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1. ABSTRACT

AMSTER is a continuously reloaded, graphite-moderated molten salt critical reactor, using a 238U or 232Th fuel

support, slightly enriched with 235U if necessary. Using this concept, one can define a large number of

configurations according to the products loaded and recycled. The choice of thorium fuel support leads to two

configurations requiring no additional 235U as fissile material:

1. a configuration with one moderating zone, incinerating TRansUranium elements (TRU)

2. a configuration with 2 moderating zones self-consuming TRU and regenerating the fissile uranium (233U). In

this configuration, it is even possible to burn 238U (from depleted uranium) by adding it to the thorium

support.

These configurations use a minimum amount of fuel (100kg of 232Th or 100 kg of a 232Th -238U mix per TWhe)

and produce very little TRU (a few tens of grams per TWhe).
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2. INTRODUCTION

The studies we undertook at EDF in order to satisfy the requirement of the law passed by the French Parliament

in 1991, concerning research for the reduction of long life radioactive products by way of partitioning and

transmutation, led us to the development of a critical MSR concept called AMSTER (Actinides Molten Salt

TransmutER), which can be fed with uranium and thorium, and operate both like a « clean reactor », consuming

almost all the heavy nuclides loaded in the core, except from very small losses sent to the disposal, and like an

incinerator, burning the transuranium elements issued from other reactors, like PWR for instance.

In this article we explore the concept and give the results of AMSTER simulations. We describe two particularly

interesting configurations:

1. a configuration incinerating TRU on a thorium support, requiring no addition of 235U

2. a configuration with fertile blanket using a support consisting of a mixture of 23SU and 232Th,

regenerating its fissile uranium.



3. DESCRIPTION OF THE AMSTER CONCEPT

AMSTER is a continuously reloaded, graphite-moderated molten salt critical reactor, using a 238U or 232Th

support, slightly enriched with 235U if necessary.

3.1 General presentation
Critical molten salt reactors were extensively studied in the 60s and 70s. Research was carried out in the Oak

Ridge National Laboratory, where an 8 MWth prototype, the Molten Salt Reactor Experiment (MSRE) was

successfully operated between 1965 and 1969. This experiment was followed by a 1 GWe project, the Molten

Salt Breeder Reactor (MSBR) [1], on which the overall AMSTER design is based. The aim at the time was

breeder reactors. Today, this type of reactor is again of interest to the specialists, owing to its incinerating

capacity. The figure below gives the basic layout of this type of reactor :
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The core of a molten salt reactor consists of an array of graphite hexagons. Each hexagon contains a hole through

which the salt circulates. The diameter of the salt hole is 8 cm for a hexagon 13 cm on a side. We used salts of

the same type as that used in the MSBR project. The composition adopted for the uranium support fuels is 61LiF

- 21BeF2 . I8UF4. The composition adopted for the thorium support fuels is 70LiF- 15BeF2 - 15ThF4. For our

studies, we kept the MSBR design, with 48 m3 of salt (30 in the active part of the core) for a thermal power of

2.25 GWth, weighting about 150 tons, half of it or a little more being heavy nuclides dissolved in the salt.

3.2 Operating principle

When the salt enters the array, it becomes critical and heats up. It enters at a temperature of about 550° and exits

at 700°C. The core inlet temperature is determined by the salt melting temperature, which itself depends on its

composition. (~ 500°C for the salts chosen in our study), and the exit temperature is determined by the strength

of the materials other than the graphite (hastelloy).

Once heated, the salt is entrained by pumps and passes through salt/salt exchangers to heat a secondary salt. The

thermal energy is then extracted from the secondary salt via a steam generator which feeds a turbine. For the

study we consider a global thermal efficiency of 44%.



3.3- Fuel salt recycling and feeding

On leaving the core, an on-line reprocessing unit takes a small fraction of the fuel for reprocessing, in order to

extract the Fission Products (PF) which are poisoning the core. This reprocessing is accompanied by injection

into the salt of new nuclei, 235U, 232Th, 238U or TRansUranium elements (TRU), to replace the heavy nuclei

already fissioned. Thus the salt processing unit includes the cycle front-end (salt enrichment) and back-end

(Fission Products extraction).

An important asset of molten salts is the fact that they are immediately compatible with pyrochemical

reprocessing. However, it is necessary to extract all heavy nuclides of the salt before being able to extract the

FP : Uranium is first of all extracted in UF6 form, then the TRU are extracted in a salt - liquid metal exchanger.

Given suitable separation factor in this elementary operation (about 10), and by using consecutive stages, we

expect possible to assure that the salt contain a residue of about 10"3 times (or even smaller) the initial mass of

TRU. Then the thorium and the Fission Products (FP), except for the Long Lived Fission Products to be

incinerated, are extracted from the salt. The residual TRU in the salt are extracted with the FP, which can be

vitrified and stored in the same way as fission products today. At last, all the heavy nuclides are dissolved into

the purified salt in order to be send again into the core. This way, they are kept into the reactor as far as being

completly burned, except for the losses sent to the vitrification with the FP.

A reprocessing key parameter is the proportion a of the salt reprocessed each efpd (equivalent full power

day), giving the time to reprocess all the core : T = I/a. In the MSBR project, loaded with thorium fuel, this

time was very short (less than 10 efpd) in order to let most of the mPa decrease outside the core : this strong

constraint was imposed by the research of a conversion factor as high as possible. In our studies, since we did

not have this goal, we relieve this constraint, and chose a full core reprocessing time of 300 efpd, allowing to

reprocess afar smaller amount of salt each day. Moreover, it is certainly possible to increase this value in an

optimized operating process, even if longer time mean more FP poisoning.

4. CONFIGURATIONS EXAMINED

A great advantage of MSR concept is its flexibility with respect to the fuel composition and the fuel cycle.

Indeed, molten salts can support various fuel compositions, and the continuous feeding allowed to introduce

inside the core isotopes of uranium, thorium, TRU, or even long lived fission products, according to the

objectives to be attained (to maintain the criticality by addition of fissile or fertile isotopes, or to burn nuclear

waste for instance). Furthermore, molten salt can support a high mass rate of minor actinides. Thus, a large

number of configurations can be envisaged, which are characterized by:

• The nature of the fuel: uranium, thorium, and a mixture of thorium-uranium;

• the operating mode. We have studied:

- operation in TRU self-consumer mode. The reactor consumes all the TRU that it produces itself

- operation in TRU incinerator mode. If TRU are added from outside (PWR's spent fuel for instance),

the reactor tends to come back to its equilibrium state, which is the self-consumer mode, and

therefore burns these extra TRU.

• The presence of fertile blankets allowing regeneration of the fissile nuclei.



We thus examined 7 configurations. The table below gives the list of the configurations examined. There are 4

configurations without fertile blanket and 3 configurations with one :

Fertile blanket

without

with

Operating mode \ Support

TRU self-Consumer

TRU incinerator

TRU self-Consumer

TRU incinerator

Uranium

X

X

X

Thorium

X

X

X

Thorium + Uranium

X_(in progress)

5. NUMERICAL SIMULATION PRINCIPLE

The evolution of the fuel isotopic composition is simulated with the numerical method
schematized below :
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The fuel evolution under irradiation is computed by APOLLO 2 during a given time step. After this time step, a

part of the FP is removed (reprocessing) and replaced by heavy nuclei, which enrichment is computed to keep

the reactor critical.This numerical simulation of the fuel evolution transient leads in many cases to an equilibrium

of the fuel composition.

Given that a core calculation is relatively lengthy, this method demands a large amount of computing time. Our

aim is to determine quickly whether breeding may be achieved or not in a reactor with a given geometry. By this

way, the reactor geometry that optimizes the breeding can be determined. This optimization needs a great amount

of equilibrium calculations. Thus we proceed in an other way in order to speed up the equilibrium state

determination.

Supposing that the reactor is exactly self-generating fissile uranium (breeding factor =1), then it is possible to

determine the equilibrium composition by an iterative matrix based method. The k^ of the core loaded with this

composition is then obtained by an APOLLO2 core calculation ; if the keff is higher than 1, it means that this

reactor can be operated as a breeder (the higher the keff is, the most breeding the reactor is).

The isotopic composition Neq at equilibrium is computed using a matrix-based method, described below (the

effective cross-sections are determined using cell calculations with the APOLLO2 transport code):



No

Initial core
composition No

Calculation of the
reaction rates (APOLLO2).

M(N) is the matrix of
the reaction rates, taking

into account the reprocessing
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(S is the heavy nuclei feeding of the

reactor, for example pure 232Th)
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6. THE URANIUM SUPPORT CONFIGURATIONS

These were examined in document [2] . They require an addition of 235U fissile nuclei. The calculations using

APOLLO2 indicate a consumption of 38 kg of 235U/TWhe in TRU self-consumer operating mode. This

consumption of 235U requires a uranium enrichment, and an extraction of 236U in order to prevent the core being

poisoned with this isotope. This could be done by using an ultra-centrifuge : the residual depleted uranium would

be evacuated, taking with it a large proportion of the 236U in the spent salt (about 35%). This solution would

require a small number of centrifuges, owing to the small quantity of 235U to be added.

The materials balance at equilibrium shows that a significant quantity of TRU (in-core inventory of about

2t/GWe) exists in the reactor and in particular a significant amount of curium. In case of the TRU incinerator

operating mode, this quantity mounts to 5t/GWe, for a consumption of TRU of 22kg/TWhe. However, the

problems posed by these isotopes would be lesser because they would not leave the reactor.



7. THE THORIUM SUPPORT CONFIGURATIONS

Thorium support presents 2 important advantages compared to Uranium support: it produces far less TRU (the

thorium chain begins with isotope 232) and consumes far less 235U since the thorium chain can breed 233U with

an epithermal neutron spectrum.

7.1 The thorium support TRU incinerating configuration

The reactor is made an incinerator by increasing the mass of TRU in it. The higher this mass the more TRU the

reactor consumes (figure 2) and the less 23SU it consumes. For a TRU inventory of 2 t (close to the TRU

inventory of the uranium support TRU self-consumer), the consumption of 235U drops to zero: the reactor

remains critical with simply the addition of TRU fissile material. It then consumes 22kg of TRU and 76 kg of
232Th. Figure 3 gives the materials balance of this type of reactor at equilibrium. There is a high proportion of

curium.

This configuration has the following advantages :

• it does away with the uranium enrichment phase (cost reduction and less risk of proliferation), and requires

no extraction of 236U anymore,

• a TRU consumption of 22kg/TWhe requires a TRU inventory of only 2t/GWe, compared to 5t/GWe in the

case of Uranium support,

• the decay period (half-life decay period of the existing mass of TRU in the event of scheduled closure of the

program) of this reactor is short (6 years),

figure 2: Consumption of 23SU and TRU according to the mass of TRU in the reactor
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Figure 3 : Material balance of an incinerating reactor at equilibrium
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7,2 The TRU self-consuming and uranium self-generating configuration on a thorium-uranium support

7.2.1 Feasibility of an AMSTER supplied only with Thorium

In the case of a thorium support, the consumption of fissile uranium is low enough for it to be possible to

produce it in the form of 233U in an additional region of the core. This fertile region, located on the core

periphery, is under-moderated by increasing the diameter of the salt hole. In this concept, the size of the fertile

region would be adapted so that the reactor is only just self-generating in 233U (the production of the fertile

region would exactly compensate the consumption by the fissile region).

We examined the influence on 233U production of the core height, noted H, the relative salt volume of the fertile

blanket (or V! the salt volume of the fissile region, V2 the salt volume of the fertile region, the ratio being V2^\)p

, the total volume of salt in the core being assumed to be constant and equal to Vi+V2=30 m3), the radius of the

salt hole in the fissile region, noted X\ (which determines the moderating ratio of the fissile region), the radius of

the salt hole in the fertile region, noted r2 (which determines the moderating ratio of the fertile region).

The following domain was systematically explored: H=400 cm to 600 cm, V2/Vi= 0.25 to 2.5, rt= 4 to 6cm, r2 =

8 to 9.5 cm. In all, equilibrium was calculated for more than 700 geometries, which was only possible thanks to

the matrix method, which proved to be a powerful exploratory tool. A practical optimum was determined in this

range, for H=550cm (the core height is limited), V2/V[=l (the salt volume in the blanket is limited), r;=5 cm,

r2=9.5 cm. The results of the parametric study around this point showed that the significant parameters are the

height of the core and the diameter of the hole in the fertile region. The ratio between the volume of the fertile

region and the volume of the fissile region and the diameter of the fissile region hole have less influence. Figure

4 gives the material balance for a 2-regions core on a thorium support only, with the core at equilibrium. One

should note the small quantity of transuranium elements and curium at equilibrium. This core has the advantage

of consuming the theoretical minimum of 232Th and of producing very little TRU, but the uranium extracted in

reprocessing is highly enriched in fissile isotopes (63%), which could pose criticality and proliferation problems.



figure 4 : Material balance of the pure Thorium self-generating AMSTER at equilibrium
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7.2.2 Case of mixed thorium-uranium fuel

It is possible to add uranium to the support, in the form of Unat, depleted uranium, or reprocessed uranium

(URT). This increases the quantity of TRU at equilibrium, while remaining within a reasonable range (400

kg/GWe). This strategy enables 238U (depleted U in stock) to be burned, making savings in 232Th. In addition, the

fissile nuclei enrichment of the uranium in the core is reduced, which helps make the reactor non-proliferating.

On the other hand, the production of 233U will have to be increased.

For this, we have taken the characteristics of one of the most regenerative reactors with thorium alone: height of

550 cm, Vi=V2=15.2 m3, r,=5 cm and r2=9.5 cm and we used a support consisting of 10 % 238U and 90 % 232Th.

The reactor is still self-generating (it should be noted that the entire optimisation process needs to be repeated, as

the optimum changes with respect to a 100% 232Th fuel).

The material balance of the fuel at equilibrium is given below (figure 5).

figure 5 : Isotopic composition of the self-generating AMSTER with a 90% 232Th-10%238U support
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8. CONCLUSION

The AMSTER configurations with a thorium support

1. produce very little TRU ;

2. require no 235U enrichment (savings in natural uranium, no risk of proliferation) ;

3. can both:

• incinerate the TRU highly efficiently

• produce energy with minimal consumption of heavy nuclei (100 kg /TWhe)

Finally, we should point out that only the neutron aspect was considered and considerable R&D work is still

required to establish the technological feasibility and safety of this concept.
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