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The Transient Interface Model (TIM) [Seiler and Combeau, 2014] [Seiler and Jamet, 2019] dedicated to Molten Core-Concrete Interaction simulation is used to investigate ablation instabilities. The ablation instability leads to concrete ablation in preferential directions, potentially jeopardizing the mitigation criterion based on residual concrete thickness. The ablation instability occurs when all the corium/concrete interfaces do not undergo the same ablation regime. These regimes are specific of the interface temperature; in the homogeneous Low Interface Temperature (LIT) regime, the interface temperature is close to the liquidus temperature of concrete matrix, whereas in the homogeneous High Interface Temperature (HIT) regime, the interface as well as the pool temperatures are close to the pool liquidus temperature. When these different ablation regimes are present simultaneously (non-homogeneous situation), only the surfaces under LIT regime are ablated. It is shown that ablation instabilities are favored at low power dissipation and at small test scale. Calculations suggest that the limit between HIT and LIT dominant regimes can be represented in the pseudo-binary phase diagram. The surfaces initially under HIT regime (not ablated) may return to the LIT regime (with ablation) after a time delay which depends on the extension of the surface initially under HIT regime, on the value of the mass transfer coefficient and, to some extent, on the melt to interface heat transfer. Finally, the calculation at reactor scale with siliceous concrete indicates that an ablation instability may occur in the initial stage of the MCCI transient. Such ablation instability does not induce significant preferential ablation in the reactor configuration if it is limited to the horizontal surface of the reactor pit. If it affects the lateral walls, and due to the small thickness of the corium layer, a significant ablation depth could be reached (~1 m in a reactor pit of 6 meters inner diameter).

Nomenclature

Latin C mass concentration of concrete matrix in the pool (kg/kg) Dmol molecular diffusivity of concrete species in the corium melt (m 2 s -1 ) F mass fraction h heat transfer coefficient (W m -2 K -1 ) j superficial velocity (m s -1 ) kM mass transfer coefficient (m s -1 ) T temperature (K) V velocity (m/s) Greek αtherm thermal diffusivity (m 2 s -1 ) λ thermal conductivity (W m -1 K -1 ) ρ density (kg.m -3 ) Subscripts abl ablation agg aggregates conc concrete ext external cooling gas gaz int interface liq liquid phase in the pool liq,int liquid on the interface pool pool w decomposition materials entering the pool Acronyms

Introduction

Despite their low probability, severe accidents in nuclear reactors may 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 [Rempe et al., 2018] and in Chernobyl [Pazukhin, 1994].

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 elements and metallic species. Accurate estimation of the energy balance for the pool is therefore critical to calculate the instantaneous concrete ablation velocity. This accurate determination of the overall pool energy balance is challenging because of the relatively complicated phenomena associated with pool heat losses to its boundaries, as well as heat input from decay heat and exothermal 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.

State of the art and objectives

2.1. State of the art Concrete ablation instabilities have been observed in CCI3 test [Farmer et al., 2006]. They consist of no uniform ablation of the concrete interfaces, with some surfaces undergoing ablation whereas others do not. This may result in preferential ablation of concrete in a specific direction as observed in CCI3 test (siliceous concrete) which evidenced a clear lateral preferential ablation.

The underlying safety question is whether and how much these instabilities may affect the ablation direction, the delay to local melt-through of the concrete basemat and the final maximal ablated concrete thickness in a reactor situation. Many investigations have been conducted in order to analyze and explain ablation instabilities [Bonnet et al., 2017], [Bouyer et al., 2018]. Several candidates have been proposed to explain them, among these are models based on the effect of silica gravel [Kang and Corradini, 2016], effects of initial conditions, of local heat transfer and gas sparging, size effects, initial pouring rate etc … [Cai et al., 2020][Li andYamaji, 2017]. In that respect, an experiment of Molten Core-Concrete Interaction representative of the Fukushima Daiichi Unit 1 composition has been fulfilled on PLINIUS-VULCANO [Bouyer et al., 2019]. It highlighted different ablation behaviors between Siliceous and Limestone-Common Sand (LCS) concretes. Another VULCANO test, performed within the framework of the SAFEST project (Severe Accident Facilities for European Safety Targets) (same reference) has demonstrated that the possible presence of a crust at the interface between the concrete and the corium pool is not the cause of these ablation instabilities [Bouyer et al., 2018]. Mastori and al. [Mastori et al., 2019] also proved that the concrete composition has an influence on the concrete ablation regimes.

The complex phenomena occurring during a severe accident have been studied for many years and are well documented in the literature [Sehgal, 2012]. The issues, involved with modeling of interface temperatures and heat transfer during MCCI, are discussed in [Jamet et al., 2018],

in [Seiler and Combeau, 2014], in [Seiler and Jamet, 2019] and this discussion is not reiterated here. The work presented in this paper is based on the Transient Interface Model (TIM) developed by [Seiler and Combeau, 2014]. The underlying challenge is basically the development of a single physical formulation of the interface conditions adapted to various situations in severe accidents and, by the way, a coherent physical modelling of the multiphase phenomena involved in these severe accident sequence. The specificity of the TIM approach is the calculation, at the interface, of the liquid composition and temperature. These interface conditions (composition and temperature) are influenced by the mass and heat transfers between the interface of a solid, or a mushy zone, and the pool. The composition of the liquid phase on the interface depends on the composition of the liquid phase inside the pool and the one of the material that penetrates (or leaves) the pool. It depends also on the mass transfer rate. The interface temperature depends on the heat transfer and on the composition of the liquid phase at the interface.

Main equations of the TIM approach

When considering core-concrete interaction, the liquid composition on the interface is given, in the TIM model approach [Seiler and Combeau, 2014], by :

𝐶 𝑖𝑛𝑡 = 𝐶 𝑙𝑖𝑞,𝑝𝑜𝑜𝑙 + 1 1+ 𝑘 𝑀 𝐽 𝑎𝑏𝑙 (𝐶 𝑤 -𝐶 𝑙𝑖𝑞,𝑝𝑜𝑜𝑙 ) (Eq 1)
The interface temperature is deduced, supposing thermodynamic equilibrium on the interface :

𝑇 𝑖𝑛𝑡 = 𝑇 𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 (𝐶 𝑖𝑛𝑡 ) (Eq 2)
The mass transfer coefficient is:

𝑘 𝑀 = 𝐶𝑠𝑡𝑒 ℎ 𝐷 𝑚𝑜𝑙 𝜆 ( 𝛼 𝑡ℎ𝑒𝑟𝑚 𝐷 𝑚𝑜𝑙 ) 1 3
(Eq 3)

According to Eq (1), the composition of the liquid at the interface ( 𝐶 𝑖𝑛𝑡 ) depends on the composition of the liquid phase in the pool ( 𝐶 𝑙𝑖𝑞,𝑝𝑜𝑜𝑙 ), on the composition of the liquid entering the pool ( 𝐶 𝑤 ), and on the kM/Jabl ratio (mass transfer 𝑘 𝑀 versus superficial velocity of ablation products entering the molten pool 𝐽 𝑎𝑏𝑙 ). The superficial velocity of liquid ablation products entering the pool is linked to the concrete ablation velocity by:

𝐽 𝑎𝑏𝑙 = 𝑉 𝑎𝑏𝑙 𝜌 𝑐𝑜𝑛𝑐 (1-𝐹 𝑔𝑎𝑠,𝑐𝑜𝑛𝑐 -𝐹 𝑎𝑔𝑔,𝑐𝑜𝑛𝑐 ) 𝜌 𝑙𝑖𝑞,𝑖𝑛𝑡 (Eq 4)
Fgas,conc is the mass fraction of gases (mainly H2O, CO2) released by the concrete.

F agg, conc is the mass fraction of solid aggregates that can penetrate the pool without melting -(determined in the following).

Cste in Eq. 3 is an unknown proportionality factor that could not have been determined by the theoretical approach described in [Seiler and Froment, 2000], whose best estimate value has been shown to be of the order of 2 when the TIM model approach is applied to corium-concrete interaction [Seiler and Jamet, 2019].

Direct consequences

The main consequences of preceding equations can be summarized as follows:

-When the ablation rate (or when the solid deposit rate) becomes equal to zero, the interface temperature is equal to the liquidus temperature corresponding to the composition of the liquid phase in the pool (C liq pool). In the case of In-Vessel Retention, when a steady state is reached, considering that the pool is submitted to power dissipation, and due to the heat transfer, the temperature in the pool must be higher than the interface (liquidus) temperature and the pool is entirely liquid. -In the case of core-concrete interaction (ex-vessel), the interface temperature, as well as the temperature in the pool can be lower than the liquidus temperature of the pool, depending on the

𝑘 𝑀 𝐽 𝑎𝑏𝑙
ratio.

-The same model applies also to corium-ceramic ablation (dissolution) [Seiler et al., 2014] [Seiler et Seiler, 2022]. In this case, the interface temperature stays equal or above melt liquidus temperature (this temperature varying with time).

Application of the TIM approach

An initial application of this modeling approach to MCCI is discussed in [Seiler and Combeau, 2014]. The model has been applied to the calculation of ARTEMIS tests performed with noneutectic simulant materials [Pham et al., 2017]. The results showed the melt temperature evolution within the range of pool solidus and liquidus temperatures; these temperatures evolving with time and pool composition. In the case of the simulant materials used in 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.

The model has been implemented in the ECRINS code [Jamet et al., 2018], developed in the CNRS/LPSC Laboratory at the Grenoble University. In ECRINS, 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 (mainly silica gravel for siliceous concrete) as well as a mixture of molten phases that is called the concrete "matrix". The amount of aggregate is estimated on the basis of thermodynamic equilibrium calculations (i.e., aggregates represent the fraction of residual 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.

The TIM model approach to Molten Core -Concrete Interaction revealed [Seiler and Jamet, 2019] the capability of explaining simultaneously the difference in temperature evolutions experimentally evidenced in CCI3 and CCI2 [Farmer et al., 2005] (e.g., near the pool liquidus temperature for LCS (Limestone Common Sand) concrete and well below this 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. These regimes are: -HIT (High Interface Temperature) for LCS concrete (typical of test CCI2) -LIT (Low Interface Temperature) for Siliceous concrete (like CCI3 test) and for concrete with silica and iron oxides.

The LIT and HIT regimes

The LIT regime corresponds to low 𝑘 𝑀 𝐽 𝑎𝑏𝑙 ratio (typically < 1). The cause is basically linked to the low melting temperature of siliceous concrete matrix and higher viscosity. In this regime, the pool temperature stays below the pool liquidus temperature (thus, with the presence of solid material in the pool). The interface temperature is close to the liquidus temperature of concrete matrix. The solid fraction (formed of refractory species from corium) decreases from the pool to the interface with concrete (absence of crust at the interface).

The HIT regime corresponds to elevated

𝑘 𝑀 𝐽 𝑎𝑏𝑙
ratio (typically >10). Elevated values of this ratio are linked to higher melting temperatures of concrete and lower mass fraction of silica, which both induce lower viscosities. In this regime, the composition of the liquid on the interface tends towards the composition of the liquid in the pool (C liq,pool). In the HIT regime, the solid fraction increases near the interface where a crust of refractory materials can form.

An illustration of the two interaction regimes towards which tends the TIM model, depending on the concrete composition, is given in Figure 1; a typical situation for LCS concrete undergoing HIT regime (figure 1a) and Siliceous concrete undergoing LIT regime (figure 1b). ("Solute" designates materials forming the concrete matrix (concrete without the siliceous aggregates))

Figure 1a

Definition of "homogeneous" ablation and "dominant" regime When all interfaces undergo the same interaction regime, the situation is herein called "homogeneous".

The term "dominant" regime designates the regime that controls the temperature evolution.

Under homogeneous regimes (HIT or LIT), the related regime is the dominant regime because it affects all the surfaces and imposes the temperature evolutions: in dominant HIT regime, the melt temperature follows liquidus temperature and in dominant LIT regime, the melt temperature is generally well below liquidus temperature (corresponding to pool composition).

Under homogeneous dominant HIT regime, the interface temperature tends toward the liquidus temperature corresponding to the global pool composition leading to an entirely liquid pool. As the pool is entirely liquid, at elevated temperature, the heat transfer coefficient is high (a few thousands of W/m²K) and the pool temperature is close to the interface temperature. The liquidus temperature (and thus the interface temperature) decreases with time when the pool is enriched in decomposition products from concrete. The presence of refractory material on the interface does not inhibit concrete ablation and the thickness of this refractory layer is small since it adapts to the heat flux.

As soon as some surfaces undergo LIT regime (the remaining surface being in HIT), the dominant regime becomes LIT. In this ablation regime, the heat exchange with the interfaces at low temperature imposes a global pool temperature evolution generally below the liquidus corresponding to the overall pool composition, despite a lower heat transfer coefficient, of the order of a few hundreds of W/m²K.

HIT and LIT regimes can coexist on different surfaces. As highlighted in [Seiler and Jamet, 2019] in CCI3 (Siliceous concrete), the dominant regime was LIT on the vertical interfaces but the local regime was HIT on the horizontal surface. In the latter case, the interface temperature on the surface under HIT regime tends towards the liquidus temperature of the liquid phase, which is equal to the pool temperature when both regimes co-exist (since thermodynamic equilibrium between solid and liquid phases in the pool is assumed). Thus, the temperature difference between pool and the interface under HIT regime tends towards zero, as well as the heat flux.

These dominant regimes could be found through the TIM model calculations by setting Cste = 2 in Eq. (3).

Non-existence of intermediate regime and ablation instability

Calculations have shown that, with heat and mass transfer coefficients given by the constitutive relations of the TIM model, no intermediate regime seems to exist, but rather regime transitions (HIT to LIT, or LIT to HIT) may occur on all or only on a limited number of interfaces during a transient. The demonstration was made that, at least for the CCI tests, 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 interface temperature of the wall elements under HIT regime is, in this case, equal to the pool temperature whereas the interface temperature of the LIT elements is equal to the liquidus temperature of concrete matrix). The instability is controlled by the ratio of mass transfer over ablation rate, which does not depend on the heat transfer coefficient.

If all surfaces are in LIT regime or, if all surfaces are in HIT regime, (situations called "homogeneous") there is no ablation instability and ablation rates are governed by heat transfer through the different interfaces.

If both regimes LIT and HIT coexist on different interfaces, ablation occurs only on surfaces affected by the LIT regime whereas ablation rate is zero on surfaces affected by the HIT regime.

As the heat flux on these surfaces is equal to zero, a crust may deposit on these interfaces (crust made of refractory materials in thermodynamic equilibrium with the pool).

It has also been shown, on the basis of a simplified mathematical approach exposed in [Seiler and Jamet, 2019], that the regime transition occurs when the

𝑘 𝑀 𝐽 𝑎𝑏𝑙
ratio reaches a critical value, which is of the order of unity.

Consistency with ceramic dissolution

The TIM model has been applied to a situation of ceramic wall dissolution by a corium melt [Seiler and Seiler, 2022]. In this approach, we conclude that the refractory ceramic wall is not ablated as long as the pool temperature stays below the pool liquidus temperature. This is similar to the core-concrete interaction situation where the temperature stays below liquidus (dominant LIT regime) and where the interfaces, which are covered by refractory solid material (under local HIT regime), are not ablated.

Objectives

The previous calculations showed 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 in the preceding publication; a more precise determination of the value of Cste parameter in Eq. (3) remained to be performed. Even if some ablation instabilities could be found through the ECRINS calculations (as described previously), no attempt has been made to analyze and describe the instabilities in a systematic way. It was concluded that such an investigation would, of course, be worth carrying out. To meet this objective, and for a more accurate description, it has been concluded by [Seiler and Jamet, 2019] that more surface elements should be introduced in the ECRINS code (Figure 2).

Figure 2 : ECRINS' scheme presenting various concrete surface elements

After presentation of the modifications of the calculation tool, calculation results are discussed with the objective of a better understanding of the instabilities which are predicted by the TIM model approach. The effects of initial pool temperature, initial interface temperature, power dissipation, initial surface affected by HIT regime, initial melt composition and variations of heat and mass transfer coefficients will be investigated; both on the onset of ablation instabilities but also on their disappearance. Finally, an attempt is made to the prediction of the occurrence of ablation instabilities in a reactor situation.

In ECRINS, the corium-concrete interface can been divided into serveral horizontal and vertical elements (up to 9 on each direction). The ablation of each of the 18 elements is calculated separately at each time step, which means that can be handled 18 different interface temperature evolutions, liquid compositions on these interfaces and heat fluxes. Nevertheless, only an average ablation depth is calculated for the horizontal and vertical interfaces at each time step.

The same values for Cste in (Eq. 3) are used for the calculation of mass transfer on horizontal and vertical interfaces, so that the instabilities cannot be induced by artificial variation of these coefficients between horizontal and vertical surface elements. The effects of these values are studied in the range of ~0.1 and ~5 (i.e. 0.1<Cste<5), in coherency with the reference value of 2 determined in [Seiler and Jamet, 2019].

No adjustable coefficient affects the heat transfer coefficients, which are calculated with the correlation given by [Bottin et al, 2016], as described in [Seiler and Jamet, 2019]. Its validity domain has been extended to elevated viscosities, simultaneous gas injection on all interfaces, representative large-scale geometry.

In ECRINS, there is a limitation to a single pool temperature and composition. The initial interface temperatures may however be different on the 18 different elements of the interface.

Investigations in small scale experiments

The ablation instabilities and their characteristics are investigated from simulations based on the TIM model.

The CCI experiments described in [Farmer et al., 2005] [Farmer et al., 2006] have been considered as reference cases. More precisely, for Siliceous concrete, the considered conditions are those of the CCI3 experiment, which exhibited ablation instability, and for LCS concrete, those of the CCI2 experiment where no instability was observed.

In order to assess the influence of various parameters on the ablation instability, several simulations have been carried out to observe physical effects either considering siliceous or Limestone-Common Sand concrete before concluding on the conditions for obtaining these instabilities.

Siliceous concrete experiment CCI3

3.1.1. Effect of initial pool temperature

In CCI3, the average initial temperature in the pool, after thermite reaction, was approximately 2170 K (1900°C). Nevertheless, the initial temperature distribution in the pool may not have been uniform and measurements show that the initial melt temperature may locally have been lower by 100 or 200 K nearby the horizontal surface in the SE quadrant [Farmer et al., 2005].

Sensitivity calculations have been made by varying the initial pool temperature between 1850 K and 2170 K. The initial interface temperature is the melting temperature of concrete matrix (1580 K). In Figure 3, we have reported the interaction regime that is calculated as a function of initial pool temperature, for different values of the parameter Cste (Eq 3). It can be observed that, if the initial pool temperature is higher than, typically, 2000 K, the predicted interaction regime is LIT. For an initial melt temperature lower than 2000 K, the regime is HIT. Thus, for an initial melt temperature of 2170 K in the upper part of the pool, the regime is LIT whereas for temperature lower than ~2000 K near the horizontal interface for instance, the regime can be HIT. If both regimes are present, only the interfaces under LIT regime are ablated (the vertical surfaces), but the horizontal surface that is under HIT regime is not ablated.

The conclusion can thus be drawn that the local initial temperature distribution in the melt can have an effect on the ablation instability.

It can also be observed from Figure 3 that this result is slightly sensitive to the variation of Cste in the range 0.7< Cste < 3.6. If Cste is higher than 3.6, the regime is always HIT and ablation should be uniform, with elevated melt temperatures, whatever the initial pool temperature. As dominant LIT regime and ablation instability have been observed in CCI3, we conclude that Cste should be smaller than this value. On the other hand, if Cste is smaller than 0.7, the calculated regime is always LIT and ablation should also be uniform, which does also not fit with the experimental evidence. At this stage, we conclude that: ~0.7 < Cste < ~3.6. Figure 4 shows the calculated evolution of the interface temperature for various initial pool temperatures varying in a very narrow range (only a few degrees). It is interesting to observe that the calculated interaction regime changes abruptly for a pool temperature variation of only 1 K.

Effect of initial interface temperature

For a given initial pool temperature, we can modify the initial interface temperature and check the interaction regime that is calculated on this interface. Figure 5 illustrates the effect of initial interface temperature on the ablation regime, for a siliceous concrete with iron oxides and an initial pool temperature of 2100 K. It is observed that there exists a clear temperature threshold (here: 1700 K) below which the interface temperature tends towards the melting temperature of concrete matrix corresponding to LIT regime (here, with the presence of iron oxides: 1400 K) and above which it tends towards pool temperature (HIT regime). The calculated delay for reaching the final ablation regime is short at the power level of CCI3 (< ~300 seconds).

Figure 6 : Variation of initial interface temperature threshold (for which instability occurs) versus the parameter Cste, for siliceous concrete (CCI3 pool temperature =2170 K)) and concrete with iron oxide. The origin of the vertical axis is the liquidus temperature of concrete matrix (1580 K for siliceous CCI3 and 1400 K for concrete with iron oxides).

Figure 6 shows the calculated variation of the threshold temperature (temperature above which the surface initially under LIT regime undergoes a change to HIT regime) with the parameter Cste for siliceous concrete and siliceous concrete with iron oxides. It can be seen that these temperature variations are roughly similar for both types of concrete. . From example, it can be seen that, for Cste=1,12, the ablation instability can develop (existence of the HIT regime) either if the initial pool temperature is locally lower than ~2000 K (whatever the initial interface temperature), or if the initial interface temperature is higher than ~1850 K (whatever the initial pool temperature). These temperature thresholds, delimiting the various interaction regimes, define a domain (Tpool > 2000 K, Tinterface < 1850 K for Cste =1.12) where the LIT regime prevails. The initial pool temperature threshold is only slightly sensitive to the value of Cste, as seen in Figure 3. On the contrary, the initial interface temperature threshold is sensitive to the variation of Cste. It decreases when Cste increases and disappears as soon as Cste > 3.6.

Combined effects of initial pool and interface temperatures for siliceous concrete

LCS concrete experiment CCI2

To study the effects of initial pool and interface temperatures for LCS concrete, similar sensitivity calculations have been performed on the CCI2 test. Figure 8 shows the variation, versus the Cste parameter, of initial interface temperature threshold, which features the change of interaction regime and thus the occurrence of an ablation instability. It appears that, for LCS concrete, such a threshold exists only if Cste is lower than 0.7. Same conclusion is valid for the effect of initial pool temperature threshold, as shown in Figure 9.

As no ablation instability was observed in this CCI2 test, we conclude that Cste should be greater than 0.7. 

Further effects on ablation instabilities

As no ablation instability has been evidenced in CCI2 conditions, the following sensitivity analyses are conducted only in the conditions of CCI3 test.

Effect of power dissipation

With initial interface temperature equal to 1580 K (liquidus temperature of CCI3 siliceous concrete matrix), the variation of the initial pool temperature threshold versus power dissipation has been analyzed for CCI3. In the test, the initial temperature is governed by the thermitic reaction that leads to the molten pool formation independently of the imposed power during the course of the transient.

Power dissipation during the transient Initial pool temperature threshold between HIT and LIT regimes 80 kW 2080 K 120 kW (nominal CCI3 -Figure 3) 1980 K 180 kW 1970 K Table 1. Effect of power dissipation on pool temperature threshold between HIT regime (below the threshold temperature) and LIT (above threshold). Cste=1.5.

The pool temperature threshold varies only slightly at elevated power (1970-1980 K for 120 kW to 180 kW)) but increases significantly at low power (2080 K for 80 kW). The initial melt temperature in CCI3 was about 2170 K which is above the calculated thresholds and would correspond to LIT regime. At low power, the calculated threshold is closer to the initial melt temperature than at elevated power. Thus, a smaller pool temperature inhomogeneity is expected to be required to reach locally the HIT regime. It can be concluded that an ablation instability is more likely to develop at low power than at elevated power.

Disappearance of ablation instability

For siliceous concrete (CCI3 type), when time evolves, calculations show that initial HIT regime on some interface elements may evolve towards LIT. Thus, initial ablation instabilities (when part of the surfaces are affected by HIT whereas the others stay in LIT regime) disappear when all surfaces undergo LIT regime. It is, thus, interesting to analyze more precisely the time delay to the return to LIT regime as well as the effect of different parameters on this time delay. For that purpose, the horizontal surface is split into 3 and the vertical surface into 6 elements of same size. HIT regime is initially imposed on a variable number of vertical elements simply by imposing on these surfaces an initial interface temperature higher than the threshold leading to the HIT regime. LIT regime is imposed on the other surfaces. Once the initial regime is established on the various interfaces (interface temperatures reach melt temperature in the HIT regime and the liquidus temperature of concrete matrix in LIT regime), the calculation is continued until the regime change. As already mentioned, during the time period, where both regimes co-exist, the surface elements in HIT regime are not ablated.

Figure 10 . Evolution of pool temperature for different numbers of vertical elements initially in HIT regime. (Cste=1.12)

Figure 10 shows the evolution of pool temperature for different numbers of vertical elements (or surfaces) initially in HIT regime, all horizontal elements being initially in LIT regime. The conclusions of these calculations are as follows:

-The HIT regime disappears simultaneously on all vertical elements; -The time delay to reach LIT regime on all the surfaces increases when the number of surface elements initially in HIT regime increases or when the parameter Cste increases (see also Figure 11); -As soon as all the surface elements undergo LIT regime, the ablation affects again all the pool/concrete interface elements (return to homogeneous ablation situation). It seems that the transition occurs when the pool temperature and interface temperatures for the wall elements in HIT regime decrease below 1950 ± 50 K (in the local HIT regime, the interface temperature is equal to the pool temperature). This temperature level corresponds to the point of steep decrease of the liquidus temperature in the coriumconcrete matrix pseudo binary phase diagram (Figure 12) of the siliceous concrete used in CCI3. When the number of surface elements initially in HIT regime increases (which means that the size of the surface, which does not undergo ablation, becomes larger and the size of the ablated surface becomes smaller), the pool temperature decreases more slowly. This explains the previous observation that the time delay to reach the temperature threshold to transition from HIT to LIT regime increases. 

Effect of the heat exchange coefficient on time delay to LIT transition

The sensitivity of ablation instability to the mass transfer coefficient has been studied in the previous sections. The sensitivity to the heat transfer coefficient is assessed in CCI3 test in this section. The reference value of this coefficient (href) in the TIM model is given by the Bottin et al. correlation [Bottin et al. 2016]. This heat transfer coefficient impacts of course also the pool temperature.

Figure 13 Effect of heat transfer multiplier (h/href) on the time delay to transition (Cste=1.12; 30% of interfacial surface initially in HIT regime)

Figure 13 shows that the effect of the heat transfer multiplier on the time delay to transition is significant when the heat transfer coefficient decreases (the time delay changes from 2500 Variation of heat transfer coefficient (h/href) seconds to 4500 seconds when the heat transfer coefficient decreases by 20%). When the heat transfer is increased, the effect is much less important.

The characteristics and various aspects of ablation instability has been derived from the assessment on small-scale experiments. The next section is devoted to these instabilities at the reactor scale and their potential impact for the reactor safety.

Reactor scale calculations with siliceous concrete

Reactor calculations have also been carried out in order to investigate more precisely the effect on ablation instabilities of interaction surface and of the concentration of concrete inside the melt.

The considered geometry is close to a PWR sump pit. It is an equivalent rectangular surface (5 meters x 6 meters) with 8 surface elements on the horizontal surface and 2 elements on the vertical surface (the pool is initially shallow in the reactor situation). The initial molten material pool height is between 20 and 30cm. A siliceous concrete (CCI3 type) is considered.

5.1 Representation, in the pseudo-binary phase diagram, of the domains where HIT and LIT regimes are dominant

The first analysis step consists in checking the dominant ablation regime in this reactor configuration. The calculations start with all the interface temperatures being equal to the liquidus temperature of concrete matrix (1580 K for CCI3 siliceous concrete). Variables of sensitivity calculations are 1) the initial pool temperature (1700 to 2300 K) and 2) the initial pool composition (between 0 % and 100% concrete) 3) the power level (1 to 20 MW) and 4) the parameter Cste (between 0.7 and 3.6 as deduced from previous evaluations on CCI tests).

There are two possibilities at the start of the transient:

-The interfaces stay all in the LIT regime: the dominant regime is then LIT -The interfaces shift all to the HIT regime: the dominant regime is HIT.

The result is that there exists a limit between the HIT and the LIT domains, which does not depend on the power dissipation (Figure 14), and only weakly on Cste parameter in the range (0.7 < Cste < 3.6). As the main influent variables are then: the initial pool temperature and the initial pool concrete concentration, the limit between the two domains can be represented in the pseudo-binary phase diagram, as shown in Figure 14. The probability of occurrence of ablation instability increases when conditions approach the limit between domains. As shown in Figure 14, the initial conditions of CCI3 test correspond to the limit between the LIT and HIT domains. 

Evolution of pool temperature linked to the transition to LIT regime and effect of power level

The analysis of the results also confirms that there exists a pool temperature (which is also the interface temperature for the wall elements in HIT regime) threshold below which the ablation regime shifts from HIT to the LIT regime. This temperature threshold is in the interval where the liquidus temperature undergoes a drastic decrease (2000 -1800 K, Fig. 12). The transition is due to the decrease of the 𝑘 𝑀 𝐽 𝑎𝑏𝑙 ratio, linked to the decrease of the mass transfer coefficient kM with the interface temperature. This threshold temperature is represented in Figure 15 and depends on the power level and on the Cste parameter. It varies for low power levels (as observed previously) and weakly with the mass transfer coefficient, i.e., with the Cste value. Of course, the size of the surface initially under HIT regime has an influence on the time delay to the transition to LIT regime. An increase of this surface induces a slower pool temperature decrease. Thus, the time delay necessary to reach the transition temperature increases. After the LIT regime has been reached on all surface elements, the ablation affects all surface elements. The calculated order of magnitude of this time delay ranges between 3 hours and 3 days.

Reactor transient

The question of the existence of instabilities and non-uniform cavity ablation during a reactor MCCI transient has been examined.

This raises the question of the representability of the ablation instabilities that are observed in small scale experiments. Do these instabilities stay at small scale or may they affect large surfaces of a reactor pit? When ablation instability concerns large surfaces, it can result in preferential ablation in some direction. The depth of the non-homogeneous ablation would also depend on its duration. This problem can be analyzed in the frame of the present approach considering one vertical and one horizontal interface elements.

The calculation has been made for siliceous concrete (CCI3 type). Residual power variation versus time has been taken into account. An instantaneous relocation of a corium mass of 100 tons in the reactor pit is considered.

Figure 16 presents the evolution of melt temperature, interface temperatures of the horizontal and the vertical wall elements, and liquidus temperatures. Figure 17 shows the same data with time in log scale in order to better visualize the variations at short term (~1 day). In addition, the evolution of the concentration of matrix material inside the melt is displayed in Figure 18. For a better insight and discussion with preceding results, the temperature data (Figure 16) and Due to the elevated residual power level at the beginning of the interaction (~30 MW), the melt temperature is initially high (~2500 K) and near to the liquidus temperature of the global melt mixture. As the melt contains, at the beginning, only a small amount of concrete, the temperature-concentration trace is within the HIT region (until the matrix concentration in the melt reaches approximatively 0.1). During this time period, an ablation instability is calculated. The interface temperature on the horizontal surface reaches the liquidus temperature of the concrete matrix (1580 K), which corresponds to LIT regime, with ablation (Figure 17). The interface temperature of the vertical surface reaches the melt temperature (HIT regime) with no ablation. This difference of behavior between the horizontal and vertical surfaces is a consequence of the difference in heat transfer coefficient between the vertical and horizontal wall (Bottin et al., 2016). As the heat transfer (and thus the initial heat flux) to the vertical wall is higher (than to the horizontal wall), the transient interface temperature is initially higher on the vertical interface. This difference is sufficient to induce a difference in the regime on both surfaces.

At time ~10 000 seconds (~3 hours) the concentration in concrete matrix materials reaches 0.2; which corresponds to the beginning of the liquidus plateau (see phase diagram in Figure 12). The melt temperature decreases and reaches this plateau. The temperature-concentration trace leaves the HIT region (Figure 19) and penetrates into the LIT region. On the vertical interface, the regime changes to LIT and the calculated interface temperature decreases (time ~60 000 seconds (i.e., ~17 h) Figure 17) as well as the melt temperature. The vertical surface is then also ablated.

Later, the residual power decreases as well as does the melt temperature, and all interfaces undergo ablation.

During the ablation instability phase, the mass of ablated concrete is about 14 metric tons (about 6 m 3 ), which corresponds to a thickness of, approximately, 20 cm on a 30 m² horizontal reactor pit surface.

Ablation instability may also affect the vertical surfaces

The present reactor calculation is limited to simplified initial conditions since we suppose an instantaneous transfer of the whole mass of corium from the vessel into the reactor pit. More realistic situations may involve several corium flows at different time intervals, leading to different initial interaction conditions. In particular, an early flow may solidify on the floor of the reactor pit, forming a preexisting refractory layer before the arrival of the rest of the corium inventory. The consequence is that this preexisting refractory layer may lead to initial HIT regime on the horizontal interface.

Supposing now that the vertical surface is ablated during the initial phase, instead of the horizontal, can result in a significant lateral ablation of the reactor pit since the thickness of the corium layer is small. Assuming that the transition to a homogeneous LIT regime occurs for the same concentration of concrete matrix as calculated previously (~0.1) can lead to an erosion depth of approximately 1 m in the lateral concrete wall, which would be significant.

Study with smaller surfaces affected by the instability has not been carried out. Indeed, if ablation instability remains at small scale (scale of the CCI tests) and develops on restricted surfaces, they could alternatively undergo ablation, as observed in M3B test [Farmer et al., 2009]. This should not affect the isotropy of the overall cavity erosion.

Conclusions

The ablation instability has been characterized based on the Transient Interface Model (TIM) [Seiler andCombeau, 2014] [Seiler andJamet, 2019] dedicated to Molten Core-Concrete Interaction. This instability leads to concrete ablation in preferential directions.

All calculations have been performed with the standard constitutive laws of the TIM model. These laws did not require any adjustment. Only the effect of a variation of the Cste parameter affecting the mass transfer has been considered, as well as the incidence of a variation of the heat transfer coefficient on the time delay of return to the LIT regime.

The parameter Cste, is confirmed to be comprised between 1 and 3, with a best estimate value of 2 as suggested by [Seiler and Jamet, 2019].

The TIM model approach to Molten Core -Concrete Interaction revealed [Seiler and Jamet, 2019] 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.

For Limestone-Common Sand concrete (LCS), the dominant regime remains HIT over all the surfaces inducing homogeneous ablation. In that case, the presence of refractory solid near the interfaces does not inhibit ablation.

For Siliceous concrete, or for siliceous concrete with iron oxides, the dominant regime is generally LIT. Basically, the simultaneous existence of both LIT and HIT regimes on the different interfaces during the same test is at the origin of ablation instabilities. The initial non homogeneities of pool temperature and interface temperature, as well as the presence of silica chunks, may induce the existence of HIT regime on some interfaces. In that case, the surfaces under HIT regime are not ablated on the contrary to surfaces under LIT regime which are ablated (ablation instability). This leads to non -uniform ablation of the cavity. It is shown that ablation instabilities are favored at low power dissipation. Reactor scale calculations suggest that the limit between HIT and LIT dominant regimes, for siliceous concrete, can be represented in the pseudo-binary phase diagram. The surfaces initially under HIT regime may return to the LIT regime after a time delay which depends on the extension of the surface initially under HIT regime, on the value of Cste and, to some extent, on the melt to interface heat transfer. The transition to LIT regime on all surfaces is observed at high concentration of concrete matrix, when the pool temperature is in the range where a small concrete mass fraction variation induces a steep drop in liquidus temperature (in the corium-concrete matrix phase diagram).

The calculation at reactor scale with siliceous concrete (CCI3 type) indicates that an ablation instability may occur in the initial stage of the MCCI transient. Indeed, TIM model enables to simulate the occurrence of ablation instability which depend on initial conditions (melt composition and temperature, nature of concrete…). Nevertheless, the ablation regime shifts towards the LIT regime on all interfaces (and ablation rate becomes homogeneous) as soon as the mass concentration of matrix materials is higher than ~0.1. If limited to the horizontal surface of the reactor pit, this ablation instability does not seem to induce significant preferential ablation in the vertical direction in reactor configuration. But if it affects the lateral surface, due to the small thickness of the corium layer, the depth of the ablation could be of the order of 1 meter during the instability phase.

This study led to the major conclusion that the ablation instabilities appear preferentially in case of siliceous or siliceous based concrete. The occurrence of this instability affects the ablation direction, the delay to local melt-through of the concrete. A mitigation measure to avoid such instability would be to avoid as much as possible silica material in the concrete.

The prediction of the appearance of an ablation instability on a given interface is very delicate because in case of an instability affecting one surface, it will simultaneously reinforce the stability on other surfaces. Thus, it could be interesting to identify which local parameters could trigger an instability. Moreover, the TIM will be applied to situations relative to transient refractory material dissolution by a corium melt submitted to residual power dissipation.
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 1 Figure 1 : Interface behaviors computed by the TIM depending on the concrete composition.("Solute" designates materials forming the concrete matrix (concrete without the siliceous aggregates))
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 3 Figure 3 :CCI3-Predicted interaction regimes as a function of the initial pool temperature.
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 4 Figure 4 : Example of interface temperature variation and associated ablation regimes for different initial pool temperatures with Cste=1.5
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 5 Figure 5 : Effect of initial interface temperature (Tinit) on interaction regime (Concrete with iron oxide, Tpool initial=2100 K, Cste=1).
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 7 Figure 7 : Combined effects of initial pool and interface temperatures on the interaction regime (siliceous concrete CCI3, variable Cste parameter).

Figure 7

 7 Figure7exhibits the combined effects of initial pool and interface temperatures for CCI3 test conditions (with variable Cste parameter). From example, it can be seen that, for Cste=1,12, the ablation instability can develop (existence of the HIT regime) either if the initial pool temperature is locally lower than ~2000 K (whatever the initial interface temperature), or if the initial interface temperature is higher than ~1850 K (whatever the initial pool temperature). These temperature thresholds, delimiting the various interaction regimes, define a domain (Tpool > 2000 K, Tinterface < 1850 K for Cste =1.12) where the LIT regime prevails. The initial pool temperature threshold is only slightly sensitive to the value of Cste, as seen in Figure3. On the contrary, the initial interface temperature threshold is sensitive to the variation of Cste. It decreases when Cste increases and disappears as soon as Cste > 3.6.
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 8 Figure 8 : Variation of initial interface temperature threshold versus the parameter Cste, for Limestone-Common Sand concrete (CCI2)
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 1112 Figure 11 : Time delay to LIT transition as a function of the number of vertical surface elements initially in HIT regime and of the parameter Cste (siliceous concrete).
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 14 Figure 14 . Representation of the HIT and LIT domains (dominant regime) in the pseudobinary phase diagram; initial pool temperature versus mass concentration of concrete matrix (siliceous concrete, CCI3 type).
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 15 Figure 15 : Evolution of threshold pool temperature for the return from HIT to LIT regime on a wall element for reactor MCCI transients at different power levels (siliceous concrete, CCI3 type).

  (Figure18) evolutions have been integrated in the phase diagram (like in Figure15) and are shown in Figure19.
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 161718 Figure 16 . Reactor melt temperature evolution (siliceous concrete, CCI3 type)
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 19 Figure 19 : Evolution of the melt temperature during reactor transient versus mass concentration of concrete matrix in the melt (trace in the phase diagram).