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Introduction

Disposing of ultimate nuclear wastes around the world remains challenging and has been considered with various possible strategies [START_REF] Birac | [END_REF], Wealer et al. (2019)). Lately in France, deep geological storage has received considerable attention, but the disposal of high-level nuclear waste (HLW) depends on available host bedrocks, also considering the type of stored waste products. The reference process currently in use for the management of such long-lived radionuclides is their vitrification as HLW packages (Bonniaud et al. (1980), Goel et al. (2019)) that could be stored under deep underground facility (see Acts 91-1381 of the 30 December 1991 and2006-739 of the 28 June 2006, as well as [START_REF] Andra | Andra research on the geological disposal of highlevel long-lived radioactive waste -results and perspectives[END_REF], [START_REF] Andra | Synthesis: Evaluation of the feasibility of a geological repository in an argillaceous formation -Meuse/Haute-Marne site[END_REF], [START_REF] Andra | Synthesis: Assets of granite formations for deep geological disposal[END_REF], Andra 305C/VA (2009), Wealer et al. (2019)). Other similar vitrification facilities exist around the world (Decamps and Dujacquier (1997), [START_REF] Gin | [END_REF], Gin et al. (2017), [START_REF] Vienna | Current understanding and remaining challenges in modeling long-term degradation of borosilicate nuclear waste glasses[END_REF]) leading to different processes developed to produce various kinds of HLW glasses (Tennant andMurphree (1982), Perez Jr. et al. (2001), Goel et al. (2019)). Different processes induce different thermal treatments that most significantly use different HLW glass block sizes. The resulting nuclear glasses have then specific thermal evolutions over several timescales, due to the accounting for the radionuclide decay rates. All such case-specific operational conditions make the following reported general approach adaptable to many kinds of vitrification, and very interesting to estimate the thermal response of HLW packages.

From the safety and environmental point of view, the manufacturing of these HLW packages induce internal cracking of the nuclear glass block during the vitrification and cooling processes, and their thermal treatments [START_REF] Peters | [END_REF], Faletti and Ethridge (1988), Kahl et al. (1991), Riley Jr. et al. (1999), Connelly et al. (2011)). Hence, numerous studies were carried out on small glass samples such as [START_REF] Perez | [END_REF], Doquet et al. (2013), Dubé et al. (2010), Mallet et al. (2013), Mallet et al. (2015), [START_REF] Ougier-Simonin | [END_REF]). Inside the glass matrix, the glassy phase transitions of the thermal expansion and the viscoelastic behaviors impact the thermal stress build-up for any of the relevant timescales. The behavior of the temperature gradients, thermal history and thermomechanical response of the HLW glass block can then be used to interpret trends of the vitrification process [START_REF] Peters | [END_REF], [START_REF] Barth | [END_REF], Barth et al. (2014)). Finally, the (thermo)mechanical response -using Continuum Damage Mechanics -can be calculated to predict and quantify relevant crack network developments of the glass block (Barth (2013), Barth et al. (2015), Dubé et al. (2010)).
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When disposed under long-term underground storage conditions, the HLW packages' exposure to water (leaching) also needs to be further investigated for confinement performance, which is particularly related to the internal cracking surface areas of the glass block (Seetharam et al. (2014), Gin (2014), Riley Jr. et al. (1999), [START_REF] Schlegel | [END_REF]). This alteration phenomenon was also studied using glass analogs (Dillmann et al. (2016), Frugier et al. (2008), Michelin et al. (2015), Parruzot (2014), Verney-Carron (2008)). Another challenge lies at the repository scale with HLW thermal power influencing the lithostatic stresses and/or hydrogeological interactions with the repository (Schneefuß et al. (1989), Tennant (1982), Kwon et al. (2013), Cho et al. (2014), Seetharam et al. (2014), Lee et al. (2014), Urpi et al. (2019)). It should be noted that thermally activated nuclear glass crack may heal by mechanical loadings (Doquet et al. (2015)), and that also other complementary effects on materials properties are linked to the radioactivity (Gin (2014), Gin et al. (2017)). At the larger scale, the repository configurations engineered with designed confinement structures, e.g. for a large number of HLW packages, need to be accounted for integrating all these important phenomena. By parts, depending on the multi-physics approach developed, this is abundantly reported in the literature so to evaluate ultimately the safety of underground repositories (Cha et al. (2017), [START_REF] Andra | Phenomenological evolution of a geological repository[END_REF], Hodgkinson (1980), Hodgkinson and Bourke (1980), Kar et al. (2008), Li et al. (2009), [START_REF] Sizgek | Three-dimensional thermal analysis of in-floor type nuclear waste repository for a ceramic waste form[END_REF], Li et al. (2011), [START_REF] Moncouyoux | Conference on the glass to contain high level radioactive wastes: definition, fabrication, storage and disposal [Conference sur le verre pour confiner les déchets de haute activité : Définition, fabrication, entreposage et stockage[END_REF], [START_REF] Avila | [END_REF]).

As a result, a complete dimensional and temporal multi-scale approach of thermal, mechanical and leaching phenomena would help in the prediction of the capacity of any HLW repositories to comply with given environmental standards. A combining effort towards such aim was proposed by the computational approaches of Bouyer and coworkers (Crevoisier et al. (2011), Repina et al. (2019), Repina et al. (2020)). However, some of the aforementioned thermal studies only deal with the HLW as a thermal source term, depending on the radionuclides mix. This is often the case as a point source or linked to the geometry approximation of the package [START_REF] Acar | Comparison of the oncethrough and closed nuclear fuel cycles with regard to waste disposal area required in a geological repository[END_REF], Finsterle et al. (2019)). In such configurations, the HLW packages with thermal power to dissipate due to the presence of radioactive waste are in thermal balance with their direct environment.

However, the thermal history of each HLW package has an effect on the ultimate internal structure of the HLW glass block. The track of this thermal history stems from the cast and cooling process conditions, to the temporary storing conditions, and finally to the ongoing repository characteristics (its design and the neighboring rock formation). Hence, to better predict the p. 4 ultimate internal structure of the HLW glass blocks, better tools and knowledge of the HLW packages' thermal history need to be exploited.

The aforementioned reported studies cover multi-physics approaches contributing by part to address the ultimate metric of the confinement of radionuclides. With the nature of the thermomechanical response of the HLW glass block, the crack network is the result of the thermal history of this glass structure. Mechanical loadings may further damage the thermally-induced crack network, under repository conditions or at the occasion of mishandlings. In this context, a predictive tool to determine the thermal history of each glass block is relevant over timescales corresponding to the cooling process, i.e. to the glass solidification and to the cooling end after tens or even hundreds of thousands of years.

To this aim, we present a numerical approach, which is applicable to any HLW vitrification process.

The purpose of the proposed tool is to more accurately predict the global thermal kinetics of the nuclear glass by imposing thermal fluxes corresponding to the process used over short and long periods of time as compared to only known external temperatures for a given process at the can surfaces. We model the thermal behavior using an inverse thermal method within the glass block during the complete vitrification process. This is carried out by considering the nuclear glass composite as a homogeneous media for the thermal conduction, during its cooling periods (short and long), even encompassing the integration of the cracking phenomena after solidification.

Materials and methods

In order to validate the predictive numerical model, full-scale HLW package vitrification experiments were conducted by casting about 400 kg of borosilicate glass within a container of stainless steel alloy 309S. In this experiment, the HLW package is equipped with 7 thermocouples.

An inactive glass is used to represent the nuclear glass. This glass without radionuclide, "SON68", is a borosilicate glass corresponding to the industrial "R7T7" nuclear glass. The experimental setup and the measured temperatures on the thermocouples as a function of time are presented in Fig.

1 (CEA (2005)). The heat pipe effect of the setup of 7 thermocouples inside the package is neglected, due to their small overall diameter. Standard Inconel® sheathed thermocouples were used, inside thermowells made of stainless steel of 5 mm diameter that are soldered to the HLW package envelope. The sampling rate for the thermocouple measurements is every 10s with a measurement numerical precision of the datalogger to the thousands of °C (precision of the thermocouples is of 0.1% of the measure). Initial data was removed when any thermocouple was p. 5 not relevant to the thermal response, such as thermocouple outside of glass, too far from the steel envelope, or in accidental contact with the centerline trickle for those located at the centerline of the canister. The main objective of the work was to know the overall temperature field of the nuclear glass, as close as possible to what it would be without the thermocouple experimental setup, and not the temperature at each single geometrical point. This was necessary in order to further calculate the solidification process and mechanical behavior of the glass after solidification.

Hence, seven thermocouples were enough to be relevant to the confinement efficacy of the glassy matrix. In addition, inserting many thermocouples within the glass block during the cooling and solidification process would impact greatly the solidification and cracking process that would be disturbed by the presence of the thermocouples. The hereby described vitrification process is the one based on the cold crucible process at Marcoule CEA Center (PEV facility) in France. While this process consists in two successive glass p. 6 castings in the container, as was previously reported for the case of a hot crucible process [START_REF] Barth | [END_REF]), the casting and thermal conditions are significantly different between these two experimental vitrification processes. For practical reasons, as it is not possible to realize an experiment with radioactive glass (R7T7 nuclear glass), in the numerical model, a thermal power source term "r" will be considered to homogeneously heat the glass volume due to radioactivity.

This source term is what drives the long-term thermal behavior, with a long-term delay of the cooling and solidification compared to the SON68 inactive glass.

Purpose of the inverse thermal method

In usual thermal models of HLW packages, Dirichlet-type thermal boundary conditions (BC) can be directly prescribed as external temperatures, using for instance collected data from thermocouples at different heights on the envelope of the HLW package. With appropriate locations to collect the temperature values, these may be enough to obtain the internal thermal state of a glass block for that experiment. However, this leads to an oversimplified model where the thermal fluxes are of the conduction type only. This approach was used in the case of the aforementioned variant vitrification process studies (hot crucible process) [START_REF] Barth | [END_REF], Barth et al. (2014)). Dirichlet-type BCs enable only the study of the experimentally driven scenarios and do not allow to properly investigate process parameters for more general cases.

The proposed inverse method consists in implementing Neumann-type BC, i.e. thermal fluxes, for the modeling of the thermal behavior. The objective is then to compute a simulated temperature field that is coherent with the thermocouple measurements. The approach leads to more complexity, since there is no unique way to define the expressions of the thermal fluxes over the relevant interfaces of the HLW package (such problem is mathematically ill-posed). In the proposed approach, many corrections to the conduction-convection-radiation model of the HLW package are grouped into a high number of fluxes superimposed to the thermal model properties and boundary conditions. This may create heat at some point of the transient analysis to correct the thermal response toward the observed temperature dynamics, which may then only be removed later by a flux of opposite sign. We made this choice to avoid multiplying the thermal sub-models to account for specific effects expected in the HLW package thermal balance as for example the ones provided in the Refs. [START_REF] Gogoi | Inverse analysis of an internal reforming solid oxide fuel cell system using simplex search method[END_REF], Das et al. (2017), Das (2014), Das et al. (2011), Das et al. (2008)). In these works, the thermal inverse analysis modeling approaches are conducted on many kinds of thermal parameters and BC. It can be noted that these approaches include the use of optimization techniques, such as nature-inspired evolutionary p. 7

algorithms [START_REF] Barth | [END_REF]), to assist with exploring the search space and finding good solutions. In the current work, we rely on fixed thermal model parameters and idealized convection and radiation fluxes, all from experiments, using the inverse analysis' Neumann-type BC to optimize the thermal response. It can be noted that the degree of ill-posedness is extremely high for the inverse problem under our pseudo-industrial vitrification conditions, and no regularization technique was implemented to stabilize the solution under noisy measurements, such as the one proposed by (Hon and Wei (2005)). It was applied only to one experiment, with all thermocouples used for identification of the thermal model parameters. The proposed inverse method is carried out manually following by part the transient thermal response and comparing it to the experimental results. This approach is compatible with further optimization scheme, more systematic or with a more complex objective function.

The applications of the proposed thermal modeling approach concerns the thermo-mechanical load of the HLW package, and the ill-posedness and potential divergence to the experimental results at the highest temperature have a rather limited impact since the glass block will likely be in the completely relaxed state, with little effect on the glass transition through the thermal history at high temperature.

Although the proposed inverse method is more complex than prescribing temperature in a deterministic numerical approach, the thermal modeling gains significant extrapolation capabilities for the vitrification process parameters. For example, a thermal forcing (or perturbation) in the thermal energy balance, due to the radioactive power source term, will directly shift the temperature field of the whole glass block with a physically relevant extrapolated behavior. This includes the shifting of the temperatures at the HLW package envelope, which would otherwise remain constant under Dirichlet-type BC. In this Dirichlet-type case, fixed temperatures at the envelope would lead to an overestimation of the thermal dissipation fluxes, then inappropriate for the prediction of the thermal gradients and thermal stresses occurring within the vitrification process.

Description of the proposed inverse method

We apply physically-based heat dissipation fluxes, i.e. natural convection and thermal radiation, whenever possible at the different external boundaries of the HLW package, accounting for both the casting, solidification, and cooling periods. Contrarily to other types of inverse methods, the liquid or solid glass thermal parameters are assumed determined by experiments, they are p. 8

homogeneous in space and functions of temperature. As such, they are not the calibration objectives of the inverse problem. Instead, the objective of the proposed inverse method is to determine additional, virtual, imposed thermal fluxes (if remaining degrees of freedom allows).

Such virtual fluxes are added at the external surface layers of the container, or the glass surface after castings. The aim of the inverse method, over the whole experimental process, is to make the temperatures converge to the measured values at the thermocouple locations.

The net total thermal fluxes at the HLW package external surface (convection and radiation fluxes, with the additional virtual fluxes) is hereafter called "homogenized". It will then encompass different complex thermal phenomena. These include, but not limited to: the heat exchanges between the lower and upper parts of the HLW package (due to external or internal thermal fluxes from the glass that has just been casted); a correction of the empirical relations used for convection as well as the thermal radiation; and less important process design characteristics unaccounted for with the model itself, such as the environing facility's sink temperatures map. The homogenized flux also depends on the internal cracking of the glass block during the thermal experiment, since the conduction is hindered by this phenomenon during the final period of the cooling. However, with the conduction not modeled to account explicitly for such behavior, this effect is directly integrated within the homogenized thermal flux, not the thermal conduction in glass. Altogether, the different thermal fluxes effectively implemented at different locations of the model of the HLW package are further described later in the current section.

Throughout the HLW vitrification and cooling process time, all thermal fluxes are fine-tuned to correctly address the main thermal phenomena we expected. The inverse method (IM) steps of the proposed algorithm are presented in the following resolution diagram, see Flowchart, where IM-i represents the inverse method step i.

At the end of the resolution diagram (IM-7), the output of the inverse method is assumed to accurately model the experiment without overexploitation of the objective experimental values, these being the thermocouple measurements. In the framework of the described optimization technique, overexploitation means the appearance of thermal variations (predicted fluxes) that become at some point less physically correct due to a too strict compliance to the objective measurements. The predictive approach reported here is assumed to produce accurate thermal results within a given range of the defined process parameters.
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Flowchart: Resolution diagram of the proposed inverse method (IM).

For the experimental vitrification process presented in Fig. 1, the thermal behavior was successfully simulated by the proposed inverse method during this HLW vitrification process with

No Yes

IM-1: We rely on experimental HLW vitrification temperature data (e.g. with inactive glass) using a scale 1:1 HLW package equipped with thermocouples at relevant locations. The collected data are used in IM-3 and IM-4. The thermal process is modeled in IM-2.

IM-2:

We imposed in a 3D FEM model of the HLW package the conduction properties in the glass and the stainless steel envelope from materials' property, with physically-based radiation-convection external BC of the envelope towards the thermal environment. The steel initial temperature is equal to the initial experimental data. Glass initial temperature, top glass surface BC; and fictive can fluxes were the variables of the inverse problem.

IM-3:

The thermal model of IM-2 is used to simulate the vitrification (direct method) using the 3 kinds of variables: i.e. prescribed initial glass temperature; glass free surface sink temperature; and fictive envelope volume fluxes. The latter two are time-dependent.

IM-4 -Test:

Is the direct approach of IM-3 yielding simulated temperatures close to the experimental temperatures? Evaluation scope: at the n th successive transient definition period of the inverse analysis latter two, time-dependent, parameters in IM-3.

Notes: An acceptable error depends on the foreseen application of the thermal analysis.

Moreover, a way to satisfy the test may be to shorten the current n th transient definition period of IM-3 parameters, e.g. as soon as the error hits a minimum in the simulation.

IM-6: Validation of the glass initial temperature

and n definition periods of the inverse method's variables of IM-3. New (n + 1) th definitions will be needed for the rest.

IM-5:

Update and/or adapt the three kinds of variables by going back to the model of IM-2, mainly through the last definition of the latter two kinds. Iterate until IM-6 is reached with all the updated homogenized thermal fluxes.

Note: This can also lead to going backwards before the n th definition sequence of IM-3, in case erroneous heat fluxes slowly emerge through the subsequent process times.

IM-7:

Ultimately, the end of the vitrification experiment is reached (e.g. at ambient temperature), the finely-tuned direct simulation of IM-2 then yield temperatures simulated at any point of the glass block, during the whole experimental time period. This temperature field correctly matches the temperature evolution at the thermocouples locations. Extrapolations are also possible with variant vitrification process parameters. Such is the case for the introduction of a source term accounting for the radioactive decay thermal power, or for any continuity of the simulation after the experiment's end.

p. 10 two castings. We used the following set of thermal BC implemented in the model at IM-2 step, see also Fig. 2: 1-24 layers, modeling the glass block, are filled at each corresponding process time to model the pouring down of liquid glass. During the pouring down of the glass, non-adiabatic thermal exchanges with the upper unfilled layers are assumed, if the layer fills within the same casting period. For the experiment under focus, there are 2 castings of 12 layers each. This modeling is a discretization resolution improvement compared to the pouring/filling technique described in [START_REF] Barth | [END_REF]). The initial temperature in each layer was prescribed at the temperature of the melted glass in the crucible, varied by a modulation using two additional optimization parameters of the inverse method: (a) a vertical temperature linear gradient, and (b) a radial one; as follows: a. The vertical gradient accounts for the cooling effects of the liquid glass trickle with the distance from the crucible, in the container filled with air, as well as the increase of the temperature of the glass free surface with pouring time (assumed a fixed glass temperature at the outlet of the crucible).

b. The radial gradient accounts for cooling effects of the liquid glass free surface, with the mass transfer from the center axis of the package to the cooled wall of the container. In fact, this radial gradient is implemented with two successive linear radial gradients from the centerline to the radius of the canister envelope; see Fig 2a andEq. (1).

The glass initial temperature at the beginning of the inverse analysis is applied as a uniform initial temperature of the glass ( g T0) equal to the glass melt in the crucible. Further in the inverse analysis, the temperature at the top of the glass block and at the centerline (R = 0 m) is kept close to this crucible temperature. To illustrate the prescribed initial temperatures later in the inverse method iterations, the linear gradients ultimately used at the end of the inverse analysis are provided as follows. The glass temperature is in K with the radius R in m, with +1.1 m in the z-axis in m being the top of the glass block, and with z = 0 m at HLW package bottom (steel envelope included): 

g R R T z δ × -   = + × - -× × +     (1) 
with δ = 0 if R < 0.19 m, or δ = 1 otherwise. This prescribed temperature is applied at the beginning of the filling of the glass casting's corresponding layer body which corresponds to p. 11 the estimated process time (the flow of glass from the crucible being tracked by a scale measure, then idealized linearly in this model). This corresponded to filling times at 0 s for the 1 st glass layer, 49 s for the 2 nd , 90 s for the 3 rd , 133 s for the 4 th , 190 s for the 5 th , 270 s for the 6 th , 390 s for the 7 th , 476 s for the 8 th , 590 s for the 9 th , 690 s for the 10 th , 750 s for the 11 th , and at 819 s for the last layer filling corresponding to the first casting. Then, the 2 nd casting filling of the relevant layers begins at 19150 s for the 13 th layer, the subsequent layers being filled at the following times : 19201; 19222; 19240; 19340; 19454; 19540; 19660; 19740; 19797; 19840; and 19990 s for the last layer up to 1.1 m height of the glass block.

2-The stainless steel container external surfaces are dissipating heat uniformly by natural convection and thermal radiation, with the temperature-dependent fluxes of Eqs. ( 3) and ( 6)

relying on sink temperatures "Tsink" that are the ones of the facility environment:

s Tsink = 313.15 K in our case for the steel, as per the ambient temperature at the end of the experimental vitrification process. The initial temperature of the steel canister is the one measured by the thermocouples closest to the container at the start of the experiment (in K)

which is approximated by the ambient temperature: and by Eq. ( 6). For the sake of simplicity, we identify both sink temperatures of the phenomena at the same value, Tsink, representing the facility thermal environment, or the internal cavity for the glass free surface. The natural convection is described by: ( )

sink S c T T h q - = (3) 
with hc the film coefficient for the convection from the surface at the temperature TS, the convection being at ambient air temperature Tsink. For the glass, we define hc in W/K/m 2 as [START_REF] Cereser | Tuyauteries -transmission de la chaleur[END_REF]):

( )

5 0.0113 g c S sink h T T = + × - (4) 
and for the steel, with the same units, cylindrical in shape [START_REF] Cereser | Tuyauteries -transmission de la chaleur[END_REF]):

0.25 1.3 0.43 s S sink c T T h   - = ×     (5)
For the sake of simplicity, we also used these same Eqs. ( 4) and ( 5) corresponding to convection in the air even for extrapolations to a radioactive glass casting process, which should have in practice environing neutral gaseous species. The thermal radiation is described by the Stefan-Boltzmann law:

( )

4 4 sink S T T a q - = (6)
with a the radiation constant (emissivity times the Stefan-Boltzmann constant, see Table 1) for the concerned surface towards a uniform sink temperature Tsink, assumed identical to the one for convection.

p. 14

Table 1: Thermomechanical properties used for the HLW package materials. The thermal properties are only temperature-dependent (no relaxation). Unless a formula is provided, the properties are constant to the first/last one specified here, and linearly interpolated in-between.

SON68 glass Stainless steel

Temperature 

Phenomenology of the subsequent thermomechanical modeling

The HLW package thermomechanical state relies in this paper on the following multi-physics:

I. Thermal simulation: it can give the thermal history for any point within the HLW package.

II. Vitrification and thermal strain: to account for the time-dependent glassy transition temperature of the coefficient of thermal expansion.

III.

Vitrification and viscoelasticity: the elastic constants (shear modulus) glassy transition is also time-dependent, with possibly different relaxation dynamics compared with point II.

In the previous sections, we only reported the boundary conditions linked to the thermal modeling and simulation of the studied experimental HLW vitrification process (I). For this, we implement the whole approach within a 3D finite element method (FEM), using the ABAQUS code (Abaqus (2013)). All the defined thermal boundary conditions were scripted into ABAQUS FORTRAN 77 p. 15

subroutines named: HETVAL, DFLUX, and FILM. This way, it facilitates the change of values for the virtual thermal fluxes throughout the iterations of the proposed inverse method.

The geometry of the real HLW package is reported by (Moncouyoux et al. (1991), Verney-Carron ( 2008)). We designed the same geometric approximations for the thermomechanical FEM using a refinement of the mesh in the three cylindrical directions (see Fig. 3). The mesh is composed of 50763 total hexahedral elements (C3D8 for the thermal model in ABAQUS) with 50017 nodes, and same number of degrees of freedom for the thermal simulations. The experimental HLW vitrification process reported in Fig. 1 involved the inactive borosilicate glass SON68 onto which a heat source is added to account for the presence of radionuclides, simulating in this experiment the R7T7 nuclear glass. The composition of the SON68 nuclear glass is found in (Frugier et al. (2008)) as a weight percentage of each of the 26 constitutive oxides, or in (Jollivet et al. (2012)) in relation with the molecular mass of each of the constitutive oxides. The SON68 borosilicate glass has 69.1 g/mol, based on the molar mass percentage of the oxides, and an average 21.3 standard atomic mass. The glass is considered as a homogeneous material (with p. 16 homogenized thermomechanical properties) in the current continuum approaches, even if precipitates, cracks and bubbles exist within the experimental glass block.

For the thermal simulation, the Fourier's heat equation is used for conduction in the liquid or glassy SON68, as well as in the stainless steel container (liquid glass is assumed exempt of internal convection):

, , = ∇ • k∇T , , + (7) 
where the thermal conduction properties are taken from Table 1 depending on the material location -either glass or steel -at the Cartesian coordinates (x,y,z); r is the internal heat source in the volume V of the body of interest. For the glass, this term is the aforementioned radioactivity source term (thermal power). For the stainless steel, the estimated homogenized fluxes in the inverse method are also led by r, which was appropriate since the stainless steel is not the main thermal resistance for conduction. The initial state for the temperature field over the body of interest was introduced with Eqs. ( 1) and ( 2). The interaction with the surface thermal BC q will be introduced within Eq. ( 8).

For r, the radioactive decay for the simulated R7T7 glass follows rates as function of the radionuclides mix, taken close to one of the scenarios of an internal CEA report by Godon et al. (2004) [unpublished], also available in (Gin et al. (2017)). It can be noted that we used values initially higher than a similar power term introduced by (Advocat et al. (2008)). In our study, for one HLW package, the power of the whole R7T7 glass block of 400 kg yields the following: (i) 2500

W when manufactured, (ii) 644 W at 50 years, (iii) 260 W at 100 years, (iv) 26 W at 1000 years, (v) 0.04 W at 10 4 -10 5 years (and neglected values later).

The heat Eq. ( 7) is applied to the glass block assuming an oversimplified morphology of the glass block, as a homogeneous body. The reality is that the glassy matrix contains precipitates or bubbles which may increase in volume and move during the cooling periods, also with the possibility of cracks nucleation at a more advanced solidified state. The viscosity of the glass is assumed too high for any convection to occur in liquid glass. Studies of semi-transparent materials such as glass also mention the existence of internal thermal radiation (Siegel (1998)), which is not implemented here for the borosilicate glass under focus that is very opaque [START_REF] Barth | [END_REF]).

For this latter phenomenon and the small defects of the glass, we assumed their effects to be already included in the thermal conductivity parameters applied to Eq. ( 7) that were determined from experiments using this complex glass. For the sake of simplicity about the conduction p. 17 parameters of Eq. ( 7), we also neglected that the glassy temperature should be determined after the thermal history. Then, in our case, we fixed the glass transition temperature for the thermal properties (for instance cp varies noticeably between the liquid and glassy states, here at 530 °C).

Moreover, the initial temperature state is also challenging since the glass flow may become anisotropic from the centerline of the axis of the can. Even though the heat Eq. ( 7) may appear too simply implemented, thus neglecting the complex process phenomenology, and in particular glass bubbles/cavitation and cracking. Nevertheless, we assumed that the proposed inverse analysis will significantly correct the thermal response of the glass block with a homogenized thermal conductivity parameter including these different effects.

The FEM is based on the weak form of the heat Eq. ( 7), where the BC from the inverse method are induced through r and q, is then expressed as (Abaqus ( 2013), [START_REF] Barth | [END_REF]):

δ d δ d δ d δ d V V V S U T V T k T V r T V q T S ρ + ∇ ⋅ ∇ = - ∫ ∫ ∫ ∫ & (8)
with the time rate of the specific internal energy, δT the variational field satisfying the essential boundary conditions in this discretization and q the outgoing heat flux from the surface S (outgoing by convention, opposite to the convention (Abaqus (2013))). Further details of the thermal modeling approach can be found in [START_REF] Barth | [END_REF]). It can be noted that the implicit time scheme is used (ABAQUS/Standard), so that the forward simulation time steps are varying and will be much larger than the experimental sampling rate (10 s). Consequently, comparisons with experiments will induce small differences when linearly interpolating simulated values and comparing them to experiments. It is then recommended to compare the values at each simulation time steps only, with a weight inversely proportional to the simulation step.

The thermomechanical modeling of the HLW package is uncoupled from the thermal modeling. It follows the viscous constitutive model described by (Barth et al. (2014)) and reported for different vitrification processes and for a different design where the stainless steel container was not considered in the reported mechanical response. The thermomechanical constitutive relation was implemented in the subroutine called UMAT for the used FEM code. The mechanical BC were kept similar to the ones in the approach by (Barth et al. (2014)), although less constraining in the current work with a designed canister that is fully 3D without any symmetry (for the purpose of applying non-axisymmetric BC in future works).

We report in Table 1 the main required properties for the thermal and thermomechanical modeling of the HLW package materials. The other parameters related to viscoelasticity p. 18

relaxations can be found in our previous work (Barth et al. (2014)). The material properties are extracted from the following references: (Moncouyoux et al. (1991)); Internal CEA note (Langlois (1998) [unpublished]); (Barthelemy (2003)); Internal CEA report (Godon et al. (2004) [unpublished]); [START_REF] Barth | [END_REF], Barth et al. (2014), Dubé et al. (2010), [START_REF] Matteï | Rayonnement thermique des matériaux opaques[END_REF]).

Results and discussion

Inverse method reference simulation

In the current study of the experimental vitrification process, we are matching the simulation temperatures in the proposed inverse analysis to two thermocouples locations corresponding to:

(i) the thermocouples closest to the stainless steel before the glass casting is filling the volume below them; then (ii) when the glass is above the height of the thermocouple, the temperature collected at the middle of the casting heights at a radius R = 16 cm from the centerline. The rest of the container thermal activity is predicted with thermal fluxes from the inverse method using the glass thermal parameters obtained from the literature (see Table 1), and by respecting as much as possible the other known parameters and temperatures of the vitrification process experiment.

The number of iterations required between step IM4 and IM5 of the inverse analysis is very small (typically of the order of 4 or 5) in order to get the temperature field corresponding to the experimental measurements. The obtained thermal results from the inverse method are illustrated for one of the casting in Fig. 4, where the whole casting period is translated into nominal operating times and casting rates.

During the glass pouring phase into the canister, the numerical simulation yields large temperature differences compared to the experimental measurements, which is comprehensible since the pouring process, and the glass free surface evolution, are not directly taken into account in our simulations (each layer of the numerical model is filled instantaneously). This implies several variabilities such as: (i) a glass flow with rupture of the axial symmetry, thus the temperature values may not rise regularly; (ii) locations of thermocouple assumed to be at the interface between the two castings, but not knowing precisely if this was experimentally achieved, and (iii) the glass free surface initial convexity with its central flow, which explains how several thermocouples of the same height, but different radii, are not observed wet by the glass free surface at the same time of the experiment, see Fig. 4. Nevertheless, even with such complex effects not specifically accounted for in the numerical model, they are integrated into the inverse p. 19

analysis by the homogenized thermal fluxes (but may not be studied separately). A rapid convergence of the numerical model towards the measured experimental values is observed. At the pouring phase, the allowed tolerance is relatively loose since the aim of these results is not to model perfectly the thermal history at high temperatures (i.e. for a relaxed liquid state of the glass) during the casting time, but rather to approximate the thermal evolution during the cooling and solidification of the glass. The end of the cooling process is hence presented in Fig. 5. 1b. Here, the process period only covers the simulated time of the second casting.

In the following, the different castings (Casting 1, Casting 2) are denoted by C#1 and C#2 respectively. We also denote by R the radius from the glass (cylindrical) axis to the considered point (See Fig. 1). Some fluctuations of experimental temperature values at the core thermocouple of Casting #2 (see Fig. 5b), are observed and can be due to cavitation effects/bubbles. From the numerical point of view, the temperatures of the thermocouples at the core of the castings glass blocks were difficult to exactly accommodate in the optimization procedure. This could be improved by taking into account a glassy transition for the glass heat conduction properties, and by investigating more appropriately the upper and lower interfaces/surfaces temperatures during the vitrification process. Nevertheless, after the complete filling of the container, the comparison p. 20 of temperatures between thermocouples and simulated ones is very good. We then assume that the thermal kinetics was correctly modeled for the given process with our homogenized fluxes. To evaluate the quality of the inverse analysis process, a comparison can be made between the numerically predicted temperatures and the objective experimental values. This is presented in Fig. 6 by illustrating the difference between the experimental and numerical temperatures of the thermocouple located at R = 16 cm from the container center line. We observe that despite large variations observed at punctual times where the melted glass is poured into the canister (as described above), the correlation between the numerical predictions and experimental temperatures for both the first and second casting is very good. Differences around 20 degrees are observed, i.e. ±3.5 % in absolute values in K, which shows the accuracy of the proposed inverse method.

Figure 6: Matching of the inverse analysis results to the thermocouple measurements -Inverse method quality check at the position of the objective temperatures (located at the middle of the heights of the two castings, for R = 16 cm). Note that the sharp peaks here during the two castings (can fill up), at 0-1 h and 5-6 h, are outside the boundaries of the y-axis (e.g., see Fig. 4 for the second casting). We note the robustness of the convergence algorithm with time.

Process parameters extrapolation

Once the homogenized thermal fluxes were estimated and the inverse thermal method validated with the thermocouples temperatures, it is then possible to simulate the vitrification process of both the inactive SON68 borosilicate glass (the experiment used to identify the fluxes), and the long-term extrapolation to R7T7 nuclear glass through the use of the additional thermal power p. 22 source r (see Fig. 7). The nuclear glass power source is only neglected after 100000 years, not represented here but relevant for the mechanical response of the glass block. In Fig. 7, we represent only the first decades of the solidification and cooling, for which the glass block thermal response is more sensitive to the thermal source term behavior than its natural cooling thermal BC (unchanged over the period). At one arbitrary time of the process, at 16.5 h past the end of the castings (i.e. 2×10 -3 year in Fig. 7), the entire temperature field is also represented in Fig. 8 for this HLW package. For the two simulations, the vitrification process was slightly adapted to normalize the process parameters as for: (i) the standby period between the two castings, and (ii) the final process times, which were out of the scope of the experimental period, so to fit identical thermal environment conditions (at the end of the vitrification process with Tsink = 315 K). 

Thermomechanical results

From our previous works (Barth et al. (2014)) a damage mechanics approach coupled to the viscoelastic constitutive modeling was used (see also (Barth (2013), Barth et al. (2015), Barth et al. (2018))). We showed that the cooling rates were of the first importance on the thermal stress build-up inside the glass block, and this remains true within the current thermomechanical study with a more realistic HLW package design. Moreover, for the vitrification process studied in (Barth et al. (2014)), the inverse method was not applied: the experimental temperatures for SON68

were directly applied to the edges of the HLW package -by Dirichlet boundary conditions. This did not allow us at that time to extrapolate the case of R7T7 glass. In the current work, this is in contrary accounted for, and the thermal stress build-up in the glass block was calculated for these two kinds of HLW processes using the inverse thermal method (Neumann boundary conditions).

Table 2 presents the results of the developed thermal stresses following the proposed approach.

The thermal stresses are the ones at the end of the vitrification and cooling process, for the two above cases (the inactive SON68 glass with thermal experimental data and the extrapolated thermal process for R7T7).

p. 24

For prescribed temperature BC related to the hot crucible vitrification process, without the stainless steel container (see [START_REF] Barth | [END_REF])), the viscoelastic stress build-up was reported at 193 MPa (tension) (Barth et al. (2014)). Using the current work's more realistic geometrical approximation (with canister), the hot crucible vitrification process with container yielded maximum stresses of 200 MPa (tension), which shows the good correlation between the two validated cases with and without stainless steel canister, its mechanical role being then minor.

Table 2: Developed stresses within glass with the thermomechanical approach. The results correspond to the maximum stress value along the centerline of the cylindrical glass block, at the end of the cooling process (the glass block is then uniformly at ambient temperature). The current work's geometry refers to Fig. 3, whereas the one denoted "Cylindrical glass block (no steel)" refers to the simplified geometric approximations of (Barth et al. (2014)). In (Barth et al. (2014)), the vitrification process is the hot crucible process with prescribed temperature BC at the envelope, whereas the one presented in the current paper is the cold crucible experimental process with the proposed inverse method. The cold crucible vitrification process was significantly different because the thermal variations imposed to the glass block were different (although the thermal stress build-up follows the same global trends as in the work of (Barth et al. (2014))). For this work model with canister, the maximum stress of inactive SON68 borosilicate glass, at the centerline, was 152 MPa (tension). For p. 25 the extrapolation of the R7T7 nuclear glass, with an initial thermal power of 2500 W/HLW package (and extending the cooling time for the R7T7 nuclear glass to reach the same ambient temperature at the end of the cooling period), the resulting thermal stress build-up was rather similar, with a value of 145 MPa (tension) at the core of the glass block at ambient temperature.

We observe for thermally active R7T7 that, even if the glassy transition is lower and induces more thermal strain compared to the inactive SON68, the stress build-up predictions are then lower than in the case of the experimental vitrification process with inactive glass.

The proposed thermal inverse method enabled not only to determine precisely the developed stresses within the container with good accuracy compared to known experimental data (fixed case), but also to predict these stresses for other cases without an exact knowledge of experimental data, i.e. more interestingly the case of R7T7 nuclear glass.

Conclusion

A thermal inverse method was presented and applied to the thermal fluxes on the envelope and inside a glass block of a high-level nuclear waste package. The inverse method allows us to simulate the thermal behavior and thermal fluxes of the whole glass block, based on an experimental vitrification process using a set-up of thermocouples in the container.

The vitrification experiment was carried out in the experimental facility of the Marcoule CEA center, France, using inactive borosilicate glass within a scale 1:1 container. The interest of the proposed inverse method is that the behavior of an industrial nuclear glass package (radioactive R7T7 glass) can be numerically extrapolated from this experiment to cooling periods on the longterm timescale. This is up to 1 million years to obtain negligible heat source term from radioactive decay, and thus completing the cooling and thermal loading case of the glass block.

We conducted two thermomechanical analyses on the long-term timescale, one on the experimental package of the inactive borosilicate glass, and one on the thermally activated nuclear waste package. The time-dependent viscoelastic stress build-up inside the glass block for these two cases was rather similar, with a smaller stress build-up for the activated nuclear glass (calculated at the same uniform ambient temperature after sufficient time). With such thermal stress build-up analyses, it is possible to predict the driving force behind damage accumulation under long-term storage conditions of the high-level nuclear waste packages. 

  Figure 1: (a) General experimental vitrification illustration (CEA (2005)), and thermocouple locations (stars) reported in a schematic of the HLW package for the current experiment (glass block height is 1.1 m). The thermocouples in the experiment were separated by 120° which is not represented by the axisymmetric schematic here. (b) Experimental results (temperatures) for the thermocouples within the 400 kg glass block, without radionuclides, as a function of experimental time.

  , when the pouring down finishes, the glass free surface is associated with the same natural convection and radiation as for the external steel surfaces, Eqs. (3) and (6), except that the g Tsink becomes a parameter to be optimized by the inverse method (each casting glass free surface has one such sink temperature parameter).4-The following additional virtual thermal fluxes are implemented to conduct the rest of the degrees of freedom of the inverse method. On the long term, such fluxes become 0 and the homogenized thermal fluxes at the border of the canister are only those of physically-based convection and radiation. The virtual thermal fluxes were more conveniently applied in the used finite element code as volume heat fluxes of the stainless-steel envelope, instead of the aforementioned surface fluxes. They are each optimized throughout the inverse method as a function of the intended role for each of them, based on the location in the package: a. a uniform axisymmetric flux throughout the height corresponding to each casting b. an axisymmetric flux for the already filled glass block, including the current casting, with capability to have a gradient of this flux value along the height p. 12 c. an axisymmetric flux for the unfilled canister, with the same capability to implement a gradient of the flux value along the height d. a uniform flux for the bottom of the canister We dissociated the contributions 4a to 4c to better mimic the heating of the internal cavity of the canister by convective air flow inside the canister, not modeled explicitly in the proposed approach, only through the inverse analysis. This led for instance to the sharp temperature increase of the thermocouple near the envelope in the middle of casting 2, following the process time of the 1 st glass cast, see Fig. 1b. To conduct the inverse analysis, it is possible to merge all 4a to 4c flux values in a unique axisymmetric volume flux, function of the height and time only. With the technical limitations of the commercial finite element code we use (the ones of its subroutines), only a uniform volume flux was implemented for the stainless steel next to each layer, thus leading to 24 resulting virtual fluxes for 4a to 4c.

  Figure 2: (a) Glass block casting temperature g T0 with the different linear gradients to model the pouring of the liquid glass during the castings for the inverse method (after Eq. (1), and elements along this longitudinal section are shown in the zoom, see also Fig. 3); the represented temperature map has been iterated to match the thermocouple measurements; (b) other thermal fluxes implemented for this vitrification process thermal model.

Figure 3 :

 3 Figure3: FEM design -Full-3D geometric approximations for the thermomechanical FEM approach (about 51000 hexahedral elements). The 24 successive casting layers are represented with different colors, here with different volumes to accommodate further studies where the process parameter of the number of castings is changed (between 1 to 8 castings to fill the entire container). On the right-hand side are illustrated different layers: at the surface, mid-height of a casting, interface between the two castings, and partially at the bottom of the canister. The total height of the glass block is 1.1 m.

Figure 4 :

 4 Figure 4: Temperature convergence in the vicinity of the 2 nd glass casting sensors -Thermal of the proposed inverse method applied to the experimental vitrification process from Fig.

Figure 5 :

 5 Figure 5: Thermal results of the proposed inverse method applied to the vitrification process. The illustrated process period is the same between first and second casting here. (a) Results for the 1 st Casting thermocouples only; (b) results for the rest of the thermocouples in the 2 nd casting, and continuation of Fig. 4 toward the final cooling period of the vitrification process.

Figure 7 :

 7 Figure 7: Long-term global cooling of the two vitrification cases -Extrapolations of the vitrification process time, extended, and of the type of nuclear class, with the thermal contribution r for the radionuclide decay for R7T7. The thermal environment for the whole period, 100 years represented here, is kept the same as the one at the end of the vitrification process (Tsink = 315 K, thermal radiation in vitrification facility and air natural convection).

Figure 8 :

 8 Figure 8: Temperature map 16.5 hours after the glass castings -Extrapolation of the vitrification process for R7T7nuclear glass, see also Fig. 7. Here the time is fixed at 16.5 h past the end of the castings (i.e. 2×10 -3 year). At the end of this extrapolated vitrification process, the only dissipating thermal fluxes are with a sink temperature of Tsink = 315 K, namely the thermal radiation to the vitrification facility and air natural convection from the sides. (Inverse method's virtual fluxes are then negligible.)

  to replace the R7T7 glass g T0 K Initial glass temperature, used for the thermal conduction s T0 313.15 K Initial stainless steel temperature, used for the thermal pTsink inside the HLW canister (convection and radiation only active beyond glass casting) s Tsink 313.15 K Stainless steel envelope's Tsink toward the ambient air and facility from the HLW package sides. U & W/kg Time rate of the specific internal energy V m 3 Volume of the body of interest (x,y,z) 3D position vector in the body of interest

  

Time since the end of Casting #2 [years, up to 100 years]

  

		913	R7T7 glass, initially 2500 W/package, glass block core temperature	640	°C
		863	R7T7 glass, initially 2500 W/package, mid-height surface	590	°C
		813	temperature					540	°C
	Temperature [K]	513 563 613 663 713 763	SON68 glass, experiment, glass block core temperature SON68 glass, experiment, mid-height surface temperature	240 290 340 390 440 490	°C °C °C °C °C °C
		463						190	°C
		413						140	°C
		363						90	°C
		313						40	°C
		1E-3	1E-2	1E-1		1E+0	1E+1	1E+2
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