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Chapter 5.
Revolution in nuclear power plants: From solid to liquid

To build “better nuclear power plants," the solid nuclear fuel used by the
past and present plants must be replaced by liquid nuclear fuel. Of various
types of liquid, the one called “molten-salt” is by far the most promising.

Why is liquid better?
Nuclear reactors are a kind of chemical plant. The material that combines with

the main nuclear reactant and working medium (fuel) should preferably be in the
form of a “liquid."

At ordinary pressures, gaseous fuel generally has a volume 1,000 times larger
than liquid or solid and leaves empty spaces. This results in a low reaction rate
because collisions between nuclear constituents and neutrons are rare. Gaseous
fuel is voluminous even when compressed to a high pressure. Thus, its high volume
results in huge construction costs for its pressurized containment. Economic
benefits are lost.

On the other hand, nuclear reaction and irradiation change solid fuel, destroying
its structure by nuclear-transmutation, collision or melting. These changes can
result in accidents, and require an additional coolant medium for heat removal.
Solid fuel encounters difficulties relating to fuel management and the chemical
treatment that removes fission products.

By contrast, liquid fuel will encounter no serious technological difficulties except
corrosion. This results in improved safety and will be explained in detail in the
following chapters. The most important consideration is selecting liquids with the
following characteristics: (a) a stable heat medium (in the appropriate temperature
range), (b) a low thermal neutron cross-section, as shown in Table 3.2, (c) a
resistance to radiation damage, and (d) a density of nuclear materials sufficient to
induce nuclear reactions.

Advantages and disadvantages of liquid nuclear fuels
Since the earliest stage of nuclear power development (1942), several liquids

were examined as nuclear fuels. Governments invested immense research funding,
and basic scientific data on several “unique liquid technologies” were accumulated.
Nuclear liquid-fuel concepts produced from such R&D programs were subsequently
abandoned. Thus, practical application has been blocked. However, these results
are a research treasury for future creative high-level technologies. They are useful
in the nuclear field as well as a wide range of other scientific and technological
fields.

The basic advantage of liquid fuels is the simplicity of the reactor core
configuration. The simple design eliminates most of the operations usually
accompanying fuel materials —manufacturing, transportation, charging (in the
core), replacement, shuffling, radioactivity cooling, re-transportation, reprocessing,
and re-fabrication. Control of liquid-fuel chemical composition is facilitated by
remotely handled pumps. Therefore, the general structure, the operation and the
maintenance work of the reactor are simpler. This characteristic of liquid fuel
lowers capital and operational costs.

Radioactive inert gases, such as krypton and xenon (chemically non-reactive like
helium and argon), cannot remain in the nuclear fuel liquids. They are readily
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released into the gas space covering the liquid surface and can be continuously
removed from the reactor system. This unusually high neutron loss during the
absorption process improves the reproduction ability (conversion ratio) of the
nuclear fuel. The conversion ratio is about 50% in recent LWRs, but can improve
to 100%, owing to the above-mentioned gas removal. Furthermore, the accidental
emission of these gases is minimized because almost no gas remains in the reactor
because it is continuously removed.

However, liquid fuels have some unfavorable features. First, the reactivity can
fluctuate or become unstable owing to concentration changes in the nuclear fuel
liquids. If the fuel circulates outside the reactor vessel, there is the possibility of
loss in fuel recovery. In this case, some of the delayed neutrons could be emitted in
the external circuit of the nuclear fuel. Further, the total volume of fuel liquid
should be increased by an amount corresponding to the fuel volume in the external
circuit. In addition, radioactive materials can be deposited on the internal surface
of the components and piping in the primary circuit loop. Therefore, it is important
to mitigate these effects.

The most important problem, however, is the corrosion of the reactor vessel
materials by nuclear liquid fuels. Corrosion occurs as the liquids circulate between
the higher temperature region of the reactor core and the cooler region of the heat
exchangers. This is due to the difference in the metal solubility at higher and lower
temperatures. In fact, most liquid fuels had been eliminated because of the failure
to solve corrosion problems.

Other than corrosion, the disadvantages of liquid fuel are relatively easy to solve.
Overall, the advantages compensate for the disadvantages. Readers interested in
the history of the nuclear liquid fuel concept development, should refer to item (??)
in the Reference List.

What is “molten-salt”?
The only successful liquid–fuel reactor concept is the molten-salt fuel reactor, in

the author's opinion. “Molten-salt” is an excellent heat-transfer and
chemical-reaction medium at high temperatures, and a range of applications were
studied early in nuclear reactor development. Because its application is one of the
main concerns of this book, let us begin with an explanation of the nature of
molten-salts.

Molten-salt is a salt, such as table salt: NaCl compound liquefies when melted at
high temperatures. Baked at high temperatures (over 800˚C), it will become a
transparent liquid. It will look pink in color because of the glow of the vessel. When
the temperature is lowered, it returns to its original state.

As shown in Figure 5.1, a crystal of table salt is composed of positively charged
sodium ions (Na+) and negatively charged chlorine ions (Cl-) arranged in a regular

configuration, called an “ionic crystal." If the crystal is melted at high temperatures,
the ions will move independently in a liquid state. Liquid NaCl is called an “ionic
liquid” because it is composed of ions. Although melting increases its volume by
only 10-20%, its characteristics change significantly.

Ordinary glass is a molten-salt composed of metallic oxides. When heated, it
becomes liquid with higher viscosity at lower temperature than the molten table
salt. Lava is like glass but contains many impurities. These are molten silicates
whose main component is silicon oxide. A similar molten silicate salt, called slag, is
utilized in furnaces for refining metals such as iron or copper. For example, carbon
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is used to reduce iron oxide ore and obtain crude steel. Slag is used to extract
impurities from crude steel to produce purer steel.

Nuclear fuel research
Among are various kinds of molten-salt, the most popular are molten chloride

salts (Cl, atomic number 17). However, as seen in Table 3.2, chlorine has a large
thermal neutron absorption cross section, making it unsuitable as a component of
the thermal reactor core. Further, a major component of the salt (the chlorine
nuclide) is heavy (mass of 35). Mass of this size makes it unsuitable for thermal
reactors because of the low neutron moderating performance. Some design studies
of fast reactors used molten chloride salts. These were abandoned because the
molten chloride fuels have a complex chemical behavior, are difficult to handle, and
are no better than the molten fluoride fuels even if isotope separation is adopted on
chlorine. We should aim to prepare a simple fuel-cycle, which will be explained
later.

In addition, molten nitrates, sulfates, carbonates, phosphates, and hydroxides of
lithium or sodium were examined as liquid fuels. The preliminary experimental
work on some of these liquid fuels was generally unsuccessful because of the
corrosion problem with the container materials.
Among them, however, one molten-salt was successful. Chemists at Oak Ridge
National Laboratory (ORNL, U.S.) conducted preliminary reactor design studies of
molten metallic fluoride salts. Their opportunity for a major leap in this work
occurred in 1950.

After the Second World War, ORNL developed an ultra-high-temperature reactor
for the propulsion of a jet bomber. This uranium-oxide solid-fuel reactor was being
designed cooling by liquid sodium and moderating by beryllium-oxide. They had
eventually determined that the reactor was dangerous because the fission reactions
increased with the temperature rise (positive temperature coefficient of reactivity).
Molten-fluoride fuel was selected to mitigate the problem.

This first experimental Molten-Salt Reactor (MSR) was named “Aircraft Reactor
Experiment (ARE)," and was successful in a stable operation with an output of
2500 kW in November 1954. Although the reactor operated for only 10 days, it
achieved a surprisingly high temperature of 860˚C and established a satisfactory
operational controllability. Based on this success, MSR development started with a
firm base.

The option of molten fluoride salt
The molten-salt fuel used in ARE was composed of uranium fluoride dissolved in

the solvent of a binary molten-salt (sodium fluoride and zirconium fluoride). After
further research, a more suitable choice of molten-salt fuel was made for civilian
power reactors. This was a fuel salt dissolved in the binary molten-salt of lithium
fluoride (LiF) and beryllium fluoride (BeF2). As shown in Table 3.2, fluorine (F,
atomic number 9), lithium (Li, 3), and beryllium (Be, 4), the constituents of this
molten-salt solvent, have extremely small thermal neutron absorption
cross-sections. At the same time, they have sufficiently small nuclear masses for
neutron moderation (the masses of F, Li and Be are 19, 7 and 9).

When lithium is used in the nuclear fuel, only the isotope 7Li with a mass of 7
(92.5% abundance in natural Lithium) is used. Because the lithium isotope 6Li
(7.5% abundance) is a very strong neutron absorber (Table 3.2), it is converted by
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neutron absorption into helium (4He) and tritium (3H, T), with a hydrogen mass of
3. This reaction is an important one for producing T, necessary for fusion reactors.
The 6Li isotope is doubly unsuitable because it causes a loss of neutrons (from
absorption) and the production of radioactive T, which is easily absorbed by living
bodies. The > 10% mass difference between 6Li and 7Li permits an efficient
separation of these isotopes to get high purity 7Li.

The separation work has already been industrialized, and the by-product lithium
hydroxide (7LiOH) has been used for controlling the water conditions of the
light-water-cooled power stations to mitigate corrosion. When it is mass-produced,
it is estimated that the cost of 7Li with 99.99% purity will be less than 60 yen (48
cents US$) per gram. Therefore, mass-produced 7Li will not cause cost problems.

It can be added that the binary molten-salt of BeF2 and LiF using 7Li is an
excellent solvent for nuclear fuels—equal to or better than “heavy water." The
researchers of ORNL gave it the nickname of “Flibe” by taking the initials of the
elements, F, Li and Be. Hereinafter, we will use this nickname.

The lowest melting point of Flibe solvent is 364˚C. At ordinary pressure, it is a
chemically stable and minimally viscous liquid at temperatures above 500˚C in a
composition range of 70-40 mol% of 7LiF. Mol% is the unit expressing the ratio of

the number of molecules of each constituent. The component compounds of LiF and
BeF2 belong to the most stable group of compounds; they do not readily react
chemically. This facilitates the selection of container materials, which are
sufficiently corrosion resistant. The required nuclear fuel materials (fluorides of
uranium, thorium and plutonium) and the fluorides of fission products produced in
the power reactors generally have a high solubility in this solvent.

Flibe can transport heat from nuclear fission effectively, because it has a larger
heat capacity than most liquids. This minimizes the required amount of liquid to
pump. Flibe is a nearly ideal liquid because it improves several aspects of reactor
performance by its diversified nature, as indicated in Figure 5.6.

Another look at molten-salts
Because molten-fluoride salts are of such obvious importance, they merit further

explanation.
Although the most popular salt is table salt (NaCl), the simplest one is LiF, a

main component of Flibe, as seen in Figures 5.2 and 5.3.
In the upper right of Figure 5.2, the electronic structure of the Li cation is the

same as the neutral helium atom, whose electrons are most stable. Because the
electronic configurations of the outer electrons determine the chemical behavior of
elements, it can be understood that the Li cation has no chemical reactivity (like
helium). However, Li is a positively charged ion, and cannot exist alone; it forms a
rigid solid crystal or stable high-temperature liquid (molten-salt) by mutual strong
attraction and neutralization with the negative-charged fluorine anions
surrounding the Li cation.

Likewise, the fluorine anion has the same electronic configuration as the neutral
neon atom, which is chemically inert, as shown in Figure 5.2. In other words, LiF is
in a chemically inert state like helium and neon.

Discussions about stable molten fluoride salts often elicit objections.
Characterizing dangerous substances, such as fluorine, as stable and safe is an
apparent contradiction. Certainly, fluorine is one of the most active materials, but
misunderstandings about it should be avoided. Pure oxygen, for example, is one of
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the most active and dangerous materials, and mixed gas of oxygen and hydrogen is
one of the strongest explosives. However, no one thinks that ceramics or
porcelains—composed of oxides—as dangerous.

The combination of fluorine, one of the most electrically negative elements
(electron deficient) and metallic lithium, one of the most electrically positive
(electron excessive) will result in one of the most stable compounds through
electron transfer and neutralization. The outer (secondary) electron-shell of the Be
atom has two excess electrons that it will give to two fluorine atoms; the Be ion will
then be stabilized by the combination with two Li ions, as shown in Figure 5.2.

Because molten-salt has low viscosity (stable ions are vigorously moving), several
excellent technological characteristics are derived, as noted in Figure 5.6.

Connection with geo-magma
Flibe (a binary molten-salt of LiF and BeF2) has an interesting character. This

liquid is similar to the binary molten magnesium silicate salt, composed of MgO
and SiO2, the main component of geo-magma. If compared to Flibe, F corresponds
to O (atomic number 8, with a deficit of two electrons in the second electron shell),
Li to Mg (12, with an excess of two electrons in the third electron shell) and Be to
Si (14, with four excess electrons in the third electron-shell).

If the temperature axis of the Mg silicate salt is shortened by about one-third
(1/2.85) in the absolute-temperature scale, the numerical values of Flibe and Mg
silicate salt become almost the same for melting point, density, viscosity, and
equivalent electrical conductivity. The absolute temperature scale adds 273 degrees
to the centigrade scale.

They have very similar ion-size ratios in their respective molten-salts; their
ion-size ratios are 0.57/0.21/1 in Li/Be/F and 0.51/0.19/1 in Mg/Si/O. Therefore, the
three dimensional configuration of ions in liquids is very similar. This results in
similar properties.

However, the electric charges of corresponding ions are two times larger in Mg
silicate than in Flibe (two valence O vs. one valence F, two valence Mg vs. one
valence Li, and four valence Si vs. two valence Be). This results in a stronger
electrostatic interaction in the ions of Mg silicate and a higher melting point.
Except for this point, their physical properties can be considered the same. Ionic
size and charge determine the physical properties of the molten-salts. Their phase
diagrams are superposed in Figure 5.4.

The comparison can be extended. There is a correspondence between the
following two molten-salts: NaF-BeF2 (Li is replaced by Na) and CaO-SiO2 (Mg is

replaced by Ca). Therefore, as shown in Figure 5.5, the phase diagram of tertiary
salt of LiF-NaF-BeF2 is almost the same as the tertiary silicate of MgO-CaO-SiO2,

similar to the illustration in Figure 5.4.
This is a very interesting fact, because the standard composition of the earth

mantle corresponds to the mother materials of the geo-magma, as shown in the
upper-left frame of Figure 5.5. This corresponds to the area near the circle shown
in this figure, and very near the composition of MgO-SiO2, which is similar to

LiF-BeF2. (Our group did this study.) Geo-magma has a very high dissolution and

accommodation capacity for various materials, resulting in active, flexible and
delicate chemical functions. Engineers have learned that the similar molten
silicates called “slag” can be used for metal refining.
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Summary of molten-salt technology
Here, let us summarize molten-salt technology. Explanations will refer to actual

examples of molten nuclear fuel salt based on Flibe.
Let us summarize the descriptions to this point. The Flibe-based molten nuclear

fuel salt is a simple-phase transparent liquid at temperatures above the melting
point (about 500 ˚C) that illustrates the following three functions: (1) nuclear
reaction medium dissolving nuclear fuel, (2) medium for heat-transfer of the
reaction heat, and (3) chemical-treatment medium treating reaction products.
Because these advanced functions are performed by a single liquid, prospects for
obtaining a simple design for a nuclear power station look good. This situation has
been summarized in Figure 5.6.

This fuel salt has satisfied all of the required characteristics explained so far. It
should be rejected as a fuel concept if any one of the characteristics is not satisfied.

This salt does not receive irradiation damage, whose only effect is an increase in
thermal motion. It is chemically inert and transparent (no interaction with visible
light), because the electrons are captured in the electron shells of ions. This salt
mixture is a simple material and accommodates the physical law that states: “Heat
capacity is proportional to the number of atoms in the unit volume.” The heat
capacity of Flibe is among the largest, because the positive ions, Li and Be, and the
negative ion, F, are the smallest ions. Therefore, this material is also a preferred
medium for solar-heat storage.

The characteristics of stable ions are determined by the numerical difference in
positive or negative charge, the number of electric charges, and the radius of ions;
the unique chemical characteristics of elements disappear in their ionic forms. The
similarity with geo-magma is an example of this principle. Because Flibe readily
dissolves various ions without picking and choosing, it is a powerful tool for
chemical processing.

The compatibility (corrosion) problem in molten-salts is important. If the
fluorides of container metals are less stable than the molten-salt fluorides
contacting the container, the container metals are resistant to corrosion. It is
difficult for the metal component to be dissolved as fluorides. However, if the
molten-salt is contaminated (e.g., by moisture), the oxidation of container metals
accelerates, resulting in corrosion. Thorough preliminary dehydration of salts is
essential.

The above presumably provides a good overview of the general features of
molten-salt technology. However, two more points should be explained. First,
compared with other liquids, molten-salt has a low vapor pressure; it does not
volatilize easily. Molten-salt can be used in a wide range of temperatures while
maintaining normal pressures, even at high temperatures. This characteristic
makes it safe and easy to handle, because reactors can be assembled at normal
pressure. Salts dissolve well with each other, resulting in a low melting point
(“mixing entropy effect”). This makes handling easy.

Second, a molten salt is a typical "classic (non-quantum) physical chemistry
system." Though this may seem hard to understand, it is very simple. The physical
chemistry properties of a multi-component molten salt can be accurately predicted
from the component molten salts if they are well investigated experimentally and
theoretically.

The physical chemistry properties of other materials cannot be predicted as well
as molten salts. The attractive and repulsive electrostatic forces of the classic
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electromagnetic theory are represented in the interaction between the constituent
ions of the molten-salt material. With their electron shell stable, electrons are not
free to participate in chemical reactions. Thus, the behavior of materials is easily
predictable. In the case of quantum chemical reactions, by contrast, accurate
prediction behavior is difficult because electrons directly participate in the reaction
and complicate the process.

Therefore, finding solutions for molten-salt problems is a straightforward process.
There is no need to rely on trial and error. The R&D of the molten-salt reactor
(MSR) made rapid progress in a short time at Oak Ridge National Laboratory with
a small amount of money and manpower. Thus, in 1970, the MSR suddenly
appeared as a competitor of the fast breeder reactor, which several countries,
including Japan, had spent hundreds of times as much money and manpower to
develop. Based on the reasons described above, one of the authors (K.F.) believed in
the success of the MSR and chose it as his lifework in 1959.

These features of MSR technology provide an advantage in the promotion of
future R&D programs.

The success at the Oak Ridge National Laboratory (ORNL)
Let us return to the MSR at ORNL.
The ARE (Aircraft Reactor Experiment) application to jet engines was eventually

abandoned. ORNL concluded that the technology was best suited for a civilian
breeder reactor. In 1960, the concept was nationally approved, and the construction
of a small-scale experimental reactor was started. The Molten-salt Reactor
Experiment (MSRE) attained criticality in June 1965 and recorded 26,000 hours of
operation during testing (until December 1969) without any serious trouble.

One of the authors (K.F.) had an opportunity to visit the MSRE site in November
1968 and expected to learn about its problems. Most experimental reactors
experienced a succession of difficulties and accidents, and these are valuable
experiences. However, the MSRE operated without problems.

This success resulted partially from the team's motivation and effort. However,
these traits alone would not have been sufficient for the success. The excellence of
the reactor's basic design contributed heavily.

Major specifications and operational results of the MSRE, a plan of the facility,
and a photograph of the reactor container room are presented in Table 5.1, Figure
5.7, and Figure 5.8.

It is clear that this molten-salt nuclear fuel is of great use for building "a better
nuclear power plant." Specific discussion of this reactor is presented in Chapter 7.
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