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To date, the pulsed field magnetization (PFM) method is considered one of the most promising magnetization methods due to its low cost and flexibility to magnetize samples within the final system. In addition, REBCO bulks with an operating temperature below 77 K are increasingly used in electrical machine applications, where cooling is primarily provided by a closed helium cold loop. In the same context, solid nitrogen (SN2) can provide a stable cryogenic environment for magnetizing several bulks simultaneously. This paper discusses the magnetothermal study and modelling of the magnetization of several REBCO bulk samples during their magnetization. For the electromagnetic calculation, the A-H formulation is used, coupled with a thermal model where the solid-liquid phase change of nitrogen has been considered. 2D and 3D numerical results will be compared in the final paper. Furthermore, the results will be compared and validated with experimental measurements.

I. INTRODUCTION

Since the manufacturing and commercialization of superconducting bulks, several methods have been used for their magnetization, among which the so-called field cooling and zero field cooling methods. Alternatively, the pulsed field magnetization (PFM) method is considered the most common method to magnetize bulks inside a superconducting machine, due to its low cost and flexibility [START_REF] Huang | Trial Test of a Bulk-Type Fully HTS Synchronous Motor[END_REF]- [START_REF] Deng | Pulsed Field Magnetization Properties of Bulk RE-Ba-Cu-O as Pole-Field Magnets for HTS Rotating Machines[END_REF].

Within this context, several investigations have been conducted at liquid nitrogen temperature and atmospheric pressure, where the magnitude of the magnetic field trapped in the bulk was limited by the critical current density of the sample at 77 K [START_REF] Ida | Waveform Control Pulse Magnetization for HTS Bulk With Flux Jump[END_REF]. At very low temperatures, other research employs direct conduction cooling where the cooling of the system relies on the use of one or more cryocoolers for the high temperature superconducting (HTS) bulks and the magnetizing coil [START_REF] Yokoyama | Influence of the Shape of Soft-Iron Yoke on Trapped Field Performance of HTS Bulk[END_REF]. In this regard, solid nitrogen (SN2) can create both a homogeneous thermal environment for cooling and great flexibility for testing multiple and various samples. In addition, solid nitrogen can be used as a thermal buffer to improve the thermal stability of superconducting systems under transient heating circumstances [START_REF] Kim | The design and testing of a cooling system using mixed solid cryogen for a portable superconducting magnetic energy storage system[END_REF].

Recently, the stability of the 3D A-H formulation has been validated and discussed several times [START_REF] Kapek | 2D and 3D validation of a hybrid method based on A and H formulations for Pulsed Field Magnetization[END_REF]- [START_REF] Dular | What Formulation Should One Choose for Modeling a 3D HTS Magnet Motor Pole with a Ferromagnetic Material?[END_REF]. So far, the coupling of the A-H formulation with thermal equations is typically based on the use of a convection coefficient h in case the superconducting material is immersed in a liquid, or by means of a thermal resistance if a cryocooler is used. In this work where the superconducting samples are embedded in solid nitrogen, the thermal equations are based on a solid-toliquid phase change formulation and coupled with the A-H formulation. Moreover, the results of the final 3D coupled A-H formulation will be compared with experimental measurements. The cooling system and process are thoroughly described in [START_REF] Hajiri | Design and Testing of a New Cooling System using Solid Nitrogen for Pulsed Field Magnetization and Characterization of HTS Bulks[END_REF].

II. MODELLING

The set of equations was implemented and solved using COMSOL Multiphysics 5.6.

A. A-H formulation

The coupled A-H formulation is based on the resolution of a magnetic vector potential A equation in domains such as air and conductors and a magnetic field H equation in superconducting parts only. As shown in Fig. 1, the Hformulation (Hf) is used in the ΩHTS superconducting domain, where the equation to be solved can be written as follows:

𝜇 0 𝑑 𝑡 𝐇 𝐇f + ∇ × (𝜌∇ × 𝐇 𝐇f ) = 0 𝐇 𝐇f ∈ ΩHTS (1)
The A-formulation (Af) is applied in the coil ΩCoil and air ΩA domains, where the vector potential A is defined by 𝐁 𝐀f = ∇ × 𝐀 𝐀f . The equations to be solved can be written as:

∇ × (𝜇 0 -1 ∇ × 𝐀 𝐀f ) = 𝐽 Coil 𝐀 𝐀f ∈ ΩCoil (2) ∇ × (𝜇 0 -1 ∇ × 𝐀 𝐀f ) = 0 𝐀 𝐀f ∈ ΩA (3)
The coupling between the two formulations Af and Hf is provided by a vector equality of the magnetic field at the boundary between the two domains, i.e., 𝛤 HTS in the case studied. In order to ensure the continuity of the physical quantities, the Neumann conditions are used, and the coupling equations can be expressed in the form: 

𝐧 × 𝐇 𝐇f = 𝐧 × (𝜇 0 -1 ∇ × 𝐀 𝐀f ) on 𝛤 HTS (4) 𝐧 × (-𝑑 𝑡 𝐀 𝐀𝐟 ) = 𝐧 × (𝜌∇ × 𝐇 𝐇f ) on 𝛤 HTS (5)

B. Thermal equation

To account for thermal effects during magnetization, the heat diffusion equation is implemented in each domain as follows:

𝛾𝐶 p 𝑑𝑇 𝑑𝑡 + ∇ • (-𝑘∇𝑇) = { 𝑄 HTS 𝑄 Coil 0 𝑇 ∈ Ω HTS 𝑇 ∈ Ω Coil 𝑇 ∈ Ω N2 (6) 
with k the thermal conductivity, Cp the specific heat and 𝛾 the material density. Furthermore, in each domain ΩHTS and ΩCoil, we define the losses per unit of volume QHTS and QCoil respectively.

C. Solid-liquid phase change

The heat capacity formulation is implemented to consider the solid-liquid phase change. The principle consists of adding the latent heat L to the heat capacity when the material reaches its phase change temperature 𝑇 SN2→LN2 . Moreover, the transformation from the solid to the liquid state takes place in a temperature interval ΔT around 𝑇 SN2→LN2 . In order to account for the material property in its proper state, two smooth functions θSN2 and θLN2 are defined. As an example, θSN2 is equal to 1 before 𝑇 SN2→LN2 ΔT ⁄ 2 and 0 after 𝑇 SN2→LN2 + ΔT ⁄ 2, and inversely true for θLN2. In other words, the sum θSN2 + θLN2 is always equal to 1.

𝑘 = 𝜃 SN2 𝑘 SN2 + 𝜃 LN2 𝑘 LN2 (7) 
𝐶 p = ( 1 𝛾 (𝜃 SN2 𝛾 SN2 𝐶 pSN2 + 𝜃 LN2 𝛾 LN2 𝐶 pLN2 )) + 𝐿 SN2→LN2 𝑑𝛽 N2 𝑑𝑇 (8) 𝛾 = 𝜃 SN2 𝛾 SN2 + 𝜃 LN2 𝛾 LN2 (9) 
In a constant pressure phase change, 𝛽 N2 represents the mass ratios between the liquid and the solid states, it can be represented as a function of the different density and smooth function θSN2 and θLN2.

𝛽 N2 = 1 2 𝜃 LN2 𝛾 LN2 -𝜃 SN2 𝛾 SN2 𝜃 LN2 𝛾 LN2 + 𝜃 SN2 𝛾 SN2 (10) 
III. RESULTS AND CONCLUSION In this section, the magnetization of a REBCO bulk is modelled within an axisymmetric 2D problem. The bulk has a radius of 15.2 mm and a height of 17 mm. The power law E(J) as well as the dependence of the critical current on the magnetic field and the temperature Jc(B, T) have been considered. The current pulse is provided by the discharge of a 5 mF capacitor and an initial charge voltage U0 that can reach up to 2000 V. To consider the electrical components of the magnetization system [START_REF] Kapek | 2-D Numerical Modeling of a Bulk HTS Magnetization Based on H Formulation Coupled With Electrical Circuit[END_REF], the electrical equations of the magnetizer were integrated within the A-H formulation. Fig. 2 shows the influence of the discharge voltage on the distribution of the trapped magnetic flux density at the top surface of the REBCO bulk placed in solid nitrogen at 40 K at the end of the PFM process, i.e. t = 1000 s. Fig. 3 shows the current pulse and the average temperature of the bulk during a PFM for different values of the capacitors charging voltage U0 of 1000 V, 1500 V and 2000 V. In addition, the average temperature of the bulk calculated by using the solid-liquid phase change formulation and under adiabatic conditions are shown. One can note that during the current rise before t = 2 ms, the temperatures of both models are similar, this is related to the fact that the thermal time constants are considerably higher than the electrical ones. This behavior can offer advantages for 3D simulations. Indeed, to decrease the computation time, during the current rise, the solving of the thermal equations can be considered only in ΩCoil and ΩHTS under adiabatic conditions. The phase change formulation in ΩN2 can then be applied after 2 ms with the appropriate initial conditions observed at the end of the adiabatic regime.

In the final version of the paper, the behavior of solid nitrogen during the application of multiple pulses will be examined. In addition, a coupled 3D model concerning the magnetisation of a set of several bulks will be detailed and compared to the experiment. 
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 1 Fig 1. Breakdown of the studied domains and thermal coupling: the bulk ΩHTS, the coil ΩCoil, the nitrogen ΩN2 and the air ΩA. The boundaries between the superconductor and the air are denoted ΓHTS and the boundary of the air formulation is ΓA.
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 2 Fig. 2. Distribution of the magnetic flux density norm at the top surface of a REBCO bulk placed in SN2 at 40 K at the end of the PFM process and for different values of the capacitors charging voltage U0. Fig. 3. Current pulse and average temperature of the bulk versus time for different values of U0 equal to 1000 V, 1500 V and 2000 V. Two average temperatures of the bulk are shown: T * is given according to the phase change formulation and T + is under adiabatic conditions.