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The safety assessment of Sodium-cooled Fast Reactors (SFR) requires to account for hypothetical severe accidents involving the melting down of the core materials. This paper deals with the modeling of a fuel vaporization transient that might occur in a SFR in case of severe accident. After a nuclear power excursion, some fuel might be molten and vaporized. In this case, the expansion of fuel vapor might generate a mechanical stress on the reactor vessel. Assessing the vessel integrity is of major importance for the reactor design. A fuel vaporization and expansion modeling, which has been simplified using a dimensional analysis, is presented. The modeling is implemented in a tool able to perform fast calculations, of the order of one minute. The vaporized fuel's thermal exchange with the reactor liquid coolant leading to a possible coolant vaporization is simulated by the tool. As the mass of coolant that might be vaporized is a source of uncertainty, two entrainment models are proposed, one based on a Rayleigh-Taylor instability and another one based on a Weber stability criterion. The modeling is validated on other simulations and on experimental results. Parametric calculations are conducted on a reactor case. The impact of the initial molten fuel mass, its initial temperature, critical Weber number and radiative heat transfer are investigated. The non-adiabatic modeling and the adiabatic modeling yield results different by 60 % in certain cases. The tool is shown to be sensitive to the fuel initial temperature, the heat transfer coefficient and the Rayleigh-Taylor wavelength, involving variations that can range to 30 %.

Introduction

A Sodium-cooled Fast Reactor (SFR) of Generation IV (figure 1) is under development in France. The reactor safety analyses have to account for severe accidents, involving the melting down of the reactor's core.

However, severe accidents involve highly uncertain phenomena and parameters. Lack of data accuracy and of understanding of interactions between different physics generate uncertainties. Assessing uncertainties and evaluating safety margins with parametric studies are the main purpose of fast-running tools development. Such assessment relies on the combination of these fast-running tools [START_REF] Marie | Analytical assessment of a total instantaneous blockage of a fuel sub-assembly (TIB) in a sodium fast reactor and its uncertainty analysis[END_REF](Marie et al., , 2016a,b;,b;[START_REF] Droin | Physico-probabilistic modelling of the primary phase of an Unprotected Loss Of Flow[END_REF][START_REF] Herbreteau | Analytical modelling of an unprotected transient overpower in sodium-cooled fast reactors[END_REF] with statistical analysis techniques [START_REF] Marrel | Advanced surrogate model and sensitivity analysis methods for sodium fast reactor accident assessment[END_REF]. This paper deals with the modeling of the last stage of an energetic Core Disruptive Accident (CDA) and its associated tool development. CDAs were among the first accidents studied for SFRs safety. The term energetic means that the accident leads to a release of mechanical energy that might damage the primary vessel. CDAs lead to the generation of large thermal energies, high enough to heat nuclear fuel far over its saturation temperature, leading to its fast vaporization. This can be achieved when the core of a reactor collapses, leading to a power excursion induced by fissile materials compaction. The mechanical energy release due to materials dispersal after a nuclear excursion caused by the collapse of a SFR core was firstly studied by [START_REF] Bethe | An estimate of the order of magnitude of the explosion when the core of a fast reactor collapses[END_REF]. Even if the Bethe-Tait accident is not always exactly studied as it stood in 1956, the energetic expansion stage is today classical in SFR safety assessment. The most commonly used models for the energetic part of the accident assume that the fuel vaporization creates a high-pressure fuel vapor bubble, which can be several meters large [START_REF] Epstein | Liquid entrainment by an expanding core disruptive accident bubble -a Kelvin-Helmholtz phenomenon[END_REF]. This bubble's expansion loads the primary vessel.

While the fuel vaporization-expansion transient has been widely studied, especially in the adiabatic fuel vapor expansion case, a lack of knowledge remains on some parts of the accident. The thermal exchange between very hot fuel vapor and colder sodium coolant, leading to the coolant vaporization, is notably questionable. Most models [START_REF] Bertrand | Comparison of the behaviour of two core designs for ASTRID in case of severe accidents[END_REF]Chellapandi et al., 2010a,b) are built on the assumption that an adiabatic expansion is more energetic than a non-adiabatic one, because the energy lost during the heat transfer will not be converted into mechanical energy. This hypothesis is true while no phase change occurs. But if the heat transfer causes sodium vaporization, the conclusion might change. Indeed, the addition of sodium vapor to the fuel vapor bubble might lead to a pressure bubble increase. On the other hand, the fuel vapor/liquid sodium heat transfer increases the fuel condensation, and therefore might decrease the bubble pressure. This issue of competition between vaporization and condensation was first pointed out by [START_REF] Cho | Work Potential from a Mechanical Disassembly of the Voided FFTF Core[END_REF], and then studied by [START_REF] Corradini | Heat transfer and fluid flow aspects of fuel-coolant interactions[END_REF], [START_REF] Reynolds | Analysis of Excobulle two-phase expansion tests[END_REF], [START_REF] Berthoud | Expansion and collapse of large bubbles of hot two-phase water in cold water: the Excobulle program[END_REF] and [START_REF] Epstein | Liquid entrainment by an expanding core disruptive accident bubble -a Kelvin-Helmholtz phenomenon[END_REF]. This heat transfer is thought to be driven by the coolant entrainment inside the fuel vapor, caused by interface hydrodynamic instabilities. These instabilities enhance the heat transfer by mixing materials.

Therefore, the modeling presented in this paper displays several degrees of complexity. Section 2.1 describes the general modeling geometry. Section 2.2 is dedicated to the modeling of an adiabatic expansion. In order to develop a physically reliable tool, the modeling assumptions are justified using dimensional analysis. Section 2.3 is dedicated to the modeling of a non-adiabatic expansion. A Rayleigh-Taylor instability [START_REF] Taylor | The Instability of Liquid Surfaces when Accelerated in a Direction Perpendicular to their Planes[END_REF] leading to the entrainement of sodium jets inside the fuel vapor and its consequences on heat transfer are described. The issue of the entrained sodium particles' shape is studied. In section 3, the non-adiabatic modeling of the tool is compared to the EXCOBULLE II experiment performed at CEA by [START_REF] Berthoud | Expansion and collapse of large bubbles of hot two-phase water in cold water: the Excobulle program[END_REF]. Then the physical tool is compared to FUSTIN, an Indian computation tool

Nomenclature

Roman symbols d [-] Droplet A [m 2 ] Area exp [-] Expansion Bi [-] Biot number f [-] Fuel c p [J.kg -1 .K -1 ] Specific heat capacity at constant pressure j [-]
Jets or droplets family number

d [m] Diameter jets [-] Jets d [-] Differential operator N a [-] Sodium Eu [-] Euler number p [-] Pattern F r [-] Froude number vap [-] Vaporization g [m.s -2 ]
Gravity acceleration

H [J] Enthalpy Superscripts h [J.kg -1 ] Specific enthalpy C [-] Critical Ja [-] Jakob number conv [-] Convection K [J] Kinetic energy eff [-] Effective k [W.m -1 .K -1 ] Thermal conductivity l [-] Liquid L [m] Characteristic length lv [-] Liquid-vapor phase change m [kg] Mass l + v [-] Two-phase liquid-vapor mixture N u [-] Nusselt number M [-] Most unstable n [-]
Jets or droplets number mix

[-] Mixing P e [-] Peclet number RT [-] Rayleigh-Taylor P r [-] Prandtl number rad [-] Radiative p [Pa] Pressure sat [-] Saturation Q [J] Heat transfer tot [-] Total R [m] Radius v [-] Vapor Ṙ [m.s -1 ] Radius time-derivative vap [-] Vaporized R [m.s -2 ] Radius second time-derivative Re [-]
Reynolds number Greek symbols

T [K] Temperature ∆ [-] Variation t [s] Time δ [-] Infinitesimal variation V [m 3 ] Volume ε [-] Radiative emissivity v [m.s -1 ] Velocity γ [-] Specific heat capacities ratio W [J] Work κ [W.m -2 .K -1 ] Heat transfer coefficient W e [-] Weber number λ [m] Wavelength x [-] Vapor quality η [Pa.s] Dynamic viscosity - → ∇ [m -1 ] Gradient operator Subscripts ρ [kg.m -3 ] Density Ar [-] Argon ν [W.m 2 .K -4 ] Stefan-Boltzmann constant b [-] Bubble σ [J.m -2 ] Surface tension
based on an adiabatic expansion modeling (Chellapandi et al., 2010a). In section 4, parametric calculations investigate the effects of initial molten fuel mass and temperature, break-up and radiative heat transfer.

As a large number of uncertain parameters and phenomena are involved in this transient, fast-running tools are valuable to perform statistical studies. Currently, there is no available fast-running tool to deal with such fuel vaporization transient. The modeling presented in this paper aims to solve this issue. Order of magnitudes are compared in order to identify which phenomena are the most important for the assessment of the vapor expansion's mechanical consequences. This should help to improve SFR's safety by identifying parameters and phenomena of interest that would require experiments or more advanced models.

Modeling

Main assumptions

The molten fuel studied is composed by uranium and plutonium oxides. A non-modeled nuclear power excursion is assumed to initiate the fuel melting down and superheating. The vessel's mechanical deformation is not modeled. Only thermal-hydraulics and thermodynamics are thus considered in the paper. The input data are the initial molten fuel mass, which is of the order of several tons, and its temperature, ranging from 4000 K to 5000 K. These values come from typical severe accident studies [START_REF] Bertrand | Comparison of the behaviour of two core designs for ASTRID in case of severe accidents[END_REF]. The corresponding fuel saturation pressure is of the order of several MegaPascals (equation ( 52) in appendix B).

The system considered to model molten fuel expansion consists in four phases distributed in a spherical 1-D geometry, schematized in figure 2. The phases are liquid fuel, fuel vapor, sodium and argon. The liquid fuel is superheated and is cooled down by its own vaporization. The expanding fuel vapor receives a mass flow from the liquid phase and pushes away the sodium phase. The sodium phase represents the reactor coolant, modeled as a liquid piston. The argon phase represents the core cover gas, compressed when the sodium moves.

Sodium

Fuel vapor The two-phase fuel is supposed to be near its saturation conditions. The sodium flow is assumed to be inviscid and incompressible. The argon compression is supposed to be isentropic. Two kinds of modeling are compared in this paper.
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• The so-called adiabatic modeling, described in section 2.2, neglects the heat transfer between the fuel vapor and the liquid sodium. The liquid fuel volume is demonstrated to be constant over the transient.

The only energy exchange between the liquid fuel and the fuel vapor results from the heat and mass transfer due to the vaporization process. Under this statement, the fuel vaporization is caused by the vapor pressure decrease, resulting from the fuel expansion.

• The so-called non-adiabatic modeling, described in section 2.3, considers a mass and heat transfer through the fuel vapor/sodium interface, caused by interface instabilities.

Adiabatic modeling

The modeling hypotheses are justified using Dimensional Analysis in sections 2.2.1, 2.2.2 and 2.2.3. Except the heat transfer between the fuel vapor and liquid sodium, the assumptions of the adiabatic and non-adiabatic models are the same. The modeling equations are described in section 2.2.4. Fuel, sodium and argon are respectively named f , N a and Ar. The materials' state (liquid or vapor) are named l and v.

Liquid fuel volume variation

First, the liquid fuel volume's relative variation during the transient is analyzed. Assuming that the liquid specific heat is converted into latent heat, the liquid global enthalpy balance integrated over the transient is

ρ l f V l f c l p f ∆T l f = h lv f ∆m l f = h lv f ρ l f ∆V l f , (1) 
where ρ is a density, V a volume, c p a specific heat capacity and h lv a phase-change enthalpy. The terms ∆T and ∆m are the materials' temperature and mass variations over the transient. Hence the relative liquid fuel volume variation ∆V l f /V v f is derived. This ratio is typical of a flash-vaporization [START_REF] Risse | Continuous crystallization of ultra-fine energetic particles by the Flash-Evaporation Process[END_REF]. A system composed of superheated fuel at 4000 K is considered. The fuel saturation temperature at atmospheric pressure is around 3500 K (see equation ( 52) in appendix B). The volume relative variation's absolute value is thus around 16 %, which corresponds to a liquid fuel radius relative variation of 5 %. The liquid fuel geometry variations may thereby be neglected.

Mechanical phenomena

Next Dimensional Analysis step aims at comparing the effects of dynamic viscosity η , gravity g and surface tension σ with the gradient of pressure p applied to the sodium phase. The usual numbers to characterize these phenomena in a flow are the Euler (Eu), Reynolds (Re), Froude (F r) and Weber (W e) numbers

Eu = p v f -p Ar ρ l N a ( Ṙv f ) 2 , Re = ρ l N a Ṙv f L Re η l N a , F r = Ṙv f √ gL F r , W e = ρ l N a ( Ṙv f ) 2 L W e σ N a , (2a) (2b) (2c) (2d) 
where Ṙv f is the speed of the vapor/sodium interface, namely the vapor expansion speed, and L is a characteristic spatial length depending on the phenomenon studied.

The initial pressure difference p v f -p Ar should be compared to the other parameters. Moreover, the bubble expansion speed Ṙv f is unknown. This parameter is discarded by combining the dimensionless groups of equation (2) into new dimensionless groups. The Euler number and squared Reynolds number product is

EuRe 2 = p v f -p Ar (η l N a ) 2 /(ρ l N a L 2 Re ) . ( 3 
)
This number is the ratio between the total hydraulic head and the viscous head loss. It is sometimes named Bejan number [START_REF] Petrescu | Comments on "The optimal spacing of parallel plates cooled by forced convection[END_REF]. The characteristic length L Re is the radial dimension of the sodium volume, which is close to the reactor size, i.e. 7 m. This number is near 10 24 , so viscous stress is negligible compared to the pressure difference. Similarly, the product of the Froude and Euler numbers is

EuF r 2 = p v f -p Ar ρ l N a gL F r . ( 4 
)
This number compares the total pressure difference versus the gravity pressure drop. The characteristic length L F r is the sodium radius, on which the pressure difference is applied, close to 7 m. Its value is around 10 2 , which allows to neglect gravity regarding the pressure difference. The product of the Reynolds and Weber numbers is

Eu W e = (p v f -p Ar )L W e σ N a . (5) 
This last number emphasizes interface stability considerations, so the characteristic length L W e is not the reactor radius but rather the vapor/sodium interface radius, which is close to 1 m. This number's value is around 10 7 , so the surface tension effect is negligible compared to the pressure difference.

The pressure difference between fuel vapor and argon phases is therefore be the only significant parameter.

Expansion and vaporization characteristic times

The vaporization and expansion characteristic times are compared in order to determine whether one of these two processes limits the transient. The analysis is done on two independent virtual systems, one involving only mechanical phenomena (expansion), the other involving only thermal phenomena (vaporization).

In order to determine the expansion characteristic time, the sodium phase is considered. Considering only the pressure influence, the sodium momentum equation reads

ρ l N a d v N a dt = - - → ∇p , (6) 
where v N a is the flow velocity in the sodium phase. The approximations of vectors d v N a /dt and

- → ∇p to scalars ∆R v f /t exp and (p v f -p Ar )/∆R v f
, where t exp is the characteristic expansion time and ∆R v f the bubble radius variation, allow to write

t exp = ∆R v f ρ l N a p v f -p Ar . (7) 
The maximum volume that can be occupied by the fuel vapor is the argon volume, in case of a complete argon volume closure. This volume gives an estimation for ∆R v f . The argon volume being around 196 m 3 , an upper value for ∆R v f is 3.6 m, which implies that t exp ≈ 0.1 s. The liquid fuel superheat is again considered to be equal to 500 K (section 2.2.1). A thermal balance over the liquid fuel yields the characteristic vaporization time t vap , namely

κA∆T l f t vap = h lv f ∆m v f , (8) 
where ∆m v f is the vaporized fuel mass, A is the heat exchange area, ∆T l f is the liquid superheat and κ is the heat transfer coefficient.

In order to evaluate A, the vaporization process is assumed to take place as nucleate boiling. This assumption is justified by the high liquid fuel superheat, this transient being analogous to a boiling liquid explosive vaporization [START_REF] Pinhasi | 1D plane numerical model for boiling liquid expanding vapor explosion (BLEVE)[END_REF]. The fuel vaporization is then described by the birth and the growth of small bubbles inside the liquid fuel bath (schematized in figure 3). In this case, A corresponds to the sum of the bubbles' areas. The number of bubbles in the liquid is equal to

∆V v f /V b where V b is the volume of one bubble. If d b is the mean bubbles' diameter, then A = 6∆V v f d b . (9) 
In order to evaluate A, it is necessary to evaluate the diameter of vapor bubbles. An upper bound is the maximum bubble diameter determined by the hydrodynamic theory [START_REF] Zuber | Hydrodynamics aspects of boiling heat transfer[END_REF]) The heat transfer coefficient κ is evaluated with a correlation on nucleate boiling determined by [START_REF] Labuntzov | High speed camera investigation of bubble growth for saturated water boiling in a wide range of pressure variations[END_REF], expressing the Nusselt number

d b = π 3σ f g ρ l f -ρ v f , (10) 
N u = κd b /k l f and Jakob number Ja = (ρ l f c l p,f ∆T l f )/(ρ v f h lv f ) as N u = 12Ja π 1 + 1 2 π 6Ja 2 3 + π 6Ja ≈ 12Ja π . ( 11 
)
The Jakob number Ja is of the order of 300, which allows the approximation of equation ( 11). With equations ( 9) and ( 11), equation ( 8) yields

t vap = πd 2 b (ρ v f ) 2 (h lv f ) 2 72(∆T l f ) 2 ρ l f c l p,f k l f . (12) 
This analysis yields a vaporization characteristic time is around 1.10 -3 s.

The fuel vaporization depends on the fuel saturation pressure, which is limited by the fuel expansion that drives the pressure evolution. However, the two characteristic times calculated above show that thermal equilibrium is reached much faster that mechanical equilibrium. Therefore, the fuel can be considered saturated during all the expansion, and the bubble pressure is the fuel saturation pressure.

Adiabatic modeling differential equations

The differential equations demonstrations are given in appendix A. To solve the adiabatic expansion, the knowledge of four variables is required :

• the radius of vapor/sodium interface R v f , which yields the interface positions along the transient ;

• the speed of vapor/sodium interface Ṙv f , which yields the bubble expansion time ; • the fuel temperature T f , which drives the vapor pressure ;

• the fuel vapor quality x.

The evolution of the vapor/sodium interface radius R v f is simply given by its time derivative Ṙv f . The Rayleigh equation ( 13) [START_REF] Brennen | Cavitation and Bubble Dynamics[END_REF], which is the typical momentum equation of a gas bubble inside an incompressible fluid, expresses the acceleration of the vapor/sodium interface. This equation is obtained by spatially integrating the Euler equation over the sodium phase, from the fuel/sodium interface R v f to the sodium/argon interface R l Na , yielding d Ṙv

f dt = p v f -p Ar ρ l N a - 3 2 + 1 2 R v f R l N a 4 - 2 R v f R l N a ( Ṙv f ) 2 R v f - (R v f ) 2 R l N a , ( 13 
)
where the argon pressure evolution is assumed to follow the isentropic compression law

p Ar = p Ar (t = 0) V Ar (t = 0) V Ar γ . ( 14 
)
The fuel temperature time derivative is obtained from the balance equation of two-phase fuel enthalpy. This approach is similar to [START_REF] Cho | A rate-limited model of moten-fuel/coolant interactions: model development and preliminary calculations[END_REF]'s modeling. The two-phase fuel enthalpy h l+v f is written as a function of the fuel vapor quality x = m v f /m l+v f [START_REF] Delhaye | Thermohydraulique des réacteurs[END_REF])

h l+v f = xh v f + (1 -x)h l f . ( 15 
)
Some developments from equation ( 15), using the global enthalpy balance, lead to

m l+v f x dh v f dT f + (1 -x) dh l f dT f - V l+v f m l+v f dp f dT f dT f dt +h lv f dx dt = 0 . ( 16 
)
In equation ( 16), the fuel volume V l+v f is expressed as a function of R v f . To express the fuel vapor quality x, a fourth equation is derived from the two-phase fuel mass

m l+v f x ρ v f + 1 -x ρ l f = V l+v f , (17) 
and its derivative

x d(1/ρ v f ) dT f + (1 -x) d(1/ρ l f ) dT f dT f dt + 1 ρ v f - 1 ρ l f dx dt = 1 m l+v f dV l+v f dt . (18) 
The equations given below are solved with the materials' equations of state and thermophysical correlations, described in appendix B. The fuel enthalpies and heat capacities are expressed by correlations given by the IAEA (2008). Fuel vapor density's variations with temperature in equation ( 18) are evaluated using correlations from the SIMMER code (Morita and Fischer, 1998;Morita et al., 1998), which is the current best-estimate numerical tool for SFR severe accidents calculations.

Non-adiabatic modeling

Adiabatic expansion models were usually used to model fuel expansion transients, because it was commonly assumed that adiabatic expansions yield larger mechanical work than non-adiabatic ones. This might not be the case when phase change and pressure variations occur, because they have a direct impact on work. As it was shown experimentally and theoretically [START_REF] Taylor | The Instability of Liquid Surfaces when Accelerated in a Direction Perpendicular to their Planes[END_REF][START_REF] Lewis | The Instability of Liquid Surfaces when Accelerated in a Direction Perpendicular to their Planes[END_REF], a heavy fluid accelerated by a lighter fluid is unstable, causing Rayleigh-Taylor instabilities. These instabilities entrain sodium jets and droplets inside the fuel vapor. In this case, in order to assess this entrained sodium heat transfer and vaporization, a model accounting for sodium entrainment is proposed. Its main goal lies in the determination of the heat transfer area A and the entrained sodium fragments' diameter d. As the fragmentation process is particularly complicated to deal with, several models are proposed. Their respective results are compared in section 4.

Rayleigh-Taylor instability

The instability occurring at the vapor/sodium interface is supposed to be a Rayleigh-Taylor instability. The description of this instability can be found in [START_REF] Ishii | Thermo-Fluid Dynamics of Two-Phase Flow[END_REF]. To model this instability, the spherical interface is approximated as a plane two-dimensional interface whose acceleration is Rv f (schematized in Figure 4). The sodium jets of same characteristics are gathered into families, numbered j, and similarly treated. An interface sinusoidal perturbation of wavelength λ is studied. The cutoff wavelength, above which the perturbation becomes unstable and starts to grow, is computed at time t j by

λ C RT,j = 2π σ N a (ρ l N a -ρ v f (t j )) Rv f (t j ) , (19) 
and the most unstable wavelength is It is assumed that the perturbations developed are only the most unstable ones. Therefore the jets of the j th family are considered distant of λ M RT,j from each other. Once the instability is described, the number of jets entrained at the interface is required. It was shown theoretically by [START_REF] Jacobs | Three-dimensional Rayleigh-Taylor instability Part 1. Weakly nonlinear theory[END_REF] and then experimentally by [START_REF] Fermigier | Two-dimensional patterns in Rayleigh-Taylor instability of a thin layer[END_REF] that a three-dimensional Rayleigh-Taylor instability will preferentially take the form of a hexagonal pattern. Considering that these hexagons' side length is equal to λ M RT,j , the number of jets is therefore

λ M RT,j = √ 3λ C RT,j . (20 
n jets,j = 4π(R v f ) 2 /( √ 3(λ M RT,j ) 2 /2
). The perturbations growth rate is required to compute the entrained sodium mass. An experiment conducted by [START_REF] Lewis | The Instability of Liquid Surfaces when Accelerated in a Direction Perpendicular to their Planes[END_REF] showed that a Rayleigh-Taylor jet reaches an asymptotic speed correlated by

v j = K λ C RT,j Rv f , (21) 
where K = 4.65 was found experimentally by [START_REF] Corradini | The effects of sodium entrainment and heat transfer with two-phase UO 2 during a hypothetical core disruptive accident[END_REF]. This correlation gives the relative velocity between the entering sodium jets and the fuel vapor.

It is then required to evaluate the length of the jet when it breaks up and the size of the droplets generated by its fragmentation. Fragmentation is a poorly known phenomenon [START_REF] Villermaux | Fragmentation[END_REF]. Thus, two fragmentation models are proposed in sections 2.3.2 and 2.3.3.

Rayleigh-Taylor break-up

This modeling consists in a pure Rayleigh-Taylor fragmentation: the jets are fragmented into spheres whose diameters' are equal to λ M RT,j /2. [START_REF] Sharp | An overview of Rayleigh-Taylor Instability[END_REF] indicates that instabilities leading to the breakup of a jet occur after the jet has reached an axial length of the order of λ M RT,j . Thus the life-cycle of the j th family, presented in figure 5, is the following.

• At time t j = 0, the j th jets' family starts to grow at the wavelength λ M RT,j , evaluated using equation (20). Their growth speed is equal to v j given by equation ( 21). These jets' parameters are calculated using interface acceleration and materials' densities evaluated at t j = 0 s.

• At time t j+1 = λ M RT,j /v j , when the jets' axial length reaches λ M RT,j , the jets' fragmentation occurs. Each jet is fragmented into spherical droplets of diameter d j = λ M RT,j /2. The jets volume are approximated as cylinders of base λ M RT,j /2, so the total entrained volume of family j is The corresponding number of droplets is n d,j = V j /(4πd 3 j /3). The total heat transfer area A j associated to family j is

V j = n jets,j π λ M RT,j 3 16 . (22) 
A j = 6V j d j . ( 23 
)
• At time t j+1 > λ M RT,j /v j , the j th jets family are dislocated, and therefore the (j + 1) th jets family starts to grow. The cycle repeats until the interface acceleration Rv f becomes negative, when the Rayleigh-Taylor instability stops.

Weber stability criterion

The analysis conducted in section 2.3.2 postulates that the jets breakup is driven by a Rayleigh-Taylor instability, yielding particles sized of the Rayleigh-Taylor wavelength. Yet, it should be pointed out that the produced droplets might be unstable. A secondary fragmentation might occur. For the present study, the droplet's Weber number is expressed as

W e j = ρ v f v 2 j d j σ N a . ( 24 
)
The critical Weber number is classically taken as W e C = 12 [START_REF] Kolev | Multiphase Flow Dynamics 2. Mechanical Interactions[END_REF]. If the Weber number W e defined by equation ( 24) is higher than W e C , the droplets' diameter d j is redefined as

d j = σ N a W e C ρ v f v 2 j . ( 25 
)

Heat transfer and phase change equations

In the present section, a method to compute the heat transfer from the fuel vapor to the entrained liquid sodium is proposed.

The fuel/sodium heat transfer takes into account radiative and convective heat transfer models. Regarding radiation, a simple grey-body radiative law [START_REF] Bergman | Fundamentals of Heat and Mass Transfer[END_REF] is implemented and the sodium emissivity is varied. Their relative velocity through the fuel vapor is v j . The j th sodium droplets family's temperature is T j . The convective heat transfer coefficient from the fuel vapor to a sodium droplet is noted κ j . It is evaluated with the Lee and Riley (1966) correlation, established for water condensation around a sphere, that gives a relation between the Nusselt (N u), Reynolds (Re) and Prandtl (P r) numbers

N u = κ j d j k v f = 2 + 0.74Re 0.5 P r 0.33 . ( 26a 
)
The convective heat transfer rate from the fuel vapor to all the droplets of the j th family during a time lapse dt is

δQ conv j dt = κ j A j (T v f -T j ) , (27) 
where A j is the sum of the droplets areas as defined in sections 2.3.2 and 2.3.3. The sodium is assumed to be a grey-body and the molten fuel a black-body. When the radiative heat transfer rate is modeled, it is computed by

δQ rad j dt = A j νε N a (T l f ) 4 -T 4 j , (28) 
where ν and ε N a are the Stefan-Boltzmann radiation constant and the sodium emissivity. The mass of family j is m j = n d,j ρ l N a πd 3 j /6. Each droplet temperature change is calculated by

dT j dt = 1 m j c l p,N a δQ conv j dt + δQ rad j dt , (29) 
where n d,j is the number of droplets defined in section 2.3.2 or section 2.3.3, depending upon the model. Writing equation ( 29) requires that the sodium droplet temperature profile is flat. This is justified in appendix A. If T j (t + dt) is greater than T sat N a , some liquid sodium is vaporized. The vaporized sodium mass m vap N a is computed by

m vap N a = j δQ conv j + δQ rad j -m j c l p,N a (T sat N a -T j (t)) h lv N a . (30) 
The droplets' sizes and areas are reduced correspondingly to the droplets mass loss caused by their vaporization. Typically, the sodium saturation pressure is close to 1500 K at 2 MPa. The sodium vapor is thus relatively cold compared to the fuel vapor (more than 4000 K). It is assumed that the sodium and fuel vapors are instantaneously thermally mixed. Assuming that the vaporized sodium mass is low versus the fuel vapor mass, the mixing heat transfer rate is computed by

δQ mix dt = dm vap N a dt T =T v f T =T sat N a c v p,N a dT . (31) 
A total heat transfer is thus computed

δQ tot j dt = δQ conv j dt + δQ mix j dt + δQ rad j dt . (32) 
The sodium vaporization leads to a change of the bubble pressure p b . The bubble pressure p b is the sum of the fuel and sodium vapors' partial pressures. The sodium partial pressure p N a is computed with a modified Redlich-Kwong equation (given in appendix B). The fuel vapor partial pressure is therefore equal to the fuel saturation pressure at temperature T v f .

Non-adiabatic modeling differential equations

The adiabatic modeling's equations written in section 2.2.4 change slightly for the non-adiabatic modeling (appendix A). The acceleration equation ( 13) becomes

d Ṙv f dt = p b -p Ar ρ l N a - 3 2 + 1 2 R v f R l N a 4 - 2 R v f R l N a ( Ṙv f ) 2 R v f - (R v f ) 2 R l N a , (33) 
and the enthalpy equation ( 16) becomes

m l+v f x dh v f dT f + (1 -x) dh l f dT f - V l+v f m l+v f dp sat f dT f dT f dt + h lv f dx dt = - δQ tot dt , (34) 
where δQ tot is the sum of the δQ tot j defined by equation (32). Equation ( 18) is unchanged.

Physical tool numerical and experimental comparisons

Non-adiabatic modeling comparison to the EXCOBULLE II tests

The EXCOBULLE II tests were achieved at the Nuclear Research Center of Grenoble (France) by [START_REF] Berthoud | Expansion and collapse of large bubbles of hot two-phase water in cold water: the Excobulle program[END_REF]. These tests were dedicated to the study of the growth and collapse of a superheated two-phase water bubble in a cold liquid water tank at 20 • C. The initial superheated water source is a glass sphere containing pressurized liquid water. This water is heated in ranges of 160 • C to 280 • C, the corresponding saturation pressure ranging from 1.2 MPa to 6.4 MPa. The sphere, once broken by two long pistons, releases a two-phase steam bubble that rapidly expands and mixes with the liquid coolant. Measurements of the two-phase bubble radius versus time is performed with a high-frequency camera with an estimated uncertainty of 15 %.

These tests are the closest experiment to the present modeling. They mostly focus on thermal interactions and mixing due to hydrodynamic instabilities, so comparing the physical tool to this experiment is valuable.

As the EXCOBULLE II tests were done with water, the thermo-physical laws of liquid water and steam have been implemented in the physical tool. The water thermo-physical properties come from [START_REF] Wagner | The IAPWS formulation 1995 for the thermodynamic properties of ordinary water substance for general and scientific use[END_REF]. The water tank was open in the EXCOBULLE II tests, so the cover gas pressure is kept to 0.12 MPa in the physical tool calculations. The radiative heat transfer is not modeled for this validation because of the low temperature difference in the tests. The calculations with the Rayleigh-Taylor and Weber fragmentation criteria described in sections 2.2 and 2.3 yield the same result in this case because the experimental transient is not violent enough to further fragment Rayleigh-Taylor-sized water droplets. Figure 6a and 6b display the computed maximum bubble radiuses for an initial volume of 500 cm 3 and 250 cm 3 of hot water for several initial temperatures. These results are within the uncertainty bars of the EXCOBULLE II measures. This illustrates the good accuracy of the modeling. The adiabatic modeling, however, gives radius higher by 100 % than the EXCOBULLE II tests' ones. Such result was expectable: as the expanding superheated steam water is mixed with cold liquid water, no further water vaporization should occur. Therefore the heat transfer between steam and cold water leads to an energy loss, and therefore the non-adiabatic modeling yields lower radiuses and lower expansion works.

Adiabatic modeling comparison to the FUSTIN code

The FUSTIN code was developed by Chellapandi et al. (2010a,b) to compute Core Disruptive Accidents of Sodium Fast Reactors in the frame of the PFBR development. As FUSTIN's models are different from the physical tool models, the comparison is done on the expansion energy, which should be the same. Indeed, FUSTIN's models also focus on fluid-structure interactions and mechanical phenomena, that are not modeled by the physical tool described in the present paper. However, FUSTIN computes only adiabatic expansions and do not directly models the heat transfer and vaporization phenomena. Instead, those are taken into account in a bubble pressure law p function of bubble volume V written Comparing the physical tool to the FUSTIN code is interesting because it allows to assess the adiabatic expansion modeling. Moreover, FUSTIN has been validated on a large reactor-sized geometry, which is the kind of geometry that the physical tool aims to model. Adiabatic physical tool calculations are conducted on the PFBR geometry with the the pressure law (35). The calculations are based on the adiabatic modeling described in section 2.2. The total energy of the fuel bubble W v f , the sodium kinetic energy K N a (demonstrated in appendix A) and the cover gas compression energy W Ar are evaluated by the physical tool as

p [MPa] = 4 2.56 V 0.72 . ( 35 
W v f (t) = t t=0 p v f 4π(R v f ) 2 Ṙv f dt , ( 36 
)
K N a (t) = 2ρ N a π(R v f ) 4 ( Ṙv f ) 2 1 R v f - 1 R l N a , ( 37 
) W Ar (t) = t t=0 p Ar 4π(R v f ) 2 Ṙv f dt . (38) 
The energies computed by the physical tools are displayed in figure 7. The calculation stops when the fuel vapor expansion velocity reaches zero. The bubble energy is of 59 MJ after an expansion duration of 72 ms. [START_REF] Chellapandi | Structural integrity assessment of reactor assembly components of a pooltype sodium fast reactor in a core disruptive accident-II: Analysis for a 500-MW(electric) prototype fast breeder reactor[END_REF] find using FUSTIN a bubble energy of 61 MJ, which is very close of the physical model's result. This result is satisfactory, because it shows that even without modeling complex mechanical phenomena, the total energy found by the fast-running tool is close to a more advanced code. The conclusion of sections 3.1 and 3.2 is that the physical tool yields decent results given its simplicity. The bubble energy is of the good order of magnitude. However, the reactor results should be treated carefully because not accounting for the vessel mechanical deformation leads to wrong expansion times. The physical tool could therefore be improved by implementing mechanical strain laws. Considering the low calculation times, the modeling yields acceptable results and the modeling is validated.

Physical tool calculations

Once the tool is validated (section 3), tests are conducted in order to assess the tool results' variability and to provide insights for reactor study. The computations done in section 4.1 do not account for radiative heat transfer. In section 4.2, radiative heat transfer is modeled and a sensitivity analysis is performed on its intensity. The geometry and initial conditions used in the following computations, given in table 1, are typical of a power SFR reactor. 

Entrainment models comparisons for various initial conditions

Bubble energies computed for each modeling with equation ( 36) for an initial mass of 5000 kg heated at 3800 K are displayed in figure 8. Their final values are below 25 MJ, which is quite low because most SFR are designed to withstand a several hundred of MegaJoules release [START_REF] Bertrand | Comparison of the behaviour of two core designs for ASTRID in case of severe accidents[END_REF]. This was expectable because the fuel pressure saturation pressure at 3800 K is low, close to 0.2 MPa. In this case, the adiabatic modeling releases an energy higher by 20 % than the non-adiabatic one. Indeed, in this case the heat transfer is not high enough to vaporize some sodium in 300 ms, but as this heat transfer occurs, it decreases the expansion energy. Yet, for such a low value, this difference is not very meaningful. Figures 9a and 9b display energy releases for initial masses of 1000 kg and 5000 kg at 4000 K and 4500 K. At 4000 K, the adiabatic and non-adiabatic models lead to similar results. In this case, the sodium vaporization is just sufficient to compensate the fuel condensation. At 4500 K, the non-adiabatic modeling releases an energy higher by 60 % than the adiabatic modeling. The increase of initial fuel mass also increases the released energy. This mass increase implies a thermal inertia increase, so the fuel temperature decreases slower and therefore the fuel pressure remains high for a longer time, hence leading to a mechanical work increase.

In all these case, the Weber modeling displays the same results than the Rayleigh-Taylor modeling. These calculations show that the transient is very dependent of the initial fuel temperature. Moreover, when the fuel temperature is high enough, the effect of the fuel vapor/liquid sodium heat transfer is not negligible. Note also from figure 9 that the computed expansion times are consistent with the characteristic expansion time estimated with dimensional analysis in section 2.2.3, of the order of 100 ms.

The results of the (5000 kg, 4500 K) expansion in the end of the transient are displayed in table 2. It shows that the impulse is also higher by 20 % for the non-adiabatic expansion, because the cover gas pressure increases faster. This faster cover gas pressure increase is also the reason why the non-adiabatic computation ends earlier, as it is blocked by the compressed gas earlier. The computations' real times are inferior to two minutes, which is satisfactory1 .

The conclusion here is that the non-adiabatic modeling should be used preferentially than the adiabatic one, as it accounts for initial condition's variability with more accuracy. The Weber modeling gave the same results than the Rayleigh-Taylor modeling because the fuel vapor inertia is not high enough to break the Rayleigh-Taylor-sized sodium droplets. It might be more important at higher temperatures because the vapor density increases with temperature, but other phenomena would be expected in this case.

Radiative heat transfer and Rayleigh-Taylor wavelength influence

The studies done in previous sections assume that the fuel vapor/liquid sodium heat transfer is only convective. The present section is dedicated to the study of the radiative heat transfer influence. As a simple approach, it is proposed to use the simple grey-body radiative heat transfer law defined by equation ( 28) and to vary the sodium emissivity ε N a . [START_REF] Barnett | Emissivity measurements of liquid sodium and some sodium contaminated steel surfaces[END_REF] proposed an emissivity correlation for liquid sodium (equation ( 59) in appendix B) that gives ε N a ≈ 0.05 at 800 K. The SIMMER numerical tool uses a much higher constant value of 0.2. Computations are thus done for a sodium emissivity ranging from 0 to 0.2. The computations are conducted for an initial fuel mass of 5000 kg at 4500 K with the Rayleigh-Taylor entrainment modeling. The results presented in figure 10a show some discrepancies, with an energy release higher by 36 % for the 0.2-emissivity upper case than for the zero-emissivity lower case.

Similarly, a parametric study is conducted upon the Rayleigh-Taylor wavelength. Assuming that the instability occurs only for a wavelength equal to λ M RT might be too restrictive, so computations are conducted with a wavelength ranging from 0.85λ M RT to 1.15λ M RT . The corresponding final energy presented in figure 10b shows discrepancies of 15 %, the higher energy being obtained for the smaller wavelength.

Hence, the tool is more sensitive to heat transfer variations than to Rayleigh-Taylor wavelength variations, while both have an influence on results. Predicting the droplets' size with accuracy is therefore important, but the radiative heat transfer modeling seems more critical. The Weber stability criterion does not bring a change of results, because the sodium droplets are stable enough in this range of temperature.

Conclusion and prospects

In this paper, a modeling of the expansion stage of a Core Disruptive Accident is presented. The transient modeled involves the vaporization of molten fuel, previously superheated by a power excursion, and the mechanical loading of the reactor vessel due to vapors expansion. The modeling is designed to provide results with short calculation times in order to be able to perform parametric studies and sensitivity analyses. The associated tool assumes a certain number of simplifying hypotheses that are justified using dimensional analysis and characteristic times comparison.

The tool ensures computation times around one minute. It models the fuel vaporization in a spherical geometry with several options, either adiabatic or non-adiabatic. The adiabatic model considers that the reactor sodium coolant is a liquid piston at constant temperature. The non-adiabatic modeling considers a heat transfer between the fuel vapor and the liquid sodium being entrained into the fuel vapor bubble by a Rayleigh-Taylor instability. A droplet Weber stability criterion is also considered. The tool models the heat transfer as a forced convection accounting for fuel condensation, but it can be coupled to a grey-body radiative heat transfer model.

The tool was validated on the EXCOBULLE II tests at the experiment scale. The non-adiabatic modeling results are within the experimental uncertainty bars. The tool was also validated on a reactor-sized geometry with FUSTIN calculations, an other tool dedicated to such transient and based on an adiabatic expansion hypothesis. In term of released energy and vessel mechanical impulse, both tools give comparable results.

Parametric computations were done for various initial masses and temperatures (section 4.1). The tendency highlighted is that non-adiabatic computations generate more mechanical energy than adiabatic ones, except for low initial fuel temperatures yielding similar energies. As the non-adiabatic modeling was validated on the EXCOBULLE II tests and as it leads to more penalizing energies, it would therefore be adequate to consider it for further safety studies. The Weber stability criterion does not bring a lot of improvement to the Rayleigh-Taylor modeling.

A sensitivity analysis is conducted on the heat transfer and Rayleigh-Taylor wavelength. It appears that the tool is sensitive to these two parameters, the tool being more sensitive to the radiative heat transfer. Investigating the variability associated to these two parameters with statistical techniques is therefore required.

To conclude, the analysis conducted in this paper enlightens two major phenomena (fragmentation and heat transfer) that must be studied accurately to model a fuel vaporization-expansion transient. These parameters are not the only ones: the materials thermo-physical data are also sources of uncertainty. The fuel pressure law, especially, is important because it governs the expansion.

It should also be stated that if the fuel temperature is high enough, the fuel vaporization might lead to the burst of the molten pool, triggering the thrust of hot liquid fuel droplets into the cold liquid sodium. This is a fuel-coolant interaction scenario, and the mechanical energy release would be different in such situation. Therefore, the modeling should be improved in order to treat such fuel burst-vaporization as well as the associated fuel-coolant interaction. In this case, it would also be required to model the mixed vapor behavior when the sodium vapor mass becomes higher than the fuel vapor mass. 

Where δQ tot is the total heat transferred to the sodium. It is either null in the adiabatic case or defined by equation (32). The fuel work is δW = -p v f dV v f . Therefore equation ( 41) becomes

dH l+v f dt = V l+v f dp v f dt - δQ tot dt . (42) 
The two-phase fuel enthalpy is expressed as a function of fuel vapor and liquid fuel enthalpies

H l+v f = m l+v f xh v f + (1 -x)h l f , (43) 
where x = m v f /m l+v f is the fuel vapor quality. This allows to write the two-phase fuel enthalpy variation as 

dH l+v f dt = m l+v f x dh v f dt + (1 -x) dh l f dt + h l+v f dx dt . ( 44 
Combining equations ( 42) and ( 45) leads to equation ( 16) for the adiabatic case and to equation ( 34) for the non-adiabatic one.

A.3 Two-phase fuel mass balance Likewise, the two-phase fuel mass is written as the combination

V l+v f = m l+v f x ρ v f + 1 -x ρ l f . (46) 
A time derivation yields

dV l+v f dt = m l+v f    1 ρ v f - 1 ρ l f dx dt +   x d 1/ρ v f dt + (1 -x) d 1/ρ l f dt      . ( 47 
)
Near saturation line, fuel densities are only functions of temperature. Similarly than for equation ( 16), fuel densities' derivatives versus time can be expanded as derivatives versus temperature, yielding equation (18).

A.4 Sodium instantaneous global kinetic energy

The liquid sodium phase integral kinetic energy is

K N a = V N a ρ l N a v 2 N a 2 dV = r=R l N a r=R v f ρ l N a (v N a (r)) 2 2 4πr 2 dr . ( 48 
)
If the sodium sodium is incompressible, its local velocity reads v N a (r) = f (t)/r 2 (section A.1). The integral (48) is therefore

K N a = 2πρ l N a (f (t)) 2 r=R l N a r=R v f dr r 2 = 2πρ l N a (f (t)) 2 1 R v f - 1 R l N a . ( 49 
)
Using the expression f (t) = (R v f ) 2 Ṙv f , the latter yields

K N a = 2πρ l N a (R v f ) 4 ( Ṙv f ) 2 1 R v f - 1 R l N a . (50) 
A.5 Sodium droplets flat temperature profile Equation ( 29) is written under the assumption that the temperature profile inside the bubble is flat, requiring that the heat transfer inside the bubble is faster than the heat transfer outside the bubble. To prove that equation ( 29) can be applied, the heat internal and external droplet heat transfer coefficients are compared. A shear flow applied to a liquid drop generates a Hill's vortex internal convection motion (figure 11). The corresponding internal heat transfer is evaluated as a function of an effective thermal conductivity k eff N a , obtained with a correlation established by [START_REF] Abramzon | Droplet vaporization model for spray combustion calculations[END_REF] 

P e = 0.397v j d j k l N a /(ρ l N a c l p,N a )

η v f η l N a (Re v f ) 1/3 , ( 51b 
)
Re v f = ρ v f v j d j η v f . ( 51c 
)
An effective Biot number, comparing the external heat transfer coefficient κ j with the internal heat conduction coefficient k eff N a /d j , is built as Bi = κ j d j /k eff N a . Its value, around 0.1, shows that the internal heat transfer is faster than the external one. Therefore, it is acceptable to assume that the temperature profile in the liquid droplet is flat, and writing equation ( 29) is adequate.

B.2 Sodium thermophysical properties

The sodium vapor is heated over its critical temperature (2500 K), but its pressure is controlled by the fuel saturation pressure, so it remains under the sodium critical pressure (25 MPa). For such condition, the sodium vapor heat capacity c v p,N a can be approximated to 1000 J/kg/K. The evaluation of the sodium partial pressure is done using a modified Redlich-Kwong equation extracted from the SIMMER code. This equation is an improvement of the Van der Waals equation, reading

p N a = T v N a r N a (1 + y B,v )((1/ρ v N a ) -a v1 ) - a(T v N a ) (1/ρ v N a )((1/ρ v N a ) + a v3 ) , (58) 
with r N a = 361.661 J.kg -1 .K -1 , a v1 = 2.93447.10 -4 , a v2 = 1.23634.10 4 , a v3 = 1.96134.10 -2 , a v4 = 4.92937.10 -1 ,

a(T v N a ) = a v2 T v N a T crit N a av4 , T v N a < T crit N a , a(T v N a ) = a v2 1 + a v4 T v N a T crit N a -1 , T v N a > T crit N a , y B,v = 1 + 2x v -(1 + 8x v ) 1/2 2 (x v -a v3 ) , x v = k 2v R gp /r N a T v N a
(1/ρ v N a ) -a v1 [START_REF] Barnett | Emissivity measurements of liquid sodium and some sodium contaminated steel surfaces[END_REF] gives the liquid sodium radiative emissivity for temperatures T l N a ranging from 470 K to 920 K as ε N a = 6.62.10 -5 T l N a -6.6826.10 -3 . (59)
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 1 Figure 1: Sodium Fast Reactor concept.
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 2 Figure 2: Top-right quarter of the modeled geometry.
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 3 Figure 3: Homogeneous nucleate boiling inside the molten fuel.
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 5 Figure 5: Rayleigh-Taylor break-up
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 6 Figure 6: Hot water source bubble radius versus time computed with the physical tool and recorded in the EXCOBULLE II experiment. (6a): 500 cm 3 hot water source. (6b): 250 cm 3 hot water source .
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 7 Figure 7: CDA energies in the PFBR geometry
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 89 Figure8: releases for a (5000 kg, 3800 K) initial condition computed with each entrainment modeling.
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 10 Figure 10: Energy releases over time for a (5000 kg, 4500 K) initial condition. (10a): Variable liquid sodium emissivity. (10b): Variable critical Rayleigh-Taylor wavelength.
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Table 1 :

 1 Calculations initial conditions

	Fuel temperature [K]	3800 4000 4500
	Vessel radius [m]	7	7	7
	Argon volume [m 3 ]	196	196	196
	Fuel saturation pressure [MPa]	0.2	0.5	3.1
	Vapor fuel density [kg.m -3 ]	0.8	1.6	5.7
	Sodium mass [kg]	1.10 6 1.10 6 1.10 6
	Sodium temperature [K]	830	830	830

Table 2 :

 2 Final parameters of interest of adiabatic and non-adiabatic computations for a (5000 kg, 4500 K)

	initial condition						
							Modeling		Adiabatic Rayleigh-Taylor
						Expansion time (ms)	93	79
							Vapor radius (m)	3.5	3.6
							Energy (MJ)		160	260
							Impulse (Pa.s)	6.7.10 4	8.2.10 4
						Fuel Vapor mass (kg)	300	150
						Fuel temperature (K)	4000	3800
						Bubble pressure (MPa)	0.5	0.9
						Cover gas pressure (MPa)	9	27
						Sodium vapor mass (kg)	-	36
						Real time calculation (s)	32	96
	Energy (MJ)	125 150 175 200 225 350 325 300 275 250		ε=0.00 ε=0.02 ε=0.04 ε=0.08 ε=0.12 ε=0.16 ε=0.20						
		100								
		75								
		50								
		25								
		0	0	10	20	30	40	50	60	70	80
							time (ms)			

  for gasoline sprays

	k eff N a k l N a	= 1.86 + 0.86 tanh 2.245 log 10	P e 30	,

The computations were done on a personal computer with an eight-core Intel R Xeon R E3-1240 of 3.40 GHz and 32 Go of RAM using the MATLAB R software.
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Appendix A Equations demonstration

A.1 Sodium momentum balance

The Rayleigh equation demonstration is slightly different from the classical one that can be found in most textbooks, because here the inertial liquid has an external boundary. Neglecting gravity, viscosity and surface tension, the momentum balance equation of sodium reads

Assuming a purely radial motion, the continuity equation is 

Hence, integrating equation ( 39) over the sodium phase leads to the Rayleigh equation

This latest yields the differential equation (13).

A.2 Two-phase fuel enthalpy balance

The enthalpy balance of the two-phase fuel liquid-vapor system is [START_REF] Delhaye | Thermohydraulique des réacteurs[END_REF]) Appendix B Thermophysical properties

B.1 Fuel thermophysical properties

The two-phase fuel saturation pressure law is described in [START_REF] Bertrand | Comparison of the behaviour of two core designs for ASTRID in case of severe accidents[END_REF] as

The liquid fuel heat capacity is given by the IAEA ( 2008) as

Data on mixed oxides fuel vapor heat capacity are scarce. A fixed approximative value of 200 J.kg -1 .K -1 is taken for dh v f /dT . Liquid fuel density's variations with temperature are evaluated using a correlation given by the IAEA (2008) for uranium dioxide, reading

The fuel vapor thermophysical data are given by Morita and Fischer (1998); Morita et al. (1998) ρ v f kg.m -3 = 1560 exp B G1 θ