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Abstract

The heavy liquid metal coolant (HLMC) technology is a set of measures that make it possible to do the following: to prepare the coolant for filling the primary circuit of the reactor facility (RF); to maintain the conditions in the coolant so as to ensure corrosion resistance of structural steels; to perform purification of the coolant from solid-phase slag based both on lead oxides and oxides of structural steels’ components; to clean up the cover gas from aerosols of the coolant and corrosion products; to perform diagnostics of the circuit state. By now a considerable scope of R&D work has been carried out on the HLMC implementation in the BREST-OD-300 reactor and special purpose RFs. The report presents the achievements of the IPPE JSC specialists in the HLMC technology over the recent years.
1. INTRODUCTION
Heavy liquid metals (lead and lead-bismuth eutectic) are coolants that meet the requirements for heat removal and nuclear properties of intermediate and fast neutron power reactors, as well as breeder reactors. This very fact explains the existence of civil fast neutron reactor designs with heavy liquid metal coolants in Russia, and development of foreign designs of reactors with the coolants mentioned.
In Russia significant attention is paid to the issues of HLMC technology provided for the reactors and test facilities. All newly constructed reactors and research circulation circuits and rigs are outfit with the equipment for HLMС quality control, monitoring and maintenance, and the culture of handling liquid metal coolants at the enterprises of State Corporation Rosatom is enhancing and improving.
A complex of measures for the HLMC technology solves the following tasks:
1) to ensure pure coolant and clean surfaces of the circulation circuit to maintain the design thermal-hydraulic characteristics during a long service life of the installations;
2) to ensure the conditions for corrosion resistance of structural steels during a long service life of the installations;
3) to ensure current safety requirements at various stages of reactor operation (coolant preparation, reactor start-up, routine operation, repairs and refueling, depressurization, modes with deviations from normal operating conditions).
Hereinafter the current status of the complex of measures on HLMC technology has been considered in more detail.
2. PREPARATION OF THE COOLANT TO FILL THE PRIMARY CIRCUIT
The HLMC preparation to fill the primary circulation circuit of the reactor is one of the most important stages in providing its reliable, failure-free and safe operation in the future.
Before its melting, the metal, which will later be used as a coolant, is carefully checked for compliance with the impurity composition requirements. Chemical analysis of metal samples is carried out for the content of 12 impurities [1]: silver, copper, zinc, bismuth, arsenic, tin, antimony, cadmium, iron, magnesium, calcium, sodium. The control is carried out with the use of modern methods and tools for chemical analysis.
The content of impurities in the coolant is important because their presence affects the radiation environment, contributes to nuclear-physical parameters, and impacts slag formation and corrosion processes.
Before being loaded into the primary circuit, the metal is melted. For a lead-bismuth alloy with a melting point of about 125 °C, melting is performed at 250 °C, for lead having a melting point of about 327 °C, melting is performed at 400 °C.
After melting, the metal is loaded to the primary circuit. Two ways to load the metal into the installation are the most convenient:
–	by a special pump that provides pumping of liquid metal from the loading system to the primary circuit; 
–	by supplying overpressure to the loading system for liquid metal displacement to the primary circuit.
In the pipeline through which the liquid metal is loaded, a filtration purification system must be installed, which rules out any ingress of solid impurities into the primary circuit.
When the coolant is loaded, an important aspect is the primary circuit tightness and the presence of an inert gas atmosphere during the filling process. Inert gases of high purity are used as a gaseous medium: argon, nitrogen, helium.
In Russia, at the State Corporation Rosatom enterprises involved in the development of HLMC reactors, the procedures for preparation and filling the circuits have been worked out at test facilities and developed for advanced HLMC reactors.
3. MAINTENANCE OF THE PROPER CONDITIONS IN THE COOLANT TO ENSURE CORROSION RESISTANCE OF STRUCTURAL STEELS
An HLMC specific feature consists in the need to form protective oxide films on the surfaces of structural steels, which can ensure their corrosion resistance during a long-term operation. One of the key conditions for the formation of oxide films on steels and their reduction during the operation is the HLMC oxidation potential maintenance within the specified limits. The HLMC oxidizing potential is characterized by the thermodynamic activity (TDA) of oxygen dissolved in the coolant. During the reactor operation, continuous monitoring of oxygen TDA should be ensured. To maintain the oxygen TDA at a specified level during the HLMC circuit operation, it will be necessary to regularly feed the coolant with dissolved oxygen.  
In Russia, at the State Corporation Rosatom enterprises, oxygen activity sensors (OAS) are used to monitor oxygen TDA. Based on the experience of IPPE JSC, which is one of the Rosatom enterprises, and within the framework of the activities dedicated to development of various control devices for nuclear power facilities, solid-electrolyte based OASs were developed to control oxygen TDA in lead and lead-bismuth coolants. Various designs and modifications of sensors have been developed and certified as a measuring instrument to ensure the convenience of their use in both research facilities and reactors [2-5]. The photos of some sensor designs are shown in Figure 1.
The CSE is the main OAS element. It is based on a solid electrolyte made of zirconium dioxide and stabilized with yttrium oxide. As a result of the studies carried out by the IPPE JSC specialists, it was found that the developed CSEs based on solid electrolytes from oxide ceramics are capable of operating for a long time under conditions of elevated temperatures and thermal shocks in HLMC, have stable conductive and mechanical properties, heat resistance and low gas permeability [6]. Various CSE versions and methods of their connection with the steel body of the sensor’s sensitive element have been developed. Some of the CSE designs, including the external view of the CSE in a steel body, are shown in Figure 2.
One of the important issues in the development of oxygen activity sensors is the control of their metrological characteristics to ensure oxygen TDA measurements with a specified accuracy.
At the IPPE JSC, calibration facilities have been developed and certified, which allow for metrological certification and calibration of oxygen activity sensors. 
One of the calibration facilities has been certified as a standard oxygen TDA unit by the Federal Agency for Technical Regulation and Metrology of Russia [7]. The manufacturer of that calibration facility is IPPE JSC. In the calibration facility, oxygen TDA levels are set by means of steam-gas mixtures. The error in reproducing oxygen TDA in liquid lead within the temperature range from 380 °C to 600 °C is 2%. The calibration facility is intended for certification, primary and periodic calibration of measuring channels whose output parameter is oxygen TDA.
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Figure 1. Oxygen activity sensors developed at IPPE JSC (1 – OAS with three reference electrodes and built-in thermoelectric converter; 2 – OAS with one reference electrode; 3 – OAS with one reference electrode of a cable type)
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Figure 2. Ceramic sensitive element designs (1 – ceramic capsules of different sizes; 2 – ceramic capsules in a steel body, connection is made with the use of glass ceramics; 3 – ceramic capsules in a steel body, connection is made by soldering)

The Federal Agency for Technical Regulation and Metrology of Russia has certified the second calibration facility as a type of measuring instrument. In the facility, the specified EMF levels in the liquid heavy metal are reproduced by chemical reagents. The calibration facility is used to control the metrological characteristics of oxygen activity sensors whose output parameter is EMF.
Proceeding from R&D activities carried out at IPPE JSC, the most promising method for introducing dissolved oxygen into HLMC with the aim to maintain oxygen TDA at a given level in the course of operation is the solid-phase method based on the process of dissolving solid-phase lead oxide placed in the coolant flow. Technical implementation of the solid-phase method for oxygen TDA control is carried out with the use of mass transfer apparatus [8]. In mass transfer apparatus, solid-phase lead oxide is used in the form of granules from 8 mm to 12 mm in size.
By now, oxygen solubility in liquid lead and lead-bismuth has been investigated, and the kinetics of dissolution of lead oxide granules in these melts has also been studied. Conditions availability of the above-mentioned data made it possible to create efficient mass transfer apparatus [9-11] and develop the methods to calculate their technical parameters [12-14].
As of 2020, the team of the laboratory for liquid metal technologies in IPPE JSC developed 60 mass transfer apparatus (MTA), which have various designs and are based on different principles of arrangement of lead oxide granules dissolution.
A significant experience has been gained during a long-term operation of the developed MTA at the test facilities with lead-bismuth and lead coolants, which testifies to their reliability, capability of accurate control of the dissolved oxygen injection rate, without any negative effect on the circuit as a whole.
The designs of mass transfer apparatus can be classified into a few basic types (by the method of initiating a coolant flow rate through the filling of lead oxide granules in the MTA):
· the designs with induction of the coolant flow rate by means of its heating by an internal or external heater;
· the designs where the coolant flow rate is controlled with a built-in pump;
· the designs where gas is used as a coolant flow rate activator;
· [bookmark: tw-target-text31]the designs where the flow rate is controlled by the pressure difference at the point of MTA location.
Figure 3 shows the photos of different MTA designs developed, fabricated and tested at IPPE JSC.
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1 – MTA with an internal heater (A – submerged part design option, B – gas loop, C – reaction tank lattice filled with lead oxide granules);
2 – MTA with an internal heater (А – MTA with one heater; B – MTA with a few heaters; С – electric bar heater);
3 – MTA with a valve (А – MTA as part of the test facility; B – valve actuator);
4 – MTA with a built-in pump (А – MTA as part of the test facility; В – axial-flow pump).

Figure 3. Mass transfer apparatus

The presence of a sensor for continuous monitoring of oxygen TDA (OAS) and a device for dosed injection of dissolved oxygen into HLMC (MTA) makes it possible to automate the process of maintaining conditions in the coolant to ensure the corrosion resistance of structural steels, namely, the process of maintaining oxygen TDA at a given level.
At the IPPE JSC the prototype automated systems for maintaining a given oxygen regime in HLMC have been developed. These systems provide the necessary feeding of the coolant with dissolved oxygen by adjusting the rate of oxygen injection from the MTA by means of a software and hardware complex with the OAS signal feedback, which makes it possible to ensure high control accuracy actually without any operator involvement. 
The measuring unit is developed on the basis of standard components and is designed to be connected to a personal computer with the appropriate software installed. 
The scientific studies performed and the experience gained in the operation of prototype automated systems for maintaining a specified oxygen regime in HLMC as part of test facilities allow us to conclude that it is possible to develop an effective system for continuous maintenance of the oxygen regime for almost any facility with HLMC.
HYDROGEN purification OF THE COOLANT
[bookmark: tw-target-text41]As it is known, insufficient knowledge of the lead-bismuth coolant and, at the initial stage of its operation, the prevailing idea that by cleaning the coolant from excess oxygen from its free surfaces, it would be possible to ensure the purity of the circulation circuit, caused an accident of the left-side reactor system at the the nuclear submarine, Project 645, in 1968, and a pre-emergency situation at the ground prototype at the 27/VT test facility [15, 16]. 
It turned out that the key problem consisted in frequent and long-lasting repairs of steam generators, accompanied by depressurization of the primary circuit and constant formation of slags based on lead oxides caused by the interaction of the coolant with ambient oxygen. As the result, the lack of an effective method for purification the primary circuit led to an excessive accumulation of slags, their sudden throw into the core because of an increase in the intensity of steam generator leakage, which caused a sharp deterioration in heat removal and subsequent melting of fuel elements.
By the time the reactor systems for nuclear submarines under Projects 705 and 705K were put into operation, considerable experience had already been gained in lead-bismuth coolant handling. And generalization of the experience of their operation from 1975 to 1996 demonstrated that none of the nine reactors had any failures caused by excessive slag accumulation [17]. Nevertheless, once every 1-2 years the above-mentioned reactor systems were subject to diagnostic purification from slags, regardless of the need for it. The operating conditions and design features of those reactor systems significantly differed from the current requirements and concepts consisting in the monoblock-type configuration and a long-term operation with achievement of the maximum capacity factor. Therefore, the approaches and requirements for hydrogen purification of lead-containing coolants have changed by now.
[bookmark: tw-target-text48]The most general definition of slag [18] should be considered an unpumpable cohesive dispersed system with a lead oxide binder, filled with an unoxidized coolant and metal oxides with an affinity for oxygen higher than that of lead, sufficiently strong and indestructible, for example, by heating to 500 °C. The composition of various slags generated during the operation of real circulation circuits with lead-bismuth coolant is shown in Table 1 [19]. Calculation of the oxygen content with reference to lead oxide shows that PbO covers from 33 to 54 wt.%. The rest is mainly constituted by the components of the coolant.

TABLE 1.	COMPOSITION OF SLAGS GENERATED IN THE COURSE OF OPERATION OF TEST FACILITIES
	Slag sample number
	Contents of elements in the slag, wt.%

	
	O
	Pb
	Bi
	Fe
	Cr
	Ni

	1
2
3
4
	2.4
3.9
3.5
2.6
	51.6
51.9
55.9
75.3
	46.4
42.1
39.5
18.6
	410-4
2.610-2
4.210-1
610-1
	310-4
2.410-2
1.510-1
110-2
	310-4
1.210-3
9.510-2
510-2



[bookmark: tw-target-text52]The formation of lead oxide in lead-containing coolants is possible only in case of ingress of oxygen-containing compounds, primarily air oxygen, into them when the circuit is depressurized. The analysis should not exclude the possibility of lead oxide formation in the course of coolant interaction with water and water vapor that enters because of micro-leaks in steam generators. At the same time, it is inappropriate to consider the possibility of lead oxide formation by reduction of iron oxide that is the basis of protective coatings for structural steels. This is due to the greater affinity for oxygen in iron compared to lead, so it is iron that will reduce lead oxide, and not vice versa [20–23].
Control over the scope of slag accumulation is necessary for making a decision on hydrogen purification of the coolant and circuit surfaces as the hydrogen purification procedure is carried out when the reactor is shut down. Primary purification is mandatory immediately after the circuit is filled with coolant, and during a long-term operation of the circuit, the slag accumulation is determined by the change in the nitrogen content in the gas. An increase in the nitrogen content indicates that air containing oxygen has entered the circuit, i.e. the conditions favorable for solid slag formation from lead oxide have occurred.
In principle, different methods can be used to clean heavy liquid-metal coolants from slags based on lead oxides:
· filtration cleaning of the coolant from slags;
· low-temperature cleaning with hydrazine hydrate (N2H4H2O), which was widely used at the early stages of lead-bismuth coolant development;
· according to the authors, the most technologically advanced method for purification of the heavy liquid metal coolants from lead-oxide based slags is treatment of the circuit surfaces and the coolant itself with “hydrogen - water vapor - inert gas” gas mixtures. 
	In the general case, in the process of coolant purification with gas mixtures, three main types of inter-phase interaction can be distinguished: at the “lead oxide – hydrogen”, “coolant - hydrogen” and “lead oxide - coolant” interfaces. As a rule, the determinant is the first interaction, where due to chemical reaction (9) of the interaction of hydrogen and lead oxide, the slags are destroyed and water vapor and lead are generated. And lead goes back to the composition of the coolant.
	(9)
where  is solid-phase lead oxide (slags);  is gaseous hydrogen;  is water vapor;  is liquid product of the reaction, i.e. lead. 
Chemical interaction of hydrogen and lead oxide begins at the temperatures above 200 °C, and within the temperature range of 300-350 °C the process significantly accelerates. This is explained by elimination of the diffusion barrier due to transition of the reaction product (lead) from the solid to liquid state. The kinetics of such reactions is described by the Erofeev equation [24]:
, 		(10)
where α – fraction of the reacted substance (degree of lead oxide reduction); τ – reaction time; k – reaction rate constant; n – order of the reaction.
It is kinetically more advantageous to reduce lead oxides in the coolant when the “lead oxide-hydrogen” interaction is realized, because the presence of a coolant between oxide and hydrogen significantly slows down the purification process in the circulation circuit. Therefore, purification must be carried out by introducing the gas mixture into the coolant flow.
When the “hydrogen-water vapor-inert gas” mixture is only supplied to the gas volume, the slag destruction will go due to the slow process of slags dissolution, with successively realized interactions of “lead oxide-coolant”, “coolant-hydrogen”.
In the case of a large local accumulation of lead oxides, the process can proceed as follows: when interacting with a hydrogen-containing gas mixture, lead-oxides-based slags become friable and fall off from their deposition sites, being carried away by the coolant flow. Due to the effect of flotation, dispersed particles of loosened and disintegrated lead oxides can “settle” at the “gas phase-coolant” interface and then be transported with a bubble as part of a two-component flow or directly by the coolant flow. Subsequently, separation of all the impurities suspended in the coolant takes place on the melt mirror and lead is finally and completely reduced from floated-up oxides.
To inject the gas mixture into the coolant flow, various devices can be used depending on the design features of the circulation circuit: ejectors and injectors, nozzle extensions or mechanical gas dispersers with moving structural elements. For each circuit, the choice of the device for injecting the gas mixture is individual, and it is determined mainly by the average rates of the downcoming flow of the coolant in the circuit.
So, if the circuit has a loop-type design, high rates of downcoming currents (> 0.6 m/s), and the flow rate is created by centrifugal circulation pumps, then the use of ejectors on the pump bypass is justified (see Figure 4). This way of gas injection was successfully used for purification commercial circuits of propulsion reactors [18].
Having circulated along the circuit, gas bubbles are separated at the “coolant-gas” interface. The incompletely reacted hydrogen-containing gas mixture enters the gas volume of the circuit, from where it is again introduced into the coolant flow by the ejector. Water vapor is condensed in the cold sections of the gas loop, and the process is controlled by the rate of decrease in the hydrogen concentration in the gas system [27].
[image: ]
Figure 4. An ejector for injecting gas into the lead-containing coolant flow

Large-sized reactor systems have an integral or improved loop-type design (monoblock) without pipelines and with significant coolant-gas interfaces [28]. It is impossible to use classical ejectors to inject gas into the coolant, but mechanical devices with moving parts are justified. In fact, these devices combine a small pump and a narrow part (similar to ejectors) with a reduced coolant pressure (see Figure 5).
[image: ]
Figure 5. A device to inject gas into liquid metal with moving parts (RF Patent No. 2639721)

As you can see, such a device consists of an electric motor (12), a magnetic coupling (6), a shaft (1), a housing (5) with holes (9), a lower rotating disc (2) and an upper fixed (stationary) disc (7), a shroud (4) , a coolant flow rate booster (10), a support shaft assembly (8) with the channels (3).
The electric motor (12) is installed outside the circuit, fixed to the flange (11) and connected to the shaft (1) by means of a magnetic coupling (6). Part of the housing (5) located above the coolant level has holes (9). The working part of the device consists of a lower rotating disc (2) mounted on the shaft (1) and a stationary disc (7) located on the housing (5). Inside the shroud (4) with a gap there are upper fixed (7) and lower rotating (2) discs. The coolant flow rate booster (10) is located inside the shroud (4) with a gap and is mounted on the lower part of the shaft (1).
In the cases where it is impossible to use ejectors and mechanical dispersers, it can be justified to clean the coolant with the gas mixture introduced by means of nozzle extensions.
[bookmark: tw-target-text87][bookmark: tw-target-text88]Nozzle extensions installed in the required areas of the circuit and connected with a pipeline with a gas pressure source (a compressor, a gas cylinder) are the simplest way to introduce gas into the coolant flow. However, the diameter of the created gas bubbles depends on the diameter of the holes in the nozzle extension; therefore, it is impossible to create a finely dispersed phase for the circuits with low rates of the coolant downcoming flow. On the other hand, the simplicity of the design allows the nozzle extensions to be placed anywhere in the circuit, including at great depths, of course, in compliance with the required safety measures. A photograph of a nozzle extension made in the form of a pipe with a set of holes is shown in Figure 6.
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Figure 6. A nozzle extension to introduce gas into the coolant flow

The main potentially dangerous drawback of nozzle extensions is the possibility of “throwing” the coolant into the pipelines and equipment of the gas system with its subsequent solidification and the need for complex operations to remove the solidified metal from them. Prevention of the coolant “overflow” into the gas pipelines can be achieved by installing ball check valves or other devices. It is also possible to use other, rarely applied in practice, methods of gas injection into the coolant flow, given below.
When the coolant jets and drops fall on its free surface, depending on the height of the fall, the “entrainment” of the gas component by the drops and jets of the flow is possible.
For the formation of suspensions, emulsions or foam with sufficiently small-sized (microns or less) particles in various industries (oil refining, chemical, metallurgical, etc.), powerful ultrasound sources are widely used. An example of gas injection into a liquid by ultrasound. The efficiency of such devices is quite high, but their implementation requires a special geometry of the mixing chambers eliminating any damage to structural elements under the influence of ultrasound. This fact limits the applicability of such devices in liquid lead.
Thus, in the opinion of Russian scientists today, the best way to eliminate slag accumulation is hydrogen purification of the circuit with gas mixtures of “hydrogen – water vapor – inert gas”. Moreover, the greatest purification efficiency is achieved when the gas mixtures are introduced directly into the coolant flow with special devices, i.e. gas dispersers. The design of gas injection devices depends on the design features of the circuits: their layout, the way the circulation is arranged, the coolant flow rates. Almost all the test circuits with heavy liquid metal coolants in the Russian Federation are equipped with mechanical dispersers with moving parts (an example of a device in operation at the IPPE test facility is shown in Figure 7), ejectors or nozzle extensions.

[image: ]
Figure 7. Gas disperser in operation at the IPPE test facility

The main task being solved at present is introduction of gas injection devices at reactor facilities, the construction licenses of which are justified for the Russian regulator of safety issues in the use of nuclear energy. As applied to the designs of reactors with lead and lead-bismuth coolants, a mechanical disperser of gas mixtures has already proven its endurance characteristics and the ability to deliver a reducing gas medium to all points of the circuit, including the core.
COOLANT FILTRATION
A long-term experience in operation of the circuits with HLMC indicates the inevitability of formation of suspended solid impurities in them, which can have a negative effect on the reactor operational characteristics [29]. Therefore, despite the success achieved in recent years in reducing the level of mass transfer processes in the circuits due to the introduction of advanced technologies for HLMC handling, it seems impossible to completely rule out the possibility of negative consequences associated with the presence of suspensions without special measures taken to remove them.
During the entire period of reactor operation, there is a constant flow of solid suspended impurities into the primary circuit, distributed in a certain way over its various elements. The source of their supply is, first of all, the diffusion of structural material elements through the protective passivation film, corrosion of structural materials (for example, crevice corrosion), abrasion of rubbing elements, chipping of protective films, erosion, steam generator leakage, overflow of impurities into the primary circuit during the repair work.
To reduce the intensity of corrosion and mass transfer processes in a pressurized circuit, the oxygen TDA in the circulating coolant is maintained at a preset level. The considered high-temperature process of oxidation of iron, chromium and other elements of structural materials in a lead coolant as a heterogeneous system, during their diffusion intake, follows the classical pattern according to the mass-action law and is the total result of parallel complex reactions.
As shown by the analysis of samples, the iron concentration in the coolant is as a rule relatively low and does not exceed the values of (1-5)∙10-4 wt.%. However, this fact does not rule out the slag formation in certain parts of the circuit. This situation is determined by the “self-cleaning” property of the coolant: the suspended solids formed in it because of the low solubility of iron and other elements in the coolant are separated at the “coolant - wall” and “coolant - gas” interfaces and, concentrating in the corresponding areas, form slags. The intensity of these processes depends on the intensity of the source of their formation, the ratio of the rates of ingress of impurities directly into the coolant and their flow, which determine the steady-state concentration of suspensions. It is noticed that when a dynamically “high” concentration of suspended solids is reached in the coolant (at a level of С ≥10-3 wt.%), slag formation is especially intense in certain sections of the circuit.
Figure 8 shows suspended particles’ size distribution in HLMC with indication of the area of slag-forming particles and the areas of the filter and sump operability [29].
It is clearly seen that large particles of d > 10 μm can be retained by both the filter and the sump and precipitate on the “coolant - gas” interface. Particles of micron and submicron size (colloidal) pose a potential hazard to the “coolant - structural material” interface because during their concentration there is a risk of potential formation of the so-called coherent disperse structures characterized by their increased viscosity. Particles of this size can only be retained by the filter.
At the IPPE JSC more than 10 filter designs have been developed, applicable both for test facilities and for the HLMC reactor circuits.
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Figure 8. Suspended particles’-size-distribution (wt.%.) in heavy liquid metal coolant;
the areas of the filter and sump operability the area of slag-forming particles
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