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INTRODUCTION

A new method to ensure criticality safety under accident conditions in fast-spectrum (no moderator) molten salt reactors (FS-MSRs) is proposed. MSRs are liquid-fuel reactors [1] that can be used for producing electricity or hydrogen as well as burning actinides and producing fissile fuels (breeding).  Fissile, fertile, and fission products are dissolved in a high-temperature atmospheric-pressure molten fluoride salt.  The fuel salt flows through a reactor core, where fission occurs within the flowing salt; through an intermediate heat exchanger; and back to the reactor core.  An intermediate heat-transfer loop transports the heat to a turbine hall or to a hydrogen production facility.   
FAST-SPECTRUM MOLTEN SALT REACTORS

MSRs are being reexamined today because of their unique fuel cycle and safety characteristics. The fuel-cycle capabilities include online refueling, no fuel fabrication (i.e., use of liquid fuel), and easy online blending of different fissile feedstocks. While the original MSRs were thermal spectrum reactors with graphite in the core as a moderator [1], today interest exists in FS-MSRs in which the core is a wide pipe in a molten salt circuit. Two concepts are being evaluated.

1. Actinide burning [2]. The plutonium and minor actinides from LWRs are the feed for an MSR that destroys 99.8% of the actinides. There is no fertile uranium or thorium that breeds fissile materials. This feature minimizes the number of actinide-burning reactors that are required for a fleet of LWRs.

2. Breeder [3]. This concept is a breeder reactor using either the plutonium or 233U with the fertile materials dissolved in the fluoride salt.

CRITICALITY SAFETY

Two reactivity-based safety issues are associated with fast-spectrum reactors: reactor control and criticality safety under accident conditions. Regarding reactor control, unlike solid-fuel fast-spectrum reactors, FS-MSRs have negative temperature and void coefficients because liquid fuel is expelled from the core if voids are formed or if the temperature increases.

The other criticality safety challenge associated with fast reactors is that accidental criticality can occur if the fissile materials are placed near neutron moderators—such as concrete. The critical masses in thermal-neutron environments are much less than those in fast reactors. For FS-MSRs, the challenge is the possible leakage of liquid fuel should a pipe break occur. A conceptual approach to solve this criticality safety challenge has been identified based on the technology being developed for the Advanced High-Temperature Reactor (AHTR). 
The AHTR (Fig. 1) is a high-temperature reactor [4] that uses coated-particle fuel (the same fuel used in gas-cooled high-temperature reactors) and liquid-fluoride-salt coolants. The closed primary reactor system is in a pool of liquid “buffer” salt, such as an inexpensive sodium fluoroborate salt. The primary salt coolant does not mix with the pool buffer salt. Instead, the salt coolant goes through the reactor core, the intermediate heat exchanger, and the primary pumps before returning to the reactor core. The buffer-salt pool is cooled with a direct reactor auxiliary cooling system (DRACS). During normal operation, the buffer salt is at the same temperature as (or a lower temperature than) the coldest primary salt. 
In the AHTR, if the intermediate heat exchangers do not remove the reactor heat, hotter primary coolant exits the heat exchangers and the temperature difference between the primary coolant in uninsulated pipes and the buffer salt dumps decay heat to the pool. Decay-heat removal can be enhanced by a secondary loop containing a fluidic diode and a heat exchanger that is connected between the top and bottom plenums of the reactor core. The fluidic diode allows high primary-system salt-coolant flow in one direction with low pressure drops but low primary-salt flow in the other direction with high pressure drops. If the pump stops, hot salt from near the top of the reactor flows by natural circulation down the loop and through a heat exchanger, dumps its heat to the pool, and enters the bottom of the reactor core plenum.
The use of the same system geometry for an FS-MSR can provide the basis for ensuring accident criticality safety (as well as normal decay heat removal). The FS-MSR would be in a closed system in a pool of buffer salt, which would contain the same salt or another salt with rare earth neutron absorbers. Because plutonium has a chemistry similar to that of the rare earths, the concentration of neutron absorbers in the secondary salt can be the same as or higher than that of the plutonium in the primary fuel salt. If a failure occurs in the reactor vessel or piping, the fuel salt and pool salt mix. However, criticality is avoided by mixing two salts with essentially identical chemistries but different nuclear properties. The similar chemistry ensures that there are no mechanisms to separate the rare earths and plutonium. For the MSR, the buffer tank would likely also include dump tanks under the core to drain the fuel salt to critically-safe, passively cooled tanks during maintenance and under some accident conditions.  Significant analysis will be required to validate the strategy and chose the appropriate rare earths.
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Fig. 1. AHTR system layout with pool reactor auxiliary cooling system (PRACS).
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