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Introduction 

The ability to measure and to assess the tritium inventory and 

migration in different kinds of nuclear reactors or processes 

is one key challenge to control the potential releases and 

personal dosimetry in nominal operating conditions. This purpose 

is of major interest for the security control of nuclear reactors 

at the design stage as well as the operating stage. Indeed, 

tritium produced in the core of all fission nuclear reactors is 

able to diffuse through the fuel claddings and through 

structural materials. Tritium mobility is particularly enhanced 

in case of higher temperatures such as in the walls of heat 

exchangers between reactor circuits. On the other hand, in 

fusion reactors, the management of tritium produced in breeding 

blankets and collected in the tritium extraction system is also 

a critical issue with the aim to reduce tritium permeation and 

losses while ensuring fuel self-sufficiency. Consequently, the 

development of reliable and validated modelling tools for the 

assessment of tritium transfers and inventories is crucial for 

the future of fission and fusion energy.  

 

In the framework of the European TITANS project (Tritium Impact 

and Transfer In Advanced Nuclear reactorS within the Horizon 

Euratom program [ 1]), a benchmarking activity between two 

calculation tools developed either for fusion (EcosimPro 

developed between CIEMAT and EAI) or for fission reactors (KUTIM 

developed at CEA), is carried out in complement to a first study 

[ 3] conducted in the framework of the previous TRANSAT project 

(supported within the H2020 Euratom program [ 4]). As in the 

previous study (for TRANSAT project), the calculations are 

applied to a conceptual Sodium Fast Reactors on the base of a 

shared data set [ 4] used for operating conditions, for physico-

chemical properties of liquid sodium and for design 

characteristics of circuits and components. Numerical values of 

design characteristics are not communicated due to 

confidentiality limitations for the project of this future 

reactor.  

 

The study is focused on the modelling description and evaluation 

of the different transfers of tritium and hydrogen with various 

transfer phenomena or physico-chemical mechanisms. The 

modularity and the flexibility of these calculation tools could 

be used for the simulation of other systems in the field of 

fusion reactors such as tritium behaviour in helium purification 

system (and tritium reprocessing) or in breeding blankets 

systems.  

 

In this study, a deeper analysis of particular differences 

observed in TRANSAT project is presented (for example for sodium 
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purification systems) as well as a new sensitivity 

study on the influence of temperature profiles along heat 

exchangers tubes, hydrogen source term in secondary sodium or 

sodium flowrate in purification systems. Calculation results 

with both codes are compared in terms of tritium activities and 

hydrogen concentrations in each circuit of the Sodium Fast 

Reactor, but also in terms of transfer fluxes and releases. 

 

1 Theory and calculation description 

1.1 Tritium and hydrogen sources and transfers 
in SFR 

Like in other fission reactors (PWR), tritium is produced in the 

core of SFR by ternary fissions in the fuel pins and by neutron 

activation of 10B boron isotope present in control rods made of 

boron carbide. The probability of a tritium nucleus formation 

is estimated by the rate of ternary fission  𝑦𝑇
𝑖
  for a given 

fissile nucleus i. The tritium production rate by ternary 

fissions for a SFR operated at a thermal power Pth, is 

theoretically given by the following expression ( is the number 
of fissions per unit of thermal energy of the reactor): 

 

𝑆𝑇
𝑓𝑢𝑒𝑙

(𝑎𝑡𝑜𝑚𝑠/𝑠) =  𝛼 ∙ 𝑃𝑡ℎ ∙ 𝑦𝑇      (1) 

 

In control rods made of boron carbide (B4C), tritium is mainly 

produced from neutronic reactions with boron isotope 10B. The 

corresponding tritium production rate is defined by different 

parameters such as “N” number of 10B atoms present in control 

rods,  the absorption cross section of the reaction 10B(n,2)3H, 

 the neutronic flux density, 𝜏𝑟
𝐵4𝐶 the retention factor of tritium 

within the material and a simplified estimation is given by the 

following expression: 

 

𝑆𝑇
𝐵4𝐶(𝑎𝑡𝑜𝑚𝑠/𝑠) =  (1 − 𝜏𝑟

𝐵4𝐶) ∙ 𝑁 ∙ 𝜎 ∙ 𝜙      (2) 

 

While it is generally assumed that the stainless-steel cladding 

allows the diffusion of the total tritium production from the 

fuel, the partial retention of tritium within control rod 

material is not so easy to evaluate. Indeed, a part of this 

production may be chemically trapped (especially with lithium 

in the form of LiT) or physically trapped in B4C material 

characterized by reduced diffusivity. Due to the strong 

dependence to temperature profiles and neutronic beam profiles, 

the effective release of tritium production from control rods 
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is difficult to evaluate and the assessment of tritium 

balance in the whole system is subjected to uncertainty. 

 

The global tritium source transferred from the reactor core into 

primary sodium (𝑆𝑇
𝑓𝑢𝑒𝑙

+  𝑆𝑇
𝐵4𝐶 ) migrates towards all other circuits 

involving different phenomena: 

 by permeation through metallic walls due to gradients of 

concentrations in different circuits and enhanced by higher 

temperatures: major transfer contributions are through heat 

exchanger tubes (Intermediate Heat Exchanger “IHX”,) but 

also through auxiliary circuit piping such as “EPuR” 

circuits dedicated to residual heat removal in case of 

pumps dysfunction, 

 in cover gas (argon) above primary sodium, a concentration 

equilibrium at interface between liquid sodium phase and 

argon gas phase controls the tritium transfer into the 

cover gas and is used for the calculation of the tritium 

release due to gas leaks in purification circuits of cover 

gas. 

 a major part of the tritium amount transferred into primary 

sodium is trapped in purification systems (cold traps) 

integrated in primary (and also in secondary circuits),  

 radioactive decay is also impacting tritium inventory. 

 

In order to evaluate a global balance of tritium inventory in 

circuits and the potential releases in environment (in 

atmosphere and in tertiary water effluents), the transfers into 

other circuits (secondary, tertiary and ancillary cooling 

circuits) have to be evaluated as well as the quantities trapped 

in sodium purification systems. 

 

In addition, a source term of hydrogen (protium) has to be 

considered in primary and in secondary circuits: 

 in primary sodium hydrogen atoms are dissolved due to the 

production of protons in the core by fission reactions and 

neutron activation of materials, 

 in secondary sodium a more important source of hydrogen has 

to be considered due to permeation through steam generators 

and from tertiary circuits where steel surfaces in contact 

with water or steam are subjected to potential corrosion. 

 

The presence of stable hydrogen (in larger quantities than 

tritium inventory) has to be considered in the modelling since 

it has an impact on the tritium behaviour in gas phase (such as 

in the cover gas used for inert sodium circuits and capacities) 

and in the sodium purification units (cold traps). In 

particular, due to its higher (more than 1000 times) source term 

(expressed in atoms / time unit independently from the atomic 

weight of each isotope) and its higher concentration in 

secondary sodium, hydrogen crystallization in cold traps (as 
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sodium hydride) enhance the recovery and trapping of 

tritium in these components, thanks to co-crystallization 

mechanism involving both hydrogen isotopes. 

 

To give a schematic overview of the different transfers 

phenomena to be considered, the main transfer fluxes of both 

isotopes (hydrogen and tritium) in a SFR (Sodium Fast Reactor) 

are represented by different arrows (green for hydrogen, yellow 

for tritium) on Figure 1. 

 

Figure 1. Main transfer fluxes in a Sodium Fast Reactor. 

 

The main characteristics of physical models are given in 

following sections. 

 

1.1.1 Permeation through metallic walls 

Depending on the fluid phases flowing on each side of the 

metallic walls, different permeation configurations are 

encountered: 

 from a liquid sodium circuit (or capacity) to another liquid 

sodium circuit (heat exchangers between sodium circuits), 

 from a liquid sodium circuit (or capacity) to a gas phase 

(piping of all sodium circuits in contact with air 

environment, inner reactor vessel protected by a nitrogen 

outer chamber, ancillary cooling circuits cooled by 

aerothermal coolers), 

 from a gas phase to another gas phase (parts of cover gas 

circuits in contact with air atmosphere). 

 

In stationary mode, the global diffusion through a plate with 

thickness “” and surface area “A” is expressed from the 1st 
Fick’s law as: 

𝛺 = 𝐷 ∙
𝐴

𝛿
∙ (𝐶1 −  𝐶2)      (3) 

with  = diffusion flux of H or T through the metallic wall 
(atoms/s) 
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 D = diffusivity of H or T in the wall material 

(m2/s) 

 C1, C2 = concentrations of H or T on both sides surface of 

the metallic wall (atoms/m3). 

 

Considering the Sieverts relation defining equilibrium on side 

« i » between partial pressure of diatomic molecule Q2 (Q = H or 

T) in gas phase and concentration of atoms dissolved in liquid 

sodium (𝐶𝑄,𝑖
𝑁𝑎) or at metal surface (𝐶𝑄,𝑖

𝑚𝑒𝑡), a relation can be 

established between these concentrations, which involves the 

partition coefficient based on the ratio of Sieverts constants 

in liquid sodium and in the wall metal 𝐾𝑆𝑄
𝑁𝑎 and 𝐾𝑆𝑄

𝑚𝑒𝑡 : 

 

𝐶𝑄,1
𝑚𝑒𝑡 =  

𝐾𝑆𝑄
𝑚𝑒𝑡

𝐾𝑆𝑄
𝑁𝑎  ∙  𝐶𝑄,1

𝑁𝑎   and   𝐶𝑄,2
𝑚𝑒𝑡 =  

𝐾𝑆𝑄
𝑚𝑒𝑡

𝐾𝑆𝑄
𝑁𝑎  ∙  𝐶𝑄,2

𝑁𝑎  (4) 

 

This relation is obtained by considering a common value of a 

fictive “Q2” gas pressure in equilibrium simultaneously with 

both media: liquid sodium and wall metal (𝐶𝑄,𝑖
𝑚𝑒𝑑𝑖𝑎 =   𝐾𝑆𝑄

𝑚𝑒𝑑𝑖𝑎 ∙  √𝑝(𝑄2)). 
Consequently, in the case of liquid sodium circuits on both 

sides of the metallic wall, the permeation flux is described by 

a correlation introducing the permeability of metal relatively 

to hydrogen isotopes. For example, in the case of H isotope we 

consider the following expression: 

 

𝛺𝐻 = 𝐷𝐻 ∙
𝐴

𝑒
∙ (𝐶𝐻,1

𝑚𝑒𝑡 −  𝐶𝐻,2
𝑚𝑒𝑡) =  𝐷𝐻 ∙

𝐾𝑆𝐻
𝑚𝑒𝑡

𝐾𝑆𝐻
𝑁𝑎 ∙

𝐴

𝑒
∙ (𝐶𝐻,1

𝑁𝑎 −  𝐶𝐻,2
𝑁𝑎)  (5) 

 

In this expression is included the permeability  𝑝𝑒𝑄 of hydrogen 

isotope (Q = H or T) through the metallic wall which is expressed 

in (atoms·m-1·s-1·Pa-1/2) and is defined by the product of the 

diffusivity 𝐷𝑄 (m
2·s-1) and the Sieverts constant in the metal 

𝐾𝑆𝑄
𝑚𝑒𝑡 (atoms·m-3·Pa-1/2) : 

 

𝑝𝑒𝑄 = 𝐷𝑄 ∙ 𝐾𝑆𝑄
𝑚𝑒𝑡     (6) 

 

In the case of a gas phase in contact with the metallic wall, 

because of the Sieverts relation 𝐶𝑄,𝑖
𝑚𝑒𝑡 =  𝐾𝑆𝑄

𝑚𝑒𝑡 ∙ √𝑃𝑖 between the 

concentration (in atoms/m3) and the partial pressure in Pa, the 

concentration in metal is expressed in function of the 

concentration at equilibrium in gas phase calculated on the base 

of the ideal gas law. 

For conversion of the results into values reported to the mass 

of coolant (in ppm for hydrogen concentration and in kBq/g for 

tritium activity) the concentrations in sodium can be converted 

in (atoms/kg) using the density of sodium 𝜌𝑁𝑎 (kg/m3) : 

 

[𝑄]𝑖 =  𝐶𝑖/𝜌𝑁𝑎     (7) 
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The metal involved in the model is generally stainless steel 

316L (with permeability data given in [ 5]) for almost all 

structures, piping and components except for steam generators 

made of Incoloy 800 (with permeability data given in [ 6]). 

 

1.1.2 Accumulation transfer in cold traps 

The purification of liquid sodium operated in cold traps is 

based on crystallization of sodium impurities (hydrogen and 

oxygen principally) in the form of sodium hydride and sodium 

oxide. A major proportion of tritium is deposited in cold traps 

thanks to a co-crystallization mechanism with hydrogen 

impurities. This phenomenon is governed by the solubility of 

hydrogen in sodium and its dependence with temperature. 

Na liquid + H dissolved  NaH solid 

 

The solubility of hydrogen in liquid sodium is given by the 

Whittingham [ 7] correlation: 

 

𝑙𝑜𝑔10(𝐶𝐻,𝑠𝑎𝑡
𝑁𝑎 ) = 6.467 −  

3023

𝑇
      (8) 

 

With 𝐶𝐻,𝑠𝑎𝑡
𝑁𝑎  = hydrogen concentration in sodium at saturation (mass 

ppm) 

 T = temperature of liquid sodium (K) 

 

The solubility of tritium in liquid sodium is supposed to be the 

same as hydrogen. In fact, in the usual operating conditions of 

SFR, the tritium concentrations in sodium circuits are too small 

to reach the saturation value, and its deposition in cold traps 

is due to co-crystallization with sodium hydride (as a mixture 

of crystals NaT + NaH). Consequently, the flux of tritium 

deposition in cold traps is based on the crystallization flux 

of hydrogen depending on different parameters such as the sodium 

flowrate (𝑄𝑁𝑎
𝐶𝑇), the purification efficiency of cold trap (𝜀) and 

proportional to the hydrogen concentration overtake above 

saturation value. On the base of hydrogen crystallisation flux, 

a ratio of both isotopes concentrations is applied to calculate 

the flux of tritium deposition in cold traps defined by the 

following correlation: 

 

𝛺𝑇
𝐶𝑇 =  

[𝑇]

[𝐻]
∙ 𝑄𝑁𝑎

𝐶𝑇 ∙ 𝜀 ∙ ([𝐻] − [𝐻]𝑠𝑎𝑡)    (9) 
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1.1.3 Hydrogen-tritium equilibrium in gas 

phase and transfer into cover gas 

In gas phase such as in cover gas above primary sodium, diatomic 

molecules of hydrogen and tritium are not independent and react 

together to form HT molecules. Both isotopes are involved in a 

reaction equilibrium: 

 

𝐻2 +  𝑇2  ↔ 2 𝐻𝑇     (10) 

 

The thermodynamical constant of this equilibrium is function of 

temperature and can be expressed from the partial pressures of 

gaseous species by the following correlation [ 8]. 

 

𝐾𝑒𝑞(𝑇) =  
𝑝𝐻𝑇

2

𝑝𝐻2  ∙ 𝑝𝑇2

=  𝑒(− 
133

𝑇
+1.4966)    (11) 

 

Moreover, in the primary vessel, at the sodium surface in contact 

with the cover gas (argon), the transfer of hydrogen isotopes 

can be evaluated considering the simplified assumption of a 

concentration equilibrium (Sieverts law) between both phases. 

The transfer fluxes (H, T) of hydrogen isotopes released from 

liquid sodium into the gas phase can be expressed in function 

of different parameters (in particular 𝑄𝑐𝑔𝑙 , the estimated leak 

flowrate assumed in the cover gas circuits) detailed in the 

expression below for protium transfer flux. In this case, a 

simplification related to concentrations levels ([H] >> [T]) can 

be made (while complete expression is saved in the case of 

tritium transfer flux): 

 

𝛺𝐻 =
2∙𝑁𝐴∙𝑄𝑐𝑔𝑙∙[𝐻]𝑁𝑎

𝑅∙𝑇∙(𝐾𝑆𝐻
𝑁𝑎)

2 ∙ ( [𝐻]𝑁𝑎 + 
√𝐾𝑒𝑞

2
 ∙  

𝐾𝑆𝐻
𝑁𝑎

𝐾𝑆𝑇
𝑁𝑎  ∙  [𝑇]𝑁𝑎)  ≈  

2∙𝑁𝐴∙𝑄𝑐𝑔𝑙∙([𝐻]𝑁𝑎)
2

𝑅∙𝑇∙(𝐾𝑆𝐻
𝑁𝑎)

2   (12) 

 

1.2 Mathematical approach for both modelling 

tools 

1.2.1 EcosimPro 

EcosimPro is a modeling platform that provides an object-

oriented, non-causal approach for creating reusable component 

libraries. It is based on powerful symbolic and numerical 

methods capable of processing complex systems of differential-

algebraic equations (DAEs). EcosimPro is a user-friendly 

simulation tool for modeling both simple and complex physical 

processes, expressing behavior in terms of DAEs and discrete 

events. It can perform various calculations including 
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transients, steady-states, parametric studies, custom 

calculations, and optimization. 

In 2010, a toolkit was developed in EcosimPro for modeling 

tritium transport phenomena, known as the TRITIUM toolkit. The 

phenomena included in the TRITIUM toolkit are: 

 Tritium generation with different profiles and pulsed 

generation scenarios 

 1D diffusion model in materials such as LiPb, Eurofer, 

and AISI 316L 

 Co-diffusion and co-permeation of hydrogen isotopes in 

components 

 User-selectable surface-limited or diffusion-limited 

assumptions, or a mixed-free regime 

 Sievert's equilibrium between different materials 

 1D piping for the circulation of liquid metal and gases 

 The effect of magnetohydrodynamics (MHD) in tritium 

transport through consideration of a liquid metal 

boundary layer 

 Chemical reactions involving Q2 and Q2O species 

This toolkit is highly flexible, user-friendly, and 

mathematically robust, featuring: 

 Construction of diagrams by dragging and connecting 

components via ports 

 No limit to the number of components that can be 

initialized in a model 

 User-defined discretization of materials and piping into 

nodes 

 A predefined set of species that can be expanded by the 

user (e.g., H, D, T, T2, HT, H2O) 

 The ability for users to select predefined materials or 

introduce new ones by defining diffusion, recombination, 

dissociation, and solubility coefficients 

 Easy introduction of input data. 

For the purpose of the benchmarking study, the models of material 

transfers associated with the design characteristics and the 

operating conditions of a conceptual SFR were implemented in 

both calculation tools. In particular, specific models related 

to sodium chemistry and SFR technology (such as the description 

of co-crystallization in cold traps) were integrated in 

EcosimPro. 

 

1.2.2 Kutim 

A 0D and steady state modelling tool (Kutim) was developed at 

CEA for the evaluation of tritium/hydrogen balance in the main 
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circuits and components of a Sodium Fast Reactor and 

was also adapted to the configuration of fusion reactor like 

DEMO [ 9]. In this tool, equilibrium concentrations are 

calculated by solving the two equation systems of both isotopes 

(H and T), built with the material balance calculated in each 

circuit with the different transfer contributions such as 

permeation through metallic walls (piping, heat exchangers 

between circuits, main reactor vessel), concentration partition 

by liquid-gas equilibrium and co-crystallization in purification 

system (cold traps). Potential tritium releases (in gas phase 

or in the form of liquid tritiated water) are also evaluated. 

 

For the purpose of the benchmarking study, the models of material 

transfers associated with the design characteristics and the 

operating conditions of a conceptual SFR were implemented in 

both calculation tools. In particular, specific models related 

to sodium chemistry and SFR technology (such as the description 

of co-crystallization in cold traps) were integrated in 

EcosimPro. 

 

2 Results and discussion 

2.1 Summary of previous study in the frame of 
TRANSAT project 

In the framework of the previous TRANSAT project, the first 

benchmark study was the opportunity to implement the modelling 

of specific components or physical equilibriums involved in 

sodium cooled reactors in EcosimPro libraries. In particular the 

major recovery of tritium and hydrogen impurities in 

purification systems (cold traps) was evaluated as well as the 

transfers of both hydrogen isotopes at the primary sodium 

surface between the liquid metal and the gas plenum. 

The results obtained with EcosimPro revealed slightly lower 

values of accumulation fluxes in cold traps (-13% in the case 

of reference conditions). As a first interpretation, this 

discrepancy was attributed to the different approach of the 

circuits description (estimation of all circuits volumes and 

systematic use of temperature profiles along circuits in the 

case of EcosimPro). In the present study, other sources of this 

discrepancy were identified and are presented in § 2.3. 

 

Moreover, in terms of tritium releases in gaseous form, the 

contribution of permeation through the walls of EPuR ancillary 

cooling circuits was slightly lower (-14%) in the case of 

EcosimPro results. The source of this difference was also 

investigated in more details in the present study (cf. § 2.3). 
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2.2 Objectives of this complementary 

benchmark study 

The complementary study proposed in the TITANS project is 

devoted in a first part to complete the analysis of the 

differences of both codes results and also to carry on a 

sensitivity study in a second part on the influence of the 

following parameters: 

 

 The sodium flowrate in purification systems (the cold 

traps): an increase of sodium flowrate for primary cold 

traps (7.56 kg/s instead of 3.78 kg/s) and then for 

secondary cold traps (10.08 kg/s instead of 5.04 kg/s). 

 The hydrogen source term in secondary sodium: two values 

are tested, a higher value (4.5*1019 at/s) that was 

considered for preliminary design of the conceptual SFR 

considered for this benchmark study and a lower value 

(1.21*1019 at/s) defined as half of reference value of this 

conceptual reactor. 

 The temperature profiles along the main heat exchangers of 

secondary sodium loops: an increase (+20°C) or a decrease 

(-20°C) of temperature profiles of Intermediate Heat 

Exchangers(IHX) and of Steam Generators (SG)is studied. 

 

The results of these studies are presented in the following 

sections. 

 

2.3 Analysis of differences between Kutim and 
EcosimPro calculations 

With the purpose of reducing the differences in the 

analysis results between the two codes, it was decided to conduct 

a detailed study on some components that showed discrepancies. 

Once these differences were detected, the sensitivity to certain 

parameters such as temperature, the hydrogen source, or 

permeability have been examined. 

 

2.3.1 Differences in cold trap simulation 

One of the components that was causing differences in the 

previous model is the cold trap. This component calculates a 

purification rate based on a concentration difference. Once the 

saturation concentration of hydrogen (cf. equation is exceeded, 

both isotopes begin to precipitate. This saturation 

concentration is calculated (in ppm) by the following equation 

derived from equation (8). 

 

[𝐻]𝑠𝑎𝑡 = 106,467−
3023

𝑇            (13) 
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Since hydrogen is several orders of magnitude higher 

than tritium, the co-precipitation of tritium (equation (9)) 

with hydrogen is calculated from the hydrogen crystallization 

flux based on the excess concentration difference using the 

equation: 

 

𝛺𝐻
𝐶𝑇 = 𝑄𝑁𝑎

𝐶𝑇 ⋅ 𝜀 ⋅ ([𝐻] − [𝐻]𝑠𝑎𝑡)      (14) 

 

In Kutim, concentrations are calculated in (at/kg) while in 

EcosimPro, concentrations are in (mol/m3). Therefore, to convert 

between these units, it is necessary to use the density of 

sodium. In EcosimPro, the different components are connected and 

each one is assigned to its temperature. In EcosimPro model, the 

reactor core has a different temperature than the cold trap, 

then both saturation and inlet concentration were converted from 

ppm to mol/m3 using the temperature of the cold trap (110ºC). 

However, in Kutim, the saturation concentration is calculated 

using the temperature of the cold trap, while the inlet 

concentration is calculated (directly in at/kg) in the bulk of 

the sodium circuit at a higher mean temperature (above 400ºC). 

This is why the hydrogen inlet concentrations calculated by 

EcosimPro were converted in at/kg using sodium densities 

calculated at the temperature of sodium bulk for similar 

conditions used in both codes.  

  

Some small differences such as the precision in the number of 

digits of Avogadro's number or in the atomic mass of hydrogen 

isotopes were found and corrected, although these differences 

had a practically negligible impact on the results. 

 

2.3.2 Differences in calculation of permeability 

The permeation of hydrogen isotopes through the different 

metallic walls is determined by the permeability of each isotope 

through the material.  

The permeability is calculated (cf. equation (6)) by the product 

of the diffusivity and the Sieverts constant of each isotope 

(Q): 𝑝𝑒𝑄 = 𝐷𝑄 ∙ 𝐾𝑆𝑄
𝑚𝑒𝑡. 

 

In Kutim simulation, a conservative approach is adopted by using 

the hydrogen parameters for both hydrogen and tritium: 𝑝𝑒𝑇 = 𝑝𝑒𝐻 . 
Since diffusivity is reversely proportional to the square root 

of molecular weight (𝐷𝐻 =  √3 ∙ 𝐷𝑇), and due to the higher value of 

Sieverts constant for hydrogen1 , the permeation of tritium 

calculated in Kutim is overestimated because of this 

conservative assumption.  

 

                     
1 𝐾𝑆𝐻

𝑁𝑎 = 2.6077 ∗ 1020 𝑎𝑡𝑜𝑚𝑠. 𝑘𝑔𝑁𝑎
−1 . 𝑃𝑎−1/2 while 𝐾𝑆𝑇

𝑁𝑎 = 8.6923 ∗ 1019 𝑎𝑡𝑜𝑚𝑠. 𝑘𝑔𝑁𝑎
−1. 𝑃𝑎−1/2 
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In order to use the same values of all parameters, the 

new calculations with both codes performed in this study used 

the same value of hydrogen properties. 

 

2.4 Comparison analysis after considering same 
parameters in both codes 

The calculations were carried out with both codes with the 

particularity that for EcosimPro, transient behaviour is 

evaluated before reaching equilibrium at steady state. 

Comparisons are analysed for results in terms of concentrations 

(hydrogen and tritium) in the different circuits and of tritium 

releases. 

 

2.4.1 Hydrogen and tritium inventories in circuits 

In addition to the tritium balance (Figure 2), the inventory of 

hydrogen (protium) migrating from tertiary circuit (produced 

from water dissociation due to aqueous corrosion of tertiary 

circuits) is calculated (Figure 3). Kutim and EcosimPro results 

are presented in two figures. 

Both codes give very similar results in all different circuits, 

as well for tritium activities and for hydrogen concentrations. 

Thanks to the corrections applied after the analysis of 

differences (cf. § 2.3), the values obtained in this benchmark 

study are much closer between both codes than what was observed 

after the first benchmark study during TRANSAT project. 

 

Tritium: 
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Figure 2: Tritium activities in main circuits of the reactor 

 

Hydrogen: 

 

 
 

 

Figure 3: Hydrogen concentrations in main circuits of the reactor 
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In addition, a comparison between both codes in terms of tritium 

activity ratios in the different circuits is also presented in 

Table 1 (for the reference conditions). It can be observed that 

the differences between both codes results was reduced 

significantly and keeps lower than 1%. 

 

Ratio of tritium 

activities calculated 

by both codes 

(EcosimPro / Kutim) 

TITANS 

results 

(new) 

TRANSAT 

results 

(old) 

Primary sodium [T] 1.00047 1.041 

Secondary sodium [Ti] 1.00000 0.860 

Primary vessel outer 

chamber [TQ] 
0.99600 1.185 

Tertiary circuit [TO] 1.00015 1.519 

EPuR circuit [TRk] 0.99988 1.106 

Table 1: Ratios of tritium activities calculated by both codes (EcosimPro / Kutim) in 
each circuit 

 

2.4.2 Main transfer fluxes in circuits and 

components 

 

To analyse the different transfer contributions, the main 

tritium transfers are compared between both calculation tools 

and presented in Table 2 and the values are expressed in % of 

the tritium source produced in the reactor core. We observe a 

very good coherence between results from both codes, better than 

the first benchmark study of TRANSAT project. The analysis and 

the corrections applied to use exactly the same values of 

parameters (cf. description in § 2.3) enable to confirm the 

inter-validation of both codes despite a different mathematical 

approach (cf. § 1.2). 

 

Tritium transfer 

contributions 

(% tritium source into 

primary sodium) 

Kutim 
Ecosim 

Pro 

Accumulation in 

primary cold traps 
40.33 % 40.31 % 
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Permeation fluxes 

through all IHX 
51.64 % 51.56 % 

Accumulation in 

secondary cold traps 
51.41 % 51.39 % 

Permeation fluxes 

through all SG 
0.19 % 0.19 % 

Global gaseous 

releases 
5.14 % 5.14 % 

Global tritiated water 

releases 
0.20 % 0.19 % 

Table 2: Main tritium transfer contributions in the reactor (in % of tritium source 
transferred into primary sodium) 

 

2.4.3 Tritium releases 

Two kinds of tritium releases are evaluated: tritium in gaseous 

form (HT, T2) due to permeation through circuit walls and liquid 

form (HTO) released from pressurized (water/steam) tertiary 

circuit. In this case, HTO releases from tertiary circuits 

corresponds to the leaks of pressurized coolant used in tertiary 

circuit which are considered as a very low fraction (< 1%) of 

the nominal tertiary coolant flowrate. 

Results presented in Figure 4 are relative values (in %) reported 

to the tritium source term produced in the reactor core. They 

are also very similar between both codes. 
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Figure 4: Global tritium releases (gaseous and liquid form) 

 

In terms of tritium releases in gaseous form, the distribution 

of the different contributions is presented in Figure 5 for 

reference conditions and for both codes. We can observe that the 

results are much closer for the different contributions, 

especially for the permeation through the walls of EPuR 

ancillary cooling circuits (with a slight difference of -0.007 

% for EcosimPro instead of -14% in previous benchmark study). 

 

 

Figure 5: Contributions of tritium gaseous releases in the overall system 

 

2.4.4 Accumulation transfers into cold traps 

The accumulation of tritium in primary and secondary cold traps 

is presented in Figure 6. We can observe a better coherence of 

the both codes results: a very small difference of – 0.8% is now 

estimated by EcosimPro values instead of -13% in the frame of 

TRANSAT project.  
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Figure 6: Global accumulation of tritium in cold traps (primary and secondary sodium) 

 

2.5 Sensitivity study and comparison with both 
codes 

For each tested parameter, the analysis of calculation results 

was focussed on tritium inventories in the different circuits, 

on global tritium releases in gas form (HT, T2) and in liquid 

form (HTO) and on the results of tritium accumulation in cold 

traps. The evolution of these results is presented in the next 

sections in function of the variation of the following tested 

parameters: 

 Hydrogen source term in secondary sodium 

 Sodium flowrate in primary and secondary cold traps 

 Temperature profiles of heat exchangers in secondary 

circuits 

 

2.5.1 Tritium inventories in the different circuits 

As it is observed on Figure 2, both codes give similar results 

and tendencies in all different circuits. 

The hydrogen source term in secondary sodium (SHi) is supposed 

to enhance the tritium capture in cold traps (primary and 
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secondary cold traps) if the resulting hydrogen 

concentration is effectively increased. This is what can be 

observed with the results on Figure 2: tritium activities are 

reduced in primary sodium (and consequently in ancillary EPuR 

circuits) when hydrogen concentration is raised due to a higher 

source term (SHi) introduced in secondary sodium. This effect 

is clear in primary sodium where tritium activity is much higher 

(the tritium source term from reactor core is directly 

transferred into this primary circuit) while a minor variation 

of tritium activity is observed in secondary sodium. 

 

Moreover, in Table 3 the ratios of tritium inventories between 

EcosimPro and Kutim are all very close to 1 in each circuit and 

for all simulation conditions. The coherence of results of 

tritium activities is determinant for the coherence of the other 

results of overall transfer results. 

 

Ratio of 

tritium 

inventories  

(EcosimPro 

/ Kutim) 

Ref. 
SH2ary 

max 

SH2ary 

min 

CT1ary 
flowrate 

(x2) 

CT2ary 
flowrate 

(x2) 

2ary 
temper. 
(-20°C) 

2ary 
temper. 
(+20°C) 

Primary 

sodium [T] 
1.00047 1.00103 1.00051 1.00021 1.00049 1.00045 1.00077 

Secondary 

sodium [Ti] 
1.00000 0.98324 0.99800 0.99800 0.99800 0.99800 0.99800 

Primary 

vessel 

outer 

chamber 

[TQ] 

0.99600 0.98448 1.00282 1.00905 1.00280 1.00443 1.00081 

Tertiary 

circuit 

[TO] 

1.00015 0.99800 0.99800 0.99800 0.99800 0.99800 0.99800 

EPuR 

circuit 

[TRk] 

0.99988 0.99800 0.99800 0.99800 0.99800 0.99800 0.99800 

Table 3: Ratio of tritium inventories calculated by both codes (EcosimPro / Kutim) in 
each circuit 

 

2.5.2 Global tritium releases in gas form and in 

liquid form 

As it is observed on Figure 4, both codes give similar results 

and tendencies in all different circuits. 

The sensitivity study shows that the gaseous release is always 

responsible of the major contribution (more than 90 %). About 
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the hydrogen source influence (SHi), due to an 

enhanced tritium capture when more hydrogen is introduced in 

sodium, we can observe a reduced release of gaseous tritium. 

About the influence of secondary circuit temperatures, a 

decrease of this condition in secondary sodium limits the 

tritium permeation through IHX and consequently enhance the 

tritium release by permeation through primary circuits. 

 

Moreover, in Table 4 the ratios of tritium inventories between 

EcosimPro and Kutim are all very close to 1 in each circuit and 

for all simulation conditions. As observed with tritium 

activities, a very good coherence is obtained for the tritium 

releases calculated by both codes. 

 

Ratio of 

global 

tritium 

releases 

(EcosimPro 

/ Kutim) 

Ref. 
SH2ary 

max 

SH2ary 

min 

CT1ary 
flowrate 

(x2) 

CT2ary 
flowrate 

(x2) 

2ary 
temper. 
(-20°C) 

2ary 
temper. 
(+20°C) 

Gaseous 

tritium 

releases 

(HT, T2) 

0.99995 0.99910 0.99910 0.99910 0.99910 0.99910 0.99910 

Tritiated 

water 

releases 

(HTO) 

0.99485 0.97417 0.97318 0.98009 0.98009 0.97910 0.98641 

Table 4: Ratio of global tritium releases calculated by both codes (EcosimPro / Kutim) 

 

2.5.3 Tritium accumulation in cold traps 

As it is observed on Figure 6, both codes give similar results 

and tendencies in all different circuits. 

 

The influence of hydrogen source term in secondary sodium 

(already discussed before) is confirmed for cold traps in 

primary sodium (where tritium concentration is higher than in 

secondary sodium) but is reversed in secondary cold traps. 

Nevertheless, this behaviour is similarly observed with both 

codes. 

The influence of sodium flowrate in cold traps confirms a greater 

tritium capture with a higher flowrate. 

And hotter temperatures in secondary sodium enhance the tritium 

capture in secondary cold traps. 

 

Moreover, in Table 5 the ratios of tritium inventories between 

EcosimPro and Kutim are all very close to 1 in each circuit and 

for all simulation conditions. As observed with tritium 
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activities, a very good coherence is obtained for the 

tritium releases calculated by both codes. 

 

Ratio of 

tritium 

accumulation 

in cold traps 

(EcosimPro / 

Kutim) 

Ref. 
SH2ary 

max 

SH2ary 

min 

CT1ary 
flowrate 

(x2) 

CT2ary 
flowrate 

(x2) 

2ary 
temper. 
(-20°C) 

2ary 
temper. 
(+20°C) 

Accumulation 

in primary 

cold traps 

0.99966 0.99500 0.99500 0.99500 0.99500 0.99500 0.99500 

Accumulation 

in secondary 

cold traps 

0.99966 0.99500 0.99500 0.99500 0.99500 0.99500 0.99500 

Table 5: Ratio of tritium accumulation in cold traps calculated by both codes 
(EcosimPro / Kutim) 

 

Conclusion 

This benchmark study carried out in the framework of the European 

TITANS project, was the opportunity to target the sources of 

differences between both codes developed either for fusion 

(EcosimPro developed between CIEMAT and EAI) or for fission 

reactors (KUTIM developed at CEA), that were responsible for 

minor discrepancies (less than 15 %) in a previous study [ 2]. 

 

Thanks to a few corrections applied after identification of 

differences in parameters used for the simulation, a very good 

coherence between both codes was obtained characterized by 

minimal discrepancies generally less than 1%. The main detected 

differences were mainly related to the calculation of hydrogen 

and tritium accumulation in cold traps. More precisely, due to 

different concentration units used by both codes (at/kgNa in 

Kutim and mol/m3Na in EcosimPro), a conversion using sodium 

density (which is temperature dependant) is required. In the 

case of cold trap contribution, the use of a different 

temperature to calculate this conversion, was the source of 

discrepancies between both codes results. Furthermore, a 

different approach for the calculation of tritium permeation was 

also pointed out as a contribution: a conservative convention 

used in Kutim code consisting in using the higher permeability 

of hydrogen for both isotopes (H and T) was also a source of 

discrepancy and was taken into account to obtain closer results. 

 

The sensitivity study emphasized sensible influences of a few 

important parameters: 
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 the level of hydrogen source term (due to 

permeation from water-steam tertiary circuit) into 

secondary sodium reduces the tritium concentration in 

primary and secondary sodium thanks to its enhanced capture 

in cold traps due to co-precipitation with higher hydrogen 

concentrations, as consequences the releases of gaseous 

tritium are reduced with a raised value of this parameter; 

 the sodium flowrate in cold traps has also a moderate 

influence on the tritium balances: in primary circuit a 

higher flowrate enhances the tritium capture (and 

consequently reduces tritium concentrations and releases) 

while in secondary circuit the impact is reversed (probably 

due to a side effect on hydrogen concentration which is 

reduced in both secondary and primary sodium); 

 the temperature level of main heat exchangers (Intermediate 

Heat Exchangers and Steam Generators) also has a sensible 

influence on the tritium balances: cooler temperatures may 

limit the hydrogen permeation from secondary to primary 

sodium and consequently limit the tritium capture in 

primary cold traps. 

 

In conclusion, this study confirmed the ability to predict the 

various tritium transfers and related material balances within 

the circuits of a complex system such as 4th generation sodium 

fast reactor, with a good confidence based on the coherence 

between the results calculated by two codes with different 

approaches. Thanks to the analysis of main parameters influence, 

relevant interpretations were also proposed. In complement, a 

benchmark study on local-level detail tritium transport codes 

is carried out in the frame of the TITANS project and will 

present a validation calculation simulating experimental results 

in the field of fusion and fission applications. 
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