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Abstract—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.

Keywords—HTS bulks, A-H formulation, phase change
modelling, cryogenics.

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 [1]-[3].

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 [4]. 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 [5]. 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 [6].

Recently, the stability of the 3D A—H formulation has
been validated and discussed several times [7]-[9]. 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-to-
liquid 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
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Fig 1. Breakdown of the studied domains and thermal coupling: the
bulk Qnurs, the coil Qcoil, the nitrogen OQnz and the air Qa. The
boundaries between the superconductor and the air are denoted 7'Hs
and the boundary of the air formulation is I'a.

measurements. The cooling system and process are
thoroughly described in [10].

Il. 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 H-
formulation (Hf) is used in the Qurs superconducting domain,
where the equation to be solved can be written as follows:

HOdtHHf +V X (pV X HHf) =0 HHf € QuTs (1)

The A-formulation (Af) is applied in the coil Qcoi and air
Qa domains, where the vector potential A is defined by
Bar = V X A,r. The equations to be solved can be written as:

V X (o™ "V X App) = Jeoil Apr € Qcoit (2)
VX (o™'V X App) =0 Ay €EQA ()

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., Iyyrs 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 X Hye =10 X (4o ™'V X App)
n X (—diAxp) = n X (pV X Hyg)

onlyrs (4)
onlyrs (5)
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Fig. 2. Distribution of the magnetic flux density norm at the top
surface of a REBCO bulk placed in SN at 40 K at the end of the PFM
process and for different values of the capacitors charging voltage Uo.

B. Thermal equation

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

dT Qurs T € Qyrs
YCo P V- (=kVT) ={Qcoi T € Qcon (6)
0 Te Qy,

with k the thermal conductivity, C, the specific heat and y the
material density. Furthermore, in each domain Qurs and Qcil,
we define the losses per unit of volume Qurs 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 Tsnaonz - Moreover, the
transformation from the solid to the liquid state takes place in
a temperature interval AT around Tgy,_pn2 - IN Order to
account for the material property in its proper state, two
smooth functions sz and O are defined. As an example,
Osnz is equal to 1 before Tonaoinz —AT/2 and 0 after
Tsn2oinz T AT/ 2, and inversely true for Gun.. In other words,
the sum Osn2 + Gune is always equal to 1.

k = Osnzksnz + Oinzkin: (7
1
G, = )_/(HSNZVSNZCpSNZ + 9LN2VLN2CpLN2) ®)
dpPn:
L -
+ Lsn2-LN2 ar
Y = Osnz2Vsnz + OinzVineg 9)

In a constant pressure phase change, By, 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 fsn2 and G no.

_ EQLNZVLNZ — Osna2Vsn2
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Fig. 3. Current pulse and average temperature of the bulk versus time
for different values of Uo 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.

I11. 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 J¢(B, T) have been
considered. The current pulse is provided by the discharge of
a 5 mF capacitor and an initial charge voltage Uy that can
reach up to 2000 V. To consider the electrical components of
the magnetization system [11], 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 U, of 1000V, 1500V 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
Qcoil and Qs under adiabatic conditions. The phase change
formulation in Qny 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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