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TIM model application to Corium Concrete Interaction: Ablation Regimes and Instabilities

This paper deals with the extension of the Transient Interface Model (TIM), initially developed for in-vessel and ceramic dissolution situations, to molten core concrete interaction (MCCI) conditions. The application of the TIM model to MCCI leads to evidence of two interaction regimes, depending on the nature of the concrete. For siliceous concrete, there is no crust nor mushy zone at the ablated corium/concrete interface and the interface temperature is close to the liquidus temperature of concrete (Low Interface Temperature -LIT regime). For limestone common sand concrete, a mushy zone or crust can form at the interface between the corium and the concrete and the interface temperature (between mushy zone and melt) is close to the pool liquidus temperature (High Interface Temperature -HIT regime).

No intermediate regime exists, but rather regime transitions (HIT to LIT, or LIT to HIT), which may occur on a limited number to all interfaces during MCCI. The work described herein demonstrates that these regime transitions are abrupt and happen within a short time period. These regime transitions are shown to cause ablation instabilities. Many combinations of regime transitions on various interfaces at various pool temperatures (in comparison to pool liquidus) are possible. Only a limited number of these transitions have been calculated; the results indicate that different trends in temperature evolutions observed during MCCI tests can be reproduced. New calculations of the CCI2, CCI3 and M3B tests are presented.

Introduction

Despite their low probability, severe accidents in both Pressurized as well as Boiling Water Reactors (PWRs and BWRs) can lead to significant core damage, nuclear fuel melting and possible release of fission products outside the containment. In this work, we are interested in the later stage of the accident after failure of the reactor vessel and corium relocation into the reactor cavity. Once relocation occurs, the corium can form a molten pool that will interact with the concrete of the basemat. Evidence of this behavior has been observed at the Fukushima Daiichi Units 1-3 [START_REF] Rempe | efforts in support of examinations at Fukushima Daiichi -2018 evaluations[END_REF].

During Molten Core-Concrete Interaction (MCCI) the composition of the melt pool, which is heated by the decay of radioactive materials (fission products and actinides), evolves over time. The melt is further heated by exothermic chemical reactions between concrete decomposition gases and metallic species. Accurate estimation of the energy balance for the pool is therefore critical to calculate the instantaneous concrete ablation velocity. Accurate determination of the overall energy balance of the pool is challenging because of the relatively complicated phenomena associated with pool heat losses to the boundaries, as well as heat input from decay heat and exothermic chemical reactions. These phenomena include complex mechanisms controlling the pool temperature, which is influenced by heat transfer (gas stirred convection and heat radiation), phase changes, and finally the evolving temperature profile at the melt pool interface with the concrete walls. This paper deals with phenomenological aspects of MCCI that remain challenging. The evolution of pool temperature is still not completely understood (e.g., near the liquidus temperature for LCS concrete and well below the liquidus for siliceous concrete). Furthermore, ablation instabilities have been observed (for instance, with siliceous concrete) that may result in preferential ablation of the lateral concrete walls as observed in CCI3 test [START_REF] Farmer | OECD/MCCI-2005-TR05, OECD MCCI Project, 2-D Core Concrete Interaction (CCI) Tests: Final Report[END_REF]. Many investigations have been conducted in order to analyze and explain ablation instabilities [START_REF] Bonnet | State-of-the-Art Report on Molten Corium Concrete Interaction and Ex-Vessel Molten Core Coolability[END_REF], [START_REF] Bouyer | Molten Core Concrete Interaction Test in VULCANO Facility Preventing Initial Interfacial Crusts[END_REF]. Several candidates have been proposed to explain instabilities, among these are models based on the effect of silica gravels [START_REF] Kang | Phenomenological Modelling Approach to Anisotropic Ablation in Molten Core Concrete Interactions[END_REF], effects of initial conditions, size effects etc… These ablation instabilities are currently not well understood.

State of the art and objectives

The complex phenomena occurring during a severe accident have been studied for many years and are well documented in the literature [START_REF] Sehgal | Nuclear safety in light water reactors -Severe accident phenomenology[END_REF]. The issues involved with modeling of interface temperatures and heat transfer during MCCI is discussed in [START_REF] Jamet | Progress in the Modeling of Molten Corium Concrete Interaction[END_REF] and in (Seiler and Combeau, 2014 a) and is not reiterated here.

The work presented in this paper is based on the Transient Interface Model (TIM) developed by (Seiler and Combeau, 2014 a). The underlying challenge is basically the development of a single physical formulation of the interface conditions adapted to various situations in severe accidents. The TIM model has been shown to apply to situations involving:

-ceramic dissolution by oxidic corium (Seiler et al., 2014 b). In this case, the interface temperature stays above melt liquidus temperature; and -in-vessel conditions [START_REF] Pham | Modeling of heat transfer and solidification in LIVE L3A experiment[END_REF] for which interfacial behavior can be approximated by successive steady state situations, with the interface temperature with solid surfaces equal to the melt liquidus temperature, in each layer, at each time.

An initial application of this modeling approach to MCCI is discussed in (Seiler and Combeau, 2014 a). The model has been applied to the calculation of ARTEMIS tests performed with simulant materials [START_REF] Pham | Heat & mass transfer and interface temperature during simulated melt-concrete interaction with composition variation in ARTEMIS 2D Experiments[END_REF]. The results showed the capability of calculating melt temperature evolution in the range of solidus and liquidus temperatures. In the case of the simulant material ARTEMIS experiments, the mass and heat transfer coefficients could be considered as constant during the transient, which is clearly not the case with real (reactor) materials. We will show that the introduction of variable mass transfer coefficient (with temperature and viscosity) has important consequences, particularly on ablation instabilities.

The model has been implemented in the ECRINS code [START_REF] Jamet | Progress in the Modeling of Molten Corium Concrete Interaction[END_REF], developed in the CNRS/LPSC Laboratory at the University Grenoble.

The aim here is to provide a detailed description of the extension of the TIM model to MCCI conditions, along with applications to MCCI experiments. Thus, we first provide a summary of the main modelling features. A new phenomenological model is then developed that sheds light on the physical processes influencing pool temperature evolution and ablation instabilities during MCCI. The new model is then applied to the CCI2, CCI3 and M3B tests, performed at Argonne National Laboratory. An approach is proposed for the limitation of the interaction surface area in relation to the ablation instability with siliceous concrete for the CCI3 test. The problem of mushy zones and crust behavior is also discussed.

Main features of the TIM model for MCCI study

Main hypotheses

For purposes of simplicity we will refer to the molten pool formed in the reactor cavity as the "pool." The term "corium" refers to the core materials released from the RPV and before interaction with the concrete basemat (i.e. mainly formed of UO2 and ZrO2). Only the oxidic phase of the corium is taken into account in the present study.

The model describes the interaction between the pool and two separate concrete interfaces, typically a horizontal surface and a vertical surface.

Energy balances are written for the pool and for the two concrete walls, as described in [START_REF] Jamet | Progress in the Modeling of Molten Corium Concrete Interaction[END_REF].

The pool is formed from corium and condensed phases from concrete decomposition, with concrete decomposition gases released from the concrete (i.e., CO2, H2O) sparging through this material. Condensed phases from concrete are formed from aggregate (principally silica gravel for siliceous concrete) as well as cement and molten phases that is called the concrete "matrix".

In the bulk of the pool, corium and matrix materials are considered to be at thermodynamic equilibrium (thermal and chemical equilibrium) at the pool temperature. Large size silica aggregates may stay solid and are solely at thermal equilibrium with the pool (chemical equilibrium of aggregates is assumed to not be reached because of the high viscosity and low mass diffusivity of silica). Solidus and liquidus temperatures of the corium-matrix system are evaluated from a binary phase diagram that is calculated by the GEMINI software package using a Gibbs free energy minimization technique [START_REF] Chevalier | Proc. Int . conf. on Thermodynamics of Alloys[END_REF]. The amount of aggregate is also estimated on the basis of thermodynamic equilibrium calculations (i.e., aggregates represent the fraction of silica that requires a significant temperature increase for melting) and corresponds (in the case of CCI3) roughly to the large size (> ~1 cm) aggregate material.

A thermodynamic description of the pool is employed that provides a link between pool composition, pool temperature, solid mass fraction and compositions of solid and liquid phases.

When pool temperature is above the liquidus temperature corresponding to the pool concentration (Cpool), the pool is entirely liquid. When pool temperature is below the pool liquidus temperature, a solid phase (concentration Csol) and a liquid phase (concentration Cliq) coexist in the pool. In order to understand the calculation results, it is important to note that the liquidus temperature corresponding to the concrete matrix concentration of the liquid phase in the pool (Cliq) is equal to the pool temperature (since thermodynamic equilibrium between matrix materials and corium is assumed in the pool).

Constitutive laws

Liquid phase concentrations at the interfaces Depending on the temperature and composition distributions near the ablation boundaries, mushy zones may exist at the boundaries. We will demonstrate that the existence of these mushy zones will depend not only on the type of concrete, but also on the ablation regime. When a mushy zone exists, the interface is defined as the boundary between the melt pool and the mushy zone. When no mushy zone exists, the interface is defined as the boundary between the pool and the concrete.

Mushy zones are not described in the code and will be discussed at the end of present paper.

They are assumed to be permeable to heat and mass transfer (i.e., no heat or mass accumulation within the mushy zones).

The interface temperature is determined by the composition of the liquid phase on the interface. This composition depends on the mass transfer, between the interface and the pool, of the species coming from the wall. According to (Seiler and Combeau, 2014), the concentration of the liquid phase at each interface is given by: = + ⁄ -(Eq 1.a)

In this equation, Cliq is the concentration of the liquid phase in the pool. This concentration may be different from the pool average concentration (Cpool) for cases in which solid and liquid phases coexist. Cint is the concentration of the liquid phase on the interface. In addition, ρ is the density of the liquid phase on the interface; kM is the mass transfer coefficient; and Jabl is the superficial velocity of the matrix decomposition materials (SiO2, CaO, Al2O3, MgO; concentration Cw =1 and density 1 2 ) entering the pool through the interface. Jabl is linked to the concrete ablation rate Vabl, conc by: 3 456 = 7 456, 89:8 1 -<4=,89:8 -4<<,89:8
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V abl, conc is proportional to the heat flux, thus to the heat transfer coefficient (h) and to the temperature difference between the pool (T pool) and the interface (Tint).

The assumption of thermodynamic equilibrium at the interface implies:

B = B C DCE FG 2
The liquid concentrations and temperatures at different interfaces may be different and are allowed to change during the MCCI as a function of the ratio kM/Jabl, for the liquid phase concentration in the molten pool, as well as the concentration of concrete matrix. Jabl is linked to the concrete ablation rate at the different interfaces.

When the ratio kM/Jabl is small (i.e., < ~0.01), mass transfer from the concrete surface into the pool is not efficient and the interface is enriched with materials from the molten concrete matrix. According to Eq.1, the liquid concentration on the interface is near unity. Under this condition, the interface temperature tends towards the liquidus temperature of the concrete matrix.

When kM/Jabl is large (i.e., >~10 to 100), mass transfer from the concrete surface into the pool is very efficient, thereby leading to rapid mixing of the molten concrete with the corium. The liquid concentration on the interface is near the concentration of the liquid phase in the pool.

The interface temperature then tends toward the liquidus temperature that corresponds to the concentration of the liquid phase in the pool.

Mass transfer

The mass transfer correlation is derived from scaling considerations developed in (Seiler and Froment, 2000 p. 240); the mass transfer coefficient is deduced from the following correlation involving the Sherwood number:
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In the viscous (laminar) regime, e[ < 10 k and Z[ ≫ 1: n=1/3

In the turbulent regime, Gr ~ 10 12 : n=1/12

In MCCI situations, the Grashof number (Gr) (which accounts for void fraction and solutal effects) is calculated to vary, typically, between 10 5 and 10 10 depending on melt viscosity, temperature, void fraction and pool height. Noting that Gr 1/ 3 is of the order of 10 in the laminar regime (Gr ~ 10 3 ) and that Gr 1/12 is also of the order of 10 in the turbulent regime (Gr ~10 12 ), we have assumed that Gr n is the same order of magnitude (i.e., 10) for intermediate regimes.

The constant Cste is unknown and has to be determined through validation calculations against experiment results.

Finally, the following formulation, deduced from Eq 3, is used in the model:

m n = opq 10 ℎ W X?Y d r \ st W X?Y u v g (Eq 4)
Molecular Diffusivity (Dmol) :

Molecular diffusivity is calculated with the Stokes-Einstein relation:
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with m … the Boltzman constant that is equal to 1.3806 10 -23 J K -1 ; € is the molar radius of diffusing species (m) ; 4 ≤ Š ≤ 6; 1 is the density of diffusing species; and a 4 is the Avogadro number 6.023 10 ŽQ mol -1 ).

Diffusing species originate from the concrete. These species having similar molar masses (ℳ: order of magnitude is 50 g/mol) and densities (order of magnitude is 2500 kg/m 3 ) for which we estimate F ~ 0.25 nm.

Typical values for the mass transfer coefficient kM are:

• 10 -7 m/s for decomposition materials from siliceous concrete • 10 -5 to 10 -4 m/s for liquid melts with LCS concrete at pool temperature

Heat transfer

Many heat transfer correlations have been developed in the past for the corium-concrete interaction situation. [START_REF] Tourniaire | A heat transfer correlation based on a surface renewal model for molten core concrete interaction study[END_REF] has shown that the "surface renewal" approach is the most pertinent. This approach has been adopted in [START_REF] Bottin | Molten corium-concrete interaction: investigation of convective heat transfer in a pool with gas sparging[END_REF] for the interpretation of the CLARA experiments. These heat transfer experiments have been performed with simulant material (water plus additives to increase viscosity) and meet several characteristics of MCCI situations; i.e.

-Large size (rectangular geometry 2 meters (horizontal), 0.25 m (horizontal depth) and 0.25 to 0.5 m in pool height).

-Gas injection at the walls with superficial velocities ranging from 1 cm/s to 7 cm/s.

-Variable viscosity (a few mPa.s to 10 Pa.s).

-Volumetric heating -Imposed surface temperature. These data extend the parameter range (elevated viscosity, simultaneous gas injection on all interfaces, representative geometry). Furthermore, the proposed correlation overlaps the parameter range of previous correlations [START_REF] Bottin | Molten corium-concrete interaction: investigation of convective heat transfer in a pool with gas sparging[END_REF].

Heat transfer correlations to the bottom horizontal and vertical boundaries are given, respectively, by:
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From these relations, we deduce the heat transfer coefficients as:

ℎ = ¢ £ r < V\ ] u v g M ¤ g V < \ ] h O 5 (Eq 9)
with a= 0.15 and b=0.0373 for the vertical boundaries, and a=0.1 and b=0.0483 for the horizontal interface.

When the melt contains a mixture of liquid and solid phases, the properties used for the calculation of heat and mass transfer coefficients (density, viscosity, thermal diffusivity...) correspond to the properties of the liquid phase.

Note that since the exponent b is quite small, the influence of the gas superficial velocity on the heat transfer coefficient is weak.

It is also important to note that the ratio kM/Jabl (Eq 1b and Eq 4), which governs the interface temperature (Eq 1), does not depend on the heat transfer coefficient, and only depends on the liquid composition and temperature on the interface.

Viscosity

The apparent viscosity of the liquid-solid mixture is calculated using the methodology described in [START_REF] Seiler | Viscosities of corium-concrete mixtures[END_REF]. The calculation of the viscosity of the liquid phase is based on the Urbain model [START_REF]Viscosity of silicate melts[END_REF]. The effect of the solid phase is approached using the relation from [START_REF] Stedman | Rheology of composite ceramic injection moulding suspensions[END_REF], for which the viscosity approaches infinity as the solid volume fraction (fvs) approaches a specified maximum value (fvsmax).
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Calculation procedure

The main features of the calculation procedure are illustrated in Figure 1. At each time step, knowing the average pool composition ( §¯¯ ) (given by the mass balance) and the average pool enthalpy (resulting from the pool energy balance) allows the pool temperature (Tpool), concentrations of the liquid ( ), of solid ( E¯ ) phases, and the solid mass fraction to be deduced. The liquid concentrations on the interfaces (Cint) are then calculated from (Eq.1). The interface temperatures (B ) are deduced as B °:± = B C DCE . Pool temperature and interface temperatures allow heat fluxes and ablation rates on each interface to be calculated, which are used as input for the calculation of the pool composition and pool enthalpy at next time step.

Reference parameters for calculations

The reference calculation conditions and values for the model parameters are as follows:

-The heat and mass transfer coefficients are calculated at interface conditions.

-Gr n in Eq 3 is replaced by the factor 10.

fvs max is taken equal to 0.7.

-No correction factor is applied to the heat transfer correlation.

-The best estimate value for Cste in Eq 4 has been determined to be ~ 2 on the basis of the limited number of test recalculations performed in the frame of this study. -The initial interface temperature is equal to the liquidus temperature of the concrete (or matrix). The value of 2 for Cste in Eq 4 corresponds to the best estimate reproduction of pool temperature evolutions in the tests analyzed and to a first order approach of the ablation instabilities.

Phenomenological analyses and Cste variation range:

In section 4, the value of Cste can be modified intentionally for purpose of physical analysis and progressive understanding of the complex model implications. The objective of the calculations and variation range of Cste parameter are summarized in table 1. The effect of the variation of the heat transfer coefficient will be discussed in section 4.9.

Phenomenological approach and analysis of CCI tests

The calculations have led to a comprehensive approach for evaluating the physical phenomena, thereby providing new insights and understanding of the interaction processes. These processes are outlined below through application to CCI test results [START_REF] Farmer | OECD/MCCI-2005-TR05, OECD MCCI Project, 2-D Core Concrete Interaction (CCI) Tests: Final Report[END_REF].

HIT and LIT interaction regimes

The calculation results provide evidence for the existence of two basic interaction regimes: the High Interface Temperature (HIT) regime and the Low Interface Temperature (LIT) regime.

The HIT regime

The HIT regime is observed for elevated values of the ratio kM/Jabl on all interfaces. These elevated ratios (i.e., kM/Jabl > 10 to 100) are observed for elevated temperature, low melt viscosity conditions that are typically obtained with LCS concrete (Limestone Common Sand). Test CCI2 provides a typical example of this regime (see figure 2 and appendix B).

The CCI2 calculation starts with an initial pool temperature that is below the pool liquidus temperature (figure 2) and an initial interface temperature equal to the liquidus temperature of concrete (~1800K). For large values of the ratio kM/Jabl, according to Eq 1, the concentration of the liquid phase on the interfaces is close to the concentration of the liquid phase in the pool and the interface temperature is close to the liquidus temperature corresponding to this concentration Tliq (Cliq) (Eq. 2). As thermodynamic equilibrium is assumed in the pool, the pool temperature is equal to the liquidus temperature corresponding to the concentration of the liquid phase (Tpool = Tliq(Cliq) in figure 1). Thus, during the initial phase (0 to ~1500 seconds) the temperature differences as well as the heat fluxes between the pool and the interfaces are small. The consequence is an increase in pool temperature. This situation persists as long as a solid phase exists within the pool. When the pool temperature meets the pool liquidus temperature (Tliq (Cpool) at t~1500 seconds in figure 2), the interface temperatures are held at this level, whereas the pool temperature can exceed the pool liquidus temperature (for which the solid phase ceases to exist in the pool). The heat fluxes to the interfaces are then re-established.

As the pool temperature and interfaces temperatures are elevated, the viscosity is low. The heat transfer coefficients to the interfaces reach elevated values, typically in the range 2000 to 5000 Wm -2 K -1 . As a consequence, the temperature difference between pool and interface is small (some tens of K). Thus, the pool temperature follows the interface temperatures, which decrease with the pool liquidus temperature when the concentration of concrete increases in the pool. Since the pool temperature is above all interface temperatures, the ablation affects all interfaces. In case of CCI2, the calculated kM/Jabl ratio decreases from approximately 100 (at time 0) to, approximately 10 (at 18000 s (300 min)); see detail in Appendix B.

Note that, for this interaction regime, the temperature evolutions (which follow the evolution of liquidus temperature) do not depend directly on the values of the kM/Jabl ratio during the transient, provided that the values of this ratio permit to stay within the HIT regime.

The LIT regime

This regime corresponds to low values of the ratio kM/Jabl (typically < 0.1) that are encountered for low temperature, high melt viscosity conditions typically observed with silica rich concretes.

In this case, the liquid concentration on the interface is close to 1 (i.e. the liquid is from the matrix concrete), and interface temperature is thus close to the liquidus temperature of the concrete (or concrete matrix). In this case, the interface temperature stays constant versus time. The temperature difference between the pool and interface is controlled by the average heat flux and by the heat transfer coefficient, which is generally low due to the silica concentration and low interface temperature (typically in the 300 to 600 Wm -2 K -1 range). The pool temperature may, thus, also tend towards a constant value between the melt liquidus and the concrete (matrix) liquidus temperatures. As for the HIT regime, this temperature does not depend directly on the kM/Jabl ratio, provided that the values of this ratio remain within the LIT regime.

In this regime, the ablation may be uniform or limited to a number of interfaces. The other surfaces stay in the HIT regime with a heat flux equal to zero, as will be shown later. As the average heat flux depends on the surfaces that are undergoing ablation, the pool temperature will depend on the extent of the ablation of those surfaces, as shown in figure 3. Note that when the ablation surface area increases, the average heat flux to the interfaces decreases and, consequently, the temperature difference between pool and interface (concrete liquidus). As the interface temperature is close to the liquidus temperature of the concrete matrix, there is no mushy zone (or crust) at the interface between pool and concrete in the LIT regime. The pool configuration is discussed more in detail in section 5.

A typical application is to the CCI3 test that utilized siliceous concrete. Figure 4 compares the predicted temperature evolutions with the test data. The kM/Jabl ratio stays between 0.05 and 0.2 on vertical surfaces (see Appendix B for details). For the calculation result presented in Figure 4, a value Cste = 2 has been used for the vertical interfaces, while a value of Cste=10 has been used for the horizontal interface in order to impose the HIT regime on that interface (which leads to zero heat flux on the horizontal interface) for the purposes of this demonstration. The transition to ablation instability will be discussed in sections 4.4 and 4.5. 

Transition between HIT and LIT regimes simultaneously on all interfaces

The existence of the HIT regime (for elevated values of kM/Jabl ) and LIT regime (for low values of the kM/Jabl ratio) raises the question of the existence of an intermediate regime, for which the interface temperature would evolve between the concrete matrix liquidus and the pool liquidus temperatures. In order to investigate this question, we performed calculations by intentionally varying progressively the parameter Cste in Eq 4 simultaneously on both interfaces (vertical and horizontal). This parameter affects the mass transfer coefficient. The calculation corresponds to the CCI2 test case (LCS concrete). The HIT regime is obtained for the reference value Cste=2. The answer to the question was that such an intermediate regime does not exist. Instead, we observe rapid regime transitions from HIT to LIT (see figure 5). The initial situation corresponds to a HIT regime. During the transient, the ratio kM/Jabl decreases progressively (the decrease is mainly due to the decrease of the interface temperature) until a critical value which leads to a regime instability. This instability threshold is mathematically characterized in the Appendix A (critical kM/Jabl is equal to ~ 2.35 for the ECRINS constitutive laws). The physical process is the following: When kM/Jabl approaches the critical value, the interface temperature begins to decrease (according to Eq. 1). As the temperature difference between pool and interface increases, the heat flux increases, which causes an increase in the ablation rate Jabl. As Jabl increases, the ratio kM/Jabl decreases further, which results in a further decrease of the interface temperature. The interface temperature thus tends towards the liquidus temperature of concrete matrix, which leads to the LIT regime (see Appendix A for more details that provide a sense of the variation of the interface temperature versus kM/Jabl).

Transition from LIT to HIT regime simultaneously on all interfaces

The reverse transition from the LIT regime to the HIT regime is also possible. The following case (Figure 6) shows a calculation case of simultaneous transition on both interfaces (horizontal and vertical). The LIT regime is initially imposed by intentionally setting Cste=1 on both vertical and horizontal interfaces. After 1900 seconds, Cste is then changed to the reference value 2.

Figure 6a. CCI2 case. Calculation of a transition from LIT regime to HIT simultaneously on all interfaces using the CCI geometry and LCS concrete. The regime is LIT during the first 1900 seconds (Cste=1

). Liquidus temperature of concrete is 1800 K. Cste is changed to 2 at 1900 seconds. Transition occurs between 1900 and 4200 seconds. After 4200 seconds, the regime is HIT. The insert above (without temperature scale) shows similar pool temperature evolution measured during CCI tests.

Figure 6b. Ablation depths on horizontal (h) and vertical (v) interfaces associated to the case

shown in figure 6a.

The initial LIT regime on all interfaces (0 to ~2000 s) corresponds to a sharp initial decrease in pool temperature and fast, uniform, ablation. The regime change (time interval 1900 to 4200 s) exhibits a temperature increase that consumes the available injected power. Thus, the ablation rates drop to zero during this time period. The following HIT regime on both interfaces (t > 4000 s) is characterized by higher temperatures, and simultaneous ablation on both horizontal and vertical surfaces.

Transition from HIT regime to LIT regime on a single interface

Instead of occurring simultaneously on both interfaces, the regime transition may occur on a single surface. In the next case, the initial situation is the HIT regime on all interfaces, which corresponds to elevated temperatures and uniform concrete ablation. The calculation corresponds to a CCI2 case. Cste is slightly less than 2 (Cste is intentionally imposed at1,9 for the whole transient). Figure 7 shows that the transition may, in that case, occur naturally. In this case, the transition occurs first on a single interface (vertical).

The kM/Jabl ratio decreases over time (this decrease is due to the decrease of the interface temperature) with, initially, similar values for the horizontal and vertical surfaces (Figure 7.b). The relative difference is less than 10 -3 . As the ratio decreases below 10 and approaches the critical transition threshold (~3), the calculation shows that the difference between horizontal and vertical surfaces increases drastically with a sharp increase of the kM/Jabl ratio on the horizontal interface followed by a decrease on the vertical interface. The mechanism is the same as previously described: An increase in the kM/Jabl ratio leads to an increase of the interface temperature and to a decrease of the heat flux on the horizontal interface. This decrease of the heat flux induces a further decrease of Jabl on the horizontal interface, thus leading to a further increase of the kM/Jabl ratio on this surface. The effect is opposite on the vertical surface where the heat flux increases (due to constant power input in the melt). The interface temperature on vertical surface drops suddenly when the critical value of kM/Jabl is reached on this interface (Figure 7.a). As a consequence, the pool temperature drops below the pool liquidus temperature (a solid phase appears in the pool). As the horizontal interface stays in HIT regime, its interface temperatures stays elevated and equal to the liquidus temperature corresponding to the liquid concentration in the pool (Tliq (Cliq)), which is equal to the pool temperature (Tpool, Figure 1). The consequence is that the heat flux tends to zero on the horizontal interface that stays in the HIT regime and concrete ablation stops on this interface (ablation rate goes to zero. Figure 7.c). The ablation only continues on the vertical interface that is under the LIT regime. This appears as an ablation instability. This instability is reinforced by the fact that kM/Jabl on the horizontal interface goes to elevated values because the ablation rate Jabl goes to zero, which reinforces the HIT regime on this surface (An analysis of the equations shows that the kM/Jabl ratio tends to infinity when the ablation rate tends towards zero despite the fact that this ratio is not defined when Jg = 0). On the other hand, the ablation rate increases on the vertical surface which results in a decrease of the kM/Jabl ratio, which reinforces the LIT regime on the vertical surface. The conclusion is that the consequences of the ablation instability reinforce the instability.

The transition to the LIT regime on the horizontal surface occurs approximately 2500 seconds (~ 40 minutes) later. Cste=1.9. The heat flux goes to zero on the horizontal surface (Jabl_h =0), which stays in the HIT regime (elevated interface temperature). At 12600 seconds, the horizontal wall also experiences a transition to LIT regime. When the regimes on both walls are again similar (LIT) after 12700 seconds, the ablation again affects both surfaces.

More generally, the calculations show that the ablation rate drops to zero on the surface where the HIT regime prevails while the other surface is under LIT regime. In this case, the LIT regime on these surfaces controls the pool temperature, which stays generally below pool liquidus temperature. The calculation in Figure 7 shows that the transition between the HIT and LIT regimes can happen as a natural result of the decrease of the kM/Jabl ratio. Thus, we are led to the conclusion that ablation instabilities can have a natural origin which is associated to the evolution of mass transfer properties linked to corium-concrete mixtures (see Appendix A for more details).

Transition from LIT to HIT regime on a single interface and link with ablation instability observed in CCI3

Calculations show that the transition from LIT to HIT regime is also rapid, as illustrated in Figure 8. to the CCI3 case. In order to illustrate the effect of an increase of the kM/Jabl ratio on the horizontal surface, the approach is to gradually and intentionally increase the mass transfer coefficient kM (increase of Cste in Eq 4). The LIT regime is obtained up to a threshold value of kM (kM ref). The calculation shows that, past this threshold, a slight increase of only 2% can lead to a rapid transition to the HIT regime on the horizontal interface.

The natural trend for the LIT regime is an increase of the kM/Jabl ratio during the ablation transient (see appendix B, the CCI3 case). This is, in reality, not due to an increase of kM, because kM stays approximately constant (because the interface temperature and liquid concentration on the interface stay near to the liquidus temperature and concentration of concrete matrix, in the LIT regime). This effect is due to the decrease of Jabl versus time (the power dissipation stays constant but the interfacial area increases).

Calculations (Figure 8) show that the LIT regime cannot be sustained beyond a threshold value of the kM/Jabl ratio of the order of 0.2 to 0.4. When the kM/Jabl ratio increases, Eq.1 implies that the interface temperature increases, which in turn leads to a decrease of the heat flux and of the ablation rate. The consequence is a further increase of the kM/Jabl ratio, which can lead to regime instability.

Following this regime transition on the horizontal interface, and provided that the vertical interface stays under the LIT regime, the heat flux tends to zero on the horizontal surface.

These results imply that the kM/Jabl ratio must stay below a given threshold value to ensure that the LIT regime is maintained on a given interface; i.e., kM/Jabl < (kM/Jabl,)crit. In reality, kM is controlled by the liquid concentration and the temperature on the interface which, in the LIT regime, is close to Cint=1 and Tint=Tliquidus for the concrete matrix. This constraint leads to the conclusion that Jabl must be greater than a critical threshold Jabl > Jabl ,crit. On the other hand, and under quasi steady state conditions, Jabl is connected to the injected power (W) and to the ablation surface area, (Sabl). This results in a constraint on the interaction surface: T 456 < ² >?@> ³ {´Y {´Y,>µ s 1 -<4=,89:8 -4<<,89:8

>?@> A (Eq 11)
The ratio kM/Jabl,crit can be determined through calculations as well as kM. Thus Jabl,crit can be determined.

The conclusion is that the LIT regime can only be sustained on a limited interaction surface. Additional surface area in contact with corium should then stay in the HIT regime with zero heat flux and ablation rate (since no other "intermediate" regime is possible).

Application of this model to CCI3 at the start of the test leads to a surface area limitation of 0.35 m² to be compatible with the LIT regime. As the initial concrete surface area is estimated to be ~0.55 m², this means that a surface area of ~0.2 m² should stay under the HIT regime with no ablation. The prediction of the location of these different surfaces would require more detailed developments.

Change in ablation rates without regime transition

Figure 9 shows a case where, at the onset of interaction, the vertical walls are in the LIT regime, with the interface temperature close to the liquidus temperature of the concrete matrix, and the horizontal wall is under HIT regime. No ablation occurs on this surface until 10,000 seconds while the interface temperature on the horizontal interface is close to the melt temperature. The pool temperature tends towards a constant value, typical of the LIT regime. At 10,000 seconds, the liquidus temperature corresponding to the overall pool concentration has sufficiently dropped (due to concrete addition) to a value lower than the pool temperature.

From that time on, the interface temperature on the horizontal interface (which stays in the HIT regime) cannot be higher than the melt liquidus temperature and, as a consequence, the temperature difference between pool and horizontal interface increases, which results in a recovery of the ablation on the horizontal interface. This case illustrates the fact that ablation can start again on an interface without changing the interaction regimes on the different interfaces, but simply due to the decrease of the liquidus temperature of the pool. 

Recalculation of M3B test

The preceding calculations are possible as long as a single interaction regime (LIT or HIT) uniformly affects the whole surface of a given interface. However, the M3B test provided evidence that localized ablation instabilities can exist on the same interface. As ablation instabilities are connected to interaction regimes, this would mean that two different ablation regimes may co-exist at the same interface. This raises the question of which model would then characterize the heat and mass transfer in that case. This question is the motivation of the recalculation of the M3B Test.

M3B was a 1D (axial) ablation test with LCS concrete [START_REF] Farmer | Corium Coolability under Ex-Vessel Accident Conditions for LWRs[END_REF]. This test had the largest size among the tests performed at ANL (horizontal surface: 1.2 m x 1.2 m). The new calculation was made using the same phase diagram as was used for CCI2. Both the LIT and HIT regimes were imposed (through different values of Cste in Eq 4) in order to analyze the differences in pool temperature evolution (Figure 11). The calculation results show that the pool temperature depends on the interaction regime only during the first 5000 seconds of interaction. Beyond 5000 seconds, the pool temperature is the same in both cases. This is due to the fact that the pool liquidus temperature becomes equal to the concrete liquidus temperature when the mass concentration of LCS concrete in the pool is greater than 0.5 (see phase diagram in figure 2). The consequence is that, for the specific case of LCS concrete, there is no longer a difference between the LIT and HIT regimes once the concrete mass concentration is greater than 0.5. The calculated pool temperatures are, after 5000 seconds and for both regimes, close (within ~40K) to the experimental pool temperature.

Specific case of simultaneous interaction with a ceramic wall and with concrete:

In this case, the ceramic wall behaves like a HIT interface. This behavior is due to the elevated liquidus temperature of the ceramic wall in comparison to concrete (Seiler and Combeau, 2014 a and b).

Sensitivity to the heat transfer correlation:

The heat transfer coefficient has no influence on the ablation instabilities. These instabilities are governed by the interface temperature, which depends on the kM/Jabl ratio that does not depend on the heat transfer coefficient (section 3.2).

The heat transfer coefficients on the different interfaces govern the ablation rates of the different interfaces only when the ablation regime is the same on all interfaces (all interfaces under HIT regime or under LIT regime; situation of uniform ablation regimes). When ablation regimes are different on the different interfaces, the ablation rates are mainly governed by the different interface temperatures, not by the heat transfer coefficients. Thus, extensive sensitivity analysis concerning the effect of heat transfer coefficient is of secondary importance.

In figure 6, the difference in ablation rates of horizontal and vertical interfaces results from the coefficient affecting the Stanton correlation for the heat transfer coefficient in the situation of CCI2 (CCI2 is a situation of uniform HIT ablation regime). The same ablation rate on both interfaces could easily be obtained by setting these coefficients at the same value for the horizontal and vertical interfaces. In reality, the shape of the final cavity in CCI2 was circular whereas the calculation model supposes a rectangular shape of the cavity. 2D effects clearly may affect the final shape of the cavity, which are ignored in the calculations as well as scale effects. Thus, the difference in the ablation depth of horizontal and vertical interfaces are not considered as a crucial concern, especially since the heat transfer coefficient does not affect the ablation instabilities.

Mushy zones and crusts

In the LIT regime, no mushy zone or crust can exist since the interface temperature is close to the concrete matrix liquidus temperature. Silica aggregate may be present at the interface.

The configuration is, in that case, opposite to the feeling that corium must solidify in the temperature gradient near to the interface (since the interface temperature is low in the LIT regime). The explanation is as follows:

-In the LIT regime, the pool temperature (Tpool in figure 1) is below the liquidus temperature corresponding to the pool composition (Tliq (Cpool) in figure 1), which implies that a solid fraction (refractory species from corium) is present within the pool (solid mass fraction is given by the lever rule and is equal to
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). This solid fraction has to be added to the presence of silica aggregate in the pool. -Due to the shape of the liquidus temperature curve which is characterized by a steep decrease at elevated mass concentrations of concrete matrix (as shown in figure 1 and in figure 4 for CCI3), this solid mass fraction does not vary substantially between the pool temperature and the interface temperature at constant pool composition (Cpool).

-Moreover, the composition of the pool is not uniform and the concentration in concrete matrix decomposition products increases in the vicinity of the interface (the local concentration varies between Cpool and 1 ("Concrete" in figure 1)). These different combined effects imply a decrease of the solid fraction between the pool and the vicinity of the interface in the LIT regime. As the concentration is close to 1 on the interface in the LIT regime, the solid fraction is equal to zero on the interface (apart from the presence of silica aggregate).

In the HIT regime on a single or on all interfaces, the presence of a mushy zone will depend on the melt temperature, as described below.

If Tpool > Tliquidus (Cpool), ablation takes place on all interfaces. The thickness of the mushy zone is then controlled by the heat flux. The interface temperature is close to the pool liquidus temperature. The surface temperature of the concrete is the concrete liquidus temperature. Assuming that heat transfer through the mushy zone is by conduction leads to a thickness of only a few millimeters in the case of CCI experiments. In the reactor case, the heat flux decreases versus time, but so does the temperature difference between the pool liquidus and the concrete liquidus. For LCS concrete of the CCI2 type, these temperatures become equal when Cpool>0.5 and so the mushy zone disappears.

If Tpool < Tliquidus (Cpool), the heat flux from the pool to the HIT interface is equal to zero. A solid crust can then grow on this interface, driven by conduction heat losses from the solidifying material to the concrete. A separate modelling approach has been developed which assumes that residual power dissipation in the solid material will limit the growth of the crust. The accumulation of liquid concrete between the crust and the solid concrete will lead to a decrease of crust thickness later on [START_REF] Seiler | Material effects on multiphase phenomena in late phases of severe accidents in nuclear reactors[END_REF]. Figure 12 presents a calculation of the evolution of a solid crust over time, with concrete melting at the interface and accumulating behind the crust, under these conditions. The maximum thickness of a few centimeters is reached within approximately 1000 seconds, followed by a slow decrease in the crust thickness (within hours). When the thickness becomes small enough, the crust can break up, plausibly leading to a new interaction regime on this interface. The crust composition is between the solid concentration at the interface temperature (Csol int in Figure 1) and the pool concentration (Cpool). 

Conclusions

The TIM model approach to Molten Corium -Concrete Interaction (based on a strong coupling between thermalhydraulics and physico-chemistry) reveals the capability of explaining simultaneously the difference in temperature evolutions (e.g. near the liquidus temperature for LCS concrete and well below liquidus temperature for siliceous concrete) as well as a mechanism controlling ablation instabilities.The underlying explanation is linked to the existence of two interaction regimes that can affect all, or only a limited number, of interfaces. The dominant regimes are:

-HIT for LCS concrete (typical of test CCI2) -LIT for siliceous concrete -LIT regime for concrete with silica and iron oxides.

In the LIT regime, the pool temperature stays below the pool liquidus temperature (with the presence of solid material in the pool) and depends on the extent of the surface area where concrete ablation occurs. The interface temperature is close to the liquidus temperature of concrete matrix. The solid fraction (refractory species from corium) decreases from the pool to the interface.

In the HIT regime the interface temperature as well as the pool temperature are close to the pool liquidus temperature and decrease when the pool is enriched in concrete decomposition products.

Here, the "dominant" regime means the one that is most frequently observed in the tests conducted at ANL. These dominant regimes can be found through the TIM model calculations by setting Cste =2 in Eq.4. It does not mean that under some circumstances, the other interaction regime cannot appear. As an example, the dominant regime is LIT on the vertical interfaces in CCI3 (siliceous concrete) but the regime is HIT on the horizontal surface.

Calculations show that, with heat and mass transfer coefficients given by the constitutive relations of the model, no intermediate regime seems to exist in terms of interface temperature, but rather regime transitions (HIT to LIT, or LIT to HIT) may occur on all or only on a limited number of interfaces during an interaction test. The demonstration is made that these regime transitions are abrupt and happen within a short period of time. When both regimes coexist, the interface that stays under HIT regime is not ablated resulting in an ablation instability. The instability is controlled by the kM/Jabl ratio, which does not depend on the heat transfer coefficient. The cause is basically linked to the low melting temperature of siliceous concrete matrix, in connection with the non-melting of silica aggregate at the interface.

In a situation where ablation occurs on interfaces under LIT regime, the calculations show that this regime is only compatible with a limitation of the interaction surface. Supplementary available surface area in contact with corium still stays in the HIT regime and is not ablated.

Table 2 presents the main features of the different interaction situations which could be derived from the phenomenological approach. 

Occurrence of ablation instabilities due to regime transitions

YES NO Table 2 : Main features of different interaction regimes

The calculations show that many combinations of regime transitions on the different interfaces at various pool temperatures (in comparison to pool liquidus) are possible. Only a limited number have been calculated herein; a detailed and extensive analysis of the tests remains to be performed as well as a more precise determination of the value of Cste parameter in Eq 4.

Even if some ablation instabilities can be found through the ECRINS calculations (as described previously), no attempt has been made to analyze and describe the instabilities observed during CCI tests in a systematic way, for the time being. This investigation would, of course, be worth carrying out. To meet this objective, and for a more accurate description of the CCI tests, a second vertical wall should, at least, be introduced in the ECRINS code.

Finally, The TIM model provides a coherent approach for the modelling of interface phenomena in multiphase systems encountered in severe accidents, and the same interface model has been shown to apply to various severe accident situations: in-vessel retention, corium-ceramic dissolution, and corium-concrete interaction. The authors hope that the approach can contribute to the increased reliability of calculations performed for nuclear reactor safety.

Figure 1 .

 1 Figure 1. Main calculation steps and relationships for the phase diagram. Note that "Concrete" corresponds to "concrete matrix".

Figure 2 .

 2 Figure 2. Calculation of CCI2 test. The interaction regime is HIT regime on all interfaces. Interface temperatures are close to liquidus. The figure shows the phase diagram used for the calculation, for the system formed by corium and CCI2 LCS concrete. Ablation is in all directions.

Figure 3 .

 3 Figure 3. Typical evolution of temperatures during LIT regime. The pool temperature depends on the extent of ablation of surfaces.

Figure 4 .

 4 Figure4. Recalculation of CCI3 test with ECRINS. The interaction occurs in the LIT regime on the vertical interfaces for which the interface temperature on the vertical surfaces (Tint_v) is close to the liquidus temperature of the concrete matrix (1580 K). The interface temperature on the horizontal surface is close to the melt temperature. The figure shows the phase diagram used for the calculation that is formed by Corium and the CCI3 siliceous concrete matrix. Ablation is non uniform (horizontal surface is not ablated). The calculated pool temperature is in agreement with the experimental temperature.

Figure 5 :

 5 Figure 5: CCI2 case. Calculation of transition from HIT regime to LIT regime with variable mass transfer coefficient multiplier coefficient (Cste in Eq 4). Cste ≥ 2 correspond to HIT regime. When the mass transfer coefficient (Cste) decreases, the transition to LIT regime appears earlier in time. The LIT regime is obtained for Cste<1. Note that the variation range of Cste, leading to the transition from HIT to LIT, is narrow.
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 7a Figure 7a. Temperature evolutions.
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 77 Figure 7.b Evolution of the kM/Jabl ratio on the horizontal and vertical interfaces

Figure 8 .

 8 Figure 8. Transition from LIT to HIT regime on the horizontal (h) interface. Calculation corresponds

Figure 9 :

 9 Figure 9: Example of recovery of ablation on the horizontal interface without change of ablation regimes. Pool and interface temperature evolutions.

Figure 10 :

 10 Figure 10: Ablation depths associated with the preceding case (figure 9) of ablation recovery on horizontal surface (at time 10000 s) without changes to interaction regimes.

Figure 11 :

 11 Figure 11: Comparison of pool temperature evolution calculated in HIT and LIT regimes for M3B test. Averaged measured pool temperature and pool liquidus temperature are also represented. For this calculation, the same phase diagram used for the CCI2 LCS concrete test (shown in figure 2) was used. For both the LIT and HIT regimes after time 5000 seconds, the calculated pool temperatures are close to the experimental pool temperature (difference is ~40K).

Figure 12 .

 12 Figure 12. Calculated evolution of crust thickness and molten concrete layer thickness under HIT regime and Tpool < Tliquidus (Cpool).

  Solid fraction in the pool Absence of mushy zone at interfaceAblation on all surfaces No solid fraction in the pool Absence of mushy zone at the interface

Table 1 :

 1 

	Objective	Value of Cste on vertical (Vert) and	Section/Figure
		horizontal (Hor) interfaces	
	HIT regime	Vert : Cste=2	4.1 / Fig 2
	LCS concrete	Hor : Cste=2	
	CCI2 recalculation		
	Phenomenological analysis LIT	Vert : Cste=2	4.1 / Fig 3
	regime	Hor : Cste=2	
	Siliceous concrete		
	Siliceous concrete		4.1 / Fig 4
	CCI3 recalculation	Vert: Cste=2	
	LIT regime on vertical interface	Hor: 10 (forced HIT regime)	
	HIT regime on horizontal interface		
	Phenomenological analysis of	Hor and Vert: Cste is variable between 1	4.2 / Fig 5
	Transition between HIT and LIT	and 2, but constant versus time	
	regime on all interfaces		
	LCS concrete		
	Phenomenological analysis of	Hor and Vert:	4.3 / Fig 6
	Transition between LIT and HIT	Cste = 1 until 1900 s (forced LIT regime)	
	regime on all interfaces	Cste= 2 after 1900 s (forced HIT regime)	

Presentation of calculation cases for purpose of physical analyses. (Hor: horizontal interface; Vert: vertical interface).

Acknowledgments

The authors acknowledge the host team of Pablo Rubiolo from the CNRS/LPSC laboratory at Grenoble University where this work took place.

APPENDIX A

Mathematical approach to the instability leading from HIT to LIT regime

The approach is performed with a simplified formulation of the model. Link between heat flux and ablation rate: 7 456 = ¶ >?@> ∆`> ?@> (Eq A.1) As a first approximation, we consider: 3 456 = 7 456 = 3 ∆¸8 9:8 is the ablation enthalpy of concrete.

Heat flux relation: ¹ = ℎ B º -B ° (Eq A.2) Interface temperature (Ti): we use a simplified relation supposing linear evolution of liquidus temperature and no density effect. In that case, Eq 1 leads to: B °= B 6°»,º -P P / B 6°»,º -B 6°»,89:8 (Eq A.3)

We consider a case where the pool temperature (Tp) is below the liquidus temperature corresponding to the pool composition. In that case, and since we suppose thermodynamic equilibrium in the pool, the pool temperature is equal to the liquidus temperature corresponding to the composition of the liquid phase (Tliq,p). This temperature will be denoted Tpl.

Tp = Tliq,p = Tpl (Eq A.4) Differentiation of Eq A.1 leads, after some mathematical manipulation, to the following relation:

We now define an important physical factor x:

This factor is a measure of the relative variation of the mass transfer coefficient k in comparison to the relative variation of the heat transfer coefficient h. This 'x' factor depends solely on the constitutive laws that are considered in the modelling approach. For the TIM model, this factor has been calculated supposing that the heat and mass transfer coefficients depend only on the viscosity (for the purpose of the present simplified approach) and is equal to ~3.35.

(Eq A.4) can be rewritten in the following form:

We consider a case where Tpl decreases versus time and where Ti is initially near to Tpl (HIT regime). As Ti decreases versus time, the viscosity increases and the ratio k/J will decrease versus time (supposing that the heat flux stays constant).

When the ratio k/J is >> 1 (general case for LCS concrete), relation (Eq A.6) can be approximated by:

In this case, when the mass transfer coefficient decreases, the sign of the interface temperature variation is positive, which means that the interface temperature tends to increase. This further implies that Ti will remain close to Tpl. The situation is stable.

When the ratio k/J is << 1, relation (Eq A.6) can be approximated by:

In this case, the sign of dTi depends on the parameter 'x'; i.e., if x<1 the interface temperature increases when k decreases, which can lead to a stable situation.

However, if x>1 (i.e., x~3.35 in TIM model approach), the interface temperature decreases when k decreases. The consequence of the decrease of the interface temperature is an increase in the heat flux and, thus, in the superficial velocity J, which implies a further decrease of the ratio k/J. This leads to an irreversible decrease of the interface temperature Ti, and finally to the LIT regime.

There is a critical value of the k/J ratio which can be deduced from (Eq A.6) since the instability develops when the term Considering the approximations made, this critical number has to be considered as an order of magnitude.

APPENDIX B Evolutions of kM/Jabl ratio for CCI2 and CCI3

Figure B1 presents the evolution of the kM/Jabl ratios corresponding to the CCI2 (Figure 2) and CCI3 (Figure 4) test calculations. The relative time is the ratio between time and total duration of the calculation (6000 sec for CCI3 and 18000 sec for CCI2).

For CCI2, the kM/Jabl ratio is the same on the horizontal and vertical interfaces and decreases from ~100 at the beginning of the test to ~10 at the end.

For CCI3, only the vertical surfaces stay in the LIT regime. The kM/Jabl ratio increases from ~0.05 at the beginning of the test to ~0.2 at the end.