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Abstract
It is shown that, as the result of developing alkali liquid metal coolants, including sodium, eutectic sodium-potassium 
alloy, lithium and cesium, the scientific basis has been established for their application in nuclear power. The paper 
presents data from investigations of thermophysical, neutronic and physicochemical properties and characteristics of 
various alkali liquid metal coolants, the content of solid-phase and dissolved impurities in coolants, mass transport of 
impurities in circulation circuits with alkali liquid metal coolants, development of systems for removal of impurities, 
and control of the content of impurities in alkali liquid metal coolants. Alkali liquid metal coolants are considered as a 
part of a system that includes a structural material in contact with the coolant, and a gas space that compensates for the 
thermal expansion of the coolant. The state of the system is defined by the physicochemical properties of the system’s 
components. And the coolant and the structural materials also represent subsystems consisting of a base material, 
a coolant and impurities contained both in the material and in the coolant. It has been shown that each alkali liquid 
metal coolant has its own set of impurities that define its technology. It depends on the physicochemical properties of 
the solution of the structural material impurities and components in the coolant. Objectives have been formulated for 
investigating further alkali liquid metal coolants, as stemming from the need to improve the efficiency, environmental 
friendliness, reliability and safety, and for extending the life of nuclear power plants in operation or under design. Alkali 
liquid metals are promising candidate materials for being used in thermonuclear power not only as the coolant but also 
as the tritium breeding medium. These include, first of all, lithium and its eutectic alloy with lead (17 at. % of lithium). 
The possibility for using lithium or a lithium-lead alloy as a coolant in the blanket of the international thermonuclear 
power reactor is compared.
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Introduction
It was the early stage in using liquid metals as coolants for 
nuclear power plants that saw the need for a new science 
as the physicochemical basis for application of liquid 
metal coolants and studies required to select and provide 
rationale for the techniques to clean up and control the 
content of impurities in coolants, develop all technologies 
that take into account the peculiarities of operating NPPs 
and liquid metal coolant circuit components, adopt meth-
ods for their safe and efficient operation, etc.

Works on physical chemistry and technology of liquid 
metal coolants became a top priority for the IPPE’s ther-
mophysical team led by V.I. Subbotin and, further on, for 
staff at other organizations and design bureaus in nucle-
ar power industry. A contribution to their evolution was 
international cooperation with France, Great Britain, the 
USA and other countries supported by A.I. Leypunsky 
and V.I. Subbotin.

The theoretical basis for adopting the technology of 
alkali liquid metal coolants in Russia was laid by the clas-
sification of studies in a monography by Subbotin et al. 
1970 and developed later by Kozlov et al. 1983, Subbotin 
et al. 1999, Arnoldov and Loginov 2005. The result has 
been the establishment of a scientific school, “Heat and 
Mass Transport, Physical Chemistry and Technology of 
Coolants in Energy Systems”. It would not be an exag-
geration to state that this school is a unique phenomenon 
not only in this country but also for the world community 
(Efanov et al. 2015).

The results of the above studies made it possible to 
develop and practically implement the instruments and 
systems to support successful operation of conceptually 
new NPPs (Rachkov et al. 2014). Alkali liquid metals 
have been used or considered as promising coolants in 
nuclear and thermonuclear power, including sodium, an 
eutectic sodium-potassium alloy, lithium, an eutectic lith-
ium-lead alloy, potassium, and cesium. It should be added 
that under consideration are also alloys of some of the 
above metals with minor additions of other metals, e.g., 
sodium-lead, lead-potassium, and other alloys. Such al-
loys are expected to perform better.

To implement the strategy of two-component nuclear 
power with a closed fuel cycle using fast neutron sodi-
um cooled reactors (Ponomarev-Stepnoi 2016), ensure a 
competitive edge and keep the lead enjoyed by Russia in 
NPPs with such reactors, it is required to continue studies 
in using new design and engineering solutions and devel-
opment scenarios of emergency processes for fast reactor 
designs of a higher power, BN-GT and BN-VT.

Lithium and a sodium-potassium alloy with a eutectic 
composition have been selected for space nuclear power 
plants thanks to their nuclear physical and thermophysical 
properties. It should be noted that the eutectic sodium-po-
tassium alloy is also used extensively at the IPPE as the 
model coolant for studies on heat exchange in the reactor 
core and heat-transfer components with lead and lead-bis-
muth coolants.

There are four types of liquid metal coolants discussed 
in literature that can be of interest for thermonuclear 
plants with a different degree of the rationale provided 
(Arnoldov et al. 2005). These are pure lithium and its eu-
tectic alloy with lead (17 at. % of lithium, the eutectic 
point temperature is 235 °С), an eutectic lead-bismuth 
alloy (44 at. % of lead, the eutectic point temperature is 
125 °С), and a eutectic lithium-tin alloy (5 at. % of lith-
ium, the eutectic point temperature is 232 °С). The two 
latter alloys have been mentioned in literature a couple 
of times. At the same time, the two former coolants are 
considered as would-be coolants for thermonuclear plants 
for a number of reasons, which include radiation stabili-
ty, excellent heat-transfer properties, etc. They also form 
a material for breeding tritium, a component involved in 
the reaction of synthesis in the thermonuclear plant, in 
the thermonuclear plant’s radiation fields. Of undoubted 
interest is a ternary alloy of lead, bismuth and lithium.

A major contribution to the activities concerned with 
the use of alkali metals in nuclear and, specifically, ther-
monuclear power was made by Prof. M.N. Arnoldov who 
authored over 100 scientific publications summarized in 
monographs Subbotin et al. 1970, Subbotin et al. 1999, 
Askhadullin et al. 2021.

An alloy of lithium and lead was defined as the coolant 
and the breeder material in the materials dealing with the In-
ternational Thermonuclear Experimental Reactor (ITER). 
It appears to be necessary to compare more thoroughly the 
advantages and drawbacks of each of these coolants.

An integrated test facility built at the IPPE allowed 
achieving the targets for the NPP designs with fast neu-
tron sodium cooled reactors (BR-10, BOR-60, BN-350, 
BN-600, BN-800) and sodium-potassium cooled reactors 
for space vehicles (BUK, TOPOL, TOPAZ), and has been 
prepared for the experimental justification of innovative 
engineering solutions for the NPP designs of a new gener-
ation (Pershukov et al. 2016).

Thermophysical properties of 
alkali liquid metal coolants

The thermophysical properties of liquid metal coolants are 
summarized in a number of monographs, e.g., Shpi’lrain 
et al. 1970, Kirillov et al. 2007. Alkali liquid metals have 
a high boiling point and do not require high pressure to 
prevent their boiling (Table 1). Being highly heat-con-
ductive thanks to their electron conductivity, alkali liquid 
metals have high heat transfer coefficients which ensures 
acceptable temperature conditions for the operation of the 
heat exchange surfaces at a high heat flux density.

Due to the combination of its properties, sodium has 
been selected as coolant for commercial and research nu-
clear power plants. Thanks to the low melting tempera-
ture (–12.5 °С), with comparatively satisfactory nuclear 
and thermophysical properties, the sodium-potassium al-
loy has been selected as coolant for space systems.
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As compared with the lithium-lead alloy, lithium is 
highly advantageous practically in all thermophysical 
properties, including low density, high boiling point, low 
in-core activation, etc. (Shpi’lrain et al. 1970, Subbotin et 
al. 1999. This manifests itself as well in a smaller pump-
ing pressure drop (therefore, smaller mechanical loads on 
the first wall), better heat-conductive properties, a higher 
thermal efficiency, etc. The drawback of the alloy, as com-
pared with lithium, is its higher melting point (235 °С for 
the alloy, and 180.5 °С for lithium).

Physical chemistry of alkali liquid 
metal coolant melts

As a result of the studies undertaken at IPPE, rationale 
has been provided for the integrated approach to studying 
alkali liquid metal coolants as a complex multi-compo-
nent heterogeneous system the state of which is defined 
by the interaction among the coolant, the impurities, the 
structural (process) materials, and the cover gas, and the 
key impurities have been identified that affect the service-
ability of NPPs with alkali liquid metal coolants (Table 2).

The state of the impurities in coolants was studied 
using thermodynamic calculations for an equilibrium 
system, as well as mass exchange processes in the NPP 
circuits. Dedicated procedures (oxygen activity measure-
ment, diffusion membranes, samplers) were used exten-
sively in the experiments. Data have been obtained on the 
existence forms of impurities in coolants, their equilib-
rium concentrations and solubilities (oxygen, hydrogen, 

carbon, nitrogen in lithium, etc.), kinetics of the reactions 
in such systems. For sodium and the sodium-potassi-
um alloy, these are oxygen, hydrogen, carbon and their 
compounds, including products of the sodium reactions 
with air, water and hydrocarbons (motor oil), corrosion 
products of structural materials during long-term reactor 
operation (Fe, Cr, Ni, Mn, Mg), radionuclides, including 
tritium and nitrogen in cover gas.

Processes of physical chemistry and the technology for 
sodium and sodium-potassium coolants vary. The expla-
nation is that, first, this is a two-components coolant and, 
second, complex forms are highly likely to result from the 
joint presence of impurities, such as oxygen and hydro-
gen (hydroxide forms), and oxygen and carbon (carbonate 
forms), in the alloy, as well as with formation of complex 
double oxides of the alloy components and the structural 
material components.

For lithium, along with the above impurities, one of the 
hazardous impurities is nitrogen expected to be present in 
coolant in large quantities and affect adversely its perfor-
mance. Chemical and thermodynamic calculations have 
shown that nonmetallic impurities are present in lithium 
melt in the form of oxide, nitride, carbide and hydride, 
calcium and beryllium oxides, and so on.

The information acquired on the solubility of different 
impurities in liquid metals, their mutual effects on solu-
bility, the kinetics of the reactions taking place in cool-
ants, diffusive constants, the structure of melts, and the 
existence forms of impurities they contain, through being 
extensive, is not sufficient to describe the system in full. 
Based on the data obtained and as a result of studying 
the corrosion of structural materials in coolants, rationale 

Table 1. Thermophysical properties of liquid metals at 500 °С

Melt Tmelt, °С Tboil, °С Rmelt, kJ/
kg

Rboil, kJ/kg ρ, kg/m3 Cp, J/
(kg K)

λ, W/(m 
K)

ν 10-8, 
m2/s

a 10-6, 
m2/s

Pr 10-3

Lithium (Li) 180.5 1347 66.3 19400 486 4178 49.98 59.2 25.6 2.3
Sodium (Na) 97.8 883 113 3870 883 1262 66.34 25.9 62.86 4.624
Potassium (К) 63.6 774 61.4 1983 739 763 41.9 24 3.2
Na-K (22%Na+78%K) –12.5 784 96 2540 751.9 871.9 26.2 23.4 40.1 5.86
Na-KCs –78 – – – 1235 384 13.7 15.4 – 5.3
Cesium (Cs) 28.5 678 15.73 495.9 1597 220 18.5 12.8 – 2.1
Lead (Pb) 327.4 1745 25 860 10470 147.3 15.45 17.62 9.82 17.8
Bismuth (Bi) 271.4 1533 50.15 857 9854 150 14.2 13 13.5
Pb-Bi (44,5% Pb+55,5% Bi) 125.0 1638 39 860 10050 145 14.2 13.6 9.7 14.7
* Pb-Li (83% Pb+17% Li) 235.0 – 33.9 – 9500 190 13.2 18.8 – 21.8

* Pb-Li alloy data are for 300 °С (Ponomarev-Stepnoi 2016) Rmelt – melting heat, Rboil – boiling heat, ρ – density, Cp – heat capacity, λ – thermal 
conductivity, ν – kinematic viscosity, a – temperature conductivity.

Table 2. Impurities in alkali metal coolants

Melt Tmelt, °С Tboil, °С Rmelt, kJ/kg Rboil, kJ/kg ρ, kg/m3 Cp, J/(kg K) λ, W/(m K) ν 10-8, m2/s a 10-6, m2/s Pr 10-3

Lithium (Li) 180.5 1347 66.3 19400 486 4178 49.98 59.2 25.6 2.3
Sodium (Na) 97.8 883 113 3870 883 1262 66.34 25.9 62.86 4.624
Potassium (К) 63.6 774 61.4 1983 739 763 41.9 24 3.2
Na-K (22%Na+78%K) –12.5 784 96 2540 751.9 871.9 26.2 23.4 40.1 5.86
Na-KCs –78 – – – 1235 384 13.7 15.4 – 5.3
Cesium (Cs) 28.5 678 15.73 495.9 1597 220 18.5 12.8 – 2.1
Lead (Pb) 327.4 1745 25 860 10470 147.3 15.45 17.62 9.82 17.8
Bismuth (Bi) 271.4 1533 50.15 857 9854 150 14.2 13 13.5
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has been provided for the allowable content of impurities 
in coolants and cover gas. This is defined by corrosion 
for oxygen, carbon, hydrogen and nitrogen, and by the 
radiation situation within and beyond the reactor plant for 
fission gases, cesium and strontium (Ohse 1985; Bystrov 
et al. 1988).

As these studies were becoming growingly profound, 
it was shown that the most important role in the process-
es taking place in coolants is played not only by the ba-
sic forms of impurity compounds with coolants (oxides, 
nitrides, carbides, hydrides) but also by complex com-
pounds such as double oxides and doubles nitrides, hy-
droxides and carbonates.

The physicochemical properties of the lithium-lead al-
loy are underexplored as compared with those of lithium. 
More than that, some of the data on these properties for 
the alloy are simply insufficient or inaccurate.

Mass transport in circuits with 
liquid metal coolants

The results of the computational theoretical and experi-
mental studies were used to propose and justify the mod-
els and codes to allow one to describe the behavior of hy-
drogen, carbon, hydroxides and carbonate, heat and mass 
transport, and physicochemical processes in the NPP 
anisothermic circuits: MASKA-LM, TURBO-FLOW, 
and TRICOD (Alekseev et al. 2020).

Models have been proposed for homogeneous (hydro-
gen, tritium) and heterogeneous (corrosion products of 
structural materials) mass transport in sodium circuits. 
Computer codes have been developed on their basis for 
calculating the mass transport of tritium in a three-circuit 
sodium cooled NPP, including the escape of tritium into 
the environment. The calculations have shown that most 
of the tritium accumulates in cold traps.

In normal conditions of operation, coolant not only 
transports impurities through the circuit but also plays an 
important role in processes of interaction with structural 
materials and suspended matter (Fig. 1).

The findings confirm that the corrosion rate for structur-
al materials in sodium is low with normal concentrations 
of oxygen and hydrogen. However, these conditions fail to 
be fulfilled when water escapes into sodium in the SG in 
or near the outflow channel outlet. It has been shown that 
the corrosion rate exceeds by several orders of magnitude 
the corrosion rate during normal conditions of operation.

Recently, more experimental data have been obtained 
on the fundamental physicochemical regularities of mass 
exchange in a high-temperature anisothermic ‘structural 
materials – sodium – impurities’ system in a temperature 
range of 600 to 800 °С (Kozlov et al. 2014).

Lithium is more corrosively active than sodium but 
less corrosive than the lithium-lead alloy (by an order of 
magnitude, as occasionally reported). The corrosive ac-
tivity of lithium has been studied in more details than that 
of the alloy (Subbotin et al. 1999).

The available data show that the steels in alloy start to 
corrode intensively after a latent period of about one thou-
sand hours. The oxide layers on the steel, which inhibit 
the lead corrosion, appear to be recovered by the alloy’s 
lithium component for that time.

The suspended (insoluble) impurities have been found 
to redistribute across the flow and concentrate extensively 
on the walls in small-rate (stagnant) areas.

Removal of impurities and control 
of impurity content in alkali liquid 
metal coolants

One of the prerequisites for long-term failsafe operation 
of an NPP is fine cleanup of coolants to remove dissolved 
and undissolved impurities. Methods have been devel-
oped for physical, chemical and combined cleanup of cir-
culating coolants. Cold traps (CT) (Kozlov et al. 1983) 
and chemical or hot (getter) traps (HT) (Kozlov et al. 
2016) have been recommended for practical use, and car-
bon traps have been recommended cesium removal.

Cold traps. CTs have been selected as the key tool to 
clean up sodium, the sodium-potassium alloy and lithium. 
For present-day NPPs, the concentrations of oxygen and 
hydrogen in sodium and in the sodium-potassium alloy, 
following the removal of impurities (oxide, hydride, so-
dium hydroxide and, partially, other impurities) using a 
CT, ensure that the thermal-hydraulic parameters are as 
calculated and the corrosion rate of structural materials 
(steel, high-nickel steels) is low.

Thanks to exploring the thermal-hydraulic and mass 
exchange processes in CTs, scientific rationale has been 
formed to develop CTs for the BOR-60, BN-350 and BN-
600 reactors. Thus, with sodium being present in a CT for 
more than 15 minutes, the CT impurity retention factor 
turns out to be close to unity. The minimum post-clean-
up concentration of oxygen and hydrogen in sodium is 
equal to their solubility at the CT outlet temperature (120 
to 150 °С). Such temperature leads to the oxygen and hy-

Figure 1. Quality flowsheet of impurity mass transport through 
the NPP circuit: cs – suspended phase concentration in sodium; cd 
– concentration of dissolved impurity; Δc – density of deposits on 
the flow path surface; T– coolant temperature; L – circulation cir-
cuit longitudinal coordinate; IHX – intermediate heat exchanger.
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drogen solubility of 3 to 5 and 0.02 to 0.05 mln-1 respec-
tively. The impurity capacity (one of the most important 
service characteristics) for Russian-designed CTs is 3 to 5 
times as high as that of the best foreign counterparts. CTs 
are efficient in cleaning up sodium from the products of 
its interaction with water.

Flow-through and diffusive impurity CTs have been 
used successfully for continued and periodic cleanup of 
lithium coolants. For lithium and the sodium-potassium 
alloy, the minimum temperatures in CTs equal 200 °С and 
80 °С respectively. In such modes, lithium was cleaned up 
to the concentrations of 5·10-4 mass % of oxygen, 5·10-
4 mass % of hydrogen, and 1·10-3 mass % of nitrogen, 
and to the oxygen and hydrogen concentrations in the so-
dium-potassium alloy equal to 1·10-3 mass % and 10-5 
mass % respectively (Subbotin et al. 1999).

Literature lacks data on the allowable content of car-
bon in lithium. It follows, though, from the experience of 
operation that the carbon concentration in lithium cleaned 
up by a cold trap is not more than 5 mln-1.

Emphasis was required to be placed on the develop-
ment of a cold trap for a large reactor with its single-tank 
design (Alekseev et al. 2013). A conceptually new com-
bined impurity removal system has been proposed and 
justified for a high-temperature hydrogen producing 
NPP with the sodium coolant temperature of ~ 900 °С, 
which allows all possible modes of operation (Kozlov et 
al. 2016).

Hot traps. Finer cleanup of coolants required in 
high-temperature plants to remove niobium, tungsten, 
vanadium, tantalum and their alloys is achieved with the 
use of HTs. Thermal-hydraulic calculations have justified 
the selection of getters for removal of alkali liquid metal 
coolant impurities (sodium, sodium-potassium, lithium), 
including oxygen (calcium, beryllium), nitrogen (zirco-
nium, titanium, beryllium), carbon (titanium, zirconium, 
niobium), and hydrogen or tritium (lanthanum, calci-
um, cerium). Temperature and thermal-hydraulic modes 
have been experimentally justified for the getter cleanup 
of coolants.

In fast neutron reactors, HTs can be operated both in 
standby mode, using sodium heat-up at the HT inlet, and 
in ‘high-rate cleanup’ mode that allows coolant cleanup 
with simultaneous changeover from standby mode to 
nominal mode (Kozlov et al. 2016). Taking into account 
the need for the sodium cleanup to remove suspended 
matter (corrosion products of structural materials) using 
dedicated filters, it will be reasonable to consider combin-
ing these filters with HTs.

Removal of radionuclides. Studies into the distribu-
tion of radionuclides within the standard CTs in the BR-5 
and BOR-60 reactors have shown these to be capable to 
accumulate radionuclides. It has been demonstrated that 
the ratio of the equilibrium bulk activities prior to and 
after the cleanup is equal to 100 for 13II, 7.2 for 65Zn, 1.5 
for 137, 134Cs, and 1.3 for 60Co and 124Sb, and to 1 for the 
rest of the nuclides (no cleanup). Radioactive isotopes of 
iodine are retained and decay in the trap. The entrapment 
of cesium isotopes in the CT is explained largely by the 

cesium deposition on unpoisoned carbon impurities accu-
mulated in the trap.

A sorption cleanup technique has been proposed and 
justified for the efficient cleanup of sodium from cesium 
using graphite materials (GMZ, ZBM and GMZ-3 graph-
ite grades). Compact disposable adsorbers are installed 
in the core instead of FAs or the side shield assembly 
(Chechyotkin et al. 1983).

Control of impurity content. When justifying require-
ments for the techniques to control impurities in coolants 
and in cover gas in terms of efficiency, concentration 
range and sensitivity, one shall take into account not only 
the need for providing the conditions for long-term fail-
safe operation of commercial plants and their prototypes, 
maintain the radiation situation and minimize exposure 
doses, but also to support experimental activities.

A variety of samplers have been designed and tech-
niques were developed to analyze coolant samples for the 
content of hydrogen, oxygen, different carbon forms, and 
metallic impurities. The best results in terms of analysis 
accuracy and sensitivity were obtained with the distiller 
sampler. It was used to control impurities in the sodi-
um-potassium alloy. The detection limits are 2 mln-1 for 
oxygen (oxide, hydroxide and carbonate forms), 4 mln-1 
for carbon (nonvolatile forms), 1.6 mln-1 for nitrogen (ni-
tride forms), and 2 mln-1 for chlorides.

Online impurity control in sodium placed emphasis 
on a plug indicator, sensors with diffusion membranes 
(nickel for hydrogen, Armco for carbon), and electro-
chemical methods.

Rationale has been provided for the selection of the 
materials, temperature and hydrodynamic modes for con-
trol of thermodynamic activity for oxygen, hydrogen and 
carbon in sodium by equilibrium standard sample (ESS) 
method. It has been shown to be possible to use this meth-
od for other coolants.

Characteristics have been studied and tests were con-
ducted on experimental sodium benches for the IPPE-de-
veloped oxygen electrochemical cells (OECC) (Blokhin 
et al. 2017). Instruments of this type were used at test fa-
cilities with the sodium-potassium alloy and lithium. The 
current experience proves that prospects are good for the 
electrochemical method to be used to control the content 
of impurities in other media.

Much attention was given to exploring the processes 
caused by the alkali metal escape from circuits. The ob-
tained results have shown that there are no internal causes 
for major defects. This is also confirmed by the many-year 
experience of operating such facilities. However, alkali 
metal cooled NPP designs take into account the potential 
for leakage. The experience in operating Russian fast re-
actors has shown the solutions adopted and introduced to 
provide reliable protection against sodium burning.

Methods and tools have been developed to clean up 
and control the purity of lithium. Requirements have been 
formulated with respect to the content of impurities in 
lithium. Various equipment has been tested for lithium 
circulation circuits (Subbotin et al. 1970; Subbotin et al. 
1999; Arnoldov et al. 2005).
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Further evolution of works on 
physical chemistry and technology 
of alkali liquid metal coolants

Emphasis shall be placed in further evolution of alkali liq-
uid metal coolants on addressing issues that can be broken 
down into three groups:

•	 processes taking place during normal conditions of 
operation which define the dynamics of the impurity 
behavior in the NPP circuits;

•	 events leading potentially to abnormal situations to 
progress into emergencies;

•	 acquisition of fundamental data on the physiochemi-
cal processes for triple and more complex systems in 
sodium required to justify the models built in codes.

The key areas for investigating the performance of al-
kali liquid metal coolants are as follows

•	 exploring the physicochemical interaction of the 
components of structural materials and impurities 
in liquid metals, as well as the solubility, and the 
adhesive, diffusive and dispersive performance of 
complex liquid metal heterogeneous systems (cool-
ant – impurities – structural materials – cover gas) 
and the behavior of such systems;

•	 investigating the effects of the coagulation pro-
cesses in circulation circuits on the size distribu-
tion change;

•	 exploring the mechanism and kinetics for the forma-
tion and decomposition of complex oxides and carbon 
compounds in conditions of an anisothermic circuit;

•	 investigating the mass transport and tritium accu-
mulation processes in fast neutron reactor circuits;

•	 exploring the separation of suspended matter in dif-
ferent portions of a sodium circuit, its entrainment 
from variously configured portions in the gas cavi-
ties of sodium circuits, and interaction of potential 
tertiary (secondary) coolants with sodium.

Conclusions

The current experience in adoption of alkali liquid metal 
coolants allows one to suggest that these have a niche of 
their own in nuclear power industry on a level with water 
coolant. Despite this, however, it cannot be assumed that 

all targets have been met, and it only remains to replicate 
the existing experience for newly built reactor facilities.

The metals and alloys listed have not been equally 
adopted. Those adopted and used to the greatest extent 
are sodium (commercial and experimental NPPs) and the 
eutectic sodium-potassium alloy (space NPPs). Lithium 
coolant is adopted as applied to thermonuclear plants. 
Some of the alkali metals and their alloys have not been 
adopted whatsoever.

A concept has been developed as a result of studies 
which treats coolant as a constituent in a multi-compo-
nent, heterogeneous thermodynamic system: structural 
(process) materials – cover gas – impurities. The com-
plexity of the system depends on the sources of the im-
purities, and its heterogeneity is defined not only by the 
existence of three phases (cover gas, coolant, structural 
material) but also by the presence of suspended matter in 
coolant and of aerosols in cover gas.

The key point in the technology of any liquid metal 
coolants is the content and state of the impurities the cool-
ant contains. The existing experience shows that a tech-
nology of liquid metal systems is expected to minimize 
the corrosion of structural materials and the change in 
their performance, and to exclude the occurrence of ex-
cessive phases in the coolant flow.

It follows from comparing the findings for lithium and 
the lithium-lead alloy that lithium has been studied in 
much more detail than the alloy. Lithium is preferred to 
alloy in most of the aspects. Methods and tools have been 
developed to clean up and control the purity of lithium, 
and requirements have been formulated with respect to 
the content of impurities in lithium. Lithium is less ag-
gressive than the alloy. The technology of alloy as coolant 
has been scarcely studied. At the same time, the key neg-
ative feature of lithium is that it is more chemically active 
and flammable than the alloy.

An important point is magnetohydrodynamic effects 
in the reactor with magnetic confinement of plasma. This 
requires further studies, including engineering solutions 
and search for insulating coatings.

Further work to justify incombustible coolant appears to 
be promising for future NPPs. It has been shown that the 
alloy Na+Pb 10 mol. % will not burn in a ‘puddle’ at 700 °С. 
It is necessary to prove the passive interaction of this alloy 
with a jet efflux into the atmosphere, confirm experimentally 
the expectedly low corrosive activity, due to physicochemi-
cal considerations, and study, in the event of positive results, 
the technology, the thermophysical properties, and the pos-
sibility for reducing the low-level operating temperature.

References
	� Alekseev VV, Kovalev YuP, Kalyakin SG, Kozlov FA, Kumaev VYa, 

Kondratyev AS, Matyukhin VV, Pirogov EP, Sergeev GP, Sorokin AP, 
Torbenkova IYu (2013) Sodium coolant purification systems for a nu-
clear power stations equipped with a BN-1200 reactor. Thermal Engi-
neering 60(5): 311–322. https://doi.org/10.1134/S0040601513050017

	� Alekseev VV, Sorokin AP, Kuzina YuA (2020) Modeling of the mass 
transfer of steel corrosion products in sodium loop. Atomic Energy 
127(5): 269–273. https://doi.org/10.1007/s10512-020-00622-6

	� Arnoldov MN, Loginov NI (2005) Liquid metal coolants for ther-
monuclear installations. Proc. of the Conference “Teplophizicheskie 

https://doi.org/10.1134/S0040601513050017
https://doi.org/10.1007/s10512-020-00622-6


Nuclear Energy and Technology 9(1): 43–49 49

Aspekty Bezopasnosti YaEU s Reaktorami na Bystryh Nejtronakh 
(Teplophizika – 2005)”, Report No 3.19, Obninsk. IPPE JSC Publ., 
7 pp. [in Russian]

	� Askhadullin RSh, Arnoldov MN, Ignat’ev VV (2021) Liquid metals 
and salt solutions in thermonuclear power engineering. Izdat Publ., 
Moscow, 160 pp. [in Russian]

	� Blokhin VA, Borisov VV, Kamaev AA, Kukharchuk OF, Meshakin 
VI, Pakhomov IA, Poplavsky VM, Suvorov AA, Trufanov AA 
(2017) Sensors for Intra-Reactor Control of Hydrogen and Oxygen 
in Liquid Sodium. VANT. Ser. Yaderno-Reaktornye Konstanty 4: 
5–14. https://vant.ippe.ru/en/year2017/4/thermal-physics-hydrody-
namics/1388-1.html [accessed Jan. 30, 2022] [in Russian]

	� Bystrov PI, Kagan DN, Krechetova GA, Shpil’rain EE (1988) Liq-
uid metal coolants for heat pipes and power plants. Nauka Publ., 
Moscow, 263 pp. [in Russian]

	� Chechyotkin YuV, Kizin VD, Polyakov VI (1983) Radiation safety 
of nuclear power plants with a fast reactor and sodium coolant. En-
ergoatomizdat Publ., Moscow, 124 pp. [in Russian]

	� Efanov AD, Kozlov FA, Rachkov VI, Sorokin AP, Chernonog VL 
(2015) Scientific School of the SSC RF – IPPE “Heat and Mass 
Transfer, Physical Chemistry and Technology of Coolants in Power 
Systems”. In: Sorokin AP, Trufanov AA, Vereshchagina TN (Eds)
Book Itogi Nauchno-Tehnicheskoj Deyatel’nosti Institute Yadernyh 
Reaktorov i Teplofiziki za 2014. Obninsk. GNTs RF – FEI Publ., 
24–51. [in Russian]

	� Ohse RW (Ed.) (1985) Handbook of Thermodynamic and Transport 
Properties of Alkali Metals. Blackwell Scientific Publ., Oxford, 987 pp.

	� Kirillov PL, Terent’eva MI, Deniskina NB (2007) Thermophysical 
Properties of Nuclear Power’s Materials. Handbook for Universities. 
Ed. prof. P.L. Kirillov. IzdAT, Moscow, 194 pp. [in Russian]

	� Kozlov FA, Volchkov LG, Kuznetsov EK, Matyukhin VV (1983) 
Liquid Metal Coolants for Nuclear Power Plants. Purification from 
Impurities and Their Control. Ed. F.A. Kozlov. Energoatomizdat 
Publ., Moscow, 128 pp. [in Russian]

	� Kozlov FA, Alekseev VV, Sorokin AP (2014) Development of so-
dium coolant technology for fast reactors. Atomic Energy 116(4): 
278–284. https://doi.org/10.1007/s10512-014-9854-8

	� Kozlov FA, Konovalov MA, Sorokin AP (2016) Purification of 
liquid metal systems with sodium coolant from oxygen using get-
ters. Thermal Engineering 63(5): 367–373. https://doi.org/10.1134/
S0040601516050049

	� Kozlov FA, Kalyakin SG, Sorokin AP, Alekseev VV, Trufanov AA, 
Konovalov MA, Orlova EA (2016) Features of technology of purifi-
cation from impurities of high-temperature sodium coolant in a fast 
reactor for hydrogen production and other innovative applications. 
Izvestiya Vuzov. Yadernaya Energetika 4: 114–124. https://doi.
org/10.26583/npe.2016.4.11 [in Russian]

	� Ponomarev-Stepnoi NN (2016) Two-component nuclear power 
system with a closed nuclear fuel cycle based on BN and VVER 
Reactors. Atomic Energy 120(4): 233–239. https://doi.org/10.1007/
s10512-016-0123-x

	� Rachkov VI, Arnol’dov MN, Efanov AD, Kalyakin SG, Kozlov 
FA, Loginov NI, Orlov YI, Sorokin AP (2014) Use of liquid metals 
in nuclear and thermonuclear engineering, and in other innovative 
technologies. Teploenergrtika 5: 20–30. https://doi.org/10.1134/
S0040363614050087 [in Russian]

	� Shpi’lrain EE, Yakimovich KA, Totskiy EE, Timrot DL, Fomin VA 
(1970) Thermophysical properties of alkali metals. Izdatel’stvo Stan-
dartov Publ., Moscow, 488 pp. [in Russian]

	� Subbotin VI, Ivanovsky MN, Arnoldov MN (1970) Physical and 
Chemical Foundations of the Use of Liquid Metal Coolants. Atomiz-
dat Publ., Moscow, 296 pp. [in Russian]

	� Subbotin VI, Arnoldov MN, Ivanovskiy MN, Mosin AA, Tarbov AA 
(1999) Lithium. IzdAT Publ., Moscow, 263 pp. [in Russian]

	� Pershukov VA, Arkhangelsky AV, Kononov OE, Sorokin AP (Eds) 
(2016) Teplofizicheskaya stendovaya baza atomnoy energetiki 
rossii i kazakhstana. Sarov. FGUP RFYaTs – VNIIEF, 160 pp. 
[in Russian]

https://vant.ippe.ru/en/year2017/4/thermal-physics-hydrodynamics/1388-1.html
https://vant.ippe.ru/en/year2017/4/thermal-physics-hydrodynamics/1388-1.html
https://doi.org/10.1007/s10512-014-9854-8
https://doi.org/10.1134/S0040601516050049
https://doi.org/10.1134/S0040601516050049
https://doi.org/10.26583/npe.2016.4.11
https://doi.org/10.26583/npe.2016.4.11
https://doi.org/10.1007/s10512-016-0123-x
https://doi.org/10.1007/s10512-016-0123-x
https://doi.org/10.1134/S0040363614050087
https://doi.org/10.1134/S0040363614050087

	Study into the physical chemistry and technology of alkali liquid metal coolants for nuclear and thermonuclear power plants*
	Abstract
	Introduction
	Thermophysical properties of alkali liquid metal coolants
	Physical chemistry of alkali liquid metal coolant melts
	Mass transport in circuits with liquid metal coolants
	Removal of impurities and control of impurity content in alkali liquid metal coolants
	Further evolution of works on physical chemistry and technology of alkali liquid metal coolants
	Conclusions
	References

