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ABSTRACT
The molten salt reactor (MSR) concept is very important for consideration as an element of future nuclear energy
systems. These reactor systems are unique in many ways. Particularly, the MSRs appear to have substantial
promise not only as advanced TRU free system operating in U-Th cycle, but also as transmuter of TRU's.
Physical and chemical feasibility of fueling MSR with TRU's trifluorides is examined. Solvent compositions
with and without U-Th as fissile / fertile addition are considered. The principle reactor & fuel cycle variables
available for optimizing the performance of MSR as TRU transmuting system are discussed. These efforts led to
the definition in minimal TRU mass flow rate, reduced total losses to waste and maximum possible burn up rate
for the molten salt transmuter.

The current status of technology and prospects for revisited interest are summarized. 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 plutonium and minor actinide fueling
include: corrosion and container chemistry, new redox buffer for systems without uranium, analitical chemistry
instrumentation, adequate constituent solubilities, suitable fuel processing and waste form development..
However these problems appear to be soluble.

1. INTRODUCTION.

The use of the molten salts as the fuel material has been proposed for many different reactor types and
applications. Particularly in US, Russia, France and Japan MSR concepts have been prepared for fast breeders
and thermal cores / blankets operating in critical and subcritical modes. The present general approach employs a
single salt stream which can contains not only fissile (transmuting), but also fertile materials for generating 3U.
Though, molten salt nuclear fuel concept has been proven by successful operation experience of MSRE
experimental reactor at ORNL,1'2 this approach has not been implemented in industry. The fuel chosen for
operation of MSRE and for subsequent reactor designs of this type was a mixture of 7Li,Be,Zr,U/F and.
7Li,Be,Th,U/F.

It is naturally to expect that in the future the MSR technology could find a role in symbiosis with standard
reactors in the management of TRUs and thorium utilization. The interest in this technology stems mainly from
an increased neutron flux density and burn up time in the system; reduced actinides mass flow rate and relatively
low waste stream when purifying and reconstituting the fuel.

The advantages of the Molten Salt as a TRU Burner (MSB) system follow not only from a possibility for its
effective combination with non aqueous technique of fuel cleanup, which has a prospect to have low cost and
produce a small volumes of wastes, but also from its capability to use fuel of different nuclide composition in
continuous operation with no special modification of the core as it was demonstrated during MSRE operation for
233,235y an(j p u -p̂ g jyfSRs further can tolerate denaturing and dilution of the fuel, as well as contamination by
lanthanides.

2. FUEL CYCLE CHOICES.

It is clear that the flowsheets in MSB should differ from prior MSR designs in some important aspects. The
differences are in the core configuration, details of the fuel salt composition and the fission product cleanup
flowsheet. In order to manage TRU outputs of LWR's the TRU burning design should have a rather large unit
power capacity. Also, the important feature of TRU burning system is a high-enough power density, which
provide additional flexibility in TRU utilization. In MSR concept the maximum power density in the core is
limited by fast damage to the graphite moderator, while removal power density in the external power recovery
circuit is limited primarily by heat transfer and pressure drop considerations. Indeed the principle shortcoming
of the single fluid concept is the substantial investments of the fissile (transmuting) material in the heat transfer
circuit and elsewhere outside the reactor core. Obviously, these investments will increase with the increase of the
core specific power, because the removal power density in the external power circuit is limited primarily by heat
transfer and pressure drop consideration.



The results of recent studies have demonstrated that a broad range of MSBs operating in critical or subcritical
modes with PUF3 and minor actinides trifluorides as the fuel is conceptually feasible. At one end of this range is
well thermalized graphite moderated core in which solvent consists of a molten mixture of 7Li,Be/F (and / or
other possible constituents, like e.g. NaF, ZrF^ThF^. Note, that the maximum power density in such
configurations of the MSB cores is limited by fast neutron damage to graphite moderator. For 2250 MWt MSR,
the principal effect of increasing the core diameter from 4m (MSBR case - 4 year graphite life, core average
neutron flux is about 2-3x10Hn/cm2/s, about 50% of fuel inventory outside core ) to 8,3 m (DMSR case - 30
year graphite life, core average neutron flux is about 4 - 5xl0l3n/cm2/s, less than 20% of fuel inventory outside
core) was to increase the fissile inventory by 50%. Tentative conclusion is that the use of Pu as the start up and
make up fuel rather than 5U in transmuting converter gives a comparable fuel cycle cost. The solubility of the
combined trifluorides likely would not be exceeded the limiting value (1,0 - 1,3 mole %) within the reactor
circuit for expected graphite life, but additional solubility data and fuel cycle consideration are needed to make
this point certain.

At the other end is a MSB operating with hardened spectrum without graphite moderator (homogeneous core).
This MSB concept should have a concentration of PUF3 (specific inventory, kg(fissile)/MWe) significantly
higher (about 3 times) than that of previous one. Phase behavior of some fluoride mixtures appears suitable to
permit use of a higher concentration of PuF3 in melts whose freezing point will acceptable for single fluid
MSBs. For 2250 MWt MSB this core configuration avoid constrains dealt with graphite life time and provide
operation with core average neutron flux from lxl015 n/cm2/s to 2x1015 n/cm2/s for core diameters 4m and 3m
with respectively less than 30% and 50% of fuel inventory are outside core.

In MSBs all the fission product species do not go to the processing plant; Kr and Xe are removed by sparging
with helium (50 sec) in the reactor. The seminoble and noble metals rapidly transports to purge gas and deposit
on surfaces (2.5 hour) within fuel circuit mainly outside the core, where most of it is retained. Possible
conceptual lines for MSB fuel processing are listed below (see Figure 1).
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Figure 1: Possible processing flowsheets for MSB concepts

The simpler of MSB concepts line would completely eliminate on-line chemical processing of the fuel salt for
removal of fission products. In order to achieve high burn-up results the stripping of gaseous fission products
would be retained, and some batch-wise treatment to control oxide contamination probably would be required.
This reactor needs routine additions of TRU fuel, probably it would require the neutrons support from external



source or the periodic "export" of excess fissile material, but would not require replacement or removal of the in
plant inventory except at the end of the plant life time.

Adding a batch or on-line chemical facility to the single-pass reactor provides the other conceptual line, based on
uranium and TRU recycling, as often as necessary. One of the major advantages of the fluoride based MSR's is
the potential for an integrated fuel recovery capability.

By sparging the salt with fluorine uranium can be removed essentially quantitatively as UF5, which can then be
converted back to UF4 and recycled in to a fresh batch of fuel salt. In MSRE1'2 the process involved 47 hours of
fluorine sparging over a 6 day period to produce a uranium product pure enough for cascade reenrichment.
Certainly, uranium will contain substantial amounts of B2U (especially for U-Th based fuels), which considered
a strong deterrent to proliferation. The very strong radioactivity emanating from the 232U decay products makes
any direct handling prohibitive only a short time after chemical purification. Note, that with fluid fluoride based
fiiel the entire fuel element fabrication process is excluded. The absence of a solid fuel manufacturing phase
provides for exceptional flexibility. The fuel can be blended into reactor straightly as needed at any time. Also,
there is no need for long cool times and interim storage. This saves for MSR's significant part of the head end
effort (including radioactive doses) and cost.

For multiple actinide recycling, since plutonium and minor actinides (in some concepts along with uranium and
protactinium) must be removed from the fuel solvent before yttrium and rare earth's fission products, the MSB
must contain a system that provides for removal of TRU's from the fuel salt and their reintroduction to the
purified solvent (see Figure 1). This plutonium reintroduction circuit has the advantage of also returning
americium and curium to the reactor fuel and permitting only very small losses of any TRU elements to the
waste stream. Since the higher actinides would always accompany the plutonium, this operation would never
produce a "clean" material would be attractive for diversion.1

Periodic replacement of the carrier salt (after recovery and return of only TRU's) with material that is free of
fission products would improve the neutron balance and utilization of TRU's, though it would increase the
consumption of other salt constituents. An optimum salt discard rate exists, for which the fuel burn up time is
balanced against the increasing of the core inventory and fuel make up, which increasing due to neutron balance
worsening. In addition, there is a minimum discard rate required to limit the concentration of actinides plus
lanthanides trifluorides in the circulating fuel to an acceptable level.

The removed carrier salt could be disposed of (after conversion to a suitable form) or chemically processed (full
scale fission product removal) for the reuse in this plant or at the end - of-life of it, transferred to a new plant
and used without any significant intermediate treatment. Certainly, the processing cycle time in the MSB for
soluble species can be considerably greater than that for TRU's (e.g. nZAn~ 1sai,, where 1An, isairtixrn around
times of one recycle for actinides and purified solvent; n>l).

The principle variables available for optimizing the performance of MSB are the volume fraction of salt in the
core, the choice of solvent system and feed material composition; the duration of the fuel cycle and neutron flux
density, including the replacement intervals and fuel processing times. Additional degrees of freedom include the
possibility of zoning the core to flatten the power distribution, possibility of changing the feed material during
the cycle and change the reflector thickness. Also, the future work needed to more evaluate molten salts fueled
by TRU's involves consideration of design factors that would minimize the volume of the fuel salt outside the
core. These studies led to the definition in minimal TRU's mass flow rate, reduced total losses to waste and
maximum possible burn up for MSB.

3. CHOICE OF THE FUEL SALT.

In choosing a fuel for a given fluid fuel reactor design the following criteria are applied: low neutron cross
section for the solvent components; thermal stability of the salt components; low vapor pressure; radiation
stability; adequate solubility of fuel and fission product components; adequate heat transfer and hydrodynamic
properties; chemical compatibility with container and moderator materials; low fuel and processing costs.

Several of the fluorides salt satisfy the characteristic properties of the thermal stability, radiation resistance, low
vapor pressure and manageable melting point. Fluorides of the metals other than U, Pu or Th are used as
diluents and to keep the melting point low enough for practical use. Consideration of nuclear properties alone
leads one to prefer as diluents the fluorides of Be, Bi, 7Li, Pb, Zr, and Na, in that order. Salts which contain
easily reducible cations (Bi3+ and Pb2+) were rejected because they would not be stable in nickel - or iron base
alloys. Particularly, a disadvantage of ZrF4 contained melts is associated with its condensible vapor,
preponderantly ZrF4 The "snow" that would form could block vent lines and cause problems in pumps that
circulate the fuel. Note also , that use of zirconium, instead e.g. the sodium in the basic solvent will lead to the



increased generation of the long lived activation products in the system. This leaves BeF2,
7LiF and NaF as

preferred major constituents. For reasons of neutron economy in ORNL and later in RRC-KI, the preferred
solvent for prior MSR concepts have been LiF and BeF2 with the lithium enriched to 99,995 in the 7Li isotope.
(At this level, in a typical MSBR configuration, the remaining 6Li absorbs 40% as many neutrons as the 7Li).2

The choice of the optimal solvent for the MSB which can be fed by transuranium fluorides is not clear yet.
Trivalent plutonium and minor actinides are only stable species in the various molten fluoride salts. Tetravalent
plutonium could transiently exist if the salt redox potential was high enough. Solubility of PuF4 by analogy of
ZrF4, UF4, and ThF4 should be relatively high. But for practical purposes (stability of potential container
material) salt redox potential should be low enough and corresponds to the stability area of Pu (III).

PuF3 solubility is maximum in pure LiF or NaF and decreases with addition of BeF2 and ThF4. Decrease is more
for BeF2 addition, because the PUF3 is not soluble in pure BeF2. The lanthanide trifluorides are also only
moderately soluble in BeF2 and ThF4 containing mixtures. If more than one such trifluoride (including UF3) is
present, they crystallize as solid solution of all the trifuorides on cooling of saturated melt so, that in effect, all
the LnF3 and AnF3 act essentially as a single element. If so, the total (An+Ln) trifluorides in the end of life
reactor might possibly exceed their combined solubility.

The solubility of PuF3 in fluoride based solvents is temperature and composition dependent. According to ORNL
data ' the solubility of PuF3 and CeF3 in the Li,Be,Th/F melt with reduced 16 % mole BeF2 content at 565 °C
(the minimum temperature anticipated within the MSBR and DMSR fuel circuit) is 1,3 mole %. Hovewer, for
Li,Be/F and Na,Be/F systems the PuF3 solubility is considerably smaller and seems to be minimal in the most
established «neutral» melts. For last ones it reach only about 0,3 mole % at the temperature of 565°C. A ternary
salt Na,Li,Be/F can be also considered as an alternative solvent for primary circuit.5 For composition region with
reduced 26 % mole BeF2 content (TmeU=480°C) solubility of PuF3 will be about 1,1 mole % at 565 C.6 If a Na,
Li,Be/F mixture is to be chosen as the fuel solvent for MSB there is an obvious need to refine the phase diagram
data in the composition region 25-30 mole % BeF2, because two published references2'5 gave significant
difference in freezing points. Also, Li,Be,Zr/F with 25-15 mole % BeF2 reduced content could be of interest as
potential solvents due to low liquidus temperature (about 450°C) and increased actinide trifluoride solubility.
Note, that the solubility of rare-earth and actinides trifluorides in 66LiF-29BeF2- 5ZrF4 system has been
measured in US and Russian laboratories7 (unfortunately in the another composition ragion). Note,that
Russian values ( nearly identical to that obtained in ORNL) shown different temperature dependence of
solubility for LnF3, NdF3, CeF3.

The other TRU species are known to dissolve in lithium and beryllium containing solvents, but no quantitative
definition of their solubility behavior exists. Such definition must of course be obtained, but the generally close
similarity in behavior of the AnF3 makes it most unlikely that solubility of this individual species could be a
problem. As expected substitution of a small quantity of AnF3 scarcely changes the phase behavior of the
solvent system.

The solubility of actinide dioxides in molten salt fluorides are low and decrease in the order ThO2-UO2 -PuO2. '
Trivalent plutonium shows little or no tendency to precipitate as oxide from Li,Be/F and Li,Be,Th/F containing
mixtures. Because relatively large solubility seems to be general for trivalent oxides, it is highly likely that
precipitation of Am2O3 and other trivalent actinides would be difficult to achieve. The relatively low oxide
tolerance of MSR fuel will require reasonable care (treatment of melts HF) to avoid inadvertent precipitation of
actinide oxides within the reactor system.

The molten fluoride chemistry (solubility, redox chemistry, chemical activity etc) for the Li,Be,Th/F and Li,Be/F
systems are well established and can be applied with great confidence, if PuF3 fuels are to be used in these
solvents. As for Th free fuel matrix the properties of the most developed 2LiF-BeF2 solvent however, are not all
near the optimum for MSB application (very limited PuF3 solubility, high enough melting point etc). The
preferred solution to the solubility problem is to continue with some additional small modifications of solvent
composition. Alternative solvent composition which will meet the manageable liquidus temperature and
increased PuF3 solubility may be chosen e.g. from Na,Li,Be/F and Li,Be,Zr/F systems with decreased content of
BeF2. However, new less understood solvents system must be considered carefully before application in order to
avoid severe problems with process operation. Regarding MSB chemical needs next more important is
consideration of actinides trifluorides solubility in mentioned above solvents, oxide tolerances of such mixtures
and redox effects of the fission products.



4. GRAPHITE.

Graphite is the good moderator for MSRs. Its moderating ability is about twice that of the flibe , while its
effective macroscopic absorption cross section is about one-fifth that of the salt, exclusive of the actinides and
fission products. Graphite is of course , subject to radiation damage. For fast neutron fluences greater than about
3x1022 n/cm2 [En >50 keV) the rate of expansion becomes quite rapid, and it appears that this represent an upper
limit to acceptable exposure of the graphite (L *Pm ~ 200, where L is the moderator lifetime in full-power years
and Pm is the maximum core power density in W/cm3). In MSBR the maximum power density is about 70
W/cm3 and the useful graphite life would be about 3 years at full power. For DMSR with core specific power
about 8 W/cm3 a useful graphite life would be about 24 full power years.2 It will be desirable, especially for
high flux MSB cores to develop graphite capable of irradiation significantly greater than 3x1022 n/cm2.

In addition fission product gases notably I35Xe will diffuse into graphite with some effect on neutron balance
(poison fraction for uncoated graphite is about 0,01-0,02). It is desirable , especially for high flux cores, to hold
Xe poisoning to the lowest possible level (poison fraction of 0,005). It will require graphites of very low
permeability, e.g. 10"8 cmVsec. The pyrolytic sealing work at ORNL was only partially successful. ' It was
found that extreme care had to be taken to seal the material before irradiation. During irradiation the injected
pyrocarbon actually caused expansion to begin at lower fluences than those at which it would occur in the
absence of the coating. Thus the coating task was faced with a number of challenges.

With the relaxed requirements for breeding performance in the new wave of the MSR concepts relative to the
MSBR, the requirements for the graphite would be diminished. First, the lessened gas permeability requirements
mean that the graphite damage limits can be raised. Secondly, if the salt flow rate through the core is reduced
from the turbulent regime, and the salt film at the graphite surface may offer sufficient resistance to xenon
diffusion so that it will not be necessary to seal the graphite. Finally, the peak neutron flux in the place of
graphite location can be reduced to levels such that the graphite will be used for the longer times.

The most detailed creep data exist on the US and German graphites fore the HTR plant designs . But these
graphites, because their coarse granularity and large pore size, are unsatisfactory for molten salt applications.
Generally much closer to the MSR requirements are the IG-100 graphite grade produced in Japan for their HTRs
and GSP type graphite produced in Russia. Development of sealing techniques should be continuing, both with
the «pulse-impregnation» technique and with isotropic pyrolitic coatings put on at a somewhat higher
temperatures.

5. THE TRANSPORT PROPERTIES.

The design of MSR core requires detailed information on heat and mass transport properties of the proposed fuel
and coolant fluoride melts. Many of the physical properties dealing with heat and mass transport processes of
molten fluoride salt have been obtained during the development of the MSR program in ORNL.1 The specific
physical properties which were either measured within Russian MSR program include phase diagrams behavior,
density, heat capacity, heat of fusion, viscosity, thermal conductivity and electrical conductivity. Particular
emphasis has been placed for U/Th fuels.2

Table 1 shows the composition and key properties of the fluids at the indicated temperatures. Most of the
physical properties of Li,Be/F and Li,Be,Th/F are known with reasonable accuracy, although several have been
defined by interpolation from measurements on slightly different compositions. The liquidus temperature is well
known, and density, viscosity, heat capacity are accurate within 3-7% . Thermal conductivity is the key property
for predicting heat transfer coefficients of molten fluorides. US and Russian measurements are probably
accurate within 10-15% for these fuel compositions.

Table 1 Physical properties of molten salts

Composition, mole %

At temperature, C

Heat capacity, kJ/kg/C
Density of liquid, kg/m
Thermal conductivity,W/m/C
Viscosity, lO^m'Vs
Prandtl modulus,TvCD/A,

72LiF-
16BeF2-
12ThF4

(tm = 500°C)
700

1,34
3250
1,2

2,21
8

66LiF-
34BeF2

(tm = 458°C)
700

2,34
2050
1,0
2,8
13

23LiF-
41NaF
36BeF2

(tm=328°C)
600

1,97
2010

1,0
7,5
15

65LiF
26BeF2

7ZrF4

(tm = 434°C)
6600

1,97
2270

1,4
4,0
15



The conclusion is that the use of accurate physical property data with correlation's for normal fluids (Pr>l) is
adequate for heat transfer for design with fluoride salts respect to forced and natural convection. Properties are in
each case adequate to the proposal service. It may be noted that only incomplete data are available for
Na,Li,Be/F and Li,Be,Zr/F with decreased content of BeF2 or Li,Na,Zr/F solvent systems. However, the
tabulations available in some cases are such as to permit interpolation or theoretical evaluation of reasonable
accuracy for preliminary MSB design purposes if melt contains small (<1 mole %) addition of TRUF3. When the
melt is based on rather new solvent composition or complicated by the addition of large quantities of TRUF3 the
situation becomes considerably less favorable and need additional measurements of required physical properties.

6. STRUCTURAL MATERIALS.

The success of an MSR 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 MSB.

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 a 300-series stainless steels is 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 urn at 600-650 °C. 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
RRC-KI for the Russian austenitic steels 12H18N10T and AP-164 agree well with each other.3'8 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 uranium trifluoride, the corrosion rate was decreased at
650 °C from the 8 to the 2 um/yr.

Early materials studies at ORNL led to the development of a nickel-base alloy, Hastelloy N, for use with fluoride
salts (see Table 2). 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 2)
containing 2% Nb was found to be entirely free from cracks.

At RRC-KI the Ni based alloy Hastelloy NM (or HN80MT) was also chosen as a reference one.3'8 The results of
RRC-KI combined investigation of 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 2.

Table 2. Chemical composition of nickel based alloys (content, % by weight)

Element

Nickel
Molybdenum
Chromium
Iron
Manganese
Silicon
Phosphorus
Sulfur
Boron
Titanium
Niobium
Aluminum

Standard alloy
Hastelloy N

Base
15-18
6-8
5
1
1

0,015
0,020
0,01

Modified alloy
ORNL 1972

Base
11-13
6-8
0,1

0,15-0,25
0,1

0,01
0,01
0,001

2
0-2

Modified alloy
ORNL 1976

Base
11-13
6-8
0,1

0,15-0,25
0,1
0,01
0,01
0,001

1-2

HN80MTY
KI1984

Base
11-12
5-7
1,5
0,5
0,15

0,015
0,012
0,001
0,5-1

1,2



Data for UF4 -containing salts provides a roadmap for establishing the corrosion properties for PuF3 - containing
salts. Included in further evaluation should be assessment of lower salt redox potentials from the stand point of
allowing the use of stainless steels as structural materials and establishing the potentials that must be maintained
to avoid intergranular cracking for nickel-based alloys. Also, techniques developed under fusion reactor
programs to improve the resistance of stainless steels to helium embrittlement should be extended to include
nickel-base alloys.

7. FISSION PRODUCTS CLEANUP.

For molten salt fuels, fission products could be grouped by the several classes in order of importance as neutron
poisons (see Table 3): the noble gases, the rare earths, the noble and seminoble metals, the volatile fluorides and
stable fluorides not readily separable from the solvent system.

The MSR would manage the noble gas (Xe, Kr) removal by sparging with helium. As it was mentioned before
the problem here is to prevent the xenon from entering the porous graphite moderator. The volatile fluorides of
Br and I are relatively unimportant and can be removed in the fluorination step.

Table 3 Methods and cycle times available for Fission products removal

Component
Kr, Xe (noble gases)
Zn, Ga, Ge, As, Se,Nb,Mo, Ru,Rh,Pd,Ag,Tc,
Cd,In,Sn,Sb,Te (noble and seminoble metals)
2iiU, Z34U, 2iyU, 2ibU, WU
Br, I (halogens)
Zr, ""Pa
Ni, Fe, Cr (corrosion products)
Y, La, Ce, Pr, Nd, Pm, Gd, Tb, Dy, Ho, Er (trivalent
RE's)
Sm, Eu, (divalent RE's)
Sr, Ba
Rb, Cs

Li, Be, Th (carrier salt)

Removal time
50 sec

2.4 hr

10 days
10 days

10/200* days
10/200* days

25
200* days

25
200* days

10
200* days
8-30 years

Removal operation
Sparging with He

Plating out on surfaces +
Escape to off gas system
Volatilization in primary

fluorinator

Reductive extraction
(precipitation of oxides,

electrodiposition)
On-line /in batch*

Salt discard

Certain fission products, notably the metals Nb, Mo, Tc, Ru, Rh, Te and some others of lesser importance do not
form stable fluorides and appear in elemental form. Tests indicate that they quickly disappear from the salt and
deposit on surfaces of the primary circuit, mainly metal surfaces of heat exchangers. A small fraction of these
metals deposit in the core region on the graphite moderator surfaces. To extent that they circulate as particulate
material in the fuel, insoluble fission product species could probably be usefully removed by a small bypass flow
trough a relatively simple surface wool filter system. Presumably, such a system would need to have a
reasonably low pressure drop. For the noble and seminoble metals more experimental efforts is required in order
to control their agglomeration, adhesion to surfaces and transport in purge gas.

In MSRs, from which xenon and krypton are effectively removed, the most important fission products poisons
are among lanthanides which are soluble in the fuel. Due to the solubility limit the priority for MSRs transmuting
actinides should be given to trivalent rare earths. The stable fluorides of Rb, Sr, Cs and Ba are not of importance
for actinide trifluorides solubility and operating with limited fuel processing can be removed by the discard of
salt from the rare earth process on a long cycle.

Attempts to remove lanthanides (the most important parasitic absorbers of neutrons) have included processes
based on reductive extraction, oxide precipitation, electrodeposition, and even volatilization at low pressure of
the other melt constituents to leave the very non volatile lanthanide trifluorides behind. ''9'10 Three last processes
require solids handling, and only first one involve liquids and gases. Solids handling is axiomatically more
difficult than fluids handling especially in continuous operations.

For example, rare earth removal unit based on Bi-Li reductive extraction flowsheet developed in ORNL for LiF-
BeF2 solvent system could provide negligible losses of TRU (about 10"4) by use of several counter current
stages. The separation factors 0of AnFn and LnFn are approximately equal to 103 for the Li,Be/F -Bi and
Li,Na,K/F - Bi systems.' These values are very attractive for the lanthanide's separation by the reductive
extraction. However, when the melt is complicated by the addition of large quantities of TI1F4 the situation
becomes considerably less favorable. Under the conditions used U and Zr are the most easily reduced of the



species shown above. U and Pa should be easily separated under the proper conditions, Pu-Pa separation is
possible.

Several combinations of preferred processes with some of the alternatives are possible. Their attractiveness
increases as the permissible processing cycle time lengthens. Studies of the full scale MSB fuel salt chemical
processing system are not as far advanced, but small scale experiments lead to optimism, that a practicable
system can be developed.

8. CONCLUSION.

It is obvious from the discussion above that use of molten fluorides as fuel and coolant for a reactor system of
energy production and incinerator type faces a large number of formidable problems. Several of these have been
solved, and some seem to be well on the way to solution. But it is also clear that some still remain to be solved.
The molten salts have many desirable properties for such applications, and it seems likely that - given sufficient
intellectual effort, development time and money - a successful TRU free or transmuting system could be
developed. Performing of some additional experimental work give us possibility to understand the practicability
of operating in MSB.

In contrast with well-established 2LiF-BeF2 solvent system, which could not be optimal for MSB case, for the
other alternative solvents there is essential uncertainty in fundamental data and it is necessary to estimate their
potential for MSB fueled by plutonium and minor actinide trifluorides. The general uncertainties in the MSB
conceptual design are in the areas of TRUF3 chemistry, redox control for the U free fuel matrix, tritium
confinement, fuel salt processing, maintenance procedures, choice of the intermediate salt and behavior of some
fission products.
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