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In order to estimate the atmospheric impact of the release of sodium oxide aerosols from an indoor sodium fire, two chemical models describing the evolution of sodium oxide aerosols have been implemented in the atmospheric version of the computational fluid dynamic model Code_Saturne.

The first chemical model is a shrinking core model. It describes the hydration and transformation of sodium oxide particles to carbonate by assuming that particles are made of layers of different compositions (sodium oxide, sodium hydroxide and carbonate). In the second model, a reactive absorption model describes more accurately the carbonate formation from sodium hydroxide. Both model implementations favorably compare to the published results produced by the model authors, as well as to experimental data resulting from experiments in laboratory. They differ in the speed of carbonate formation, and notably in the atmospheric humidity dependence of this formation. The second model may be more adapted to relative humidity larger than 50% where the core of particles is liquid. The atmospheric dispersion of sodium aerosols is modelled with Code_Saturne by assuming a release particle size distribution and by taking into account the sedimentation and deposition processes. The differences between the shrinking core model and the reactive absorption model largely influence the composition of sodium particles during their dispersion in the atmosphere.

Further comparisons to experimental measurements of sodium oxide in the real atmosphere are required to evaluate the accuracy of these models at determining atmospheric sodium carbonate concentrations occurring from the transformation of sodium oxides.

Introduction

In the context of research on the future fourth generation sodium-cooled fast neutron reactor, evaluating and improving safety in case of sodium fire is important to prevent and limit risks. In the case of an eventual accident, melted sodium could ignite by contact to the air or eventually to other gases (such as helium, carbide and nitride) used in the reactor, leading to the formation of toxic aerosols. These aerosols could be very corrosive for building equipment and they could constitute a health hazard [START_REF] Kumar | Size Evolution of Sodium Combustion Aerosol with Various RH%[END_REF][START_REF] Baskaran | Sodium Aerosol Studies for Fast Reactor Safety[END_REF][START_REF] Subramanian | Equilibrium considerations in aerosol formation during sodium combustion[END_REF].

Sodium combustion produces aerosols that are essentially constituted of sodium oxide (Na2O and Na2O2) [START_REF] Hilliard | The ABCOVE program: preliminary results of test AB5 and AB6[END_REF][START_REF] Cherdron | Properties of sodium fire aerosols and recalculation of their behaviour in closed containments[END_REF]. They quickly react with air humidity to form sodium hydroxide or soda (NaOH) [START_REF] Jordan | Sodium aerosol behaviour in Liquid-Metal Fast Breeder Reactor containments[END_REF][START_REF] Subramanian | Initial size distribution of sodium combustion aerosols[END_REF], which is very toxic owing to its corrosive nature. The threshold limiting value for the atmospheric concentration of soda is 2 mg.m -3 for humans (ACGIH -American Conference of Governmental Industrial Hygienists) [http://www.osha.gov/dts/chemicalsampling/data/CH_267700.html].

Sodium hydroxide does however react with atmospheric carbon dioxide (CO2) to form sodium carbonate (Na2CO3 and NaHCO3) that are much less toxic than sodium hydroxide [START_REF] Subramanian | Studies on chemical speciation of sodium aerosols produced in sodium fire[END_REF][START_REF] Narayanan | Experimental investigations on carbonation of sodium aerosol generated from sodium fire in the context of fast reactor safety[END_REF]. Thus, assessing the kinetic of aerosol transformation to sodium carbonate is essential to determine the risk for human health.

Many experimental works reported in the literature focused on the chemical form of sodium aerosol released from a sodium -cooled fast reactor (SFR) into the atmosphere in accidental conditions. The experimental materials, internationally recognized, are numerous: CSTF (Containment System Test Facility) in USA [START_REF] Hilliard | The ABCOVE program: preliminary results of test AB5 and AB6[END_REF][START_REF] Postma | Comparison of aerosol behavior during sodium fires in CSTF with the HAA-3B code[END_REF][START_REF] Souto | MELCOR 1.8.2 Assessment: Aerosol Experiments ABCOVE AB5, AB6, AB7 and LACE LA2[END_REF], FAUNA (ForschungsAnlage zür Untershung Nuklearer Aerosol) in Germany [START_REF] Cherdron | Determination of sodium fire aerosol process coefficients from FAUNA-experiments[END_REF]Cherdron and Chapenel, 1985;[START_REF] Cherdron | Properties of sodium fire aerosols and recalculation of their behaviour in closed containments[END_REF]; ATF (Aerosol Test Facility) in India [START_REF] Subramanian | Initial size distribution of sodium combustion aerosols[END_REF][START_REF] Subramanian | Studies on chemical speciation of sodium aerosols produced in sodium fire[END_REF] and ESMERALDA in France [START_REF] Jordan | Sodium aerosol behaviour in Liquid-Metal Fast Breeder Reactor containments[END_REF]. Theoretical studies are simultaneously developed to explore the measured data and construct models able to represent the measurements. It was shown that the chemical reaction of sodium particles with air moisture (hydration) is very fast and has a duration of some seconds [START_REF] Hilliard | Sodium oxide/hydroxide aerosol properties and behavior in a large vessel[END_REF][START_REF] Hofmann | Chemical Reactions of Sodium Fire Aerosols in the Free Atmosphere[END_REF][START_REF] Zwicker | Toxicity of Aerosols of Sodium Reaction Products[END_REF]. According to the experimental work of [START_REF] Hofmann | Chemical Reactions of Sodium Fire Aerosols in the Free Atmosphere[END_REF], for aerosol mass concentrations between 500 and 1250 mg.m -3 , the sodium oxide particles are transformed into sodium hydroxide in less than 10 s at a relative humidity between 40% and 70%. The reaction with CO2 is humidity dependent and slower than hydration [START_REF] Hofmann | Chemical Reactions of Sodium Fire Aerosols in the Free Atmosphere[END_REF][START_REF] Cherdron | Sodium fire particles -Chemical transformation and properties[END_REF][START_REF] Subramanian | Studies on chemical speciation of sodium aerosols produced in sodium fire[END_REF][START_REF] Narayanan | Experimental investigations on carbonation of sodium aerosol generated from sodium fire in the context of fast reactor safety[END_REF].

Therefore, the reaction with CO2 is the limiting step to transform all sodium oxides into carbonates in the atmosphere. Nevertheless, depending on the quantity of sodium burned compared to the quantity of water vapor available inside the building, it is possible that all sodium oxides are not totally transformed into hydroxides, when release to the atmosphere at the building outlets. Thus, a mixture of oxide aerosol and hydroxide could be released. Consequently, models that take into account the different processes are required to estimate the rate of transformation of sodium particles to carbonate. Modeling both the hydration and carbonation phases permits to use the same model for the estimation of outdoor or indoor aerosol concentrations.

The shrinking core model (SCM), which is based on the superposition of homogeneous chemical composition layers (Na2O2, NaOH, Na2CO3, and NaHCO3), was developed to simulate the transformations from sodium oxide to carbonate [START_REF] Clough | The behaviour in the atmosphere of the aerosol from a sodium fire[END_REF][START_REF] Cooper | Prediction of the rates of chemical transformation of sodium fire aerosols[END_REF]Ramsdale, 1989). Following [START_REF] Cooper | Prediction of the rates of chemical transformation of sodium fire aerosols[END_REF] and more recently [START_REF] Mathe | Ageing of Sodium Combustion Aerosols: A Theoretical and Experimental Study[END_REF], this model is, a priori, well adapted for hydration but it could be inadequate to describe carbonate formation and specifically the influence of humidity on the kinetic of this reaction. For atmospheric conditions with humidity greater than 50%, particles are probably made of a liquid core of NaOH rather a solid core, surrounded by a film of carbonate. Using a simple coefficient of air diffusion to describe the rate of reaction, as in the SCM, seems to be insufficient to reproduce realistic conditions [START_REF] Plantamp | Modeling of the chemical behaviour of sodium aerosols during atmospheric dispersion[END_REF]. Recently, [START_REF] Plantamp | Modeling of the chemical behaviour of sodium aerosols during atmospheric dispersion[END_REF] All the processes involving the atmospheric dispersion in a built environment such as advection by the wind, turbulent diffusion, sedimentation and deposition and building effects, are taken into account.

In the first part of this paper, the SCM and the RAM used in this study are presented, as well as their implementation in the CFD Code_Saturne [START_REF] Archambeau | Code_Saturne: A finite volume code for the computation of turbulent incompressible flows -industrial applications[END_REF]. The models are tested using academic scenarios resulting from a sodium fire, and they are confronted to experimental laboratory measurements issued from the literature. A 0D configuration, where the reactor is assumed homogeneous without wind advection nor turbulent diffusion, is used in the simulations.

In the second part, an academic release is simulated using a 3D configuration with simplified meteorological situations. Transport-diffusion by wind and turbulence and the different interactions with the thermodynamic variables (temperature and humidity) are taken into account. The influence of a detailed description of the particle size distribution on deposition and sedimentation processes is also discussed.

In the last part, more realistic simulations are conducted using the design of the nuclear reactor of the French ASTRID project. This illustrates the capability of the developed approach to simulate building effects on dispersion for a release at a ventilation stack.

Chemical model description

The reactions describing the chemical transformations of sodium oxides in the atmosphere can be written as follow:

Na2O2 (s) + H2O (g) -----> 2NaOH (c) + ½ O2 (g) (R1) ∆H°1 = -192 kJ.mol -1 2 NaOH (c) + CO2 (g) -----> Na2CO3 (c) + H2O (l) (R2) ∆H°2 = -167 kJ.mol -1 Na2CO3 (c) + CO2 (g) + H2O (g) -----> 2 NaHCO3(c) (R3) ∆H°3 = -129 kJ.mol -1
In a sodium fire, although sodium oxides (Na2O) are emitted, they are not considered in the chemical system. In fact, we suppose that there is enough oxygen in the building to transform all sodium oxides (Na2O) to peroxides (Na2O2). The symbols (c), (s), (g) and (l), correspond to the condensed (solid/liquid), solid, gas and liquid phases, respectively. The reactions (R1), (R2), (R3) represent the hydration, carbonation and bicarbonation of sodium oxides, respectively.

SCM

A conceptual representation of the SCM is shown in Figure 1. Particles are made of the superposition of homogeneous layers with sodium peroxide (Na2O2) in the core surrounded by a layer of sodium hydroxide (NaOH) and then carbonates (Na2CO3, NaHCO3).

The kinetic of the reactions, and consecutively the thickness of each layer is determined by gas diffusion through the different layers. The estimation of the gas flux W through a layer is based on the pioneer work of [START_REF] Cooper | Prediction of the rates of chemical transformation of sodium fire aerosols[END_REF]:

= , (Eq.1)

where Cgaz is the mass concentration of the gas (kg.m -3 ), De is the gas diffusion coefficient which depends on the porosity and density of the particles [START_REF] Cooper | Prediction of the rates of chemical transformation of sodium fire aerosols[END_REF], daero corresponds to the total diameter of the particles, d0 is the core diameter, the "f" coefficient is an empirical interpolation factor proposed by [START_REF] Fuchs | High-dispersed aerosols[END_REF] and used by [START_REF] Cooper | Prediction of the rates of chemical transformation of sodium fire aerosols[END_REF] to adapt their model to small particle diameters (smaller than the gas mean free path).

In order to simplify the model some hypothesis have been made: the diffusion coefficients De of CO2 and H2O vapor in the carbonate porous layer are assumed to have the same value (De=1.5 10 -9 m 2 s -1 ).

This value was determined experimentally for the Cooper model to fit data measurements for diffusion flow [START_REF] Mathe | Ageing of Sodium Combustion Aerosols: A Theoretical and Experimental Study[END_REF]. Although this value is much lower than the value that would be determined theoretically for a porosity of 0.5 and a tortuosity of 2 [START_REF] Cooper | Prediction of the rates of chemical transformation of sodium fire aerosols[END_REF], it may be representative of the global effect of diffusion into the agglomerate within this model formulation.

The particle density (ρaero = 2.28 10 3 kg.m -3 ) is assumed to be constant in time and to not depend on the chemical composition. This mean value is coherent with the values given by [START_REF] Cooper | Prediction of the rates of chemical transformation of sodium fire aerosols[END_REF] for sodium compounds (ρNa2CO3= 2.53 10 3 kg.m -3 ; ρNaHCO3 = 2.16 10 3 kg.m -3 ; ρNaOH = 2.13 10 3 kg.m -3 ; ρNa2O = 2.27 10 3 kg.m -3 ; ρNa2O2 = 2.8 10 3 kg.m -3 ).

Applying equation (1) to each particle layer gives the gas flux for each reaction:

• (R1): = (Eq.2a)

• (R2): = (Eq.2b)

• (R3):

= , .
(Eq.2c)

As in [START_REF] Mathe | Ageing of Sodium Combustion Aerosols: A Theoretical and Experimental Study[END_REF], the f coefficient is assumed to be constant in all three equations (R1, R2, R3)

and equal to 0.9, which corresponds to the f value of 1 μm diameter particles.

The bicarbonation reaction involves simultaneously both the concentrations of CO2 and H2O.

The mass transfer flux for this reaction is therefore calculated by considering the minimum gas concentration between two gases (CH2O,CO2 = Min (CCO2, CH2O)).

The time evolution of the mass concentrations of each species (Na2O2, NaOH, Na2CO3, NaHCO3, H2Oliq, H2Ovap and CO2) is solved by taking into account the stoichiometric coefficient in reactions R1, R2, R3 and the kinetic velocities described by the system of equations (2a), (2b) and (2c).

As the kinetic of these reactions are very different (very fast for hydration), the discretization in time involves sub-cycle temporal steps. The total diameter of the particles and the internal diameter of each layer are estimated by: (Eq.3d) where mNa2O2, mNaOH, mNa2CO3, mNaHCO3 are the masses of each species in the particles, Naero is the number of particles at each time step. Naero is also a prognostic variable of the model.
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RAM

In this model, particles are not considered as a solid medium through which gases diffuse, as in the shrinking core approach, but the layer of NaOH is assumed to be liquid and surrounded by a layer of Na2CO3 whose pores are filled with a solution of NaOH. The transfer from the gas phase to the liquid phase is explicitly modeled, as described in details in [START_REF] Plantamp | Modeling of the chemical behaviour of sodium aerosols during atmospheric dispersion[END_REF]. The gas flux through the carbonate layer Na2CO3 may be written as
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) , (Eq.4) where kg is the gas-side transfer coefficient (m.s -1 ), kL is the liquid-side transfer coefficient, E is an enhancement factor, H is the solubility of CO2 in a NaOH aqueous solution, T is the temperature, Rgaz is the gas constant and τsurf is the ratio of accessible absorption surface in the open porosity at the external surface.

Description of the CFD model Code_Saturne

The atmospheric flow is computed by solving the conservation equations of continuity, dynamic and energy: where 8 is the wind speed, ρ the air density, T is the temperature, Su is an explicit momentum source term that is active to account for the momentum associated to a release and ; is the Reynolds tensor.

To couple the temperature and exothermic (or endothermic) heat release, the equation for temperature is written in terms of potential temperature as follow:

> = ? @ A 2 A B C D E (Eq.8)
where Pref = 1000 hPa, R is the gas constant for air and Cp the specific heat at constant pressure. The derived equation for the potential temperature is written as:

7F G 3H 34 + 7F G 8∇> = ∇. (∇>) + < I + H I 4 ( JK *JK L ) + H I 4 JK L

,

(conservation of energy) (Eq.9)

where λe is the thermal conductivity, ST the heat source term, CH2O and CCO2 are the mass fractions for water vapor and CO2 and MN O is the enthalpy for the reactions Ri. This formulation allows us to take into account not only the heat release ∆Hr but also the latent heat due to sodium oxide hydration.

Equations for the transported species are deduced from the principle of mass conservation for each scalar considered in the chemical model (in our case the mass fractions Yk of Na2O2, NaOH, Na2CO3, NaHCO3, H2Oliq into particles, and that of CO2 and H2Ovap in the air) as follow:

3($P ) ) 34 + ∇. ((78) ⋅ R S ) = ∇. (T U ∇R S ) + < P ) + V WU 3($P ) )
3X , (Eq.10)

where the index k refers to the considered scalar, Ke the diffusion coefficient, Vsed the sedimentation velocity and z the vertical coordinate.

The source terms SYk in kg.s -1 are estimated from the kinetic of the three different reactions W1, W2, W3, assuming that Na2O2 is released at an emission rate Qinj:

< P ! = - * L ! L + [ O\]
(Eq.11a)

< P ! = 2 * L ! L -2 * L ! L
(Eq.11b)

< P ! = _ * L ! L - * L ! L , `a [Fc ] ≤ [N c] * L ! L - * L ! L , `a [Fc ] ≻ [N c]
(Eq.11c)

< P ! = _ 2 * * L ! L , `a [Fc ] ≤ [N c] 2 * * L ! L , `a [Fc ] ≻ [N c]
(Eq.11d)

< P ghi = * L L
(Eq.11e)

< P j D = k -- * L L ,`a [Fc ] ≤ [N c] -1 - , `a [Fc ] ≻ [N c]
(Eq.11f)

< P = k -- , `a [Fc ] ≤ [N c] -- * L L , , `a [Fc ] ≻ [N c] , (Eq.11g)
where MmNa2O2, MmNaOH, MmNa2CO3, MmNaHCO3, MmH2O and MmCO2 are the molar masses of peroxide, hydroxide, carbonate, bicarbonate, water vapor and carbon dioxide respectively.

The sedimentation velocity is usually determined by the Stokes law as follow :

V WU = m$ no h , (Eq.12)
where g is the gravity, ρa is the aerosol density, daero corresponds to the particle diameter and µair is the air viscosity.

Note that sedimentation, through the Stokes law, depends strongly on the particles size.

Thus, the removal of aerosol concentration in the atmosphere is size dependent. Furthermore, a deposition velocity vdep determining the interactions with natural earth surfaces (grass, forest, cultures …) is taken into account. In Code_Saturne, the deposition velocity is added to the sedimentation velocity in the layers in contact with the earth surface. The deposition velocity vdep should be expressed in terms of resistance that depends on land use cover. In this work, it is assumed to be constant (10 -3 m.s -1 ), but future work may allow us to use a more precise determination following for example the resistance model of [START_REF] Zhang | A size-segregated particle dry deposition scheme for an atmospheric aerosol module[END_REF], which is often used for atmospheric aerosols.

An additional equation for the number of particles Naero is necessary to describe the evolution of the particle size distribution and to take into account dry deposition and sedimentation processes.

Between two time steps, the number of particles is assumed to not be influenced by the chemical reactions with water vapor and carbon dioxide, and coagulation between particles is not taken into account. Considering the coagulation process in the model needs to assume a homogeneous composition of the particles (Geldard andSeinfeld, 1978, Dergaoui et al., 2013). As the sodium aerosol is formed from several layers of different composition and porosity, it is difficult to represent a new particle formed by coagulation growth. However, the number of particles increases proportionally to the emission rate Qinj of Na2O2. By assuming that emitted particles are spherical particles of diameter d0 and density ρaero, the number of particles may be written as: For the polydisperse distribution, a size discretization with 6 bins regularly partitioned is used. The choice of the size distribution is inspired from the experimental results of Baskaran (2006) for which the measured particle size distribution at emission was found to be one mode with a mean diameter in the range of 1-3 µm. Six bins seem to be sufficient to obtain a realistic repartition of the initial particle size distribution, while keeping the computational time reasonable. The boundary diameters of the bins are fixed to 0.1 µm, 0.4 µm, 0.7 µm, 1.0 µm, 1.3 µm, 1.6 µm and 1.9 µm. At emissions, the particle size distribution is assumed to follow a normal law. The mean diameter and the standard deviation are fixed to 1 µm and 0.3 µm, respectively (see Figure 10). The size distribution of particles evolves with time due to reactions with water vapor and carbon dioxide. For each size bin, the evolution of the mass fractions for each chemical species and the number of particles are calculated at each time step. At the end of the transport-dispersion and chemical steps, the size distribution of particles is redistributed on the fixed bins following the moving diameter approach of [START_REF] Jacobson | Development and application of a new air pollution modeling system-II. Aerosol module structure and design[END_REF].

In case of release by building stacks or outlets, it seems convenient to use a volume source term in order to be able to consider high temperature release. In that case the continuity equation has to be modified as follow:

3$ 34 + ∇. (78) = v, (Eq.14)
where Γ is the output flow by units volume expressed in kg -1 .m -3 .s -1 . The aerosol release takes place at one place and the Г is outflow only for aerosol. The Г outflow value is equal to the release rate in the domain cells at the source location, and it is null in the others cells. The transport-dispersion of mass fractions and number (equation ( 10)) has also to be modified to a non-conservative form:

7 3P ) 34 +. . . =. . . +v(R S,O\] -R S ) (Eq. 15)
where Yk,inj are the mass fractions (or particle numbers) injected in the source cell.

0D Chemical model validation

In order to validate the implementation of the SCM and the RAM in Code_Saturne, some control tests are performed for academic situations in confined areas presented in [START_REF] Mathe | Ageing of Sodium Combustion Aerosols: A Theoretical and Experimental Study[END_REF] and [START_REF] Plantamp | Modeling of the chemical behaviour of sodium aerosols during atmospheric dispersion[END_REF]. The obtained results (not presented here) show similar results to those obtained by [START_REF] Mathe | Ageing of Sodium Combustion Aerosols: A Theoretical and Experimental Study[END_REF] and [START_REF] Plantamp | Modeling of the chemical behaviour of sodium aerosols during atmospheric dispersion[END_REF], validating the implementation of the SCM and the RAM.

Most experimental data concern the carbonation phase. The SCM and the RAM are compared to two sets of experimental data: one concerning a sodium pool fire experiment [START_REF] Cherdron | Sodium fire particles -Chemical transformation and properties[END_REF] and one concerning a sodium spray fire experiment [START_REF] Subramanian | Studies on chemical speciation of sodium aerosols produced in sodium fire[END_REF] The results of [START_REF] Cherdron | Sodium fire particles -Chemical transformation and properties[END_REF] concerning a sodium pool fire were used by Plantamp et al. (2016aPlantamp et al. ( , 2016b) ) to validate the RAM. These measurements were performed in the FAUNA experimental facility in Germany within a chamber of volume 220 m 3 , length 60 m and diameter 2 m.

The mass concentration was estimated at different locations by filtration and the chemical composition by titration in the aqueous phase. The time taken for the aerosols to reach the sampling point was approximatively 260 s. The input data for numerical experiments such as humidity, initial diameter, release rate, and other model parameters are deduced from the operating conditions described in [START_REF] Cherdron | Sodium fire particles -Chemical transformation and properties[END_REF]. Here, the initial diameter of primary Na2O2 particles is assumed to be 1 µm and the value of the diffusion coefficient of the reactive gas for the SCM is assumed to be 10 -10 m 2 .s -1 as proposed by [START_REF] Cherdron | Sodium fire particles -Chemical transformation and properties[END_REF]. The NaOH conversion rate deduced from the measurements and simulated by both models are presented in Figure 2.

At a relative humidity of 56%, the two models show reasonable agreement to experimental data with relative errors below 20%. The time evolution of the NaOH conversion rate is relatively well modelled, especially for the SCM, whose rates are the closest to measurements (errors below 11%).

However, both models slightly over-estimate the NaOH conversion rate at the beginning of the experiment (after about 60 sec) and under-estimate it at the end (after about 270 s). The deviation from experimental data is more significant for the RAM. After 65 s, the measured NaOH conversion rate is 0.5 against 0.53 and 0.6 in the SCM and the RAM respectively. After around 270 s, the measured NaOH conversion rate is 0.94 against 0.87 and 0.83 in the SCM and the RAM, respectively.

At lower relative humidity (20%), the SCM compares well to experimental data with errors below 16%. After 65 s, the measured NaOH conversion rate is 0.46 against 0.48 in the SCM; after 275 s, the measured NaOH conversion rate is 0.92 against 0.79 in the SCM. However, the RAM strongly underestimates the NaOH conversion rate and fails to reproduce its time evolution. The differences between the measurements and the rate computed by RAM reach 90 %. The RAM is not adapted to simulate NaOH conversion rate at low relative humidity contrarily to the SCM. This may be explained by the fact that at low humidity (RH < 35%), the NaOH particles are not completely in a liquid phase [START_REF] Clough | The behaviour in the atmosphere of the aerosol from a sodium fire[END_REF] and the estimated fraction rate of interfacial area accessible for CO2 absorption is not representative [START_REF] Plantamp | Modeling of the chemical behaviour of sodium aerosols during atmospheric dispersion[END_REF].

The second set of experimental data used for the validation concerns the sodium pool fire experiment of [START_REF] Subramanian | Studies on chemical speciation of sodium aerosols produced in sodium fire[END_REF]. It was also used for the validation of the RAM by [START_REF] Plantamp | Modeling of the chemical behaviour of sodium aerosols during atmospheric dispersion[END_REF]. In these experiments, a pool fire occurred in a combustion cell and sodium oxide aerosols were injected in an aerosol chamber of 1 m 3 where measurements under controlled atmospheric conditions were made. Two experiments were conducted: one at a relative humidity of 50% and one at a relative humidity of 65%. The initial CO2 concentration was 300 ppm. The chemical composition of the particles was measured every 100 s. In the two experiments, the sodium hydroxide was completely transformed into carbonate after 500 s of time evolution. Figure 3 illustrates the NaOH conversion rate obtained in the experiments and with the two developed models. Similarly to the previous simulations, the model curves are calculated with respect to the average humidity, initial diameter, and to other parameter deduced from the operating conditions and calibrated by the adopted laws included in the RAM [START_REF] Plantamp | Modeling of the chemical behaviour of sodium aerosols during atmospheric dispersion[END_REF].

Both models reproduce satisfactorily well the temporal evolution of the NaOH conversion rate for both levels of relative humidity. However, both models slightly over-estimate the time for

NaOH to be fully transformed to carbonate. Although NaOH is completely transformed to carbonate after 500 s according to the experiments, the NaOH conversion rates are only 0.86 and 0.92 in the models at relative humidities of 65% and 50% respectively. At 50% relative humidity, the results of the two models are very close to the measurements at 100 s and 400 s (less than 10% difference).

However, larger differences (up to 30%) between measurements and simulations are observed at 200 s and 300 s, maybe because of uncertainties in the experimental data, which shows an abrupt change in NaOH conversion rate between 300 s and 400 s.

At 65% relative humidity, differences between models and measurements stay within 17%.

The RAM simulates higher carbonation rates than the SCM.

3D modeling in an atmospheric homogeneous environment

For 3D simulations, academic simulations in atmospheric realistic conditions are first performed.

To carry out sensitivity tests at relatively low numerical cost, the atmosphere is assumed to be horizontally homogeneous.

Configuration of the CFD simulations.

The simulations in the atmosphere are performed for an initial temperature of 300 K, a humidity of 50%, a pressure of 1000 hPa, and a wind velocity of 2 m.s -1 . The release is made at the 250 m vertical level oriented in the x direction of the domain. The carbon dioxide concentration is initialized at 390 ppm.

The release flow is at same temperature and wind speed as the surrounding air. The k-ε turbulent formulation is used. The simulations are non-stationary with sufficient number of time steps to reach a numerical convergence. The simulations are carried out with 100 iterations of 10 s each. The convergence of the dynamic fields is obtained at about 450 s. Symmetry conditions are used for lateral, upper and lower boundaries except for the output face where the flux is free outgoing and for the input face where Dirichlet conditions are used for the different prognostic variables.

Results analysis

To study the behavior of processes linked to hydration in a real atmosphere, a first simulation (case 1) is performed on a small domain, with a release of Na2O2 in altitude. The SCM without deposition and considering a fixed mean 1 µm diameter (monodisperse case) for particles is used.

A second simulation (case 2) is designed on a larger domain and with a release of NaOH close to the surface to study the behavior of process linked to carbonation and deposition in a real atmosphere. For this second simulation case, several sensitivity simulations are performed using the SCM or the RAM for carbonation. They concern the size distribution of emitted particles (monodisperse with a mean diameter of 1 µm or polydisperse with a normal distribution of mean diameter 1 µm and standard deviation of 0.3), and the deposition process (with or without).

Case 1 simulation

The 3D domain dimensions are 1000 m x 400 m x 400 m respectively in the x, y and z directions.

These dimensions were chosen in order to have enough horizontal domain length to study the evolution of NaOH, CO2 and NaHCO3 concentration in the atmosphere, while keeping the computational cost low enough. The mesh resolution is 10 m in all the directions. The resulting mesh is regular and isotropic and contains 160000 cells. The outflow for the release is continuous and composed of only sodium peroxide Na2O2. Due to the lack of available experimental data, a bounding term is considered and an arbitrary high value of 100 kg.s -1 was fixed for the release. In order to be far from the boundaries, the source term is injected into two cells situated at the center of the domain, and at a height of 250 m. The output face is located on the right in the x direction.

The numerical results (concentrations of NaOH, H2O, CO2, NaHCO3 and potential temperature) obtained with the SCM are presented in Figure 4. The calculated aerosol concentrations in the different chemical forms (NaOH, NaHCO3) are of the order of g.m -3 and remain higher than the range of concentrations reported in [START_REF] Subramanian | Studies on sodium aerosols dispersion in open environment for fast reactor safety[END_REF]. This may be explained by the higher release rate considered in our simulations. With this large sodium release condition, the CO2 and water vapor pressures at the center of the aerosol plume could be less than those observed in ambient conditions. This may explain why carbonation process is rather slow in our simulations compared to the results obtained by [START_REF] Subramanian | Studies on sodium aerosols dispersion in open environment for fast reactor safety[END_REF].

The spatial distribution of sodium hydroxide NaOH (Figure 4a) results from the transformation of peroxides Na2O2 in the presence of water vapor. Because the hydration reaction is very fast, the maximum of the NaOH concentration is very close to the cells where Na2O2 was released. Following the flow, the NaOH concentration decreases due to its transformation into carbonate, which is a process slower than hydration. The spatial distribution of NaOH is coherent with the water vapor spatial distribution (Figure 4b) where water vapor is consumed in the plume downstream of the source, the lower values being where the hydration is more important (close to the cells where Na2O2 was released). For CO2 (Figure 4c), the spatial distribution is quite different, the lower values being close to the output face of the domain. This is due to the differences between hydration and carbonation kinetic characteristic times. The transformation into both carbonate and bicarbonate being very slow compared to hydration. This is confirmed by the spatial distribution of bicarbonate presented in Figure 4d. Its maximum value is located at the output face of the domain where the CO2 concentration is minimal. The CO2 concentration is consumed in the plume and its vicinity, and the consumption is large because the release is large. The effects of the chemical reactions on temperature are shown in Figure 4e. As expected, this effect remains weak, lower than 1 K. The temperature increases in the plume. The maximum of heating is located where the hydration phase occurs. This clearly indicates that this reaction is the most exothermic reaction of the chemical process.

Case 2 simulations

To study the impact of the deposition and carbonation processes, a slightly larger domain is defined in order to show the effect of deposition which takes time to be significant. The 3D domain dimensions are 2500 m x 400 m x 400 m respectively in the x, y and z directions with the same grid resolution as in the case 1 simulation. The outflow for the release is also 100 kg.s -1 , but it is composed of sodium hydroxide NaOH. The source term is chosen close to the ground surface in order to have more sensitivity to the deposition process.

Sensitivity to the size distribution of the aerosol particles with the SCM

In the first set of simulations, the sensitivity of the SCM to the deposition process is evaluated with a monodisperse size distribution (all particles have the same mean diameter). Figure 5 presents a comparison of NaOH concentrations with (Figure 5a) and without (Figure 5b) deposition. As expected, the NaOH concentrations are lower when the deposition is active. The loss of the NaOH concentration due to the deposition process is about 3.10 -3 kg.m -3 along the downwind distance. This effect is more pronounced close to the release, where NaOH concentrations are high. The same behavior is observed for the carbonate concentrations as shown in Figure 6.

In the second set of simulations, the impact of the size distribution is studied. For the initial release size distribution, the mean size and the standard deviation of the normal law are 1 and 0.3 µm, respectively. The magnitude of the release is identical to the first set of simulations. Taking into account a detailed description of the size distribution leads to higher concentration in carbonate with a maximum value of 3.26 10 -3 kg.m -3 (Figure 7) compared to 1.4 10 -3 kg.m -3 (maximum value for the monodisperse case, Figure 6b). The dynamic of carbonation is more intense when different particle sizes are considered. This can be explained by the presence of small particles that enhances carbonation process due to a larger exchange surface with atmospheric CO2. Thus, it is important to get detailed information on the initial particle size distribution as reported in the work of [START_REF] Subramanian | Studies on sodium aerosols dispersion in open environment for fast reactor safety[END_REF].

Sensitivity to the size distribution of the particles: SCM versus RAM

In this set of simulations, the deposition is taken into account and the size distribution is assumed to be either monodisperse or polydisperse. The carbonate content of particles increases downstream with the distance to the release (see Figures 8 and9).

For the SCM (Figure 8 a), the carbonate content of particles downstream the release is higher for the polydisperse than the monodisperse size distribution, by a factor as high as 2.18 at a distance of 2400 m downstream the release. The carbonate content of particles is displayed for the different size bins in Figure 8 (b). The carbonate content of particles depends on the exchange surface with air, which depends on the diameter and on the number of particles. The carbonate content is larger (i.e. carbonation is faster) for small than for large particles. If two particles have the same mass, the exchange surface with air is larger for small particles, which are more numerous, than large particles. The variations of the carbonate content between the different size bins are large, reaching about 40 %. The carbonate content of particles is large for particles of diameter 0.25 µm, followed by particles of diameter 0.55 µm. It is similar for particles of diameters 0.85 µm, 1.15 µm and 1.45 µm. However, it is higher for particles of diameter 2.1 µm, than for particles of diameters between 0.85 µm and 1.45 µm, because particles of diameter 2.1 µm are less numerous.

This dependence on the size distribution is less important for the RAM (Figure 9). As for the SCM, the carbonate content of particles is larger for the polydisperse distribution than the monodisperse one. However, the difference is lower at a distance of 2500 m downstream of the release, it is higher by a factor 1.17, against a factor 2.18 for the shrinking core model. The effect of the size distribution is very different in both models. This is because the CO2 flux is proportional to the particle diameter in the SCM and to the square of this diameter in the RAM. The carbonate content of particles is displayed for the different size bins in Figure 9 (b). The variations of the carbonate content between the different size bins are low (below 20%).

The carbonate content of particles is very different for the RAM and the SCM. It is as high as 0.7 at a distance of 2500 m downstream the release for the SCM with the polydisperse distribution, against a maximum of 0.14 in the RAM. This difference is essentially due to the slower transformation to carbonate with the RAM compared to the SCM. At relative humidity larger than 50%, the differences between the two models seem to be opposite. In fact, the carbonate content is now higher with the RAM, due essentially to higher carbonate transformation kinetic.

These results are confirmed by the size distribution analysis at the output face of the domain (Figure 10). For the SCM, large particles, with diameters between 1.6 µm and 1.9 µm dominate and represent 85% of particles. Small particles have almost disappeared. However, for the RAM, the size distribution is very close to the initial size distribution, the transformation to carbonate appears very slow.

In conclusion, both models have very different behaviors for carbonation at an atmospheric humidity of 50% (and the behaviors may even be more different for wetter atmosphere). The carbonation kinetic in the SCM largely depends on the value of the empirical coefficient of diffusion for CO2 in the porous layer, and it may not perform well at high relative humidity according to laboratory experimental results. At high relative humidity, the RAM seems to be more adequate to reproduce phenomena even the carbonate transformation seems to be too weak at 50% of humidity.

This can be due to an inadequate choice of the different parameters involved in the model at such humidity. Nevertheless a comparison with detailed experimental data during a sodium fire experiment in different atmospheric conditions is required to improve the modelling of the carbonation process in both models. This would be done by using the recent experimental results of [START_REF] Subramanian | Studies on sodium aerosols dispersion in open environment for fast reactor safety[END_REF] concerning sodium aerosol release in real atmosphere for different weather situations.

3D modeling in a building environment

In order to illustrate the capability of the developed approach to describe atmospheric dispersion in a building environment, a release is simulated using the design of a nuclear reactor of the French project ASTRID. A non-structured mesh with a fine resolution close to the building is used (Figure 11). In order to analyze the dynamics of aerosol carbonation, the carbonate content profile is plotted in the direction of the flow (x = 1000 m) (see figure 13). The carbonation rate reaches 20% at a distance of about 1000 m. This rate is close to that obtained in the case of simulation in an atmospheric homogeneous environment. The developed kinetic model and its integration into a more complex atmospheric dispersion calculation are able to represent a realistic scenario of atmospheric aerosol release.

Conclusions and perspectives

This work is a preliminary step to assess potential risk of sodium fire aerosol emissions in the atmosphere. Two aerosol models describing the aerosol chemical transformations from sodium oxide to carbonate are coupled to the atmospheric version of the computational fluid dynamic model

Code_Saturne. The first aerosol model is the SCM, which is based on the superposition of homogeneous chemical composition layers (Na2O2, NaOH, Na2CO3, and NaHCO3). The second model is the RAM, which describes more accurately the transfer of gas inside the aerosol layers when particles have a liquid core.

By using a 0D configuration, both models were initially compared to experiments from literature which are conducted in a closed environment. At relative humidity lower than 50 %, the carbonation is slower for the RAM than the SCM, and the SCM better represents the experimental data. However, the opposite behavior was observed at higher relative humidity. At relative humidity larger than 60%, the RAM seems to be more adapted to predict carbonation.

These models were then used in 3D simulations for an academic release. In these simulations, the interactions of particles with atmospheric water vapor, carbon dioxide and temperature (heat release associated with chemical reactions) were explicitly described. Sensitivity simulations to the deposition processes and the evolution of the size distribution of particles were also performed. The numerical results underlined the sensitivity of the two models to the deposition of particles and their size distribution. The effect of the size distribution is large in the SCM and low in the RAM. When all the physical processes are taken into account (deposition, polydisperse distribution), at a relative humidity of 50%, the rate of carbonation is very different for the two models, and the relative carbonate content of particles is as high as 0.7 at a distance of 2500 m downstream the release for the SCM, and as low as 0.14 for the RAM.

The mesh of the buildings of the ASTRID reactor was built and simulations of sodium oxide release with the SCM were carried out in order to show the ability of the developed approach to perform this type of calculation.

Only some sensitivity tests have been performed and a more precise analysis concerning the sources of model uncertainty remains necessary. In this optic, study the sensitivity of the RAM to different parameters such as the enhancement factor E, which may depend on the humidity level, is recommended to better reproduce physical experiments. Moreover, uncertainties are linked to the speed of NaOH aerosol carbonation in the atmospheric environment. Recent experiments have shown a very high carbonation rate close to a sodium fire in a natural atmosphere at high humidity [START_REF] Subramanian | Studies on sodium aerosols dispersion in open environment for fast reactor safety[END_REF]. This is potentially in contradiction with both the RAM and SCM. As a 3D tool at the state of the art, the developed model may be used for impact studies in complex geographical environments and release scenarios studies. However, some improvements regarding the main approximations in our modeling are needed to make reliable simulations. A more realistic source term as well as the chemical composition and the size distribution of the release have to be defined. In addition, a more detailed description of the porosity and density of particles can be obtained by using recent results in the literature (Pujala et al. 2019 for example). A finer modeling of dry deposition on the basis of a resistance pattern depending on surface roughness, land use cover and particles characteristic can be introduced following [START_REF] Zhang | A size-segregated particle dry deposition scheme for an atmospheric aerosol module[END_REF]. Scavenging and wet deposition may also be considered. Finally, taking into account the link between aerosol hydration and atmospheric water vapor condensation may improve the quantification of the particles physical growth in atmosphere. 

  have developed a new kinetic model, based on the two-film theory and representing the reactive absorption of CO2 to sodium particles. This reactive absorption model (RCM) takes into account the initial characteristics of NaOH particles, and it shows a good agreement with batch experiments reported in the literature. This work aims at estimating how fast sodium hydroxides form carbonates in the atmosphere and how the two models differ in this estimation. The behavior of the two models for the formation of carbonate are compared for realistic atmospheric conditions by including them in the computational fluid dynamic model Code_Saturne.

  + ∇. (78 ⊗ 8) = ∇. (;) + < = (conservation of momentum), (Eq.6)

  The domain extent is 2000 x 2000 m 2 with 90136 cells with an irregular 3D mesh. The initial and boundary conditions are the same as in the previous homogeneous runs. The academic flow release is also 100 kg.s -1 and emitted at 70 m height in cells close to a stack of the reactor building. A time step of 0.5 s is used and the stationary equilibrium is reached after approximatively 2000 time iterations. The simulated NaOH concentrations are presented in Figure12for the first vertical level, i.e. close to the ground surface. The obtained concentrations are coherent with our previous results for homogeneous atmosphere. As expected, the aerosol plume follows the direction of the wind. The concentration of sodium hydroxide is maximal near the release zone and gradually decreases away from the source. The attenuation of NaOH concentrations is due to the transformation of particles into carbonates and to atmospheric dispersion.

  Integrated efforts are needed to compare the two modeling approaches and laboratory experiments in open environment more closely. The recent experimental work of Subramanian et al. (2019) can be used to achieve direct comparisons between the model simulation and experiments.
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 1 Fig. 1. A schematic description of the SCM.
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 2 Fig. 2. Comparison of the experimental data of[START_REF] Cherdron | Sodium fire particles -Chemical transformation and properties[END_REF] with the predictions of the SCM and the RAM.

Fig. 3 .

 3 Fig. 3. Comparison of the experimental data of Subramanian et al. (2009) with the predictions of the SCM and the RAM Fig. 4. Case 1 -Vertical cross sections in the x, z plan for: (a) NaOH concentration in kg.m -3 ; (b) H2O vapor in kg.m -3 ; (c) CO2 in kg.m -3 ; (d) NaHCO3 in kg.m -3 ; (e) potential temperature in K.

Fig. 5 .

 5 Fig. 5. Case 2 SCM monodisperse -Vertical cross sections in the x, z plan for: (a) NaOH concentration in kg.m -3 with deposition process; (b) NaOH concentration in kg.m -3 without deposition process.

Fig. 6 .

 6 Fig. 6. Case 2 SCM monodisperse -Vertical cross sections in the x, z plan for: (a) Na2CO3 concentration in kg.m -3 with deposition process; (b) Na2CO3 concentration in kg.m -3 without deposition process.

Fig. 7 .

 7 Fig.7. Case 2 SCM polydisperse -Vertical cross sections in the x, z plan for Na2CO3 concentration in kg.m -3 without deposition process.

Fig. 8 .

 8 Fig.8. SCM -(a) Carbonate content in particle as a function of the distance from the source for polydisperse and monodisperse case and (b) its repartition among the size bins for the polydisperse case.

Fig. 9 .

 9 Fig.9. RAM -(a) Carbonate content in particle as a function of the distance from the source for polydisperse and monodisperse cases and (b) its repartition amongst the size bins for the polydisperse case.

Fig. 10 .

 10 Fig.10. Size distribution of particles at the output face of the computational domain for the SCM and the RAM compared to the initial size distribution of the source term.

Fig. 11 .

 11 Fig. 11. Numerical model of (a) terrain and (b) mesh for the nuclear power plant ASTRID used in the Code_Saturne simulation.

Fig. 12 .

 12 Fig. 12. Horizontal cross section of NaOH concentration in kg.m -3 at the first vertical level above the ground surface.

Fig. 13 .

 13 Fig.13. SCM -Carbonate content in particle as function of the distance from the source for monodisperse case. Simulations case in a building environment.
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