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Sodium coolant: interaction with its environment and coolant processing 
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Abstract. Due to its very attractive properties, sodium is used for nuclear and solar applications, in similar operating ranges. It is also used to study the dynamo effect, to get a better understanding of the magnetic field of the earth, to purify metals such as tantalum or silicon for photovoltaic cells... In order to operate in reliable and safe conditions a Sodium cooled Fast Reactor (SFR), it is necessary to master the coolant’s quality. Sodium chemical control is performed versus the different major chemical compounds: oxygen (corrosion control), hydrogen (detection of the sodium-water reaction), and to a less extent carbon (carburization, decarburization phenomena). Oxygen contributes to the corrosion of the cladding steel and activated corrosion products are transported from the core towards the components and mainly to the Intermediate Heat Exchangers, leading to their contamination. Moreover, other detrimental effects should be avoided: plugging of narrow sections, loss of heat transfer efficiency in heat exchangers…Oxygen and moisture are introduced mainly during handling operations; hydrogen is due to the aqueous corrosion of the Steam Generator Units and thermal decomposition of hydrazine, used to control the oxygen content in the water. The purification of oxygen and hydrogen is performed satisfactorily thanks to cold traps. Several innovative options have been developed in order to satisfy new requirements: high purification rate,optimized capacity and reduced heat losses.  It is also possible to get a very high purity thanks to getters. Before repair operations, after sodium draining, it is necessary to clean-up the internal structures of components, wetted by residual sodium: efficient processes have been developed thanks to the reactivity of sodium with steam. Some stress corrosion cracking phenomena can occur in presence of aqueous soda; therefore it is necessary to avoid any presence of residual aqueous soda on components, gaps…by appropriate rinsing and drying processes. Additionally the structures are decontaminated, using acidic baths. Large amounts of sodium are converted into NaOH, during the decommissioning phase. A process, called NOAH, has been developed in CEA and applied successfully to convert the primary sodium from Rapsodie, PFR, KNK2 and SuperPhenix. Residual sodium remaining in the main vessel or intermediate loop, can be converted into Na2CO3, avoiding any further potential interaction between sodium and humidity;
Most of the Na processes developed in French CEA-Cadarache can be adapted to various non-nuclear applications using sodium, without significant changes. . This paper overviews these processes involving sodium
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Introduction
Sodium was largely used in ancient Egypt, as “natron”, extracted from Wadi el Natrun area, mostly sodium compounds ie sodium carbonate, bi-carbonate, sulfate, chloride…. This product was used for many applications : home cleaning, antiseptic to avoid infection,  conservation for food safety, drying agent for leather, additive for brazing, compound of blue colour (aegyptian blue), mommies preservation…Natron gave the name to Natrium, used in some countries, ie Germany, Russia, … to name sodium.
Due to its very attractive properties, sodium is a chemical compound used in various domains:
· Chemistry: sodium is currently used to produce artificial indigo (blue colour), organic products for pharmaceutical industry (sodium bicarbonate…), cosmetics (saponification, sodium chloride…), airbags operation (sodium azide NaN3),…
· Metal industry: to purify some compounds such as tantalum, silicon…,
· Energy storage: sodium-sulphur or rechargeable sodium -ion batteries, 
· Electricity production:  as a coolant, Sodium Cooled Fast Neutron Reactors (SFR), Solar Concentration Plants (CSP),
· Thermo-acoustic & Gas or hydrodynamics coupled for direct production of electricity, 
· Basic research on dynamo effect….
· Lighting : sodium vapor lamp.
Nevertheless, a field of application has motivated a lot of basic studies and the development of processes, aimed to use this coolant in safe and efficient operational conditions: the Sodium Cooled Fast Neutron Reactors (SFR), developped since the fifties, in USA and USSR, then largely studied in many countries. These reactors are able to burn plutonium, produced in Light Water Reactors, (ie PWR or BWR) and convert a large part of depleted uranium-238 into plutonium-239 while producing electricity. In this way, it is possible to exploit more than 90% of natural uranium to generate electricity, rather than only 1% currently in light water reactors. 
During the first years of development of Fast Neutron Reactors, three coolants were considered: mercury (Hg), sodium-potassium eutectic (Na-K), and lead-bismuth for sub-marines in former Soviet Union. Beginning of the fifties, sodium was already selected as the reference coolant, due to its very attractive physical properties and good compatibility with structural materials. Currently  the Fast Neutron Systems, connected to the Grid, represents only 1369 MWe, with 3 Units (BN600, BN800 in Russia and FBTR in India). Three additional experimental FBRs are in operation: CEFR in China, JOYO in Japan and BOR-60 in Russia. One SFR (500 MWe) is under commissioning: PFBR in India. Two SFRs are under construction: MBIR in Russia and CR600 in China. All of them are cooled by sodium, considered as the most mature coolant worldwide, for the most illustrative SFRs projects, JSFR, PGSFR, FBR1-2, ASTRID, BN1200.
Despite its attractive properties, the choice of sodium coolant induces challenges related to design, operation, maintenance and decommissioning phase particularly due to its well-known reactivity, radio-chemistry, and their consequences. 
It reacts with oxygen and can induce a sodium fire, in case of sodium leak or air ingress. It reacts also exothermically with water, and potentially with violence, depending of local conditions. Despite very strong care with regards the contact with air and water, thanks to protection devices and confinement, sodium contains various non-radioactive impurities either present from the start or introduced during operation. Sodium can be activated and/or contaminated by activated impurities already present in the coolant or generated during operation of the reactor or by fuel cladding ruptures. Sodium radio-contamination and mass transfer created in the system, interaction between Na bulk and cover gas for liquid coolants induces relevant issues for radiological impact assessment, operation, including maintenance, inspection and handling, etc. The occurrence of activated corrosion products (ACP) generates the need of a mass transfer model [1] able to predict the distribution of radio-activated species and to estimate dosimetry and requirements for cleaning and decontamination processes, required prior to inspection and repair or decommissioning. Several tools have been developed in the recent years ie OSCAR-Na in France for SFRs [2]; tools for similar objectives for SFRs have been also developed in Russia, Japan or India. It is possible to control corrosion in liquid metal systems thanks to oxygen control mainly by cold trapping. Tritium is also a key issue for SFRs, due to its ability to permeate through structural walls at high temperature (namely > 400°C): in order to satisfy the release authorizations, it is necessary to mitigate the diffusion towards environment by appropriate means ie by cold trapping, on intermediate loops. 
To support the maintenance of SFRs, it was necessary to develop an efficient strategy, after sodium draining, to remove the residual sodium on components and decontaminate the surfaces of the structural material. These processes are not only useful for reactor operation but also for maintenance and for decommissioning. Most of these processes are also relevant for non-nuclear applications. 
Reactor operation
2.1. Steady-state conditions 
In the primary circuit, there are essentially:
· One source of discontinuous pollution by oxygen and hydrogen at the beginning of the cycle, due to the fuel assemblies handling, which provides metallic oxides, less thermodynamically stable than sodium oxide, according to Ellingham diagram.
· One continuous source of hydrogen coming from the intermediate circuits, by permeation through the Intermediate heat exchangers, and in a much less extent from ternary fissions. This hydrogen source comes from the aqueous corrosion of Steam Generator Units (SGU), diffusing through the pipes at high temperature ie above 400°C.
Thus, oxygen and hydrogen constitute the major contaminants of sodium, generating potentially large amounts of impurities in sodium.
The respective solubility’s of oxygen and hydrogen are very low; the solubility reaching a value around nil, near the melting temperature i.e. 97.8°C (this is a property specific to sodium, in comparison with other liquid metals, used as coolants).
For oxygen, Noden law [3]:




For hydrogen, Wittingham law [4]:



Oxygen contributes to corrosion of steel and the (activated) corrosion products are transported from the core towards the components and mainly to the Intermediate Heat Exchangers, leading to their contamination. All the steel elements (Fe, Cr, Ni, Mn, C) are susceptible to dissolve into sodium. Nevertheless, this phenomenon, which depends on diffusion near the interfaces, remains very weak because the diffusion coefficients of the components of steel are very low. Corrosion kinetics depends on sodium physical parameters (temperature and flow rate) and sodium chemistry (mainly oxygen activity) and corrosion models have been established [1]. Even if it is generally considered, this”generalized” corrosion is only significant for temperatures higher than 544°C and for oxygen contents above 5 ppm.  Therefore it is generally considered that a SFR requires to be operated with an oxygen content below 3 ppm, in normal operation, to limit the corrosion, consequently the contamination and associated dosimetry during handling or repair operations.  Oxygen content can be estimated with a plugging-meter or measured with an electrochemical oxygen-meter.
In the intermediate loops, hydrogen content has to be maintained as low as possible (< 0.1 ppm), in order to allow a fast detection of water ingress and Na-H2O interaction.  
Two main sodium purification processes are implemented with regards to oxygen and hydrogen control:
- cold trapping [5] based on the crystallization of Na2O and NaH, by lowering the Na temperature below the saturation temperature and thus creating the conditions for Na2O and NaH nucleation and growth on a steel packing distributed in an auxiliary cooled vessel. 
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FIG. 1. Cold trap (PSICHOS concept) [5]


Cold trapping (Fig. 1) is the worldwide process used for Na purification in the SFRs:
 - the two most important impurities, O and H, can be trapped in the same component,
- the highest efficiency can be obtained with optimized designs of cold traps, (efficiency: ratio between the effective decrease of concentration between inlet and outlet and the maximum decrease ie the difference between the inlet concentration and the solubility at the coldest point of the cold trap) 
- the highest capacity can be also obtained with optimized designs of cold traps, (capacity: maximum amount of impurities trapped in the cold trap)
- a cold trap can be regenerated by extracting solely the packing or by in-situ appropriate treatment (dissolution of impurities in hot sodium, chemical process).
A computer tool has been developed by CEA in order to support the cold trap designer [6], [7]: this tool has integrated kinetics, thermal exchanges, pressure drops…
- hot trapping or “getter” operation [8] based on the capacity of the chosen material (i.e. zirconium-titanium alloy for oxygen) to oxidize when it is placed in the presence of sodium containing some amount of dissolved oxygen. This last process is selected for small sodium volumes to be purified and when the risk of Na2O dissolution by loss of cooling function in the cold trap is unacceptable. As example, the Zr0.87-Ti0.13 alloy has been qualified for hot trapping in an irradiation loop for Phenix: kinetics and operating conditions have been established for further use:
  V = 41.26 x 10-3 x exp(-40.3 x 103 / RT).[O] 
Where V is the rate of oxygen trapping (kgO.h-1) T designates the hot trap temperature (K), R is Boltzman’s constant (J.mol-1.K-1), [O] oxygen content in mgO.kgNa-1.
For hydrogen trapping, “hydride” traps (ie yttrium) could be also be set-up but, due to their very low potential capacity and reversibility, for small sodium volumes.
2.2.  Incidental conditions
When a sodium water reaction occurs in SGU, there is one discontinuous source of hydrogen, sodium hydroxide and potentially Na2O and NaH crystallized products. This reaction is strongly exothermic (162 kJ/mole of sodium) and extremely fast. For these reasons, sodium water interaction, which can occur in the Steam Generator Units, is considered as an important issue and safety means are developed and implemented to mitigate this event. 
A contamination of residual amount of sodium by air and moisture, after draining, prior to handling and/or repair operation, can induce deleterious effects, mainly due to stress corrosion cracking induced by aqueous soda [9].
In both cases, it is necessary to perform a purification campaign, with the cold trap: after measurement of the impurities content, using a plugging-meter, the cold point of the cold trap is fixed, below the plugging temperature, creating the conditions to promote the crystallization of impurities on the cold trap packing and consequently the purification of the sodium [4].
Oil from mechanical pumps, used as lubricant, can be introduced in the sodium. This event occurred in the primary sodium of PFR reactor. It is mitigated by filtering the solid particles produced by the interaction of oil with sodium and by venting the cover gas, polluted by methane and other organic gases. 
1. Reactor maintenance
0. Cleaning process
The reactivity of sodium with water is commonly used for the development of cleaning processes for structural material wetted with sodium. The amount of residual sodium is estimated up to 30m on the vertical walls and up to 1mm on the flat horizontal surfaces; these values can be influenced by the wetting characteristics of the structure, and the cooling scenario. 
Main reactions involved in the process are:
Na(𝑠)+ 𝐻2𝑂(𝑙)→𝑁𝑎𝑂𝐻(𝑠)+1/2 𝐻2(𝑔)
𝑁𝑎2O(𝑠)+𝐻2𝑂(𝑙)→2𝑁𝑎𝑂𝐻(𝑠)
NaH(𝑠)+ 𝐻2O(𝑙)→𝑁𝑎𝑂𝐻(𝑠)+ 𝐻2(𝑔)  
The cleaning operation must remove the residual sodium, and, consequently, eliminates a part of the contamination dissolved in sodium, like 137Cs, in addition to 22Na.  Cleaning operation is often followed by a so-called “decontamination” process, aimed to reduce the dosimetry induced mostly by the activated corrosion products (60Co, 54Mn…), deposited on the surface and in the first nanometers of the structural material. For this purpose, an acidic bath is used: the reference process used in France is the SPm process, which uses sulphuric acid and phosphoric acid. 
A large operational feedback from the cleaning of large components has been obtained during the PHENIX operation: Intermediate heat exchangers (IHX) and primary pumps (Fig 2). The reference process used in PHENIX, after several improvements, consists in:
· Setting the drained component in the cleaning pit,
· Bubbling carbon dioxide in the demineralized water localized in the pit’s low point. Thanks to bubbling, the gas becomes humid and the water vapor reacts with the residual sodium. 
This process is controlled, thanks to the continuous monitoring of the hydrogen content, in the gaseous effluent’s discharge line, temperature, to avoid caustic corrosion (able to induce stress corrosion cracking above 80°C)) and pressure, to avoid any air ingress in the pit.
· Rinsing with water spray,
· Inspection after cleaning: the component is removed from the pit and inspected, to check absence of any significant amount of residual sodium, before immersion in water.
On Superphenix, the cleaning process was slightly different from Phenix, based on water spray. The operational feedback was also very positive.
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FIG. 2. IHX cleaning in a PHENIX Cleaning pit
0. Cold trap regeneration
Several processes can be applied for the cold trap regeneration (regeneration means that the operator intends to reuse the cold trap), among them:  
-Thermolysis: after Na draining, the cold trap is heated up in order to induce the thermal decomposition of NaH and consequently production of (tritiated) hydrogen. A secondary reaction between hydrogen and Na2O can occur from 100°C, which produces NaOH [10]. 
-Dissolution of Na2O and NaH in liquid Na followed by adequate extraction: PRIAM process (Fig 3) [10] is based on the circulation of hot Na through the cold trap, which induces the dissolution of Na2O and NaH. Hydrogen and tritium are extracted thanks to permeators, equipped with nickel membranes, put under secondary vacuum, then trapped as metallic hydrides. Oxygen is trapped alone by an auxiliary cold trap, which can be treated by a treatment process only dedicated to sodium oxide. This process was selected for EFR project.
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FIG.3 PRIAM process for the Cold Trap regeneration.
1. Reactor decommissioning 
1. Na bulk treatment
A process, named NOAH, converting large amounts of Na into NaOH, has been applied successfully to convert the primary sodium from Rapsodie, PFR and Superphenix. Currently NOAH is also the reference process for Phenix and the treatment unit is being built. NOAH process is based on the interaction between sodium and water (Fig 4) [11]:
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FIG.4. NOAH Process

Na is injected in a vessel, filled of water, thanks to a “metering” pump which pushes continuously Na through a nozzle. It is spread out into small droplets, thanks to the water flow arriving in front of the nozzle, inducing large turbulence in this reactive zone. The resulting NaOH dissolves in the water, producing aqueous soda. In steady-state conditions, the water contents 10 moles/liter of NaOH. Due to its dispersion in water and consequently large chemical interaction area, reaction kinetics is very fast. Na conversion takes place in very safe conditions because there are only a few grams of Na involved in the reaction at any time: the total inventory of Na in the system never exceeds a few grams and it is possible to end the reaction only a few seconds after Na pump shut-down. Hydrogen produced is dried thanks to a separation process, including various steps ie sintered filters … then it is lastly diluted in the ventilation duct exhaust air stream in a proportion of less than 1% by volume. It is dehumidified in order to remove the contamination carried out by the water steam. Hydrogen content is measured continuously in order to follow the overall reactive process. The aqueous soda is collected in a dedicated storage tank then several options are open:
· neutralization by means of acid i.e. hydrochloric acid, to form an aqueous saline solution, then released to the river or sea after further decontamination,
· cementation and production of concrete blocks,
· re-use to neutralize acidic effluents in Reprocessing plant.
The NOAH process has been continuously improved, thanks to the operational feedback from previous applications. No major equipment failures and no safety issues occurred.
After draining, some residual amounts of sodium remains in the main vessel, large piping, or tanks. A new process, named carbonation, can be used to convert it into Na2CO3.  
Na(s) + H2O(g)  ½ H2(g) + NaOH(s) then 
2NaOH(s) + CO2(g) ↔ Na2CO3(s) + H2O(g) 
Na2CO3(s) + CO2(g) + H2O(g) ↔ 2 NaHCO3(s)
The main basic characteristics of this process are the following ones:
· Hydrogen production is linked to the quantity of sodium treated and allows to follow the reaction rate
· H2O content is controlled to limit the amount of hydrogen produced, 
· Temperature is controlled to avoid water condensation and potential local direct interaction between condensed water and metallic sodium,
· CO2 is introduced in excess in order to avoid any soda formation,
A solid Na2CO3 layer is formed above the sodium, with large volume expansion, which facilitates the gas ingress through the carbonate layer (Fig 5). 
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FIG.5. Carbonation process: Na converted into Na2CO3.
CEA researchers have determined kinetics. Even if the basic process is well mastered, it is necessary to carry out additional experimental tests with mock-ups representing some specific geometry, in order to demonstrate the full accessibility of all parts of the Na retentions. This process has been successfully applied for Superphenix (SPX) for the Fuel Storage Drum in 1988, then for the primary vessel in 2018. 
During reactor operation, cleaning pits have been used extensively to clean up the residual amount of Na, located on some specific components, prior to their inspection and repair.
Specific and new cleaning units can be needed under decommissioning operations to have a treatment process for some specific components, loaded with sodium compounds: pure sodium, sodium oxide, sodium hydride. The most representative of these components is the cold trap, loaded with sodium compounds. Several processes can be applied for their final treatment:  
· Thermolysis as it was described in paragraph III (Maintenance), with improved procedures,, followed by WVN process (Water Vapor & Nitrogen). This process has been applied successfully by FRAMATOME, on Superphenix intermediate cold traps, mainly loaded with NaH, contaminated by tritium.  
· Alcohol cleaning, after Na draining, has also been investigated in the past, due to the low reaction rate between sodium and heavy alcohol (i.e. ethylcarbitol), diluted in an inert organic fluid. This method was never implemented, after the occurrence of accident close to Rapsodie reactor, occurred in 1994 March 31st [13], then in KIT in 1996 March 8th , using heavy alcohol to clean-up residual Na located in a storage tank. Consequently, this process is not used in CEA, since 1994.
· Water cleaning, after sodium draining, by introduction of steam with a inert carrier gas (nitrogen). The reaction rate can be monitored theoretically by controlling the water content (dew point) in the carrier gas; nevertheless, due to the very high reactive surface (crystals spread out in the packing) and due to the complex geometry of the internals, it is rather impossible to guaranty a continuous and safe process.
· Carbonation, after Na draining, by introduction of water vapor and CO2 in the cold trap.
· Without preliminary draining cold trap cutting into slices with a saw, then cleaning with a water spray in a cleaning pit dedicated to large pieces of components, packed into a basket under inert gas.  To support the PHENIX decommissioning, an hydrolysis facility, named ELA, has been designed and the reduced scale mock-up, called PEELA, is currently qualified in CEA (Fig 6). 
[image: ]
FIG.6. PEELA facility
1. Conclusions 
In this paper, focused on the French experience, we have described the main processes linked to the use of sodium as a coolant for Sodium Fast Reactors. Most of them are also relevant for other applications of sodium, such as solar applications, study of dynamo phenomena…Thanks to these developments, sodium coolant technology is well mastered: sodium purification was never considered as a key issue during steady state operation and purification campaigns necessary to deal with the main pollutions ie sodium-water reaction or air ingress. Cleaning operations using water are currently used in Sodium Fast Reactors, operated since many years. All the specific processes required for the decommissioning of SFRs have been developed and applied at industrial scale.  
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