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INTRODUCTION

The modelling of high-pressure mixing of fluids at different temperatures is analyzed on the example of the primary circuit of nuclear power plants. The aging of the reactor pressure vessel (RPV) can be a limiting factor in the lifetime extension of pressurized water reactors (PWR). Significant thermal stresses can be generated in the RPV in the case of loss of coolant accidents. Cold emergency core cooling (ECC) water will be injected under high-pressure conditions into the cold leg and can come into contatc with hot RPV wall. This process is called pressurized thermal shock (PTS). The intensity of the PTS is dependent on the mixing between cold ECC water and the hot coolant fluid in the cold leg and upper part of the downcomer.

Low pressure mixing phenomena related to PTS have been analyzed experimentally in the ROCOM test facility, situated at Helmholtz Zentrum Dresden Rossendorf (HZDR), Germany [START_REF] Prasser | Coolant mixing in a PWR -deboration transients, steam line breaks and emergency core cooling injection -experiments and analyses[END_REF]. Some of these experiments have been used for CFD validation, focusing on the mixing of cold ECC water with a natural-, mixed-, or forced convection flow in hot leg, downcomer and lower plenum of PWR (e.g. [START_REF] Höhne | Numerical modelling of a buoyancy-driven flow experiment at the ROCOM test facility using the CFD codes CFX and Trio_U[END_REF]). The primary attention was turned at this moment to downcomer and lower plenum. AREVA has performed experiments similar to ROCOM in the PKL and JULIETTE [START_REF] Martinez | CFD modeling of the EPR primary circuit[END_REF] facilities, however, quantitative data are not published.

High pressure mixing phenomena related to PTS have been analyzed experimentally in the TOPFLOW facility, situated at HZDR [START_REF] Prasser | The multipurpose thermal hydraulic test facility TOPFLOW: an overview on experimental capabilities, instrumentation and results[END_REF]. This facility, co-financed by HZDR and three French organizations, namely Alternative and Atomic Energy Commission (CEA), Radioprotection and Nuclear Safety Institute (IRSN) and Electricity of France (EDF). The facility was built to investigate the flow behavior in both the cold leg and the downcomer during ECC water injection. The objective was tp reproduce whole scenarios of PTS events under realistic small break loss of coolant accident thermal hydraulic conditions.

Only analysis of steady-state TOPFLOW experiments has been published to date to validate numerical codes [START_REF] Apanasevich | Comparison of CFD simulations on two-phase pressurized thermal shock scenarios[END_REF][START_REF] Apanasevich | CFD based approach for modelling direct contact condensation heat transfer in two-phase turbulent stratified flow[END_REF][START_REF] Coste | Two-phase CFD validation: TOPFLOW-PTS steady-state steamwater tests 3-16[END_REF][START_REF] Coste | Neptune_CFD calculations of a TOPFLOW-PTS steady state steam-water test[END_REF], except for the work of Mérigoux et al. [START_REF] Mérigoux | CFD codes benchmark on TOPFLOW-PTS experiment[END_REF], who has analyzed a transient experiment. Thus, only very limited published results exist to date on the physical and numerical analysis of unsteady mixing phenomena in the TOPFLOW facility.

As already mentioned, the PTS event is strongly influenced by the flow mixing evolution between cold and saturated water streams. In such cases, the flow mixing is incomplete and thermal 2 stratification is created. Moreover, the backflow of hot coolant from the downcomer region to the ECC region was observed experimentally. This phenomenon is not entirely understood to date [START_REF] Theofanous | Mixing phenomena of interest to SBLOCAs[END_REF]. A simple model to estimate cold leg backflow in the case of ECC injection is available in the REMIX97 code (Nourbakhsh and Lin, 2001 [33]). This model assumes that the hot backflow is equal to that entrained by the cold ECC jet. The entrainment itself is estimated from a turbulence model describing the exchanges of vertical buoyant jets and the jet Froude number.

It is thus evident that a detailed analysis of unsteady TOPFLOW experiments is mandatory to have a more clear comprehension of the phenomena that influence PTS events. In this context, it is essential to define the model hypothesis which is appropriate to reproduce stratification and backflow. This paper aims to compare the compressible, dilatable and incompressible modelling approach for reproducing the unsteady TOPFLOW test case PTS TSW 3-4. The objective is to show the efficacy of three hypotheses of buoyancy modelling for liquid flow at high pressure and large temperature differences thermodynamic conditions, which are typical for a PWR during ECC injection.

The experimental data are compared with the numerical results obtained using two different CFD codes, Neptune_CFD [4;27] and TrioCFD [START_REF] Angeli | Overview of the Trio_U code: Main features, V&V procedures and typical applications to engineering[END_REF]. On the one hand, the comparison with the experimental data allows the codes to be validated; on the other hand, comparison of the codes shows the model limits for these critic thermodynamic conditions.

The originality of the paper is analyzing an unsteady TOPFLOW test case, showing the conditions under which these two very different codes give the same results and how the thermal hypothesis can influence flow behavior and thermal stratification. Moreover, the velocity profiles obtained by the two codes are shown and compared with a twofold objective: first of all, showing a comparison between two turbulence modelling approaches and then to observe the turbulence structure and fluid dynamic developments. This comparison is, to the author's knowledge, the first contribution in literature to the analysis of velocity in the cold leg of the TOPFLOW PTS experiments. This paper is organized as follows. Section 2 introduces the experimental framework and the simulated test case conditions. Section 3 describes the equation models and the numerical methods of both codes. Section 4 illustrates the physical properties of the liquid and the vapor phases in the test operating conditions, showing an analysis of the variation in the properties in the analyzed temperature range. Section 5 presents the calculation setup, regarding mesh analysis and boundary conditions. Section 6 describes the results obtained, and finally, section 7 gives our conclusions.

THE TOPFLOW PTS EXPERIMENT

The TOPFLOW facility represents a simplified representation of part of the primary circuit of a French CPY 900 MWe PWR at a scale of 1/2.5 [START_REF] Prasser | The multipurpose thermal hydraulic test facility TOPFLOW: an overview on experimental capabilities, instrumentation and results[END_REF]. As shown in Figure 1, the facility consists of four principal reactor components which are placed in a pressure vessel: pump simulator (grey component), cold leg (green component), ECC line (blue component) and downcomer (red component). These compose a part of the primary cooling system in a real reactor. The TOPFLOW facility allows investigation of the flow behavior in the cold leg and the downcomer, under realistic thermal hydraulic conditions. The vessel can be pressurized up to 5 MPa, corresponding to a saturation temperature of 263°C. The TOPFLOW test PTS TWS 3-4 is an unsteady two-phase flow experiment, where the cold leg and the pump simulator were always filled with water. The TOPFLOW geometry included in the numerical analysis of this test is shown in Figure 2. 

Vapor injection

pump simulator exits were closed and formed dead branches. All water injected by the ECC is evacuated via the downcomer outlet branch.

Six thermocouple lances are used to measure the thermal stratification in the cold leg. They are mounted vertically across the center line of the cold leg. In this paper, only the measurements of the LA1, LA2, LA3 and LA4 lances are used, each equipped with 25 thermocouples. For lances LA1, LA2 and LA3 the thermocouples are located with an equal distribution. The thermocouples in the lance LA4 are concentrated much more in the stratified region. Their axial location is given in Figure 2.

Figure 3 shows the temporal change in temperature and mass flow, presented in dimensionless form where the normalized quantity 𝜃 # is defined as:
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The max and min subscripts indicate the maximum and minimum values of the quantity in the system during the ECC injection event. All experimental data are not public. For confidential reasons, also in the result section, the temperature profiles are in dimensionless form. Moreover, no more information can be provided about the experimental facility.

The experiment was performed in the following way

• in initial state, the whole facility was filled with immobile water at saturation temperature.

The system pressure is at 5 MPa. • The ECC water injection was activated at t=100 s, • The mass flow increases linearly to reach the maximum value at about t = 110 s, • Then, the mass flow decreases non-linearly to reach the target value at about t= 200 s.

• The ECC water temperature decreases to the minimum value at t = 140 s, • Then, the temperature increases to reach a local maximum at t = 190 s, • After t=200 s, the temperature is decreasing at a rate of about 1°C per minute. 

PROBLEM STATEMENT

In this section, the numerical methods and the governing equations are described for both codes, TrioCFD and Neptune_CFD. Numerous preliminary calculations have been necessary to define the best model assessment for performing this comparison. Principally, three important critical points required significant investigation before performing the computation, i.e. the comparison between single and two-phase flow simulations, the mesh sensitivity study for both URANS and LES computations and finally the numerical methods assessment.

Concerning the first point, we remember at first that TrioCFD is a single phase code and Neptune_CFD is a two-phase flow code. The original test is a two-phase flow case. However, the experimental configuration for this test allows a simplification that makes possible the comparison between the two codes. As described in section 3, the vapor is injected into the upper part of the downcomer (see fig. 1), so the liquid/vapor interface is experimentally kept in the downcomer at 5mm above the cold leg nozzle. As a consequence, the cold leg is always filled with liquid for the full duration of the experiment, and the condensation rate does not influence the evolution of the thermal stratification in the cold leg. For this reason, this test is considered a "single-phase flow" case, and we can propose a comparison between the two codes. However since the condensation is not taken into account in Trio_CFD computation, a geometry simplification has been necessary, i.e. the upper part of the downcomer is cut at the liquid/vapor interface position (5mm above the cold leg nozzle). Employing this simplification, it was possible for the Trio_CFD computation imposing a saturation boundary condition as a surrogate of the real presence of vapor. More details are given in section 4.1.7.

The second critical point is the mesh sensitivity study for both codes. For the Urans calculation, this does not represent a crucial point since a mesh convergence has been performed and more details are given in section 4.2.5. For the LES computation, talking about of a mesh convergence is much more complicated since finer meshes allow computing more and smaller length scales, changing each time the final solution. As a consequence, a refinement process makes possible a convergence toward the DNS solution, but not a convergence between the different meshes. So, after several preliminary calculations realised with different meshes, for the LES computation, we keep the mesh that was able to undersolve close to the ECC injection area and in the jetimpinging zone and everywhere else, more than 80% of the turbulence kinetic energy was solved explicitly.

Concerning the last point, more details about the numerical method assessment are provided in the following sections for both codes. The fluid used in all simulations in the current article are Newtonian.

Trio_CFD is an open source code [START_REF] Angeli | Overview of the Trio_U code: Main features, V&V procedures and typical applications to engineering[END_REF] and more details on the code developments are integrally accessible on the web site [8]. Neptune_CFD is not an open source code, but a lot of papers about the code validation are accessible in literature [START_REF] Mérigoux | Verification, validation and application of NEPTUNE_CFD to two-phase Pressurized Thermal Shocks[END_REF][START_REF] Manes | Validation of Neptune-CFD Two Phase Flow Models Using Experimental Data[END_REF] and more information can be found on the web site [28].

TRIOCFD

TrioCFD is a general 3D single-phase CFD code developed at the CEA. In this study, turbulence is treated by LES, and two approaches were applied to account for buoyancy effects, i.e. the model for an incompressible fluid with the Boussinesq approximation, and the model for dilatable fluid.

Incompressible fluid

The fluid density r is assumed to be constant. Buoyancy effects are taken into account only in the gravity term (gi is the gravitational acceleration in direction i) by linearizing the dependency of the density on temperature T (Boussinesq's approximation). This approach is valid in the limit of Dr/r<0.1. In section 5, we show that in reactor working condition, the density ratios can be far from this limit, as for the analyzed experiment where Dr/r<0.2. The idea of this paper is to provide a case where we concretely show the limit of the incompressible hypothesis. The instantaneous, filtered velocity u of the incompressible fluid can be expressed by the equation of mass conservation (eq.2) and the equation of momentum conservation (eq.3). Einstein's notation is used.

,

The effective kinematic viscosity neff is based on the kinematic viscosity of the fluid n and the kinematic eddy viscosity defined by the sub-grid scale model nSGS: neff =n +nSGS. Both, dynamic viscosity and thermal expansion coefficient at constant pressure b (b=Dr/(DT . r0)) are taken as temperature dependent (see eqs. [START_REF] Lakehal | Direct numerical simulation of a condensing stratified flow[END_REF][START_REF] Höhne | Numerical modelling of a buoyancy-driven flow experiment at the ROCOM test facility using the CFD codes CFX and Trio_U[END_REF]). The reference value of density r0 is taken for the lowest temperature in the system T0.

Dilatable fluid

The aim of the dilatable fluid model is to take into account density variations related to temperature variations and to avoid the presence of acoustic waves. The dilatable fluid model is based on the hypothesis of splitting the pressure P into two parts:
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where Ph is the hydrodynamic pressure. Pth denotes the thermodynamic pressure, calculated by an equation of state. Pth is constant in the case of the analyzed TOPFLOW PTS test. Ref. [START_REF] Elmo | Low Mach number model for compressible flows and application to HTR[END_REF] is suggested for more details about the pressure splitting method. Hence, density is assumed to be a function of the temperature but not of the pressure. The density can be calculated by the simplified equation of state (eq.13). The instantaneous velocity u of the quasi-compressible fluid can be expressed by the equation of mass conservation (eq.5) and the equation of momentum conservation (eq.6):

(

The effective dynamic viscosity µeff is based on the dynamic viscosity of the fluid µ and the dynamic eddy viscosity defined by the sub grid scale model µSGS: µeff =µ +µSGS. The dynamic viscosity is taken as temperature dependent (eq.14).

Turbulence modelling

In large eddy simulations (LES), a filtering operation is applied to the instantaneous turbulent quantities that leads to the filtered conservation equations eqs. (2, 3 and 5, 6). The sub-grid-scale stress tensor tij, which appears in the momentum equations, is calculated using the analogy to Boussinesq's eddy viscosity concept (filtering operation is shown by the overbar) and by introducing the sub-grid scale kinematic viscosity nSGS:

(7)
With the aim of better reproducing the transition from laminar to turbulent flow and obtaining a correct wall-asymptotic-behavior of the turbulent viscosity, the wall adaptive local eddy-viscosity (WALE) model of Nicoud and Ducros [START_REF] Nicoud | Subgrid-scale modelling based on the square of the velocity gradient tensor[END_REF] is applied.

Energy conservation equation

The reversible rate of internal energy change due to compression as well as viscous dissipation is not taken into account in the energy equation. In the conservation equation of the inner energy, only convection as well as molecular and turbulent diffusion is taken into account. Diffusion related to external forces, pressure gradients and thermophoresis is neglected. The conservation of the internal energy is written for a constant thermodynamic pressure as:
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The effective thermal conductivity leff is calculated according to leff = l + µSGS/Prt. l is the thermal conductivity, µSGS the sub-grid scale dynamic viscosity and Prt the turbulent Prandtl number (Prt=0.7). l is taken as temperature dependent according to eq.( 15). The heat capacity cp is taken constant (4305 J/(kgK)).

Numerical solution of the conservation equations

TrioCFD [8, 19] uses a finite volume based finite element approach on tetrahedral cells to integrate into conservative form all conservation equations over the control volumes belonging to the calculation domain. As in the classical Crouzeix-Raviart element, both vector and scalar quantities are located in the centers of the faces. The pressure, however, is located at the vertices and at the center of gravity of a tetrahedral element, as shown in [START_REF] Angeli | FVCA8 Benchmark for the Stokes and Navier-Stokes Equations with the TrioCFD Code-Benchmark Session[END_REF] for the 2D case. This discretization leads to excellent pressure/velocity coupling and has a very dense divergence-free basis. Along with this staggered mesh arrangement, the unknowns, i.e. the vector and scalar values, are expressed using non-conforming linear shape-functions. The shape function for the pressure is constant for the center of the element and linear for the vertices.

For LES, a slightly stabilized 2nd order centered convection scheme is applied [START_REF] Kuzmin | High-resolution FEM-TVD schemes based on a fully multidimensional flux limit[END_REF] to avoid numerical instabilities in regions of high-velocity gradients. The diffusion term is discretized by a 2nd order centered scheme. For an incompressible fluid, the 2nd order explicit Adams-Bashforth scheme is used for time integration while for dilatable fluid, the 1st order Euler explicit scheme is used. The used time steps always respect the Courant-Friedrichs-Levy stability criteria (CFL) of CFL < 0.8. The discretized momentum conservation equations are solved following the SOLA pressure projection method of Hirt et al. [START_REF] Hirt | SOLA -a numerical solution algorithm for transient flow[END_REF]. The resulting Poisson equation is solved with a conjugate gradient method using a symmetric successive over relaxation technique to improve convergence. The convergence threshold has been set to 10-6 for all calculations presented here.

Setup of the calculation

The CAD model is shown in Figure 4 The CAD model was imported in "step" format in ICEMCFD. In a first step a surface meshing with triangles was created; then the volume was filled with tetrahedrons using the Delaunay method. The nodes on the internal walls were doubled with the aim of defining boundary conditions on
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both sides these walls. The meshing on all solid walls is twice as fine as the maximum size of the volume mesh in order to better resolve boundary layers. A meshing of 22 million tetrahedral cells was created this way. The resulting meshing is visualized in Figure 5 for the example of a vertical plane cut through the ECC injection line and the cold leg. In fact, Reichardt's general wall law (eq.9) is used which spans with one correlation the viscous sublayer, buffer-and logarithmic law regions [START_REF] Hinze | Turbulence[END_REF] (k=0.415).

.

The two dead branches are closed with solid walls. All solid walls are treated as adiabatic.

• Vapor/water interface: A constant mass flux of condensing steam is imposed at this interface which is located in the downcomer above the cold leg nozzle. A constant vertical velocity of 0.2 mm/s was estimated from the Neptune_CFD calculation.

Computational time

All calculations were performed on 1000 processor nodes of the HPC computer OCCIGEN of CINES [6]. In order to simulate 500 s of the ECC injection transient 200 CPU hours were necessary for the incompressible hypothesis and 600 CPU hours for the dilatable hypothesis.

NEPTUNE_CFD

( ) Neptune_CFD is a general 3D two phase flow CFD code, co-developed by EDF (Electricité de France), CEA (Commissariat à l'énergie atomique et aux énergies alternatives), FRAMATOME and IRSN (Institut de Radioprotection et de Sureté Nucléaire). The simulation has been performed with the version 3.2.0. Turbulence is modelled using unsteady Reynolds averaged Navier-Stokes equations (U-RANS). The interfacial heat and mass transfer are modeled by means of the direct contact condensation model [START_REF] Coste | Neptune_CFD calculations of a TOPFLOW-PTS steady state steam-water test[END_REF]. Neptune_CFD uses a compressible approach.
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Compressible model

A six equation two-phase model is solved which assumes pressure equality in the two phases [START_REF] Lakehal | Direct numerical simulation of a condensing stratified flow[END_REF]. The mass, momentum and energy equations are solved for both phases "k", with k=L for the liquid phase and k=G for the vapor (or gas) :
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6𝛼 0 𝑄 0,< : + Π 0 , where 𝛼, 𝜌, 𝑈 9 , 𝑃, 𝑔, 𝐻, 𝛤, 𝛱 are volume fraction, density, i th component of the vector of the Reynolds averaged velocity, mean pressure, gravity, total enthalpy ( 𝐻 = 𝑒 + 1 2 ⁄ 𝑈 Q + 𝑃 𝜌 ⁄ ), the interfacial mass transfer and the interfacial heat flux, respectively. The total stress tensor 𝜏 0,9< includes the viscous and the turbulent contributions. The total heat flux 𝑄 0,< includes both molecular and turbulent diffusion. 𝐽 G D→0,9 is the interfacial momentum exchange and it is modeled by means the large interface method, in order to reproduce a liquid/vapor stratified flow. More details on this method can be found in [START_REF] Coste | A Large Interface Model for two-phase flow[END_REF] and [START_REF] Coste | Neptune_CFD calculations of a TOPFLOW-PTS steady state steam-water test[END_REF].

Interface treatment

In the Neptune_CFD code the two-phase flow is solved using an Euler-Euler approach for which the interface is characterized by a diffused zone where the two phases coexist and consequently the volume fraction, α is different to 1 or 0. So, due to this diffusion, the passage from a pure phase to the other one can cover several numerical cells, and for this reason, it is called a large interface. A specific method, a Large Interface Method (LIM), is so used in this paper to reproduce the stratified flow in the upper part of the downcomer. Only the principal idea of the method is explained herein, but the reader is referred to [START_REF] Coste | A Large Interface Model for two-phase flow[END_REF] for more detailed explanation of the method. The LIM is an identification method of the interface that is based on two steps. The first one allows the recognition of vapor/liquid interface cells to which, by means a second step, specific interface forces are applied. An essential characteristic of this method is its capability to recognise the flow pattern (wavy, knobbly, splashing) not only based on the Kelvin-Helmholtz instability theory, but also on the liquid turbulence that can influence the interface waves.

Heat and mass transfer model

A Direct Contact Condensation (DCC) model is used to reproduce the heat and mass transfer at the vapor/liquid interface. Only the main idea of the method is explained herein, but Ref. [START_REF] Coste | A Large Interface Model for two-phase flow[END_REF] is suggested for a better understanding of the method. The mass transfert, Γ, is defined as a function of the heat transfer coefficients for both phases, hle and hge, as follows:
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with Tsat, TG and TL saturation, gas and liquid temperatures, respectively. The interfacial area per unit volume equal, aI, is defined in the LIM as ‖∇𝛼‖. The heat transfer coefficient is defined for the gas phase by the Jayatilleke wall law [START_REF] Jayatilleke | The Influence of Prandtl number and surface roughness on the resistance of the laminar sublayer to momentum and heat transfer[END_REF] and for the liquid phase by the Coste model detailed in [START_REF] Coste | A Large Interface Model for two-phase flow[END_REF].

Turbulence modelling

Turbulence, for the continuous fields, is modelled using the 2 nd order Speziale-Sarkar-Gatski Reynolds stress model (Rij-ε SSG [START_REF] Speziale | Modelling the pressure strain correlation of turbulence: an invariant dynamic system approach[END_REF]). This turbulence model solves a transport equation of the Reynolds stress tensor, for each phase, under Boussinesq-like hypothesis:
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where, 𝑅 9< is the components ij of the Reynolds stress tensor, 𝑃 9< = -𝑅 90 1. The turbulence treatment on the liquid/vapor interface is modeled using the law of the wall (see [START_REF] Coste | A turbulence model for large interfaces in high Reynolds twophase CFD[END_REF]). 

Numerical solution of the conservation equations

The discretization is based on unstructured hexagonal meshes. A finite volume approach with a collocated arrangement of all variables is used. The solver is based on a pressure correction fractional step approach that ensures mass and energy conservation and allows a compressibility resolution.

A 2nd order linear upwind convection scheme (SOLU) is used for all variables, except for the turbulence dissipation and the Reynolds stress for which a 1st order upwind scheme is used.

Gradients are calculated at the 2nd order for regular cells and at the 1st order for highly irregular cells.

The initial time step has been chosen equal to 0.001s. Then an Adaptative time step mode is imposed. To assure the numerical stability of all unsteady heat transfer computations, the maximum Courant Number and the maximum Fourier number are assumed equal to 1 and 10, respectively.

Setup of the calculation

The simulation is performed on the geometry given in Fig. 6a which is identical to the geometry of the TrioCFD calculation (Fig. 4) with two exceptions: the downcomer is modelled up to the downcomer inlet and the dead branch leaving the pipe simulator in downward direction is shortened.

A fully hexahedral mesh of 778400 cells was created with Gmsh 2.6.1 software [START_REF]Gmsh: a three-dimensional finite element mesh generator with built-in pre-and postprocessing facilities[END_REF]. A view on the surface mesh is given in Figure 6-b. The mesh is an as much as possible uniform mesh, without any non-conformity and a regular size transition in the zone of two tubes connection.

For Neptune_CFD mesh, a sensitivity study has been done with four different refinements (435 422, 778 400, 1 130 378 and 1 768 000 cells) on case TOPFLOW PTS 3-17. This mesh sensitivity study has been described in detail in the paper Coste-Merigoux 2016 [START_REF] Coste | Two-phase CFD validation: TOPFLOW-PTS steady-state steamwater tests 3-16[END_REF]. So the most suitable mesh identified in [START_REF] Coste | Two-phase CFD validation: TOPFLOW-PTS steady-state steamwater tests 3-16[END_REF] has been used in this paper.

Boundary and Initial Conditions

Boundary conditions are imposed on three points of the computational domain, as shown in figure 6(a), to reproduce the test case procedure, described in section 3. In particular, the experimental ECC temperature and ECC mass flow rate are imposed at the inlet ECC boundary. At the upper inlet downcomer boundary, an outlet pressure condition is imposed, to guaranty the pressure equilibrium at any time with the external vessel. Moreover, the experimental water level is imposed by regulating the bottom outlet downcomer boundary. All solid walls are treated as adiabatic.

As an initial condition, the facility was filled up to the vapor/water interface imposing a zero velocity condition for both phases. Fig. 6(a) shows the distribution of the void fraction α at the initial state. α = 0 signifies a pure liquid phase and α = 1 a pure vapor phase. The vapor/water interface is located about 5 mm above the cold leg nozzle. A saturation temperature of 263 °C is imposed in both phases. A hydrostatic pressure is imposed within the liquid phase equal to P=P_0+ρg(h_max-z).

The physical properties of water and vapor are defined using interpolated values from CATHARE tables [32]. The system was stabilized during a 100 s transient at constant boundary conditions.

The following boundary conditions were used starting with the cold ECC injection at t = 100 s:

• Inlet ECC: Dirichlet boundary conditions were used for mass flux and temperature at the "Inlet ECC" boundary shown in Figure 6 

Computational time

All calculations were performed on 100 processors of the CEA cluster. In order to simulate 500 s of the ECC injection transient 8520 CPU hours were necessary due to the compressible hypothesis.

PHYSICAL PROPERTIES

The TOPFLOW facility was pressurized during the PTS test to 5 MPa. Cold water was injected in the cold leg which was filled with hot water at saturation temperature (263°C). It is known that the ECC injection water can be 80% below saturation temperature. Figure 7 shows several density profiles for the liquid phase versus temperature obtained at different pressure. It is evident that the pressure changes the saturation value (indicated by means of the vertical lines). Indeed, the density variation is small at atmospheric condition (P=1 bar). However, density differences become considerable above 10 bar. In fact, at 50 bar and 200 °C, temperature difference leads to a density difference of 200 kg/m 3 (Dr/r=0.2). Temperature based correlations, used in TrioCFD, were derived for the physical properties of the fluid by fitting simple functions to the data between 50°C and 263°C of Table 2 using the method of least squares. These functions are defined as follows:

• Density: r(T) = -0.0023864182 x T 2 -0.22507878 x T + 1007.1165 (13)

• Dynamic viscosity µ(T) = 0.00364910 x T -1,06130 (14) 
• Thermal conductivity l(T) = -5.792978*10 -6 x T 2 + 0.001580872 x T + 0.5832125 (15)

• Thermal expansion coefficient: b(T) = 3.97778*10 -10 x T 3 -1.75903*10 -7 x T 2 + 3.01626*10 -5 x T -8.70255*10 -4 ( 16)

It is interesting to note that first test calculations with constant physical properties did not reproduce the experimental temperature distribution correctly in the cold leg shown in chapter 6.

Only the use of temperature dependent quantities leads to a satisfying agreement.

ANALYSIS OF THE COLD WATER ECC INJECTION PHASE

The TOPFLOW single phase experiment PTS TWS 3-4 lasts for about 3000 seconds. The first 500 seconds have been analyzed numerically. Cold ECC water impacts in this period on the cold leg wall, mixes partly with the hot fluid of the cold leg and forms a stable thermal stratification in the cold leg. This flow behavior is shown in Fig. 8 on the example of the temperature distribution at the instant of 90 s after the beginning of ECC injection. The horizontal stratification front slowly moves upward as the cold leg is filled more and more with cold ECC water. The upward movement of the thermal stratification interface is slowed down by the hot water in the large volumes of downcomer and pump simulator which serve as additional reservoirs to store cold ECC water. First, the validity of the compressible, dilatable and incompressible fluid hypotheses are assessed by comparing measured and calculated temperature profiles in the cold leg. Then the flow behavior in the cold leg is discussed for the early, intermediate and late injection phase. Finally, selected velocity profiles in the cold leg are compared. Since experimental measurements corresponding to these profiles are not available, only code-to-code comparisons are presented.

QUANTITATIVE EVALUATION OF COMPRESSIBLE, DILATABLE AND INCOMPRESSIBLE FLUID HYPOTHESES

The temporal development of the fluid temperature is measured along the four vertical thermocouple lances LA1, LA2, LA3 and LA4, which are placed in the central vertical plane of the cold leg; one located on the left and three on the right-hand side of the ECC injection line. The axial position of the thermocouple lances is given in Fig. 2. For each axial position, measured and calculated temperatures are compared for selected vertical locations, near the top wall (Fig. 9 ), in the center of the cold leg (Fig. 10) and near the bottom wall (Fig. 11). The shown vertical locations are not identical for all axial positions due to the absence of some experimental values.

Only the first 500s of the transient were simulated. Temporal mean values, integrated over one second, are shown for LES, and instantaneous values are shown for U-RANS. For all these figures, the LES simulation based on the dilatable hypothesis are denoted with TrioCFD-QC, while the one based on the incompressible assumption is denoted with TrioCFD-UNC. The simulation with the compressible hypothesis is called Neptune_CFD. The results obtained by the dilatable and compressible hypothesis generally reproduce well the experimental data for the three vertical thermocouples locations on the four thermocouples lances. However, the incompressible assumption generally overestimates the fluid temperature with more critical deviations from the measurements, especially for the area close to the top of the cold-leg. This result can be explained since the cold water with higher density accumulates near the pipe bottom and is only partly mixed with the cold leg fluid. So, in this region, compressible or quasi-compressible hypotheses are much more able to reproduce the flow temperature evolution than an uncompressible hypothesis (See Figure 9).

6.3

The fluid close to the pipe bottom cools down faster than the pipe fluid and forms a flow layer of cold water which represents the coldest fluid in the system. This enhanced cooling near the bottom is visible in the higher temporal temperature gradient at these locations compared to locations near the top wall (See Figure 9). Significant temperature fluctuations exist already about 20 seconds after the start of ECC water injection. The stratification front reaches the cold leg center already after about 55 s of ECC injection (LA2 location).

6.4 This comparison clearly shows the limitation of the Boussinesq approximation for liquids in thermodynamic conditions of high pressure and high-temperature differences. In such conditions, it is mandatory to include the dependency of the density on the temperature in the model hypothesis.

QUALITATIVE FLUID DYNAMIC ANALYSIS OF THE TRANSIENT

Three phases with different dominant physical phenomena have been distinguished; early, intermediate and late injection phase. These phases will be described in following chapter.

Early ECC water injection phase

The early injection phase involves roughly the first 60 s of the experiment after the start of ECC injection (100 s < t <160 s). The ECC mass flow rate is increased in this period from 0 to 100% and then reduced to 90% of the maximum ECC mass flow rate. Simultaneously, the temperature of the injected water is decreased from saturation temperature to a value of 5 % above the temperature target before being increased to an amount of 10 % above temperature target (see Fig. 3).

Figure 12 shows the instantaneous TOPFLOW wall temperature for the instant t = 150 s, obtained by the TrioCFD computation with the dilatable fluid hypothesis. The jet of cold ECC water impacts on the cold leg wall and mixes effectively through turbulent mixing with the hot-cold leg fluid. This process produces a layer of mixed ECC water which accumulates on the bottom of the cold leg due to buoyancy effects forming a cold carpet on the lower cold leg wall. The downcomer is still close to initial saturation temperature. The mixed ECC water is transported as cold streams in the directions of downcomer and pump. The impact of the cold ECC water on the cold leg wall and the formation of the outward flow in the direction of the downcomer is well visible. It is also evident that cold entrained water is transported by backflow of downcomer water into the cold leg. The water of the mixed ECC water (cold carped) which is located on the bottom of the tube represents a mass which is approximately twice as big as the mass of ECC injection. As a consequence of mixed convection, initiated by the temperature difference between cold carped and downcomer fluid, the outward mass flow exceeds the ECC injection mass flow. Thus, a backflow balances the effect of mixed convection in the cold leg.

Figure 13: Vector plot of the instantaneous flow field at t = 150 s (TrioCFD dilatable hypothesis)

Intermediate injection phase

The intermediate injection phase covers the experiment from about 160 s to 300 s after the ECC injection starts 160 s < t < 300 s). ECC water injection mass flow slowly approaches the target values and the temperature starts to decrease non-linearly with time in this time period (see Fig. 3). Fig. 14 shows the surface temperature of the cold leg of TOPFLOW for the instant t = 250 s. Both cold leg and downcomer are filled with cooled down water up to the same level of about the middle of the cold leg. Three temperature layers in the cold leg can be distinguished:

1. The top layer with a temperature slightly below the initial saturation temperature. This layer is connected to the upper part of the downcomer region which is at saturation temperature due to the presence of the water/vapor interface. The top layer is associated to backflow of hot downcomer fluid to the cold leg. 2. The lower layer representing ECC water mixed with the cold leg fluid associated to the cold carped flowing out of the cold leg. 3. The central layer with a temperature of around 180 °C associated to backflow of colder downcomer fluid to the cold leg.

It is also evident that hot water of the central layer is locally entrained into the lower layer.

The mentioned flow directions are derived from the corresponding flow field, visualized by the vector plot Fig. 15. Cold leg fluid is entrained in the ECC jet but also from the downcomer backward flow into the ECC outward flow. The backflow has reached its maximum during this phase including the formation of a significant flux near the top of the cold leg. This backflow is probably related to the temperature dependency of the dynamic viscosity which diminishes with increasing temperature. 

Late injection phase

The late injection phase starts at about 300 s after the start of ECC injection (t > 300 s). The ECC mass flow has reached a constant value (see Fig. 3) while the ECC water temperature decreases almost linearly with time in the analyzed injection period. Fig. 17 

COMPARISON OF VERTICAL VELOCITY DISTRIBUTION

In this section, temporal profiles of the velocity component in axial direction (parallel to the x-axis) are compared for 4 axial locations in the cold leg (LA1, LA2, LA3 and LA4) and each at 3 vertical positions. The velocities were obtained by two turbulence modelling approaches and three hypotheses on fluid modelling; incompressible, dilatable and compressible. Experimental data are not available however the temperature comparison proposed in the previous section gives confidence in the simulation results. This comparison has a twofold objective:

• To show a comparison between two turbulence modelling approaches in terms of axial velocity profiles, LES for TrioCFD and U-RANS for Neptune_CFD. • To observe the model hypothesis differences, in terms of turbulence structure and fluid dynamic developments.

This comparison is to our knowledge the first contribution in the literature on the analysis of velocity in the cold leg of the TOPFLOW PTS experiments which is supported by a validation step on temperature comparisons.

Concerning flow directions, it is important to note that on the right-hand side of the ECC injection line (LA2, LA3 and LA4), a negative velocity indicates a flow that comes from the downcomer in the direction to the ECC injection line (backflow). On the left-hand side of the ECC injection line (LA1) a negative velocity indicates the flow that moves away from the ECC injection line in the direction to the pump simulator.

For each axial position LA1, LA2 LA3 and LA4 the calculated axial velocities are compared near the top wall (Fig. 20), in the center of the cold leg (Fig. 21) and near the bottom wall (Fig. It must keep in mind for this analysis, that local, unsteady velocities in highly turbulent regions are compared which are influenced by the formation of thermal stratification. Hence, critical instantaneous differences in the velocities are expected between the different calculations; however, the overall flow trends should be comparable.

The axial velocities calculated by LES with the dilatable and incompressible fluid hypotheses agree surprisingly well in all vertical positions of the four thermocouple lances (see Figs. [START_REF] Hirt | SOLA -a numerical solution algorithm for transient flow[END_REF][START_REF] Angeli | FVCA8 Benchmark for the Stokes and Navier-Stokes Equations with the TrioCFD Code-Benchmark Session[END_REF][START_REF] Nicoud | Subgrid-scale modelling based on the square of the velocity gradient tensor[END_REF] since the temporal temperature profiles have shown some significant differences (see Figs. [START_REF] Theofanous | Mixing phenomena of interest to SBLOCAs[END_REF][START_REF] Coste | Two-phase CFD validation: TOPFLOW-PTS steady-state steamwater tests 3-16[END_REF][START_REF] Coste | A Large Interface Model for two-phase flow[END_REF].

Likewise, the comparison between LES and U-RANS computations show globally a good agreement. Focusing on the bottom region of the cold leg (Fig. 22) where the ECC injection stratifies, the local velocities show a flow acceleration that is predicted similarly by the three computations.

CONCLUSION

8. When cold ECC water is injected under high-pressure conditions into the cold leg, this cold ECC water can come into contact with hot RPV wall initiating the so-called pressurized thermal shock. The risk of a thermal shock is dependent on the mixing in the cold leg. A not understood entirely process affecting the mixing efficiency is the backflow of hot downcomer fluid into the cold leg. This backflow is analyzed by CFD calculations of a TOPFLOW experiment on PTS where the TOPFLOW facility represents a simplified part of the primary circuit of a French 900 MWe PWR. Three flow hypotheses were used to take into account buoyancy effects: incompressible flow with the Boussinesq approximation, dilatable flow and compressible flow. Turbulence is treated either by LES or by U-RANS.

9. In a first step, for one transient TOPFLOW PTS experiment, measured temperature profiles were compared to the calculations; three elevations and four axial locations in the cold leg were selected for the comparison which shoes an agreement to the experiment which is supposed to be good for dilatable and compressible modelling and still acceptable with the Boussinesq approximation. In any case, the different approaches show the same phenomenological behavior for the period analyzed.

10. The backflow starts in the early injection phase (first 60 s after the start of ECC injection) in the center of the cold leg. Due to the mixing of cold ECC water with the cold leg fluid, the mass of cooled down water in the cold leg exceeds the mass of injected water. This cold fluid flows to the downcomer, accelerated by buoyancy. To compensate the outward flow from the cold leg to the downcomer, a significant flow back into the cold leg from the downcomer establishes. This backflow reaches its maximum at about 150 s after the start of ECC injection and forms two flow regions: the center and the top of the cold leg (the cold ECC water flows out of the cold leg at the bottom of the pipe). With increasing injection time, the temperature in the cold leg becomes more and more equalized what reduces the efficiency of buoyancy effects. As a consequence, the backflow disappears slowly and is present in the late injection phase after about 300 s only in the top of the cold leg. The backflow in the center of the cold leg has disappeared.

11. Finally, temporal velocity profiles in the cold leg (same locations as the comparison of the temperatures) have been compared for the 3 fluid models. This comparison helped to better understand the dynamics of the flow during the experiment.

Figure 1 :

 1 Figure 1: Main components of the TOPFLOW facility located in a pressure vessel

Figure 2 :

 2 Figure 2: Side view of the TOPFLOW facility and location of the thermocouple lances Steam is only present in the upper part of downcomer in order to assure that the steam/water level was always located above the cold leg nozzle. Steam could not enter the cold leg. Both

Figure 3 :

 3 Figure 3: Temporal course of the normalized temperature and mass flow in the first 500 seconds of ECC injection

Figure 4 :

 4 Figure 4: View on the TOPFLOW geometry (a) with a zoom on the internal walls of the pump simulator (b)

Figure 5 :

 5 Figure 5 : Meshing in a vertical plane cut through ECC line and cold leg 4.1.7 Boundary and initial conditions As initial condition, the whole facility was filled with immobile saturated water at 263 °C. The calculation started with the beginning of ECC injection at t = 100 s. The following boundary conditions were used: • ECC injection: Dirichlet boundary conditions were used for mass flow and temperature at the inflow faces of the ECC line. The time dependent courses are shown in Figure 3. • Downcomer outlet: Von Neumann conditions with an imposed pressure are applied at the outflow faces of the downcomer outlet. In incompressible flow, only the pressure gradient appears in the NS equations. The reference pressure is set to P = 0 Pa at the downcomer outlet (the physical properties were taken at the correct pressure). For the dilatable model, the total pressure influences the physical properties. The thermodynamic pressure at the downcomer outlet is set to P=5 MPa; the hydrodynamic pressure has a zero gradient normal to the outlet faces. • Solid walls: Standard wall functions are used to model momentum exchange between solid walls and fluid. In fact, Reichardt's general wall law (eq.9) is used which spans with one correlation the viscous sublayer, buffer-and logarithmic law regions[START_REF] Hinze | Turbulence[END_REF] (k=0.415).

  is the dissipation term and, finally, 𝐺 9< = 𝑟 ⊗ 𝑔 + 𝑔 ⊗ 𝑟 is the production tensor associated with buoyancy effects (𝑟 = 𝜌′𝑈′ cccccc ). Then, 𝑑 m = 𝐶 m ∇ w𝜌 0 m 𝑅 9< • ∇𝜀z is the turbulent diffusion term, 𝑃 = ] Q 𝑡𝑟(𝑃 9< ) , 𝑘 = ] Q 𝑡𝑟(𝑅 9< ) and, finally, 𝐺 m = max w0, ] Q 𝑡𝑟(𝐺 9< )z . The coefficients are summarized in table

  Figure 6 : Neptune_CFD: Geometry with the separation in vapor and liquid phase (a) and view on the hexahedral mesh in the ECC line and cold leg (b).

  -a. The time dependent courses of mass flux and temperature are given in Figure 3. • Inlet Downcomer: The reference pressure of 𝑃 ' = 5 𝑀𝑃𝑎 is set at this boundary. • Outlet Downcomer: Dirichlet conditions with an imposed negative mass flux is applied at the "Outlet Downcomer" boundary of Figure 6-a. The mass flux is recalculated at each time step in a way that the vapor/liquid interface is located at the experimental position. • Solid walls: Standard wall functions are used to model momentum exchange between solid walls and fluid. The two closed branches are also treated as solid walls. All solid walls are treated as adiabatic. • Vapor/vapor interface: The water level hmax is always located above the cold leg nozzle by regulating the downcomer outlet mass flux.

Figure 7 :

 7 Figure 7 : Isobaric density profiles versus temperature for water at liquid phase. The wide temperature range leads to a wide variety of physical properties as shown in Tab. 2. Table 2: Temperature dependency of the liquid physical properties of water at 5 MPa Temperature [°C] 1 50 100 150 200 263 Density [kg/m3] 1002.35 989.0 962.8 918.8 865.9 783.3 Dyn. Visc. [Pa/s] 1.75x10 -3 5.48x10 -4 2.80x10 -4 1.80x10 -4 1.30x10 -4 1.00x10 -4 Th.Cond. [W/(mK)] 0.565 0.648 0.683 0.689 0.669 0.598 Th. Exp. Coef. [1/K] -4.8x10 -5 3.33x10 -4 7.48x10 -4 1.09x10 -3 1.28x10 -4 2.08x10 -4 Heat cap. [J/(kgK)] 4193 4190 4221 4305 4480 5001

Figure 8 :

 8 Figure 8: Temperature distribution (TrioCFD with dilatable fluid) in the TOPFLOW facility about 90 s after beginning of ECC injection.

Figure 9 :Figure 10 :Figure 11 :

 91011 Figure 9 : Measured and calculated temporal temperatures courses close to the top wall at the locations LA1, LA2, LA3 and LA4

Figure 12 :

 12 Figure 12: Instantaneous temperature field at the cold leg surface at t = 150 s (TrioCFD dilatable hypothesis) The vector plot Fig.13 visualizes the corresponding flow field. The flow in five plans are shown, four cut vertically normal to the axis of the cold leg (at equidistance between ECC injection and cold leg nozzle), and one cut vertically along the axis of the cold leg. The cold jet formed by of the ECC injection is well visible. Cold leg fluid is entrained in the ECC jet. The thermal stratification inhibits the formation of large circumferential circulation zones due to buoyancy forces. The outward flow of ECC water to the downcomer takes place near the bottom and top of the cold leg. The backward flow from the downcomer into the cold leg only happens near the center of the tube.

Figure 14 :

 14 Figure 14: Instantaneous temperature field at the cold leg surface at t = 250 s (TrioCFD dilatable hypothesis)

Figure 15 :Figure 16 :

 1516 Figure 15: Vector plot of the instantaneous flow field at t = 250 s (TrioCFD dilatable hypothesis)

  shows the surface temperature of the cold leg of the TOPFLOW facility for the instant t = 350 s. Both cold leg and downcomer are filled with cooled down water up to the same level of about 3/4 of the cold leg. Downcomer fluid has reached approximately the temperature of the cold leg what reduces buoyancy effects. Three temperature layers can be distinguished: 1. The top layer, representing backflow from the downcomer top region, 2. The lower layer representing ECC water mixed with the cold leg fluid, representing the outward flow of ECC water to the downcomer, and 3. The layer in the center, representing an exchange layer between ECC water on the bottom and cold leg fluid in the center.It is also visible that hot water of the central layer is entrained into the lower layer.

Figure 17 :

 17 Figure 17: Instantaneous temperature field at the cold leg surface at t = 350 s (TrioCFD dilatable hypothesis)

Figure 18 :

 18 Figure 18: Vector plot of the instantaneous flow field at t = 350 s (TrioCFD dilatable hypothesis) A vector plot of the instantaneous velocity at t = 350 s is shown in Fig.19. The four visualization planes of Fig 18, which cut vertically through the cold leg, are displayed at a different view angle. A significant large-scale mixing vortex is generated in the lower part of the cold leg. The vortex is turning in the counter-clockwise direction. Additionally is marked the outward flow of ECC water in the tube bottom which starts in the form of a half-moon, created by the ECC jet impact on the cold leg wall in the absence of significant buoyancy. The backward flow of downcomer water in the top of the tube is also visible as well as the flow of water coming from the pump and crossing the ECC jet.

Figure 19 :

 19 Figure 19: Vector plot of the instantaneous velocity at 350 s in 4 planes cut vertically trough the cold leg (TrioCFD dilatable hypothesis)

Figure 20 :Figure 21 :Figure 22 :

 202122 Figure 20 : Calculated temporal courses of the axial velocity component (in x-direction) close to the top wall at the locations LA1, LA2, LA3 and LA4

  

Table 1 : turbulence model coefficients

 1 

	𝐶 m	𝐶 m o	𝐶 m o	𝐶 ]	𝐶 Q
	0.18 1.44 1.92 1.8 0.6
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