 6, the thicker solid line shows the thermal creep strain for the plenum-to-fuel ratio of 1.75. This 
result indicated the major deformation mechanism was thermal creep strain in the alloy fuel. According to 
preliminary burnup limits, the total strain criteria is 3% or the thermal creep strain limit is 1%[18]. So the burnup 
limit of alloy fuel was 15.5at% for the total strain limit, but14.5% for the thermal creep strain limit.   

In this paper, it is estimated that the effect of thermal creep strain was more severe than that of total strain, 
the thermal creep strain of 1% was used for the burnup limit criteria.  

So far, a lot of models such as the eutectic melting and the FCMI by the solid fission products have not 
been established, it is estimated that 1.75 times of the plenum-to-fuel ratio is conservative for satisfying the 
discharge burnup goal of about 10%. 

Figure 7 shows the thermal creep strain rate comparison with the He effects as a function of the cladding 
thickness for alloy fuel. As expected, the burnup limit increases with an increasing cladding thickness.  

The values of burnup limits at the plenum-to-fuel ratio of 1.5 were about 13.5 and 15.5 at% for the 
cladding thickness of 0.6 and 0.7mm, respectively. It indicates that the burnup limit of the plenum-to-fuel ratio of 
1.5 and the cladding thickness of 0.6mm is very similar to that of the reference case (the plenum-to-fuel ratio of 
1.75 and the cladding thickness of 0.53mm). If it is difficult to accommodate the longer fuel, the cladding 
thickness of 0.6mm is recommended to satisfy the burnup limit. 

In the U-20TRU-15Zr metallic fuel, it is estimated that the plenum-to-fuel ratio of 1.75, the smear density 
of 75% and the cladding thickness of 0.53mm can satisfy the discharge burump goal.  
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Fig. 7. Thermal creep strain according to the clad thickness for the alloy fuel 

 

4. CONCLUSIONS 

The metallic fuel is being considered as the transmutation fuel for the KALIMER in Korea. The MACSIS 
has been developed for the design of metallic fuel in KALIMER, and a parametric study was performed using the 
MACSIS code. 

Considering the hot channel temperature of the KALIMER core, the power-to-eutectic decreases to about 
350 W/cm. This result shows the concept of the duplex cladding may be needed for preventing eutectic melting. 

The constituent migration analysis was performed by inserting the quasi-binary U-Zr model into MACSIS 
code. The results show the significant amount of Zr was depleted in the middle zone. So it is expected the 
centerline melting temperature of U-20TRU-15Zr fuel will be increased, but eutectic temperature at fuel surface 
will be decreased. 

In order to evaluate the He effects by 241Am transmutation, the He generation rates were inserted into the 
code. It was estimated that the He effect will be a very important factor. 

In the U-20TRU-15Zr alloy fuel, it is expected that the burnup limit for the metallic fuel will be increased 
depending on the plenum length and the cladding thickness.  

There are lots of uncertainties in the modeling such as the material data, the eutectic melting, and the 
FCMI etc., so some experimental tests are needed for clarifying the uncertainties of the fuel modeling. 
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I. Introduction

3

Fuel development for KALIMER (Korea Advanced LIquid MEtal Reactor) in Korea

U-TRU-Zr metallic fuel

Cladding material : HT9

Steady-state performance computer code development
MACSIS

(A Metallic fuel performance Analysis Code for Simulating In-reactor behavior under Steady-state conditions)

Parametric study for the selection of nominal design characteristics and operating limits 
The material data of U-Pu-Zr : used for those of U-TRU-Zr fuel
The fuel temperature distribution : check the operational limits
The constituent migration analysis : by the quasi-binary U-Zr model
The He production rates : inserted into the swelling/FGR routine
The burnup limits : derive the design concept

Korea Atomic Energy Research Institute4

I. Introduction

4

The fuel slug : immersed in sodium for thermal bonding with the HT9 cladding like IFR concept

Fission gas plenum : located above 

Fuel assembly contains a bundle of pins arrayed in triangular pitch
Upper 
End 
Plug

Upper 
Gas 
Plenum

Fuel 
Slug

Lower 
End 
Plug 
and 
Shielding

Wire Wrap
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II. MACSIS Code Description

5

 
INPUT 

Geometry, Power History, Model Specifications 

Calculate Initial Conditions 

Power, Burnup, Fluence 

Coolant Temperature 

Cladding Temperature 

Cladding Deformation 

Fuel/Clad HTC 

Fuel Temperature 

Constituent Redistribution 

Fuel Swelling 

Fission Gas Release 

Plenum Pressure 

Failure Probability 

OUTPUT 

Is time ended?

No 

F/C
Gap Converge? 

No 

Yes 

Yes 

STOP 

● Main structure
- Fuel temp. calculation routine
- Swelling and FGR calculation routine
- Cladding deformation calculation routine

● Main Function
- Axial and radial temperature distribution
- Fuel slug swelling
- Fission gas release including He release
- Fuel constituent migration
- Cladding deformation by plenum pressure
- Cumulative damage fraction by the input of other 

program
- Cladding wastage effect by eutectic melting (now 

developing)
- FCMI by solid fission product

(now developing)

MACSIS Flow Chart
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III. Performance Analysis

The key design parameter (reference case)

6

HT9Cladding Material

510Coolant Outlet Temperature (°C)

28.2Peak Linear Power (kW/m)

500Fuel Slug Length (mm)

0.53Cladding Thickness (mm)

7.6Pin Outer Diameter (mm)

75Smeared Density (%)

5.66Fuel Slug Diameter (mm)

0.6 241Am Content (wt%)

65U-18Pu-1Am-0.3Cm-0.2Np-0.5RE-15ZrFuel Slug Contents (wt%)

● Key Design Parameter

Fuel slug composition : U-20TRU-15Zr
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III. Performance Analysis

• Transmutation Fuel Composition (w/o) in an Equilibrium Cycle

Korea Atomic Energy Research Institute8 8

500 550 600 650 700 750
500

550

600

650

700

750

 MACSIS Prediction
 Linear Fitting Line

M
AC

SI
S 

Pr
ed

ict
ion

s (
o C)

LIFE-M, etc. Predictions (oC)

III. Performance Analysis

● Fuel Temperature Prediction

Thermal conductivity for the unirradiated U-TRU-Zr alloy by Billone et al.
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The predicted temperatures of U-Zr metal fuel by MACSIS versus LIFE-M by Billone, Pahl, Hofman et al.

reasonably good capability in 

predicting fuel pin rod temperatures
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III. Performance Analysis

● Fuel temperature limits on fuel melting and eutectic/liquid-phase formation

calculated power-to-melt : about 530~650 W/cm 

(in case of 50 % degraded thermal conductivity and at hot channel ~ only 50 % degraded thermal conductivity )

calculated power-to-eutectic : about 350~520 W/cm 

Operating limit of linear power : about 350 W/cm 

Concept of Duplex Cladding may be needed

The operating limits on linear power rate for metallic fuel pin
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III. Performance Analysis

● Fuel Constituent Migration

Based on the Ishida’s model and Hofman’s
theory

Reconstruct the quasi-binary U-Zr phase 
diagram by Ishida’s Concept

Assumption of the diffusion coefficient by 
Hofman’s theory

Flow Chart of Calculation Scheme

Diffusion equation for constituent migration

∇ Single phase

∇ Multi-phase

∇ Boundary
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● Calculated and measured radial profile of Zr for the U-19Pu-10Zr

driving forces acting on the Zr migration : molar enthalpy of solution (△Hs), heat of transport (Q*) , and 
concentration gradient 

The main reason for redistribution : radial solubility change of Zr 

The heat of transport plays a role in the redistribution

discrepancy was small : in case of Q* : -97,000kJ/mole 

significant amount of Zr is depleted in the middle zone

0

0.1

0.2

0.3

0.4

0 0.2 0.4 0.6 0.8 1
Slug Radis (R/ R0)

Zr
 A

to
m

 F
ra

ct
io

n

EBR II experimental data
initial Zr concentration
calculated value (Q=- 50000)
calculated value (Q=- 77000)
calculated value (Q=- 97000)

680ºC γ2 ζ+γ δ+ζ 510ºC

0

0.1

0.2

0.3

0.4

0 0.2 0.4 0.6 0.8 1
Slug Radis (R/ R0)

Zr
 A

to
m

 F
ra

ct
io

n

EBR II experimental data
initial Zr concentration
calculated value (Q=- 50000)
calculated value (Q=- 77000)
calculated value (Q=- 97000)

680ºC γ2 ζ+γ δ+ζ 510ºC

11

III. Performance Analysis

Calculated and measured radial 
profile of Zr for U-19Pu-10Zr

Korea Atomic Energy Research Institute12 12

III. Performance Analysis

● Calculated radial profile of Zr for the U-20TRU-15Zr

Zr fraction in fuel center at around 650 oC : 0.5

fuel centerline melting : retarded by addition of Zr

Sharp Zr depletion at the upper limit of (ζ+γ) phase boundary 

melting temperature and eutectic-melting point decreased

This phenomenon has not been confirmed yet experimentally

Calculated Radial profile of Zr for U-20TRU-15Zr
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● Radial Fuel Temperature Prediction

Centerline temperature at linear power 28.2 kW/m

about 780 oC : in case of No Sodium infiltration (CASE-1) 

about 705 oC : in case of Constituent Migration + Sodium infiltration (CASE-2) 

about 695 oC : in case of No Constituent Migration + Sodium Infiltration (CASE-3) 

Difference in the temperature profile between Case-2 and Case-3 : very small

Sufficient Margin to the slug centerline melting

13
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III. Performance Analysis

Radial temperature profile at the axial position of Z=2/3Zo

Korea Atomic Energy Research Institute14

● Fission Gas Release (FGR) Prediction

Behavior of intragranular FGR : diffusion theory by Booth

Behavior of grain boundary  : multiple bubble distribution model by Hwang

Percentage gas releases according to burnup variation by MACSIS

Largely increases at around 1 to 2 at% burnup

Maximum fission gas release at a burnup of 13at% : about 74 %.

The predictions by MACSIS with the semi-theoretical models agree comparatively well with the 

experimental results from ANL

14

III. Performance Analysis

Fission gas release data by PahlCalculated fission gas release
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● He generation rates insertion
Assumption

- Helium production rates from 6-40 wt% 241Am : 50 ml He per gram of transmuted americium by Meyer

- 241Am weights and the He generation rates : calculated by fuel design spec

15

241Am weights and the He generation rates

Inserting the He generation rates into the code

In the MACSIS

- the number of fission events based on the average energy released per fission are calculated

- then effective fission gas yield (atoms/fission) are calculated 

- the volume of fission gas generated are recalculated including the He generation rate

5.6ml/165day 0.3 0.6U-20TRU-15Zr

He generation rate241Am weight (g)Content (wt%)Fuel type

* time required to achieve 50% transmutation of 241Am : 2.5 years by Walker

III. Performance Analysis
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● Burnup limits analysis
Cladding strain comparison with He effects as a 
function of the plenum-to-fuel ratio for alloy fuel

- The effects on total diametric strain with different plenum 
sizes :analyzed by the MACSIS code 

cladding strain by the plenum pressure stress alone 

He effects will be a very important factor

- the burnup limit for the plenum-to-fuel ratio of 1.75

:  15.5at% by the total strain limit of 3%

:  14.5at% by the thermal creep strain limit of 1%

(the thermal creep strain : the thicker solid line for the 
plenum-to-fuel ratio of 1.75)

- major deformation mechanism   

: thermal creep strain in the metallic fuel

- the thermal creep strain of 1% 

: used for the burnup limit criteria for metallic fuel. 

16

Cladding strain according to plenum-to-fuel ratio

2.1% at 15at%0.9%  at 15at%1.75

0.75% at 15at%0.44% at 15at%2.00

16% at 15at%3.49% at 15at%1.50

total strain With 
He

total strain
Without He

plenum-to-fuel 
ratio
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2.00 plenum with He 
2.00 plenum without He
1.75 plenum with He 
1.75 plenum without He 
1.50 plenum with He 
1.50 plenum without He 
thermal creep with He for 1.75 plenum

III. Performance Analysis
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Thermal creep strain rate comparison with the He 
effects as a function of the cladding thickness for 
alloy fuel

- The values of burnup limits at the plenum-to-fuel ratio 
of 1.5 : See table and figure

- the burnup limit of the plenum-to-fuel ratio of 1.5 and 
the cladding thickness of 0.6mm 

: slightly smaller than that of the plenum-to-fuel ratio of 
1.75 and the cladding thickness of 0.53mm 

- In the U-20TRU-15Zr metallic fuel, 

: the plenum-to-fuel ratio of 1.75, the smear density of 
75% and the cladding thickness of 0.53mm can satisfy 
the discharge burump goal 

17

Cladding strain according to the clad thickness

1% at 15.5at%1.50.70mm

1% at 14.5at%1.750.53mm

1% at 13.5at%1.50.60mm

Burnup limit
(Thermal creep 
strain With He)

plenum-to-fuel 
ratio

Cladding 
thickness

0.0

0.5

1.0

1.5

0 5 10 15

burnup(at%)

st
ra

in
 (%

)

0.6mm, 1.50 plenum
0.7mm, 1.50 plenum
0.6mm, 1.75 plenum
0.7mm, 1.75 plenum
reference case (0.53mm, 1.75plenum)

Preliminary thermal creep strain limit

III. Performance Analysis
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Probabilistic estimation of the CDF (Cumulative Damage Fraction)

Evaluate the cladding performance during transient conditions using the result of the WPF tests

Cumulative damage estimation about the WPF test fuel pin : by the transient test data and the failure correlation

Distribution of the CDF (Cumulative Damage Fraction) of the WPF data : determined by Weibull probabilistic analysis

KALIMER fuel pin performance : estimated under the same condition as the WPF tests

Failure probability of the KALIMER fuel pin : lower than that of the WPF pin

Because of a higher plenum-fuel volume ratio and lower cladding inner radius vs. thickness ratio

18
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III. Performance Analysis

KALIMER fuel pin performance 
by Weibull distribution
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Performance analysis for the transmutation fuel of KALIMER by MACSIS code

Operating limit of linear power by the calculated power-to-eutectic  : about 350 W/cm 

Concept of Duplex Cladding may be needed

The constituent migration analysis by the inserting of the quasi-binary U-Zr model

Significant amount of Zr depleted in the middle zone 

Detailed analysis needed for the eutectic melting

The burnup limits by inserting the He generation rates

He effects will be a important factor

Depending on the plenum length and the cladding thickness

Derive design concept to achieve the design goal

Some experimental test are needed for clarifying the uncertainties of the fuel modeling

IV. Conclusion

90



  
 

 
 

Session 2 

Reactor Physics and Safety Characteristics of Transmutation 
Systems based on Solid and Mobile Fuel Systems 

 
 
 

 
 

91



  
 

 
 

   

 
 
 

 
 

92



NEA/OCDE

93



94



95



96



97



  
 

 
 

   

 
 
 

 
 

98



International Atomic Energy Agency

IAEA Activities in the Area of Partitioning IAEA Activities in the Area of Partitioning 
and Transmutationand Transmutation

Young In Kim
Division of Nuclear Power

GLOBAL 2003, November 16 - 20, 2003 • New Orleans, LouisianaTM on 
“Review of Fuels for P&T Systems”, 15-18 Dec. 2003, Madrid, Spain International Atomic Energy Agency

OutlineOutline

Framework for IAEA’s Activities
Recent Accomplishments
Ongoing and Planned Activities
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Framework (I)Framework (I)

Technical Working Group on Fast Reactors 
(TWG-FR)
TWG-FR is a working tool: 
1.To promote exchange of information on national 

and multi-national fast reactor and hybrid 
systems (e.g., ADS) programs

Review experience and identify relevant issues which 
might benefit from international collaboration
Provide to MS current status and development trends 
of fast reactor and hybrid systems technology 
development

GLOBAL 2003, November 16 - 20, 2003 • New Orleans, LouisianaTM on 
“Review of Fuels for P&T Systems”, 15-18 Dec. 2003, Madrid, Spain International Atomic Energy Agency

Framework (II)Framework (II)

2. To stimulate and facilitate collaborative 
research and development (CRPs)

Convey MS needs and recommend activities
Ensure implementation of joint activities in 
respective MS

3. To coordinate activities with other Agency 
projects (e.g., in Safety, and Fuel, Materials 
and Waste) and TWGs, as well as other 
international organizations (EC and NEA)
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Information Exchange Information Exchange 
Comparative assessment of    thermo 
physical and thermo- hydraulic 
characteristics of lead, lead-bismuth, 
and sodium  coolants for fast reactors 
(IAEA TECDOC-1289)
Thorium fuel utilization: Options and               
trends (IAEA TECDOC-1319)
Power Reactor and Sub-critical Blanket 
Systems with Lead and Lead-Bismuth 
as Coolant and/or Target Material (IAEA 
TECDOC-1348)
Potential of thorium based fuel cycles 
to constrain plutonium and reduce long 
lived waste toxicity (IAEA TECDOC-
1349)

GLOBAL 2003, November 16 - 20, 2003 • New Orleans, LouisianaTM on 
“Review of Fuels for P&T Systems”, 15-18 Dec. 2003, Madrid, Spain International Atomic Energy Agency

Recently Completed Coordinated Recently Completed Coordinated 
Research Projects (Research Projects (CRPsCRPs) (I)) (I)

“Potential of Thorium Based Fuel Cycles to Constrain 
Plutonium and to Reduce Long Lived Waste Toxicity”

Different fuel cycle options in which Pu can be recycled with Th
to incinerate Pu
Potential to constrain Pu production and reduce existing 
stockpiles through Th fuel cycle in various existing thermal 
reactors (promising near-future Pu management solution in 
view of, e.g., proliferation concerns)
Pu incineration in thermal reactors less effective in view of 
reduction of long-term waste radio-toxicity (reduction less than 
an order of magnitude)
Results presented at PHYSOR 2002, Seoul,   October 7-10, 2002
Final results published in IAEA TECDOC-1349
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Recently Completed Coordinated Recently Completed Coordinated 
Research Projects (Research Projects (CRPsCRPs) (II) ) (II) 

“Use of Thorium Based Fuel Cycles in Accelerator 
Driven Systems to Incinerate Plutonium and to Reduce 
Long-term Waste Toxicities”

Stage 1: quantification of the neutronics parameters of a 
simplified Energy Amplifier
Stage 2: quantification of the potential ADS to burn TRU, MA 
and LLFP (max. transmutation rate; TRU and MA inventories vs. 
sub-criticality; sensitivity of ADS spectrum to external source 
spectrum)
Stage 3: analytical and experimental study of thermal ADS 
simulator YALINA (ISTC project, Belarus Academy of Sciences, 
Minsk)
Results presented at AccApp/ADTTA 2001, Reno, Nevada, 
November 11-15, 2001
IAEA TECDOC under preparation

GLOBAL 2003, November 16 - 20, 2003 • New Orleans, LouisianaTM on 
“Review of Fuels for P&T Systems”, 15-18 Dec. 2003, Madrid, Spain International Atomic Energy Agency

Recently Achieved Collaboration Recently Achieved Collaboration 
with International Organizations with International Organizations 

Contributions to the “Three-Agency Study” (IEA, 
NEA, IAEA) on “Innovative Nuclear Reactor 
Development – Opportunities for International 
Cooperation” 

More information available on
http://www.iea.org/public/studies/innovative nuclear.pdf

Collaborated with NEA in OECD/NEA’s “7th 
Partitioning and Transmutation Information 
Exchange Meeting” (Cheju, Republic of Korea, 14-
16 October 2002)
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Ongoing and Planned Coordinated Ongoing and Planned Coordinated 
Research Projects (Research Projects (CRPsCRPs) (I) ) (I) 

“Studies of Advanced Reactor Technology Options 
for Effective Incineration of Radioactive Waste”
(2002- ) 

Proposals received from 17 institutions from 13 Member 
States, and the EC’s JRC
Comparative assessment of the transient behaviour of 
advanced transmutation systems
Both critical and sub-critical systems to be considered

critical liquid metal cooled fast reactor
heavy liquid metal cooled ADS 
critical and sub-critical molten salt reactor 
fusion-fission hybrid sub-critical reactor

GLOBAL 2003, November 16 - 20, 2003 • New Orleans, LouisianaTM on 
“Review of Fuels for P&T Systems”, 15-18 Dec. 2003, Madrid, Spain International Atomic Energy Agency

Ongoing and Planned Coordinated Ongoing and Planned Coordinated 
Research Projects (Research Projects (CRPsCRPs) (II) ) (II) 

“Benchmark Analyses on Data and Calculational
Methods for ADS Source Related Neutronic
Phenomenology with Experimental Validation” 
(planned for 2004-2005) 

Improve understanding of physics of the coupling of 
spallation sources with sub-critical cores
Integrated calculation schemes will be used by the 
participants to perform computational and experimental 
benchmark analyses
Experimental backing of analytical benchmarks is major 
objective of the CRP
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Ongoing and Planned Other Activities (I)Ongoing and Planned Other Activities (I)

Topical Technical Meetings on
Theoretical and experimental studies of heavy 
liquid metal thermal hydraulics (held in Karlsruhe, 
Germany, hosted by FZK, 28-31 October 2003)
Review of solid and mobile fuels for partitioning 
and transmutation systems (Madrid, 15-18 
December 2003, hosted by CIEMAT)
Assessment of ADS dynamics and safety physics 
(planned for 2004 – 2005)

GLOBAL 2003, November 16 - 20, 2003 • New Orleans, LouisianaTM on 
“Review of Fuels for P&T Systems”, 15-18 Dec. 2003, Madrid, Spain International Atomic Energy Agency

Technical Meeting on “Review of Solid Technical Meeting on “Review of Solid 
and Mobile Fuels for P&T Systems”and Mobile Fuels for P&T Systems”

The 35th TWG-FR Meeting (Karlsruhe, 2002) 
recommended:

Topic is of interest to fast and thermal systems
Extend the information exchange activity to non-
representative labs and institutions of MS, and 
non-TWG-FR members as well 
Convene the TM within the framework of ISTC, 
with other projects (e.g., ISTC 1606, MOST, etc) in 
this field
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Ongoing and Planned Other Activities (II)Ongoing and Planned Other Activities (II)

IAEA Workshop on “Technology and Applications of 
Accelerator Driven Systems” (last hosted by ICTP, 
Trieste, Italy, 13-17 October 2003; next one planned 
for 2005)

Main objectives: formation and training
Lectures, tutorials, computer exercises
Participants mostly from Eastern Europe and Asia, but 
also from Africa, Western Europe, and South America
Syllabus: ADS concepts (design), simulation methods, 
ADS safety, fuel cycle issues
More information available on
http://www.iaea.org/inis/aws/fnss/meetings/index.html#planned

GLOBAL 2003, November 16 - 20, 2003 • New Orleans, LouisianaTM on 
“Review of Fuels for P&T Systems”, 15-18 Dec. 2003, Madrid, Spain International Atomic Energy Agency

LMFR Database LMFR Database 
About 400 design parameters of
35 experimental, prototype, and 
commercial fast reactors

Based on IAEA-TECDOC-866
http://www-frdb.iaea.org/index.html

Accessible through the Web Site of the 
IAEA project on “Technology Advances in “Technology Advances in 
Fast Reactors and Accelerator Driven Fast Reactors and Accelerator Driven 
Systems for Actinide and LongSystems for Actinide and Long--lived Fission lived Fission 
Product Transmutation”Product Transmutation”

http://www.iaea.org/inis/aws/fnss/  
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http://www.iaea.org/inis/aws/fnss/
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“Review of Fuels for P&T Systems”, 15-18 Dec. 2003, Madrid, Spain International Atomic Energy Agency

http://www-frdb.org/index.html
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ADS R&D Database ADS R&D Database 

An international database on ADS related 
R&D programs

14 categories on experimental facilities (existing 
and planned) and programs, methods and data 
development, design studies, …
Web based, operational
http://www-adsdb.iaea.org/index.cfm

Data collection started, contributions 
urgently solicited

Request login ID and PW 
Data can be provided on-line using intuitive 
interface

GLOBAL 2003, November 16 - 20, 2003 • New Orleans, LouisianaTM on 
“Review of Fuels for P&T Systems”, 15-18 Dec. 2003, Madrid, Spain International Atomic Energy Agency

http://www-adsdb.iaea.org/index.cfm
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Further Information Further Information 

Visit the Web Site of the IAEA project on
““Technology Advances in Fast Reactors and Technology Advances in Fast Reactors and 

Accelerator Driven Systems for Actinide and Accelerator Driven Systems for Actinide and 
LongLong--lived Fission Product Transmutation”lived Fission Product Transmutation”
http://www.iaea.org/inis/aws/fnss/
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IAEA
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Thank you for your attention
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A CONCEPTUAL FAST ENERGY AMPLIFIER ADS COOLED BY HELIUM IN A 
DOUBLE STATA Th/U FUEL CYCLE. THE BRAZILIAN STATUS ON ADS R&D 

 
José Rubens Maiorino 

Instituto de Pesquisas Energéticas e Nucleares 
São Paulo-SP- Brazil 

 
 
 

INTRODUCTION 
 
Research and Development on Accelerator Driven System (ADS) is just beginning in Brazil having 
as motivation the utilization of accelerators in basic and applied Nuclear Physics, products and 
services (e.g. Radio Isotopes, Radiation Application), and an experimental ADS neutron source 
which would replace the present time critical Research Reactor, IEA-R1 [1], and initiate a program 
on ADS for energy generation, waste transmutation and U/ Th fuel cycle. A proposal by IPEN-
CNEN and IFUSP [2] are under way in order to have a National Program. Currently on going 
activities are being conducted by IPEN-CNEN and IFUSP, which were initiated recently, are 
related to (1) Reactor Physics Calculation Methods and Conceptual Studies, (2) Development of 
Codes for Spallation Reaction Studies, and (3) the utilization of small accelerators to drive a zero 
power ADS for Reactor Physics studies. This paper will review these activities with an emphasis in 
the activity (1), presently in conceptual design phase. 
 
WORK DESCRIPTION 
 
Reactor Physics Calculation Methods and Conceptual Studies 
 
LAHEAT/HETC [3] is being used to define the spallation neutron source and heat generation in the 
target with kerma data from NJOY/ENDF-V [4], and MCNP-4C [5] is used for calculation of power 
or flux distribution, and keff  in the sub critical reactor. A conceptual study of an alternative concept 
for the Rubbia´s Fast Energy Amplifier [6] was performed [7,8]. This concept utilizes 3 points of 
spallation to reduce peak factor and flat power distribution, in a hexagonal pin assembly (1.138 cm 
pin pitch; 28.45 cm FE pitch) sub critical U/Th oxide fuel core consisting of solid lead square 
cylinder “calandria” (2m) cooled by He. The accelerator requirement is reduced to 500 MeV, 3 mA 
(Gain = 70) giving a thermal power of ~200 MWth. 
BOL results have already being obtained and a fuel cycle that allows in core fuel refueling and 
shuffling on line, U/Th fuel cycle, and waste burner is underway. 
 
Development of Codes for Spallation Reaction Studies 
 
A computer code, MCMC/MCEF [9] is under development in IFUSP to calculate the intra nuclear 
cascade properties and the nuclear evaporation process, present in all nuclear reactions with 
energies above few tens of MeV, using Monte Carlo techniques. Some new reaction channels were 
included in the code, resulting in a more realistic representation of the of the process involved in 
reactor physics studies [10]. 
 
Utilization of Small Accelerators to Drive a Zero Power Lead ADS 
 
IPEN operates 2 cyclotrons; the CYCLONE 30, from Ion Beam dedicated exclusively to RI 
production (e.g. 18F, 123I, 67Ga, 201Tl, 111In), and CV-28, from USA Cyclotron Co. Which is a 
compact, isochronous, multi particle radiation source where protons, deuterons, 3He++ and alpha can 
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be accelerated with variable energies (current) up to 24(40-60µA), 14(50-100µA), 365(5-50µA), 
and 28 MeV (6-40µA), respectively. Besides, IPEN also operates a 400 kV Van de Graff (VG) 
accelerator, which accelerates deuterons. The CV-28 and VG accelerators could be used as an 
external neutron source to drive a zero power ADS. Using the CV-28, fast neutrons (5-6 MeV) 
could be produced from the nuclear reactions of protons or deuterons with Beryllium or Lithium 
targets [12], with integrated intensities between 10 11 - 10 12 n/s and the VG can produce fast 
neutrons (14 and 2 MeV) from the 2H (3H, 4He) 1n, and  2H( 2H, 3H) 1n reactions with intensities 10 8 

- 10 9 n/s.  Although both accelerators needs some refurbishing in order to reach full operational 
condition. 
Given the availability of these accelerators, a feasibility study to use them to drive a zero sub 
critical ADS was realized, and a conceptual project is underway. The zero power sub critical reactor 
would be used to simulate the conceptual ADS described before, and in short the core will consist 
of a square lead blocks containing holes with U-Th metallic fuel elements (pins). 
 
RESULTS 
 
For the activity related with Reactor Physics Calculation, the methodology is being qualified by 
reproducing results from Rubbia [6], which utilizes FLUKA code. The results obtained by 
reproducing Rubbia´s fast energy amplifier ADS were very consistent. Also the nuclear data for 
233U, and 232Th were qualified by reproducing THOR and JEZEBEL-23 experiments [11]. The 
benchmark activity is still on progress. 
For the Modified Concept, several results had been obtaining for BOL, being one with three points 
of spallation the one which shows better results (peak factor = 1.85; keff = 0.965). 
Results from MCMC/MCEF were obtained for several nuclear reactions and compared with 
experimental results showing very good agreement [10].  
For the zero power ADS, some cases had been simulated for sub critical core varying the pin 
diameter and pitch, for hexagonal and square arrays. As an example of one of these simulation for a 
metallic uranium fuel, 9w/o enrichment, 2.5 cm pin diameter, 3 cm pitch, in a square array imbibed 
in a lead cubic matrix of 1 m3 gives keff = 0.96 [13]. Using as external neutron source the one 
coming from 28 MeV, 50 µA proton beam in a thick target of Be, located in the center of the cubic 
lead matrix, gives for the example a power of 150 watts. These results will be shown in the full 
paper. 
 
CONCLUSIONS 
 
The Reactor Physics calculation for the neutron source term (spallation, and hadrons nuclear 
reactions) using LAHET and/or MCMC codes, MCNP-4C for transport neutron calculation are well 
established, allowing BOL or Zero Power ADS calculation. The next steps are to introduce kinetics 
and dynamics calculation for short-time neutronics using existing deterministic codes, or 
developing new one, and long term neutronics calculation such burn up and decay calculation using 
existing codes, such as ORIGEN-ARP/ SCALE [14], or by the acquisition of codes developed by 
other organizations, such as MCNPX or MCB [15,16]. Also thermal hydraulic calculation 
capability for metal liquid and Helium gas should be implemented. Finally a simplified ADS and 
associated fuel cycle simulator, using commercial software, such as MATHEMATICA is on 
planning. 
The conceptual Modified Fast Energy ADS under study is giving good results at BOL, 
demonstrating its feasibility. Additional work needs to be done to demonstrate its capability to be a 
waste burn and U/Th double strata fuel cycle reactor. 
The feasibility to design a zero power lead ADS using the existing accelerators (VG, CV-28) is 
being demonstrated. The conceptual design will detail the facility, and will allow having a clear 
idea of the needed investment to build it, and to look for financial support. 
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Finally, although the activities on ADS in Brazil are just beginning, the routes being followed will 
allow that the motivation to start the R&D is achieved, and in a near future it becomes a National 
Program. Of course due to human power, knowledge available, and financial limitation in a 
developing country like Brazil, International Cooperation will be a key issue for the success of the 
ADS program. 
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CONCEPTUAL FAST ENERGY AMPLIFIER ADS COOLED BY HELIUM  

IN A DOUBLE STATA Th/U FUEL CYCLE 
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The feasibility of using the Energy Amplifier (EA) to eliminate Pu, utilization of different 

fuel cycles (U/Th/Pu), incineration as an alternative to geological storage and economy of the 

EA had been studied. Even so we believe that some improvements in the Rubbia’s concept 

can be made. The main points which we wish to consider in the Modified Energy Amplifier 

(MEA) concept, is the introduction of more than one point of spallation, in order to reduce the 

requirements in the accelerator and to obtain a more uniform fast neutrons distribution besides 

increasing the amount of regions more close to the fast neutrons improving the possibility of 

incineration of TRU, as well long lived FF. The other change in the modified concept is the 

substitution of the coolant, melted lead in natural circulation, by helium (He). The reason for 

this change is that there is few technological experience with liquid coolant with lead whereas 

helium coolant has been used successfully in the High Temperature Reactor, as well proposed 

in fast system like the Gas Cooled Fast Breeder Reactor. Besides, using He as coolant will 

allow the use of direct thermodynamic cycle (Brayton) with gas turbines, which are more 

efficient than the thermodynamic cycle proposed in the EA. Finally, the fuel cycle proposed 

by Rubbia assumes that the fuel stays in a fixed position during 5 years, with a high burnup 

(150 MWD/t), and a reprocessing in batch each five years. In the modified concept we use the 

same idea of the CANDU Reactor of fuel channels containing fuel bundles, which are 

shuffling or refueled on line. Then the MEA proposed consist of a horizontal cylinder 

(CALANDRIA) of lead. 

 The spallation region consists of circulating liquid lead. In this region the 

accelerator proton beam induces the spallation reaction in symmetric points. The second 

region is a buffer consisting of solid lead cooled by He and isolated from the spallation region 

by a thermal isolator, which has the function of softening the energetic spallation neutron. The 

third region is the seed region consisting of solid lead with channels where the fuel bundles 

are located, and is the region where the fission occurs as well as the incineration of TRU. The 

helium flows through the channels which are thermal isolated from the lead, allowing the heat 

generated be transferred mostly to the coolant, although due the high temperatures heat will 
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be transferred by radiation. The fourth is the blanket, which is geometrically similar to the 

seed region but using fertile material in the bundles, mainly Thorium. Finally, the last region 

is the lead reflector. 

 The in-core fuel cycle will allow shuffling on line using the same principle as in 

the CANDU Reactor.  Then bundles (Th-232) from the blanket can be moved to the seed 

region after equilibrium has been reached, and there is enough fissile material (U-233). 

Besides continuous shuffling also can be made in order to optimize the fuel utilization and 

waste incineration. A continuous refueling can be made extracting burned bundles and 

reprocessing it on line to extract TRU, Pu, and fissile material (U-233 in Th/U cycle) which 

are sent to a fuel fabrication and returns to the core. A feed of fresh Thorium, and waste 

(TRU/FF) from existing thermal reactors will allow to use the natural Th resource, as well as 

to couple the MEA with the thermal reactors and open the possibility to avoid secular final 

storage. 

 The first calculations were made proposing some qualitative and quantitative 

changes in the Rubbia's concept [tese + congressos] by the introduction of more than one 

spallation point in order to make the power density distribution more uniform and to reduce 

the requirements (current and energy) of the accelerator. Also, the sub critical core that in 

Rubbia’s concept is hexagonal array of fuel pins imbibed in molten lead is replaced by a solid 

lead calandria cooled by Helium. The first analyses of MEA in beginning of life (BOL) reveal 

that the best option is to use three symmetric spallation sources, as shown in Figure 1. 

Moreover, the radial power peaking factor is less than 2.0 and the lead can be kept solid by an 

appropriate cooling design. The final conception possesses a gain of 70 for Ep = 500 MeV 

and a thermal power of 100 MWth for Ip = 1 mA in each one of the cyclotrons. The helium 

temperature for this power is 800°C, which makes possible to use a Brayton cycle with higher 

efficiency. However, for Ep = 1 GeV, the gain is 110, which is very close to the Rubbia’s 

case. The final characteristics are shown in Figure 2. 

116



 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The power radial density distribution for the final proposes of the MEA, with 3 

spallation sources. All the quantities are per fuel element. 

 

 

 

Fig. 2. Final results and characteristics. 
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The R&D Activities in Brazil

José Rubens Maiorino
Instituto de Pesquisas Energéticas e 

Nucleares

.

Introduction. Nuclear Energy in Brazil

Nuclear Energy in Brazil is generated by 2 LW R ,
ANGRA I, a W estinghouse 657 M W ,

and ANGRA II, a SIEM ENS, 1309(1350) M W  .
 A third unity is under construction(ELETRONUCLEAR)

NAVY
Nuclear Propulsion

Enrichment

Defense

IPEN IEN CDTN

R&D Regulatory Body

INB
Fuel Industry

NUCLEP
Heavy Equipment

Industry

Nuclear Energy Commision

Science & Technology

Universities
USP, UFRJ. UFMG, UFPE

Education

ELETRONUCLEAR
Angra I, II, III

Energy

President

Nuclear Sector in Brazil
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Benchmarking
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[29]. 

Figura 5: Esquema de transmutação do U, Th e TRU.
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Motivation and Preliminary Remarks
•To start in Brazil  R&D on ADS
•Utilization of U/Th Fuel Cycle and Gas He cooled
Reactors( previous studies already existed)
•Alternative concept from Rubbia proposal includes more
than 1 point of spallation to reduce Accelerator
requirement, flat the power; Pb Solid cooled by He.
•Two lines: one using an hexagonal array of pins. and
another using refueling on line similar of the CANDU.
Both imbibed in a solid Pb cooled by He. These ideas had
been reported in the TWG-FR 2001/2/3, and in conferences
and papers

 Alternative Concept for a Fast Energy Amplifier ADS

433 fuel
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 Results for the Modified Fast Energy ADS

 Nuclear Reaction Code( MCMC/MCEF-INCA)
The INCA package is being developed by the Physics
Institute of São Paulo University to describe the intranuclear
cascade and evaporation process. It can treat incident
particles such as neutrons, protons, deuterons, gamma with
energies from 150 MeV to several GeV.The dynamic
evolution of the reactions istreated by a Monte Carlo
Method, and the algorith is a many body intranuclear
cascade and evaporation/fission competion process
considering dynamic evaluation of the fermionic
multicolisional process and the possibility of neutrons,
protons and alpha particles evaporation. Fission Process can
also occurs competing with evaporation process. Other
primary reaction channels are being included such as the
Pauli blocking, the formation of many nucleonic resonance
and the shadowing effect. The nucleonic resonances occurs
in gamma- neutron, and pion-neutron reactions which can
lead to short life particles and therefore the resonant width,
around 200 MeV. There are several resonances with their
correspondent mass and half life probabilities. The
shadowing effect is based in the hypothesis of the vector
dominance model in which a o photon with energyE hitting
a nucleus, can occupy at the same time, the bare-photon
stage, and the hadronic stage.The code out put gives cross
sections for the several physics process, the multiplicity and
the spectra for the emergent particle or reaction products.
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U Fuel Element
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Lead Block

Target(

SS Matrix

Beam

 Zero Power Fast Lead ADS

Cyclotron CV-28 Van de Graff

or

•Beam: proton( 24MeV; 50 µA)
•Target(Reaction): Be (n,Xn)
•Neutron Intensity~ 1011n/s
•Average N Energy~5 MeV

•Beam: deuteron
(400kV; 160µA)
•Target: Tritium( D-T)
•Neutron Intensity~109n/s
•Average N Energy~14 MeV
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Square Configuration( 1x1x1)m
Fuel- Metallic Uranium
1080 Fuel Pins
enrichment= 8.5w/0(U-235)
pin diameter= 2.5 cm
pin pitch=3.0 cm
keff=0.96
Power= 150 watts( CV-28 DRIVEN)
Total U mass= 10,000 kg

Zero Power  Subcritical Reactor- Prelimary Results

Acknowledgments: The support of the IAEA through the
technical cooperation project BRA/0/018-92-03 
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contemporary tendencies of the nuclear facilities development 
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Abstract 
 

The decision to develop nuclear facility is given not only through technical and financial 
arguments, but sometimes even the greater weight is on political, general safety and public acceptance 
reasons. Moreover a responsible statement about financial needs is at the beginning of the study 
possible only with a great error (roughly speaking - factor of two) and a time estimation up to the 
industrial facilities is about fifteen or even more years. If the technical development and realization is 
successful, we can express a more responsible conclusion only in such long time intervals. During 
such long periods, the criteria for political and financial decisions could be changed and the technical 
development will necessary follow the new situation with a change in the stream of money. On the 
other side, the stream of money into technology leads to a more precise forecast and a more 
responsible decision for future realizations. 

We shall try, in the paper, to reflect technical problems in the closed fuel cycle (like solid and 
liquid fuel options) with the public demands (refusing of nuclear energy and spent fuel disposal 
generally, preferring waste less technologies) and political safety aspects (nonproliferation, spent fuel 
storages).  

There will be a special attention devoted to such problems in smaller countries, where 
demands for energy cannot be covered by local classical sources and nuclear energy and spent fuel are 
already long time reality. The organizational measures and tendencies will be analyzed how to 
compose sufficiently great and qualified collectives to be able to overcome from the local final 
disposal development to the common technology realizing practically closed fuel cycle and enabling 
decomposition of water for the hydrogen production during the first half of this century. 

Overview information will be given about the Czech national technical program within the EU 
Program (MOST Project) and within the cooperation with Russian institutes in the molten salt 
technologies, which might be an example of a convenient contribution to the basis for a final decision 
in a global and long-term scale.  
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1.  Order for R&D 

 

It is serious to understand for whom we are going to develop facility and what should facility 
be doing exactly. 

Society already expressed its will not to have nuclear wastes and the result was establishing so 
called spent fuel fund, operated obviously in the countries by special agencies. Their task is to manage 
spent nuclear fuel such a way as to avoid any damages from it to the society as intentional so done by 
natural processes. Money, which is put to it each month, could be easy estimated. We have calculated 
it approximating the installed power (IAEA BULLETIN 43(2001)No.4) and for us known money 
given into this fund in the Czech Republic. See table 1. Data are from 2001 so for example Czech 
Republic is now paying about 4mil. USD monthly into the Spent Fuel Fund (SFF), but this table is for 
our consideration fully acceptable. We can conclude that only in Europe (EU + Switzerland + new EU 
countries) is paid nearly 2000 mil. USD per year to SFF to prepare final solution of the spent nuclear 
fuel. It is hardly to imagine greater society order. Second thing is – how to fulfill it.  

Historically the most societies demand was something like final disposal – this means to 
design disposal for the period at least 10000 years. Main demand is safety and in the contemporary 
political system, this safe disposal should be done at home. As it is known to authors safety is now 
analyzed practically only by the geological means and because we are not able to imagine society 
development during such periods it is not taken into account. There is a good old example from the 
history – extremely safe measures were taken into account in the ancient Egypt for the pyramids, the 
graves of the Pharaohs. There are no needs to analyze results – nearly all graves were stolen out even 
at those times.  

What should do nuclear engineers to explain their societies possible future steps to solve the 
problem by proper means? 

(i) We cannot avoid nuclear energy produced by fission because up to now there is 
no other source of energy in the demanded amount in near future. Technical 
development could bring nuclear fusion or maybe something, which is not now 
even under development, but real technology can be done now only through the 
nuclear fission of heavy elements. 

(ii) If there are no unexpected events in this century classical sources will be nearly 
exhausted. Time to develop new nuclear technology and apply it in the economies 
is about thirty years (as a minimum) now. It is too risky to believe to so called 
alternative sources or nuclear fusion or something else. We do not have other 
possibility as to develop nuclear power stations. 

(iii) Society can seriously retard technology development if it is not informed or have 
false expectation or fear from new technologies. (German example speaks very 
clearly.) Even the nuclear engineers must admit that spent nuclear fuel is risky for 
the society, specially if the society will be unstable and will not be able to control 
and guard it. Maybe it is the main reason of public fear from nuclear energy. It 
seems us that the same feature we see in the case of classical wastes – people want 
to have clean environment and growing population is feeling it as the main riches. 
Conclusion is that the strategy of the closed nuclear fuel cycle should be of primer 
interest in the future R&D. 

(iv) In certain sense, all tendencies in the future nuclear facilities are underlying using 
of Pu and arguing that this is the at least partial solution of the close fuel cycle. 
Problem is that in such case the remaining minor actinides and spent fuel need 
external neutron support to form a critical reactor and support through the 
accelerator is not only technical complicated but also very costly option. Just now 
there is not enough knowledge and technical experience to decide among various 
options, which seems available and in the only global program - Generation IV – 
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the closed fuel cycle is mentioned only partially.  Because for the public is hardly 
to decide what it means, if there are some rests (like minor actinides) public will 
still need to have final disposal, which slow down use of SFF money and 
technology development. That is why, there must be a complex suggestion, which 
enable to fission all heavy elements, fission products could be acceptable in the 
disposal only. Such technology will lead to the principally different disposal, 
much simpler, with the demand for about 300 years for 137Cs and 90Sr. These facts 
also liberate money from SFF for the development of technology. The options, 
which realize broader nuclear cycle (like thorium-uranium or various variants fast 
breeders) are hardly acceptable, because they are simply new producers of energy, 
maybe only with smaller and less dangerous wastes or with the wastes which will 
be in the system (reprocessed or waiting for new technology). 

(v) If we succeed to spent heavy elements and 137Cs and 90Sr will be disposed or 
alternatively used there still will be long lived fission products like 129I and 99Tc. 
They are very weak beta active, if and how should be stored is mostly the task for 
biologists. They do not present special danger and due to them we do not need 
disposal of the actinides category.  

(vi) Much smaller weight is the demand that everything must be done on the same 
place and that greater nuclear material transports are not (specially in Europe) 
acceptable. 

(vii) There is a special feature visible in the positions of big countries having nuclear 
weapons. It seems that they have (including public) much less fear from nuclear 
and much less fear from any disposal than the small countries. It is explainable 
because they can manage nuclear problems with their own forces and public 
percept it. Resulting strategy does not insist on final disposal so much. 

We have tried in our country to formulate future technology with respect to the upper 
formulated demands and explain our motivation to the society. As a result we have obtained 
astonishing for us demand of burgomasters of towns and villages from the vicinities of future possible 
final disposal places. They formed a union against final disposal and they agreed to prepare only 
disposal and wait with the spent fuel up to the time in which new technology will be developed. We 
do not know anybody from the research circles or official ministry bureaucrats, who took place in the 
activities trying to influence the process among final disposal (mostly geological) studies and public. 
But somehow information proliferates and forms public meaning.  

During the last years, demands have strongly arisen to develop special reactor with high 
temperature and high potential heat supply to produce hydrogen and oxygen from water. There could a 
be lot of intermediate steps from the heating of chemical substances (even by electricity) or using 
some gasses for the only hydrogen production to the high temperature output (about 850°C) for the 
most effective production. It depends on the future art of decision-makers to find the way, how to 
unify demands on such facility or how to combine high temperature outputs from liquid fuel reactors 
with the actinide and plutonium spending. Each technology variant development and in the case of 
hydrogen production also the use, storing and distribution needs so much experience and development 
that to have it too soon or too late could lead to the very great losses. This is also very sensitive due to 
political influence and existing tension in the main oil suppliers. 
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Table 1.  Nuclear Power Status Around the World (end of 2001)  
 

 reactors in operation reactors under construction 
 No. of units total net MWE No. of units total net 

ARGENTINA 2 935 1 692
ARMENIA 1 376  
BELGIUM 7 5712  
BRAZIL 2 1855  
BULGARIA 6 3538  
CANADA 14 9998  
CHINA 3 2167 7 6420
TAIWAN 6 4884 2 2560
CZECH REPUBLIC 5 2569 1 912
FINLAND 4 2656  
FRANCE 59 63073  
GERMANY 19 21122  
HUNGARY 4 1755  
INDIA 14 2503  
IRAN 2 2111
JAPAN 53 43491 4 3190
KOREA, REP. OF 16 12990 4 3820
LITHUANIA 2 2370  
MEXICO 2 1360  
NETHERLANDS 1 449  
PAKISTAN 2 425  
ROMANIA 1 650 1 650
RUSSIA 29 19843 3 2825
SOUTH  AFRICA 2 1800  
SLOVAKIA 6 2408 2 776
SLOVENIA 1 676  
SPAIN 9 7512  
SWEDEN 11 9432  
SWITZERLAND 5 3192  
UNITED KINGDOM 35 12968  
UKRAINE 13 11207 4 3800
UNITED STATES 104 97411  
WORLD TOTAL 438 351,327 31 27,756

This total includes Taiwan, China where six reactors totaling 4884 MWE are in operation. Two units 
(2650 MWE) are under construction. Table reflects status as of April 2001 as reported to the IAEA. 

CZ payment into the SFF for 1760MWE ≈ 2 mil. USD monthly 

Σ  EU                                                    =  122 924 MWE 
Σ (BG+CZ+HUN+SK+SLO+CH)       =    14 138 MWE 
US                                                         =    97 411 MWE 
JAP+KOR                                             =    56 481 MWE        
____________________________________________ 

TOTAL   for  SFF                              =   290 954 MWE  

 [(/ 1760) x 2 x 12 ≈ 3967mil.USD per year] 
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2.  SPHINX - Closed Fuel Cycle 
 

The SPHINX (SPent Fuel Incineration by Neutron flux) concept has been chosen as the basic 
concept in the Czech Republic to solve the end of nuclear fuel cycle in consensus with the views and 
tendencies in the society and existing country knowledge specially in the fluoride chemistry. 
Following piece of text is devoted to the overview, why molten salt (MS) system is expected to be the 
most promising way and which type of problems must be additionally solved. Good neutron economy 
of SPHINX system enable us to proceed without additional neutron source.  

Historically the first attempt to formulate such task were at the early stage of the MS 
development in the ORNL projects [1], [2] and in connections with the closed fuel cycle and structure 
of the future nuclear energy systems in the works of RRC Kurchatov institute [3] and in the common 
Russian&Czech work [4]. 

 
 
Introduction 

There is a strong tendency in the number of countries to show a possibility to close the nuclear 
fuel cycle. This means that we should be able to decrease seriously the amount and danger of the 
nuclear wastes.  

As wastes, the elements are obviously meant, which are arising in the process of burning of 
the nuclear fuel. Two basic reactions are forming new elements: fission of the nuclei of uranium and 
other heavy elements and neutron capture, which specially forms series of various actinides (usable for 
nuclear weapons) that are radioactive and poison.  If we are able to fission all those elements we shall 
not only produce energy from theirs fission, but we shall at the same time transmute them into the 
fission products which are nearly the same as the uranium ones. Because most of our spent fuel 
(Czech Republic) is from the VVER-440 reactors, as an example was taken standard burn up of 3.6% 
enriched fuel (see calculations done by OGAR code). Higher enrichments and burn up were not yet 
analyzed – it could be expected that the neutron balance will more tense for them and transuranium 
elements from MOX do not lead to the asymptotic solution with kinf > 1, as it follows from the tests 
calculations (transmutation without external source is not possible). 

The further problem, very sensitive for public is the spent fuel transport to the reprocessing 
facilities and the rests back to the storage capacities – it is desirable to do all this operations within one 
technological complex.  

Let us transform these general considerations into the technological and mathematical 
formulations. 

 

Type of the reactor 

There were several ideas during the last decade, how to proceed with the transuranium 
elements and some fission products from the spent nuclear fuel. Prevailing tendency was use standard 
solid fuel, using transuranium elements in the inert or uranium matrix and use reactors with fast 
spectrum, because the cross sections in them are more equalized and even in the thermal spectra 
practically unfissionable transuranium isotopes could be fissioned. If we have solid fuel we must 
inevitably take into account the reprocessing and fabrication of solid fuel and manufacturing of fuel 
assemblies. Formulation of what is the asymptotic fuel cycle and asymptotic fuel were open questions. 
It was obviously argued that, there will be some small rest which will be burned in the reactors with 
accelerators. It is also clear that the solid fuel reactors need to have more constructional materials and 
more parasitic absorptions in them and in the fission products and that the overall neutrons economy 
should be worse in comparison with the liquid fuel reactors. Such considerations have naturally 
without full constructional studies only limited value but it is hardly to do more without huge funding. 

As a conclusion, the old molten salt reactor was studied with the fuel formed by plutonium 
and minor actinides from the standard VVER-440 fuel with enrichment 3.6% instead of thorium and 
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uranium. It was necessary to change graphite volume in the core to have harder spectra (original 
construction leads to the quick decreasing of 239Pu concentration and reactor does not have so called 
asymptotic solution with the kinf > 1. The first analyses were done in RRC KI by program ISTAR, 
which were solving only burn up equations with time going to infinite t = ∞. The proper spectra were 
established by the internal iterative procedure. The results showed that the optimal solution is without 
any graphite in the core [3]. This was the base knowledge, why MS approach was accepted. 

The problems had risen with the solubility of trivalent actinides in the 7LiF + BeF2 mixture. It 
is supposed that the admixture of NaF will solve it even if there is a lack of direct experimental data 
confirming it. 

The reactivity coefficients were analyzed only partially. If we take into account thermal 
extension of the salts, the increasing temperature will lead to the effectively smaller reactor and 
consequently could be interpreted as the negative reactivity. On the other side if we have too big 
reactor (coming up to the infinity) corresponding reactivity coefficient will be coming up to zero. We 
can avoid it introducing radial dimension limitation to keep the effect sufficiently large. See [5]. There 
could be also some technical measures, like materials with the higher thermal extension in the 
reflector, which will enlarge the effect. We need to compensate the loss of flowing effect caused by 
stop of pumping which will causes that delayed neutrons will not be removed out of core. 

There are further effects, which were not studied – vessel extension, graphite extension, 
secondary circuit influence and may be other. All together need to have more precise technical design 
and knowledge of graphite data. It is supposed that there will be about 50cm of graphite around the 
vessel to protect it against fast neutrons. Except the delayed neutrons and stop of pumping it is hardly 
to imagine another initiations – fuel addition could be organized in such a way to avoid greater effects 
than the delayed neutrons and control rods position and movements could be also ensured by technical 
means. 

Final motivation for the MS burner was reprocessing – it is easier if we have already molten 
mixture and even if fluoride volatility processes (which were studied before as FREGAT project and 
demonstration of two, three kilogram heavy metal of reprocessed fuel were realized) is convenient 
only for the front end (preparation of MS reactor fuel from the burned solid fuel) electrochemical 
methods could be fully applied and such a way it seemed feasible that we shall be able to remove 
fission products from the reactor during the work. 

 

Core parameters 

The main decision is: do we really have to use the same carrier salt as in the ORNL MSRE? 
There were anxieties from the low solubility of the trivalent minor actinides (MA) on one side and on 
the other side our knowledge about another fluorine mixtures are too low; generally it is known that 
admixture of NaF have positive influence on the solubility of trivalent MA and this is the reason for 
the final composition choice. Just now, there is no direct experimental verification of this key 
parameter of the carrier salt and we cannot imagine further development without it. There could be 
another salts without LiF and specially, without BeF2 but their use needs to start intensive 
experimental works. It could be expected that such salts will be heavier (from the nuclear weights) and 
consequently spectra will be harder, reactor will be better in the utilization of higher Pu isotopes 
(worse fuel could be used). An addition of graphite could be used in order not to have so fast spectra. 

Obviously, the supposed mean fluxes in the core are much greater than that in the standard 
reactors – about 1015neutrons/(cm2⋅sec) and even higher. The reason is in the alpha decay of the lot of 
actinides, which is consuming too many neutrons. To avoid it we are trying to cut maximally the time 
for it. There are two ways how to do it – increase flux in the core or decrease the volume of the 
external part of the primary circuit. Problem was partially analyzed but it is connected with the 
possibilities of secondary circuit, pumps and primary heat exchangers – there should be common 
formulation and common optimization studies to clarify what is acceptable. This problem is also in the 
thorium variant, but not so strongly. Higher flux is acting here as an additional source of neutrons. We 
must take into account that higher flux has technical consequences in the neutron fluence on graphite 
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and pressure vessel and that velocity of flowing must be higher to keep the same power of the reactor. 
Mutual connection of primary and secondary circuits, pumps, input and output temperatures and 
neutronics of the core will be studied in the next period. 

There is one additional problem – basic nuclear data for higher actinides and their degree of 
uncertainty and its influence on results. Mathematically, the problem is connected with the calculation 
of flux derivatives over these data and development of the perturbation theory (something like adjoint 
functions for the standard eigenvalue problem). It was theoretically solved [6], [7] together with the 
use of experimental data from the reactors for the correction of basic nuclear data. It seems that in the 
contemporary stage of knowledge influence of chemical and other technical uncertainty will have 
much greater influence. It could be recommended to realize it before the reactor final design 
oscillation experiments with minor actinides and burn up measurement in ampoules with minor 
actinides [8]. 

Up to now there is only one overall design of the MS burner [9] – data overview see table 2. 
The description does not include chemistry. It is astonishing that the external core volume is two times 
greater than the active core volume. Obviously, based on the ORNL data it is supposed that external 
volume is about 2/3 of the active core. There are also economical analyzes in [9] – reactor should 
cover investments during the first 12 years of work in the given locality (two 1000 MWe units). It is 
supposed that plutonium and MA from spent VVER fuel will be divided into two parts and burners 
will be fed by one plutonium part and two MA parts, rested plutonium should be used for the MOX 
fuel production.  

 

Chemistry and internal reprocessing 

At first, we must say that all chemical methods of the separation of fission products from the 
fuel are supposed to be realized out of the primary circuit. This means that we pour out some volume 
clean it from the fission products and add into it the same amount of new fuel to keep the amount of 
fuel and composition the same. Velocity of this process is given to keep balance in the produced 
energy and fission products and the addition of new fuel.  

We can imagine only one way, how to do it. If we have corresponding volume for chemical 
work (working volume), we need to have the same volume to collect from the reactor fuel material for 
the future new work (burned fuel volume) and another volume of clean fuel to add it into the reactor to 
keep criticality (clean fuel volume). Together there are three volumes, with the amount of material for 
two. There could be surely several strategies, how to start work and compensate burn up of fuel at the 
beginning – the easier will be probably to add fuel only and to start reprocessing at the designed 
concentration of fission products. At this time we have free burned fuel volume and full working 
volume and clean volume. We shall start to pour clean volume into the reactor and pour out from the 
reactor burned fuel. When it is finished we pour the working volume into the clean volume, burned 
fuel volume into the working volume and start to clean working volume.  Such simulation implicitly 
supposed that we know time in which we are able to clean given volume of fuel and that this time will 
be practically independent on the volume. In reality there could be different modifications of the 
process – if at first we must separate transuranium elements, we can give them into the reactor already 
during the working volume cleaning; if various group of elements will be separated by different 
methods and in different volumes, we shall have much more complicated schemes. The contemporary 
simulation is using fictive decay time in which the given element is missing. There one serious lack of 
such approach – it is done in the “zero” volume – on the other side, materials in this chemical even if 
there are out of neutron flux, they are under the radioactive decay and this process is not linear and we 
do not know if we can add that volumes to outer circuit volume. The problem needs further study and 
evaluation of such characteristics and their influence like: degree of separation (full, 80% etc.), 
reactivity coefficients of the produced fission products, sequence of elements separation demands 
from the physical and neutronics point of view, material aspects (like tellurium corrosion) and maybe 
others. On the other side we need from chemistry a determination of amount of materials out of the 
reactor and time for which they will be out of primary circuit, to take it into account in the neutron 
balance. For more detailed description see [9]. 
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There are two additional demands on chemistry from the point of view of general safety and 
economics - 7Li is an expensive material and we should not have it in the wastes stream too much; 
BeF2 is hardly to produce and materials containing Be must follow special chemical regulations. Both 
demands must be analyzed.  

The contemporary demands are trying to minimize transport of any radioactive materials 
mainly to avoid protests from the part of public. It is also supposed that the nonproliferation standard 
of spent fuel in heavy containers is much greater than the reprocessed fuel subdivided into individual 
components in which plutonium and minor actinides could be kept separately. These are the reasons 
why we suppose to prepare fuel for MS burner directly on the power station with the velocity just 
needed to compensate burn up. The fluoride volatility process seems to be the most recommendable 
way, because it can remove all uranium very cleanly and apply electrochemical methods on the rest of 
material (less than 5%). It is a question of further design, technological progress and public views if it 
would be done directly on site and within one container or in the separate workshop. 

It seems, that the statement - there is no possibility to perform physical experimental works 
without substantial progress in chemistry - is right only partially. There is natural sequence of works 
from small to greater, from easier to more complicated represented in these problems by AMPOULE 
experiments, loops measurements without and with U, Th and transuranium elements in them, reactor 
loops and finally measurements on the MS facility at small power for a short time after which reactor 
will be practically clean from the fission products. Such a facility should be operated even without 
chemical reprocessing, but because it will cost lot of money (mainly due to high temperatures) it 
should be designed in such a way to be able to add the chemical workshops after a period of nearly 
zero power experiments. Safety demands leads to the natural sequence – at first U+Th variant and at 
second MS burner. There is also huge potential of common works in all aspects, when MS cooling of 
high temperature reactors is studied. 

 

Heat exchangers, pumps, materials and high temperature output 

If was already mentioned that MS burner’s characteristics must be repeatedly evaluated due to 
differences with U+Th breeder and direct influence of velocity of flowing on the physical safety and 
external circuit influence on the neutron balance.  

Up to now, we are not able to formulate simple functional and mathematical formalism to 
optimize demands on pumping works, heat exchangers, outer primary circuit volume, temperature 
differences and core composition to ensure long time effective operation – but such analyses must be 
our final aim. There should be expected a greater progress in the design studies and materials 
properties in the nearest future. 

The output temperature of salt is supposed in the analogy to MSBR project around 750°C and 
nobody has asked more so far. The thermal to electric efficiency is then about 43%. But twenty first 
century put on table forthcoming lack of raw materials and fossil fuels, in particular, and a possibility 
to use water decomposition to hydrogen and oxygen and then use the energy by their repeated 
integration to water. Problem is intensively studied and contemporary knowledge speaks about the 
temperatures from 800°C to 1000°C. There should be attempts from both sides – from chemical to 
decrease the temperature demands and from material to develop materials, which will be able to work 
in that high temperature long time. Following our knowledge we could say that there is no principal 
difference between the influence of the higher temperatures influence for U+Th breeder and MS 
burner and the MS cooling of advanced MS cooled high temperature reactor (AHTR-MS). If we 
succeed to reach such temperatures on the output for chemical works, it will be advantages at least 
from the end of fuel cycle closing. AHTR must work with relatively higher enrichment and also due to 
fuel construction reprocessing will not be easy.  
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Experimental verifications 

The US program in 1974 supposed to prepare industrial project, ready made to start to build it 
after 11 years of R&D works. It must be underlined that there was an experience from MSRE and 
other projects and all specialist were on site. The project supposed to realize two reactor facilities MS 
mockup and MS demo unit. Powers of those facilities were not specified – from the overall context 
follows that it should had to be among 30 and 200 MWe. 

Contemporary situation is characterized by two projects U+Th breeder and MS burner (with 
chemistry at the beginning stage of development) – these projects are very near, specially if we take 
into account that chemistry could be tested separately, test could be done on one facility starting with 
U+Th variant (less danger fuel and at the first stage repeating MSRE works). Experiments must be 
hot, from the temperature point of view, but in the first stage powers will be small to compensate 
flowing, delayed neutrons and measure reactivity coefficients. But it should be recommended 
sequentially add greater power and chemistry to be able to check all aspects, including secondary 
circuits, fuel adding and cleaning and materials problems.  

 

Overall economy 

With the contemporary knowledge, the overall economy could hardly be estimated 
responsibly. Nevertheless, there could be done analogies with MSBR and its project [1], see [11].  

The preliminary conclusion could be said that the expected economy should be comparable 
with the VVER or PWR power-stations (as was expected in 1974) and that it should be valid for both 
options U+Th and MS burner. Just now, it is right that we have not yet overcome all expected 
troubles, but we do not expect any insuperable problems (even in chemistry).  

More precise considerations, taking into account R&D funding expect demands around 40mil 
EUR for five years to prepare something like mock-up facility (reactor with power about 50 MW) 
without money to build it up as a necessary step to prepare higher unit and finally industrial reactor. 
This follows more or less from the inflation factor from 1974 up to now.  

One thing must be underlined without any doubt – raw materials, including enriched uranium 
will be rising and only MS burner could use final disposal money – 1% of year income in the whole 
world is about 43mil EUR (EU about 18mil EUR). The only conclusion could be said - there is 
enough space in the economy of MS reactors and specially MS burners.  
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Table 2. Main technical parameters of reactor facility with MSR (from [9]) 
 

Parameter Value 
NPP electrical power, MW 1000 
NPP thermal power, MW 2500 
Number of reactor shutdown systems 1 – by self-drainage of primary coolant 

2 – by absorber rods injection 
Number of circuits 3 

Primary circuit 
Coolant Fuel composition with salt carrier 

66LiF-34BeF2

Coolant melting temperature, °С 458 
Coolant temperature, °С 

- core inlet 
- core outlet 

 
620 
720 

Core coolant flow rate, kg/s (m/s) 1.07 x.104 (5.34) 
Gas pressure in compensating volume (excess), kPa ~200 
Equipment layout Integral (monoblock) 
Circuit hydraulic resistance, kPa 900 
Number of circulating pumps with electric drives 4 
Electric power of one pump, kW 2000 
Core dimensions, m 

- diameter 
- height 

 
3 
3 

Number of heat exchangers 12 
Number of heat exchange tubes 9х1 in heat exchanger 2977 
Length of heat exchanging part of tubes, m 5.5 
Monoblock dimensions, m 

- diameter 
- height 

 
5  

15 
Volume of materials in monoblock, m3  

- coolant 
- ejector with reflector 
- metal (based on nickel alloy – Hastalloy) 

 
61  
∼125 

37 
Number of drainage tanks 6 
Volume of one tank, m3 16 
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3.  Experimental works in the Czech national program 
 

Main experimental programs started in the frame of the SPHINX project 

The earlier mentioned two specific features of the SPHINX project, namely the chemical 
technology of the front end of fuel cycle process and the neutronics (both static and kinetic) of the 
multipurpose blanket with flowing liquid fuel represent sufficiently new concepts to be calculated by 
modified computer codes that should be experimentally verified. In the case of the fluoride volatility 
process we base upon an experience accumulated during the 80s when in a close collaboration with 
Russian Research Center “Kurchatov Institute” (RRC KI) in Moscow such a technology was 
developed and a pilot line was built and prepared for testing by processing hot spent fuel from the 
BOR60 fast reactor in Atomic Reactor Research Institute (NIIAR) in Dimitrovgrad. During 90s this 
line has been innovated and installed in NRI Rez and the first stage of testing for the purpose of the 
SPHINX project has started.  

The new blanket concept was developed and proved by broad computer analyses in the second 
half of 90s, simultaneously, the experimental programs for verification of main neutronic 
characteristics including time behavior have been proposed. The first stage of experimental 
verification of some basic neutronic characteristic as well as some reactor equipment and materials 
technology and measurement techniques has already started by experiments with inserted zones 
containing materials typical for our blanket concept and simulating its neutronic features in a 
simplified model. 

The technology of the new non-traditional materials in the SPHINX blanket are subject of a 
broad R&D program including experimental testing. For that purpose, there was a series of 
technological loops called ADETE erected by SKODA NM started with laboratory equipment and 
going on in a semi-pilot scale.   The same is valid for development of a technology for continuous 
cleaning up of circulating liquid fuel in the transmuter internal fuel cycle based on electroseparation 
methods. 

In the year 2000, the Technical University in Brno (TUB) has been associated into our 
national R&D program as for studying and testing the secondary cooling circuits of the SPHINX 
transmuter. The first step in an experimental program in that field, the measuring bench has been 
erected that will serve for both measurement of basic technological characteristics of the fluoride 
compositions and verification of the design input for an auxiliary circuit of a molten fluoride media 
pantry in the large loop testing complexes being developed jointly by SKODA NM and 
Energovyzkum (EVM) a daughter company of TUB as well as the LA-10 demonstration transmuter. 

 The most important experimental program has started in the year 2001 being based on 
experimental irradiation of the blanket samples in the high neutron flux of research reactors. This 
program is carrying out in close contracted collaboration with RRC KI project AMPOULE and 
contains a development and validation of a modified reactor computer code based on a stochastic 
Monte Carlo model of neutron field long-term time behavior in a system with circulating liquid fuel 
based on molten fluorides. The experimental irradiations are simultaneously performed at NRI and 
RRC KI in the first stage. The second stage, representing irradiation of samples containing fluorides of 
actinides (Np, Pu, Am and Cm), have been agreed to be performed and finalized jointly in RRC KI in 
the period of the years 2002 and 2003. Some of the results of the first preparatory stage of this 
program, which has already been obtained in NRI Rez in the frame of the project called BLANKA, 
will be briefly introduced in the following chapter.  Let us note, that the proposal to start this broad 
experimental verification of design inputs for a demonstration transmuter of the mentioned type has 
already been reported at the 4th international conference ADTT&A’01 at Reno, Nevada at the end of 
the year 2001 [1].  All these experimental programs have also been (just recently) proposed to the 6th 
Framework Program of European Commission. 
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The Program of Irradiated Probes BLANKA 

RRC KI has initiated the very first idea for this program, as early as in the later 80s, when 
some very preparatory irradiations and measurements were performed in the research reactor in 
Tashkent. On the basis of the obtained experience, the project AMPOULE has been developed in RRC 
KI in the 90s. After a period of pre-contract negotiations in the second half of 90s, the bilateral 
contract has been finally agreed and signed in July 2001. Then immediately, the first stage of the joint 
development of the modified reactor computer code ISTAR (based on a stochastic Monte Carlo model 
of neutron field long-term time behavior in a system with circulating liquid fuel based on molten 
fluorides) started in the fall 2001. Simultaneously, there have been preliminary irradiations, 
measurements and their evaluations performed on the LVR-15 research reactor in NRI aiming to reach 
an ability to design and perform the regular program of irradiated probes BLANKA serving for a 
validation of the developed computer code. The very first irradiation tests were performed in the 
period of three months (August-October 2001) by use of the series of elementary probes. 

 Simultaneously, there was an elementary metallic probe and a complex instrumented 
irradiated rig BLANKA designed and tested in NRI. The preliminary tests of the probe neutronic 
characteristics started in December 2001 on the experimental reactor VR-1 at the Czech Technical 
University in Prague. Then, there were a series of the first irradiations performed on the NRI research 
reactor LVR-15 performed in January and February 2002. These irradiations called BLANKA 01 were 
curried out with an empty probe without any content of fluorides serving just for tuning of all 
measuring channels and verification of design predicted characteristics, the temperature and pressure 
fields, in particular.  

After an evaluation of the results obtained, the first experiment with the probes containing 
pure NaF and/or NaF with an admixture of metallic Mo powder modeling a presence of fission 
product were performed in April 2002. The probe called BLANKA 02 was inserted into the core of 
the research reactor at its very edge with a low value of neutron flux where heating of the probe is 
generated nearly by the gamma capture only. The temperature field was measured by a set of five 
independent thermocouples located in different positions in the elementary probe room. Results are 
compared with the RRC KI design to be able to work with Pu and Am. 

In February 2003, the first experiments with a realistic composition of transmuter blanket 
samples were performed on LVR-15 research reactor in NRI Rez.   Special presentation to the 
experimental program (including materials, loops and simulations for the secondary circuit) see: 
ftp://mosar.ujv.cz  madrIAEA2.ppt. 
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4.  Future visions 

At least now, we can envision that there should be during this century lack of sources for the 
electricity (or more generally energy) production. There is an estimation within the plan in the new 
MOST-Project, that specially in EU, there will be (or it is expected) necessary to have about five times 
more energy sources from nuclear in the period about 2050. This means that classical sources will be 
used in a minimal way, practically all oil will be substituted by hydrogen and oxygen production and 
remarkable amount of heat will be from nuclear sources, too. This is supposing that there will be 
scientific or political changes to influence standard society development. Exhausting of local classical 
sources to this date will be expected in our country, too – following the prepared prognosis done up to 
the 2030. 

We do not expect lack of natural uranium to produce enriched fuel for pressurized water 
reactors during this period even if the price will be surely increasing. Thorium is without any problems 
to reach it. Taking into account such considerations (it would be good to have more responsible 
estimations) it seems to us that a main idea will be to keep safety and nonproliferation of nuclear 
materials, this means also stability of the society. Only the stable and strong society can control its 
territory and keep safety of the nuclear facilities and storages. It could be expected that growing 
amount of nuclear storages will be perceived by society as a non-acceptable risk and there will be 
demanded to reduce it. It is clear that it will not be possible to do it quickly; too much plutonium and 
minor actinides have been generated, so far. Czech estimation is that we need two 1000MWe nuclear 
burners working 40 years from 2040 (if we keep existing nuclear capacities). It is also clear that even 
massive use of Th cycle (much more proliferation risky) will not utilize contemporary spent fuel and 
spent fuel from still existing PWR in future. There is technical warning against the believe that use of 
MOX fuel will fully solve it – the spent MOX plutonium and minor actinides cannot be easy burned 
without external neutron source. There are up to now no studies how to mix them into fuel into fast 
breeders and what will be price of such strategy and if such strategy is possible during this century. 

We should take into account:  

- to forecast society for the periods of several tens of years is very unsure 

- we have to small amount of technical information about the new type of reactors 
(prices, possible hydrogen production, type of wastes) that we cannot responsibly 
predict (industrial experience is needed) 

- we should close nuclear fuel cycle at least in this century to avoid the non-
predictable risk from the growing amount of proliferation sensitive materials. 

We have the only conclusion (from this very general analyses, but we can now hardly do it 
better), we need special burner for plutonium and at least corresponding minor actinides amount to 
close nuclear fuel cycle. It would be good if we could utilize there more minor actinides to be able to 
use plutonium to start fast breeders or high temperature reactor with the special fuel.  

Our position is that all these aims including hydrogen production from water are reachable 
with molten salt reactors.  
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Czech Experimental Program
for Molten Salt Transmuter

SPHINX
by

V. Lelek and  M. Hron, 
Nuclear Research Institute Rez plc,

CZ-250 68 Rez
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The SPHINX Project Development
(SPent Hot fuel Incinerater by Neutron fluX)

19951995-- Introductory studies of transmutation systemsIntroductory studies of transmutation systems
19961996-- Consortium TRANSMUTATION  EstablishedConsortium TRANSMUTATION  Established
19981998--2000 Project LA2000 Project LA--0 Approved for a  Support of the MIT 0 Approved for a  Support of the MIT 

of the Czech Republicof the Czech Republic
19991999-- Adopted Concept Proved by Computer AnalysesAdopted Concept Proved by Computer Analyses
19991999-- Experimental Studies of Individual Blocks Started Experimental Studies of Individual Blocks Started 
20002000--2003  Project LA2003  Project LA--10 Approved for  a  Support of the MIT 10 Approved for  a  Support of the MIT 

of the Czech Republicof the Czech Republic
20002000--2003  Program of Instrumented Probe2003  Program of Instrumented Probess BLANKABLANKA
20012001--20020044 Project SPHINX Approved for 5FP of ECProject SPHINX Approved for 5FP of EC
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Project leading organization :
Nuclear Research Institute Rez plc
(representative of the Consortium TRANSMUTATION)

Cooperants Cooperants –– members of the Consortiummembers of the Consortium
Faculty of Nuclear Faculty of Nuclear SciSci and Physical Engand Physical Eng TUTU in in PraguePrague

Nuclear Physics Institute CzechNuclear Physics Institute Czech AAcademy of cademy of SSciencecience in in RezRez
SKODA Nuclear MachinerySKODA Nuclear Machinery plcplc in in PlzenPlzen

TTechnical echnical UniversityUniversity in in BrnoBrno
((namely its daughter namely its daughter EVM Ltd.EVM Ltd.

has associated in 2000has associated in 2000))
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Principle Scheme of aPrinciple Scheme of a TransmuterTransmuter for PWRfor PWR
Spent Hot Fuel Incineration by Neutron FluxSpent Hot Fuel Incineration by Neutron Flux

4
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Elementary probe of the LAElementary probe of the LA--1010
blanket for irradiation testing in blanket for irradiation testing in 
the LVRthe LVR--15 research reactor in 15 research reactor in 

NRINRI RezRez
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Metallic probe Metallic probe 
BLANKA BLANKA 

for  for  
material testing material testing 

by 6by 6
irradiation irradiation 
in LVRin LVR--1515
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The BLANKA Probe SchemeThe BLANKA Probe Scheme
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Main aims of the BLANKA Program

Experimental verification of long time behaviour
of transmuter blanket which contains molten fluoride
salts as a fuel and graphite as a moderator or reflector

Material research – behaviour of materials in neutron 
and gamma fields, and materials interactions on high
temperature conditions

Validation of computational codes

December 2003 IAEA Meeting
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BLANKA Experiments 
Performed in NRI Rez so far

01/2002 (February 4-5); no fluoride content in the probe

02/2002 (April 16-17); NaF, NaF+Mo in the probe

(see the next slide)

01/2003 (February 3-5); various fluorides in the probe
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Contents of the BLANKA probe 01/2003

1. NaF +UF4 (Tm=995°C)

2. Li7F+NaF (Tm=670°C)

3. Li7F + NaF+UF4 (Tm=670°C)

4. Li7F + NaF + MoO3 (Tm=670°C)

5. Li7F + NaF + BaF2 (Tm=670°C)
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The Pots SchemeThe Pots Scheme
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View to the core of theView to the core of the LVRLVR--15 15 
research reactor in NRI research reactor in NRI RezRez
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Manipulation with Manipulation with the the BLANKA Probe in theBLANKA Probe in the LVRLVR--15 Research Reactor in NRI 15 Research Reactor in NRI RezRez
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Temperatures in the BLANKA ProbeTemperatures in the BLANKA Probe
Me as ure d value s  by e xpe rim e nt BLANKA 01/2003
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Pressures in the BLANKA ProbePressures in the BLANKA Probe
Me as ure d value s  by e xpe rim e nt BLANKA 01/2003
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Water Temperatures and Power LevelWater Temperatures and Power Level
in the LVRin the LVR--15 Research Reactor15 Research Reactor

Me as ure d value s  by e xpe rim e nt BLANKA 01/2003
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Comparison of Neutron Fluence Input 
in the Middle of the Probe

[cm-2 s-1]
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Dismantling of an Irradiated 
Probe in the Hot Cell
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Irradiated SamplesIrradiated Samples

B4

B1 B2 B3

B5

21

  

Nuclear Research Institute Řež plc

Detail of B1 Irradiated SampleDetail of B1 Irradiated Sample
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Detail of B2 Irradiated SampleDetail of B2 Irradiated Sample

Deformation of the sample
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Detail of B5 Irradiated SampleDetail of B5 Irradiated Sample
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Detail of B4 Irradiated SampleDetail of B4 Irradiated Sample
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Demo 
Transmuter
Elementary 
Module 
Scheme for 
the BLANKA 2 
Probe Design
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graphite

fluorides
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Fe reflector

air

measuring 
channels

A Simplified 
Model of the 
Quadrant of an
Experimental 
Blanket Modul

⎨⎬
The BLANKA 2 

Probe
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Details of the BLANKA 2a ProbeDetails of the BLANKA 2a Probe
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The BLANKA 2a Probe CompleteThe BLANKA 2a Probe Complete
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The BLANKA 2a Probe in the The BLANKA 2a Probe in the 
VRVR--1 Experimental Reactor1 Experimental Reactor
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TheThe BLANKABLANKA 2a2a ProbeProbe
in the VRin the VR--1 Reactor Core1 Reactor Core
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Validation of computational codes –
the final phase

NJOY

MCNP

ISTAR

(OGAR)

Preparation of data library for MCNP-prepared

Computation of cross sections for ISTAR- calculated

Computation of actinides concentration

in  the BLANKA probe with UF4 content

December 2003 IAEA Meeting
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Conclusions

The BLANKA program is the first step in material testing 

of transmuter candidate materials
The results will be useful for both the Czech national

program as well as for international cooperation
At present, agreement about cooperation in this field is signed

with EC (project MOST) and Russia (program AMPULA)    

The program is proposed for 6FWP Projects in

a Corresponding Field
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• Long Term Potential of MS 
Technology

• Reduced ‘Reprocessing’

• Problems of Fuel Fabrication for 
Dedicated Cores

• Potential Safety Problems of 
Dedicated Cores

• Interesting Research Object

Reasons for Molten Salt Participation  

35
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Chemistry, materials, secondary circuit

to be able to estimate, what will be real construction
it is necessary to work not only in physics

The main reason is to estimate
if the project of molten salt burner

prepared by the international society will be done,
are we able to construct facility mainly by our industry?

(analogy of the VVER-440 and VVER-1000 power stations)
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Pilot Line FREGAT 
for Spent Fuel Dry Reprocessing
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Pilot Separation Electrolyzer SKODA
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TheThe ADETEADETE--0 0 
Loop Loop from from 

the Series the Series of of 
SSKODA KODA NM  plcNM  plc

TechnologicalTechnological
Loops Loops wwithith

MoltenMolten Fluoride Fluoride 
SaltsSalts
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Molten Salt Viscosimeter
EVM – VISCO – P

DESIGN
TEMPERATURE:

650°C 

COVER GAS
PRESSURE :
UP TO 0,5MPa

41
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Molten Salt Test Loop
EVM – MSTL – 40

DESIGN TEMPERATURE: 550°C
MOLTEN SALT PIPE INSIDE 

DIAMETER: 40 mm
SPECIAL INSTRUMENTATION:
· MOLTEN SALT CONTINUAL 

LEVEL TRANSDUCERS
· MOLTEN SALT CONTINUAL 

PRESSURE TRANSDUCERS
· MOLTEN SALT HOT TRAP
· MOLTEN SALT FLOW

CONTROL VALVE
· MOLTEN SALT PUMP 

EVM – MSP – 4
· COVER GAS AND VACUUM 

SYSTEMS

42
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Molten Salt Pump EVM – MSP – 4

DESIGN
TEMPERATURE:

550°C 
REVOLUTIONS:
20 TO 1450 rpm
SALT VOLUMETRIC 

FLOW RATE:
UP TO 4.10-3 m3/s
SPECIFIC ENERGY 

(HEAD):
300 J/kg AT 1000 rpm
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Project SPHINX Overall Development

19951995-- Introductory study of transmutation systemsIntroductory study of transmutation systems
19961996--National consortium TRANSMUTATION National consortium TRANSMUTATION 
19981998--2000  Project LA2000  Project LA--0 accepted0 accepted
19991999--Adopted concept verified by computer analysesAdopted concept verified by computer analyses
19991999--Experimental studies startedExperimental studies started
20002000--2003  Project LA2003  Project LA--10 accepted10 accepted
20002000--2003 Program of Irradiated Probes BLANKA2003 Program of Irradiated Probes BLANKA
20012001--2003 Project SPHINX adopted into the 5F2003 Project SPHINX adopted into the 5FWWP P 

project MOSTproject MOST
20032003--2007 Expression of Interest for two Integrated 2007 Expression of Interest for two Integrated 

projects  LICORN and THERMOS into projects  LICORN and THERMOS into 
the 6Fthe 6FWWP P 
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IAEA TM on Review of Solid and Mobile Fuels for P&T Systems, 
CIEMAT, Madrid, 15-18 December,2003

Current Russian activities in P&T

Aleksander V. Lopatkin
Minatom, lopatkin@nikiet.ru

Introduction
For each country the general policy of spent fuel  and Radwaste
management is consistent with the long-term plans for nuclear 
power development
The main goal of nuclear power is large scale electricity 
production (about 1 GWe reactors). Low cost of  nuclear 
electricity including all steps fuel cycle.
Russian activities, aimed at setting up the future  fuel cycle of 
nuclear power with reasonably minimised quantities of Radwaste
for disposal, are being carried out by Minatom as part of General 
Strategy for development of RF nuclear power
Task named Transmutation was set up in 2001, within the general 
Minatom’s programme, to develop a scenarios for transition to the 
fuel cycle of future large-scale nuclear power
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Milestones of RF Strategy
In  next 20-40 years, construction of advanced thermal reactors
which will run with enriched U until economically acceptable 
reserves of natural U are exhausted
Reprocessing of all spent fuel from thermal reactors to recycle 
plutonium and long-lived nuclides
Development of a new generation of fast reactors which will meet 
the requirements to innovative reactors for  large-scale electricity 
generation (economic efficiency, safety, low waste, proliferation 
resistance)
After 2030, deployment of innovative fast reactors, using Pu from 
spent fuel of thermal reactors, and solution with their help problems 
associated with transmutation of MA and LLFP
About 2050 building first reactor with Th-U fuel cycle

Transmutation Task Objectives
Study various scenarios for transition from current state to large-scale 
nuclear power whose fuel cycle will provide proper management of
long-lived Radwaste. Balance between radiotoxicity of used natural 
uranium and radiotoxiciny of long lived disposed Radwaste   
Develop fuel cycle technologies for transmutation of MA and LLFP in 
fast reactors
Optimise  transmutation modes in FR: homogeneous (small additions 
to fuel) or heterogeneous (special fuel rods / FA’s) 
Verify nuclear data libraries for MA and LLFP, and to update the 
cross-sections in various neutron energy regions
Investigate alternative approaches to P&T 
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Transmutation nuclear fuel cycle 
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• Construction of new LWR’s  
would not proceed after  2020 
• In 2030, BREST-1200  would be 
put in operation (1 unit per year) 
• The spent fuel from LWRs  
accumulated ~ 570 t of  Pu (320 t 
of 239Pu and 241Pu) and 120t of MA  
• By 2100, using this Pu together 
with their own small breeding, FRs
increase their capacity till to 82.8 
GW. MA’s from LWR’s will be 
included in the first loadings of 
FR’s till 2080. MA could be 
completely utilized in closed fuel 
cycle of FR’s by end of  century

RDIPE and KI 
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Partitioning assumptions
U and Pu are inseparable at all stages of process (Pu < 24 %
technological support of non-proliferation regime)
Np and Am are not removed from fuel (U+ Pu) during 
reprocessing, or – if removed – are taken back for recycling; 
these elements may also be added to the recycled fuel
It is desirable  to extract as separate fractions Cm, Cs and Sr
for subsequent cooling as well as I and Tc, for transmutation
The disposed waste must have no more than 0.1% of U, Pu, 
Am, Cm; 100% of the remaining actinides (Th, Pa, Bk, Cf); 
1% of Cs, Sr, Tc, I

Fuel Reprocessing Alternatives
Electrolysis in molten salt chlorides with reduction of 
actinides to metals or to nitrides: LINEX based  process 
(Bochvar Institute, RIAR)
Pyrochemistry (ion exchange reactions) in molten salt 
fluorides and chlorides (Bochvar Institute, KI, IHTE)
Metallurgical process, with nitrides kept intact at all stages 
of reprocessing (Bochvar Institute)
Recrystallisation in molten molybdates and phosphates 
(Bochvar Institute)
Dry fluoride volatility process (VNIICT, KI)
Upgraded Purex process (Bochvar Institute)
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MA Fuel  Irradiation Results

9.4809.48-FP

4.2*10-34.2*10-3-240Pu

0.3100.31-239Pu

0.3400.34-238Pu

-

-

4.63

16.5

53.5

Before 
irradiatio

n

Mass, g

1.6901.69236U

0.0120.012234U

- 0.703.93237Np

- 0.5415.96238U

- 10.642.9235U

After
irradiation 

Changes 
in isotope 

mass
Isotope

In recent years within DOVITA 
Program RIAR manufactured fuel 
rods with mixed (U,Np)O2, 
(U,Pu,Np)O2, (U,Pu,Am)O2 fuel and 
made its irradiation in BOR-60 to 
burn up of 13-20%, also post-
irradiation examination was done

It provided experience on 
handling fuel with MA up to 5% and 
data on the irradiated fuel behaviour

New experiments are planned 
with nitride fuels containing MAThe isotopic content of fuel rods with Np

(irradiation - 694 days in BOR-60)

RIAR

Optimisation of Transmutation Modes

Computational studies on modes of MA and LLFP 
transmutation in  fast reactors, with focus placed on 
nuclear safety are underway now
Currently, MA transmutation as small additions 
(<3% by mass) to fuel is of priority. In this case, 
there is no need for special production of targets for 
the separated MA fractions 
Heterogeneous MA transmutation (as separate fuel 
assemblies) is also under consideration

RDIPE and IPPE 
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Nuclear Data
For verification neutron data libraries on MA, the draft collection of 
earlier Russian experiments on MA irradiation have been prepared
Computational modelling of those experiments with the use of neutron 
cross-sections from the libraries ENDF/B-VI, JENDL-3.2 and BROND-
3, suggests the following conclusions:
For the large FR core neutron spectrum, difference between the 
experimental and calculated fission rates of Np-237, Am-241 and Am-
243 – does not exceed 11% irrespective of the nuclear data library 
used; no measurements for Cm were made
For systems with harder or softer neutron spectra, the difference 
between the experimental and calculated fission rates for Cm may reach 
30%; better agreement is observed for Am and Np-237, with greater 
discrepancies found in a system with a hard spectrum

New experiments are planned on irradiation of fission chambers and 
thin MA foils in cells with different neutron spectra 

IPPE, ITEP, VNIIEF, RDIPE

Alternative P&T Concepts
Subcritical blankets with a target driven by accelerator
Dedicated transmuting blankets for fusion reactors
Integral fuel cycle concepts (molten salt reactors)
Russian Institutes, working through ISTC projects or 
under direct contracts with EC, US, Japan and Korea,  
perform extensive experimental and calculation studies 
on alternative approaches to P&T, its fuel cycles and 
associated technological issues:
Among main efforts in progress, it should be mention:

ISTC #1486(KI, VNIIEF, RIAR), ISTC#1786(KI), 
#2267(JINR), #1606 (VNIITF, KI, IHTE, VNIICT) 

ISTC
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Conclusions
Task Transmutation was set, within the general Minatom’s
program, to develop a scenarios for transition to the fuel 
cycle of future large-scale nuclear power
Deployment in the second half of century the park of fast 
reactors operating  in closed U-Pu fuel cycle
Reprocessing of all spent fuel from thermal reactors to 
separate Pu, MA and LLFP for further incineration in FR’s
For chosen system approach the R&D studies  on scenarios, 
processing technologies, neutron data are under way
Alternative approaches to MA and LLFP transmutation are 
also under consideration (e.g. molten salt reactor systems)
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PyrochemicalPyrochemical reprocessing reprocessing 
and nuclear spent fuel and nuclear spent fuel 

disposal projectsdisposal projects

Tech nical meeting on Review of solid and Mobile
Fuels and Transmutation System

CIEMAT 2003,12, 15-18

P. Díaz Arocas
CIEMAT 

Nuclear Fission Department

2

Context

International collaborations:

ITU-JRC

CEA

FzK-INE

NEA-OCDE

IAEA

National collaborations

ENRESA

Valladolid  University
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SpentSpent fuelfuel disposal projectdisposal project

Collaboration agreement JRC-ITU/ENRESA/CIEMAT
EU Collaboration in the frame of the 5th EU FP: 

SFS project: 
Co-ordinated by CEA, 
CIEMAT: Contract assistant of ENRESA

Main research topics of CIEMAT Project (2000-2003)
Influence of intermediate storage on spent fuel 
To determine radionuclides instant release fraction
Radionuclides retention by co-precipitation and sorption processes
Influence of environmental parameters on radionuclides release:

Fe and its corrosion products
H2

M/O
container back-fill materials

Modelling of matrix alteration processes:
by radiolytic products formation (alpha-doped materials, gamma 
radiation)
geochemical modelling

Nuclear Fission Department
Project leader: P. Diaz Arocas

Global objetives:Physicochemical spent fuel studies to:
determine stability of spent fuel under intermediate and final repository 

conditions
model the long term evolution of SF in an underground repository

4

Radionuclides Separation by Pyrochemical
processes. 

REs chlorinationActinides chlorination

Electrochemical separation
L-L extraction

Irradiated fuel analogues

Characterisation, recovery, treatment of 

secondary waste
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Radionuclides Separation by
Pyrochemical processes. Activities
Necessary basic research on:

Physical & chemical properties of the system 
components

Separation factors
Integration of process

Comparison between fluoride and chloride 
systems 
Researchers exchange

6

Chlorination
Chlorinating mixtures E-pO2- diagrams obtained from both 
experimental and literature data.  
Comparison E-pO2- diagrams of chlorinating mixtures and E-pO2-

diagram of the REs compounds and U to predict the appropriate 
chlorinating reactant of SIMFUEL. 
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Electrochemical processes
Electrochemical behaviour of REs and U:

Solid electrodes (W, Mo)
Liquid electrodes (Cd, Bi, others)

SIMFUEL ELEMENTS

Thermodynamic properties Metal electrodeposition studies

Solid electrodes 
(W, Mo, Al) Liquid electrodes

Cd, Bi (pool) CdTFE, BiTFE

Others

8

CIEMAT/UVA PYROREP contribution 
Conversion to halide form: Conclusions REs

REs oxy-compounds solubilization with HCl(g), Cl2(g) and 
Cl2(g)+C(s), shows different kinetics in the solubilization
reactions due to different solubilization mechanism of the 
gaseous HCl and Cl2 as well as by the different diffusion 
properties of both gases in the molten chlorides providing lower
kinetics with Cl2(g). In the case of Cl2+C higher kinetics than 
with Cl2
Dissolution results of REs obtained with the mixture Cl2+C, 
indicated that an increase of the working temperature leads to 
higher kinetics, due to the increase in the solubilization of 
Cl2(g).
From the estimated dissolution rates of  the RExOy compounds 
with HCl as chlorinating gas is obtained the following behaviour:
v(CeO2) ≅ v(La2O3) ≅ v(Y2O3) > v(Nd2O3) > v(Pr6O11)
The RE-O dissolution rates obtained has shown that an 
increase in sample size has provided  higher dissolution rates. 
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CIEMAT/UVA PYROREP contribution 
Conversion to halide form: Conclusions UO2

UO2 chlorination by HCl(g) and Cl2+C (graphite tube) provides 
efficiencies higher than 90%. Higher kinetics are obtained by 
carbochlorination
Solubilization behaviour of SIMFUEL is similar to solubilization
of UO2. Therefore, conclusions obtained for UO2 may 
extrapolate to SIMFUEL.
UO2 and SIMFUEL dissolution has shown light influence of 
sample size. Longest time is need with increasing sample size.
Particle size lower than 500 provide dissolution rate in the range 
of 1-2.5 10-8 mol kg-1 s-1. Direct chlorination of pellets provide 
lowest dissolution rates as expected in a sintered material.
Assuming that for irradiated fuel the average surface area is 
around 6 times higher than for unirradiated fuel dissolution rate 
of irradiated UO2 could be similar to the obtained by non 
irradiated fuel fraction of 100-315µm 
A previous step of decladding and/or solid preparation would be 
necessary.

10

CIEMAT/UVA PYROREP contribution 
Electrochemistry of Res: Conclusions

Thermodynamical properties and electrodeposition mechanism were 
determined. Dependence with temperature increase was also obtained
The electrode reaction of the RE(III)/RE(0) couples at liquid Cd or Bi 
electrodes was investigated using the corresponding metal pool and 
film electrodes. 
The activity coefficients of REs are smaller in Bi than in Cd, and their 
order in both liquid Cd and Bi is:

γU> γPu>γY> γPr ≅γCe≅γLa≅γNd
The differences between the activity coefficients of Ln and U, Ln and 
Y and probably Ln and Pu decreased with increasing temperature.
The order of the partial molar enthalpy of mixing in both liquid metals 
Cd and Bi is:

∆Hmix
U >∆Hmix

Y >∆Hmix
Pu>∆Hmix

La≅∆Hmix
Pr≅∆Hmix

Nd≅∆Hmix
Ce

The separation of Pu from REs in the aluminium phase seems to be 
easier than their separations in the Bismuth and Cadmium phase.
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CIEMAT/UVA PYROREP contribution 
Electrochemistry of U: Conclusions

In the LiCl-KCl it has been observed several stable oxidation states of 
uranium: UO2

2+, UO2
+, U4+, U3+ and U0.

The reduction reaction U(IV)/U(III) proceeds through a reversible 
soluble-soluble reaction with exchange of one electron.
The reduction reaction U(III)/U(0) proceeds through a quasi-reversible 
soluble-insoluble reaction with exchange of three electrons. 
The electrocrystallization of the metal uranium at the surface electrode 
is the controlling step of the reaction. The analysis of the I-t transients 
shows a progressive mode of nucleation.
The diffusion coefficient has been determined for the 450-550ºC 
temperature range and the Arrhenius law has been confirmed.
The standard reduction potential has also been determined in the same 
range of temperature showing a decrease of it as the temperature
increases. 
From the Gibbs energy of formation of UCl3 the activity coefficient 
was calculated indicating the complexation of the uranium trichloride
ion into the molten LiCl-KCl. Also the enthalpy and entropy of UCl3 
formation was determined from the variation of ∆Gfº with the 
temperature.

12

General considerations of CIEMAT/UVA 
proposal to 6th Framework Programme

EUROPART
:

Pyrochemical processes could be of interest for 
recovery of some radionuclides present in the HLW 
stream after PUREX processes
To complete the necessary fundamental research to 
define separation schemes and quantitative recovery
Waste streams:KEY POINT
to be consistent with the fuel proposed for 
transmutation of LL radionuclides with ADS burners 
(2nd stratum)
Chloride MS
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SUMMARY
To maintain and increase expertise on LL radionuclides:  

aqueous and non-aqueous media → Technical support 
ENRESA & CSN
Fields of R&D: 

SF direct disposal 
Pyroprocesses (Advanced fuel cycles)

National and International collaborations (6th EU FP, 
ENRESA, UVA, CEA...) 
Improvement of capabilities and infrastructure
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Fuel selection criteria specific for

Double Stratum Minor Actinide Burners 

Janne Wallenius                                      Marcus Eriksson

Department of Nuclear & Reactor Physics, Royal Institute of Technology

Accelerator Driven Systems in the Double Strata fuel cycle 

Scope of work

Neutronic studies of potential ADS fuel matrices

Down-selection for detailed core

Detailed results for three matrices

Outline
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Double strata fuel cycle

In the Double Strata Fuel cycle all Minor Actinides are recycled

in Accelerator Driven Systems, constituting ~6% of the power park.

74.5% LWR

6.0% ADS

19.5%
CAPRA

370 g 14C

from oxide

185 g 14C

from nitride

4.2 ton N2

(99% 15N)

12 ton Pu

3.8 ton MA

16 ton Pu 40 ton Pu

27 ton TRU

2.8 ton MA

Proton Accelerator: 20 MW

Spallation target: PbBi

Core power: 800 MWth

Sub-criticality: k <0.97

Coolant: PbBi

Fuel: (Pu
0.4

,Am
0.5

,Cm
0.1

)

oxide or nitride

Accelerator Driven System
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Solid solution oxides: ZrO
2

, ThO
2

Solid solution nitrides: ZrN, HfN, YN

CERCER oxides: MgO

CERMET oxides: Cr, V, Mo, Mo-92, W

Scope of work

Parametric studie of neutronic properties for dedicated inert matrix fuels

Doppler feedback vanishes

when presence of americium in

the fuel becomes significant.

U-238/Am > 7/1 required to

provide sufficient temperature

feedback

Th-232 gives less than half the

Doppler coefficient of U-238

when americium is present.

With no americium in the fuel,

a fertile matrix is not required

to obtain a substantial Doppler

feedback.

Doppler feedback with fertile matrix

U-238 Th-232 Zr Pu Am
∆k/∆T

[pcm/K]

0.80 - - 0.20 - - 0.52

0.70 - - 0.20 0.10 - 0.18

0.60 - - 0.20 0.20 - 0.05

- 0.80 - 0.20 - - 0.42

- 0.70 - 0.20 0.10 - 0.07

- - 0.80 0.20 - - 0.39

- - 0.70 0.20 0.10 - 0.01

Na cooled pin cell calculation for oxide fuels
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Inert matrix volume fraction
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Matrix volume fraction
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ZrO2

MgO

ThO2

Di = 5.0 mm

Inert matrix volume fraction required to obtain k ~0.97

depends on fuel properties as well as core geometry
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Void worth: Sodium versus PbBi
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Void worth [pcm]

P/D

ZrO2

Cr

PbBi
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Sodium void worths are too high to be acceptable!
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Poor thermal conductivity

Large core size

Large void worth

Probability for fission in thorium

increases under void condition

Coolant void worths for oxide matrices

For 800 MWth cores with P/D ≥ 1.5,

MgO provides the lowest void worth
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Di = 5.0 mm

High thermal conductivity

Small core size

Small void worth

Y-89 features full neutron shell

Coolant void worths for nitride matrices

For 800 MWth cores YN provides the lowest void worth.

ZrN gives acceptable values independent of P/D.

Use of HfN sets constraints on core design
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High thermal conductivity.

Small core size.

High threshold for inelastic

scattering.

Small void worth, fairly

independent of P/D.

Chromium outstanding!

Coolant void worth for CERMET matrices
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PbBi void coefficient ~ 0.5 pcm/K for CERMET fuels
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CERCER MgO: No show stoppers, medium neutronic performance

ZrN & Mo-92: Good neutronics, High T stability and helium release to be proven.

Down selection, including fabricability,

reprocessability and compatibility issues

Matrix Reprocessing Fabrication Residence

time

Power to melt Matrix

fraction

Void worth

ZrO2 Difficult Easy Long Low High High

ThO2 Difficult Easy Long Low Low High

MgO Medium Easy Medium Medium Medium Medium

ZrN Easy Medium Short High High Low

HfN Easy Medium Short High Low Medium

YN Easy Difficult Short (?) High (?) High Low

Cr Medium Difficult Short High Medium Low

V ? ? Medium Medium Medium Low

Mo Medium Easy Short High Low Low

Mo-92 Medium Easy Short High Medium Low

W Medium Easy Short High Low Low

Core power: 800 MWth

Fuel column height: 1.0 m 

Nitride pin power: 36 kW

Mo-92 pin power: 36 kW

MgO pin power: 25 kW

Pu/Am/Cm = 40/50/10

k-eigenvalue @ BOL: 0.97

3 fuel zones differing by matrix content

Radial power peaking: 1.30

Core design for detailed study

Mo-92/Nitride  core map
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Nitride fuel with ZrN matrix

D = 5.0/5.7 mm

P/D = 1.75

Matrix content: 67/62/50 %

Beam power @ BOL = 12.5 MW

Radial power peaking

10 20 30 40 50 60 70

0.5

1.0

1.5

2.0

Power density [relative]

Pin # [from target]

Matrix fractions

Row 1: Clad outer/innerdiameter = 6.0/6.8 mm, P/D = 1.50

Row 2: Clad outer/innerdiameter = 5.0/5.7 mm, P/D = 1.75

Matrix Zone 1 Zone 2 Zone 3

ZrN 0.71 0.66 0.55

ZrN 0.67 0.62 0.50

Mo-92 0.60 0.54 0.41

Mo-92 0.47 0.41 0.31

MgO 0.68 0.62 0.52

MgO 0.56 0.51 0.41

Mo-92 requires larger pin diameter & smaller P/D!188



Fuel temperature in hottest

pins at BOL remain below

stability limits.

T
melt

 [PuO
2

] = 2660 K

T
melt

  [MgO+PuO
2

] ≈ 2500 K

T
dis

  [AmN] ~ 2200 K for  1%

nitrogen in He bond gas.

Fuel temperatures at normal operation

800
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1200

1400

1600

1800

2000

0.0 0.5 1.0 1.5 2.0 2.5 3.0

MgO (33 kW/m)

Mo-92 (46 kW/m)

ZrN (46 kW/m)

Fuel Radius, mm Coolant

Clad

Gap

Fuel temperature [K]

beta-effective ≈ 180±20 pcm for all cores

Neutronic parameters

Matrix ZrN Mo-92 MgO

Void worth: core &plenum + 100 pcm + 520 pcm + 2250 pcm

Clad worth 3700 pcm 3300 pcm 3200 pcm

Coolant expansion + 0.46 pcm/K + 0.46 pcm/K + 0.60 pcm/K

Fuel axial expansion -0.43 pcm/K -0.19 pcm/K -0.25 pcm/K

Grid radial expansion -0.57 pcm/K -0.52 pcm/K -0.48 pcm/K

Matrix ZrN Mo-92 MgO

Void worth: core &plenum + 880 pcm + 470 pcm + 2300 pcm

Clad worth 2800 pcm 2700 pcm 2600 pcm

Coolant expansion + 0.60 pcm/K + 0.58 pcm/K + 0.68 pcm/K

Fuel axial expansion -0.36 pcm/K -0.18 pcm/K -0.26 pcm/K

Grid radial expansion -0.57 pcm/K -0.52 pcm/K -0.49 pcm/K

D = 6.0/6.8 mm

P/D = 1.50

D = 5.0/5.7 mm

P/D = 1.75

189



Fertile matrices do not improve neutronic performance of

americium bearing fuels.

High linear rating (high thermal conductivity + high melting

temperature) improves neutronic performance as well.

CERCER oxide in MgO matrix appears to be a reasonable reference

fuel for Minor Actinide burning in LBE cooled ADS.

Solid solution nitride in ZrN or CERMET oxide in Mo-92 matrix offer

better performance, but high T stability (nitrides) and helium release

(CERMET) issues need to be addressed.

These fuels will be fabricated and irradiated in Phenix starting 2005.

Conclusions
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