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Abstract—In this work, a new topology of an inductor of axial flux synchronous machine is pre-
sented and tested. It is executed by combining superconducting (SC) bulks and six solenoids. It
consists of six superconducting solenoids connected in series stuck in a non-magnetic disc and
supplied by direct current. The presence of two SC bulks which by their magnetic field screening
property, modulate and redirect the flux density lines produced by the six solenoids . Thus, we can
generate a periodic spatial variation of the axial flux density component.
A 3D Electromagnetic modeling based on finite elements solution is developed to demonstrate
the suitability of using the magnetic shielding properties of the SC bulks. In order to check the
screening properties of the SC bulk, a prototype of the proposed inductor has been constructed at
the laboratory. it consists of six copper solenoids and two circular shape superconducting YBCO
bulks.
Keywords—Axial machine, Magnetic Field concentration,Superconducting Inductor, Superconduc-
tor machine.
I. INTRODUCTION
The advances in the technology of superconducting materials and cryogenic systems are at the
origin of a new generation of electric actuators. Indeed, the use of superconductors allows to gen-
erate very intense magnetic fields and to transmit energy without losses 1.
One of the main challenges to use of superconductors in electrical machines is increasing the flux
density in the air gap and therefore reduces the volume of the electrical machine 3.
Various topologies of synchronous machines have been realized with inductors excited by super-
conductor coils. In synchronous machines with axial flux, the magnetic field is directed along
the axis with “flower petal” windings. Several structures have been realized, distinguishing three
categories, machines with superconducting coils, others with passive superconducting materials
(bulks) and machines with both types of the materials [1,5].In this work, a new topology of an
inductor of an axial-field synchronous machine is presented and constructed in the laboratory. It
is executed by combining SC bulks and solenoid. This inductor, as shown in figure.1, is made up of
six superconducting solenoids connected in series stuck in a non-magnetic disc supplied by direct
current. The presence of two SC bulks which by their magnetic field screening property, modu-
late and redirect the flux density lines produced by the solenoids [5,6].Thus, we can generate a
periodic spatial variation of the axial flux density component. In fact, each HTC superconducting
bulks placed on the non-magnetic disk (inductor) cooled with liquid nitrogen constitutes a barrier
against the passage of the flux density lines created by the superconducting solenoids [4,2].
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Figure 1: Topology of the axial field concentration machine.

II.ELETROMAGNETIC MODELING
In order to study the feasibility of this new topology inductor of synchronous machine, a 3D Elec-
tromagnetic modeling based on finite elements solution is developed. The model was solved in
magneto-static without induced currents. Using a magnetic vector potential formulation, noted
A, the flux density B is defined by:
B = ∇×A………………………………(1)
The PDE to solve in the different regions parts of the inductor is:
In the air and the superconducting bulks: ∇Aˆ2 = 0……….(2)
In the solenoid: ∇Aˆ2 = -μ0 μrJ………………………..(3)
It is considered in this modeling that the superconducting solenoids is supplied by a uniform cur-
rent density across their sections area and low relative permeability μr=10ˆ(-4) of the SC bulk to
take into account its screening property.The magnetic potential is taken as zero on the surfaces of
a box encompassing the structure of the inductor and the armature.
The developed 3D elements finite model is simulated for the proposed inductor with superconduct-
ing solenoids supplied by DC current with a density of 743.17 A/mm2.
It can be seen in figure .2 that the axial flux density component predicted by the 3D developed
model has a periodic spatial variation and its amplitude varies between positive Bmin and Bmax
values. The maximum value reaches 3.3T.
In figure .3, we can clearly see the screening effect of the two SC bulks.
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Figure 2: Axial flux density waveform in the air gap.

Figure 3: Flux density distribution in the air gap.

III. EXPÉRIMENTAL RESULTS
A prototype of the proposed inductor has been constructed in the laboratory. As shown in Fig. 4, it
consists of six solenoids connected in series with the copper and two circular shape superconduct-
ing bulks.The SC bulk is made from YBCO material. The critical temperature of this superconductor
is 93K. This inductor is cooled with liquid nitrogen to 77K.The test is carried out by supplying the
solenoid with DC current of I=8.45 A. It can be seen in figure.5 that the flux density waveform
predicted by the 3D developed model is in a good agreement compared to the experiments.The
maximum of flux density measured in the air gap reaches 36.8 mT.
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Figure 4: Realized prototype of new inductor.

Figure 5: Flux density comparison between experimental and 3D FE.

IV CONCLUSION
A new topology of an inductor of axial flux synchronous machine is presented in this work. It
consists of superconducting solenoid supplied by direct current and two superconducting bulks
which by their magnetic field screening property, allows to generate a periodic spatial variation
of the axial flux density component.
A prototype of the proposed inductor consisting of a copper solenoid and two superconducting
YBCO bulks has been developed and constructed in the laboratory.
The results obtained by 3D FE and experiments are in good agreement and they show the feasi-
bility of the new topology of the proposed inductor. Thus, with superconducting solenoid it is
possible to considerably increase the fluxdensity in the air gap and therefore reduce the volume of
the electrical machine.
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A frequency domain finite element model for
simulating high temperature superconductors using

the J-A and T-A formulations
Tuesday, 11 June 2024 14:20 (20 minutes)

AC losses, current density and the magnetic field are important variables for designing high-
temperature superconducting (HTS) devices. The preferred method to compute those parameters
is the finite element method. In this framework, most of the computational effort has been carried
out in the time domain even though the interest may lay in the steady-state regime. For the lat-
ter, it is sensible to use a frequency model. This is the proposal here with the implementation of
phasors in the modern T-A and J-A formulations. To validate the models, current density distri-
bution and AC losses for the two formulations are compared against time-domain solutions and
ultimately against experimental data for single BSCCO and a CORC® cable cooled at 77.3 K in
liquid nitrogen.
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The no-insulation (NI) coil technique has proven to be robust for realizing high-field magnets with
REBCO high-temperature superconductors (HTS). While the stable operation and charging delay
—both originating from the inter-turn current transfer —on one hand, ensure the success of NI
coils, on the other hand, they limit their application scenarios. A possible solution to the charging
delay issue is to power the coil with additional current, which could be achieved through either pre-
simulation or active feedback control. However, apart from the additional Joule heating that may
disturb the stable operation of a REBCO NI magnet, the inter-turn current may also deteriorate
the field quality, which can be particularly problematic for an accelerator magnet. These issues,
along with uneven current distribution among different turns and the screening current generated
inside the HTS ceramics, could be even more critical. Despite these doubts, we believe it is still
too early to directly forbid the NI technique on accelerator magnets.

At IHEP, we started to explore the feasibility of employing the NI technique in accelerator mag-
nets since last year. The first step is to eliminate the field delay and realize the target field as we
designed. To achieve this, we are developing two methods to simulate the current that should be
charged to an NI coil to get the target field, as an alternative way of the dynamic feedback control.
The relevant simulation and experiment results on a few small testing coils will be presented, which
show a perfect charging of the magnetic field as we desired. Then, the recent progress on the mod-
elling of a canted-cosine-theta REBCO dipole magnet will be presented, regarding the electrical,
magnetic, and thermal characteristics during the charging of such a magnet using a multi-physics
model that couples circuit grid, magnetic field, and heat transfer analyses.
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HTS coils used for high field magnets are usually made of several metal-insulated or non-insulated
HTS pancakes. Quench modeling of these coils requires time-dependent simulation of current dis-
tribution inside each pancake. Partial element equivalent circuit is well-known method of mod-
elling HTS coils, however due to large number of magnetically coupled elements, it can be time
and memory consuming, which can limit the accuracy and space/time resolution of the obtained
results.
This publication investigates the possibilities of improvements of PEEC method: first step is ho-
mogenization, which decreases the number of elements, after that following improvements are
added : 3D finite element thermal and mechanical model, axial variation of magnetic field in each
element is taken into account. This publication investigates the impact of these improvements on
model accuracy and computation time.
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electromagnetic simulations of High Temperature
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Superconducting devices are likely to play a crucial role in the energy transition addressing power
generation, transmission, distribution systems, transportation and even quantum computing. There-
fore, developing models that enable fast and highly accurate simulations is important for advancing
the technology. This work introduces the \textbf{T}-\textbf{A}-ϕ and \textbf{J}-\textbf{A}-ϕ formu-
lations in 2D, offering the potential to reduce the number of degrees of freedom by modeling
the non-conductive parts of a device using magnetic scalar potential. The coupling between the
\textbf{A} and ϕ formulations is key for this approach and is detailed in the text. The case studies
are a single 2G HTS tape and a CORC\textsuperscript{\textregistered}˜cable. The formulations are
compared in terms of AC losses, the distributions of magnetic flux densities, and current densities.
The validation is carried out using experimental data of AC losses. The results are in good agree-
ment. The key parameter for achieving high accuracy is the boundary mesh between the \textbf{A}
and ϕ domains.
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Superconductors play a crucial role in the advancement of high-field electromagnets used for par-
ticle accelerators, magnetic resonance imaging, fusion reactors, and many other high-end techno-
logical applications. Unfortunately, their performance can be compromised by thermomagnetic
instabilities, wherein the interplay of rapid magnetic and heat diffusion can result in catastrophic
flux jumps eventually leading to irreversible damage. This issue has long plagued high-Jc Nb3Sn
wires at the core of high-field magnets. Moreover, the stochastic nature of these magnetic flux
avalanches poses a serious challenge to the development of prevention measures such as quench
detection criteria. In this study, we introduce a groundbreaking large-scale GPU-optimized algo-
rithm aimed at tackling the complex intertwined effects of electromagnetism, heating, and strain
acting concomitantly during the quenching process of superconducting coils. We validate our
model by conducting comparisons with magnetization measurements obtained from short multi-
filamentary Nb3Sn wires and further experimental tests conducted on solenoid coils while subject
to ramping transport currents. Furthermore, leveraging our developed numerical algorithm, we
unveil the dynamic propagation mechanisms underlying thermomagnetic instabilities (including
flux jumps and quenches) within the coils. Remarkably, our findings reveal that the velocity field of
flux jumps and quenches within the coil is correlated with the amount of Joule heating experienced
by each wire over a specific time interval, rather than solely being dependent on instantaneous
Joule heating or maximum temperature. These insights have the potential to pave the way for
optimizing the design of next-generation superconducting magnets, thereby directly influencing
a wide array of technologically relevant and multidisciplinary applications.
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Alternative technologies for transmission cables have gained both scientific and industrial interest
in recent years. In fact, global electricity production is planned to increase, causing grid nodes to be
very much congested. Therefore, these alternative conductors might efficiently transport relevant
amounts of power between the nodes. In such a context, superconducting cables are considered
a promising solution: they can carry large amounts of energy with minimal losses and compact
dimensions. Hence, there would be benefits for the environment as well. To evaluate whether
superconducting cables can be integrated in existing grids, techno-economic approaches should
be adopted. Such approaches enable the conceptual design of a specific cable architecture. In this
way, users can explore a wide range of operating parameters to optimize designs.
This paper reports a comprehensive techno-economic analysis of HVAC cables realized with High
Temperature Superconducting (HTS) tapes. The goal is to carry a very high power. The optimal
co-axial design is selected by means of OSCaR: this tool allows a graded approach to the critical
current of the tapes across different phases. The optimization aims at most effectively balancing
tape costs and electrical properties. The main equations of the model, the materials parameters
and the applied constraints are reported. The model is then applied to assess how much the length,
the carried power and the per unit length cost of the HTS tape impact on the overall cost of
transmission lines.
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conductors: modelling and experimental validation
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In this communication, we demonstrate numerically and experimentally the remarkable DC mag-
netic screening ability of hybrid superconducting screens combining a 30 mm-diameter disk-shaped
superconducting bulk with different closed superconducting loops made from coated conductors.
The loops are placed coaxially with the bulk. The axial, DC and inhomogeneous field to be screened
is produced by an air coil. This configuration is studied using a 2D axisymmetric finite element
model solved by the H-phi formulation. The measurements are then performed at 77 K using a
bespoke, cryogenic 3-axis Hall probe. The results show that such a hybrid superconducting screen
allows the maximum shielding factor SF above the bulk to be roughly doubled. In addition, the
area of the spatial region for which SF > 2 is multiplied by a factor ˜ 4 when compared to a situ-
ation involving only a disk-shaped bulk. The finite element model is also used to investigate the
influence of the inhomogeneity of the applied field on the screening effect.
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This study delves into the application of sparse sensor placement, a data-driven approach that
hinges on identifying an optimal orthogonal basis for representing the angular dependency of high-
temperature superconducting tapes and other devices. The proposed method offers the potential
to expedite measurements and computations substantially by acquiring data at select locations
and reconstructing angular characteristics without needing parameter retrieval or curve fitting to
a specific formula. Sparse measurements have shown promise in accurately reconstructing the
angular field dependency of critical current, critical current density, and n-value.
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Computing Hysteresis and Coupling AC losses in
round cable made from filamented HTS tapes
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Filamenting is crucial for reducing AC losses in superconducting coated conductor tapes and ca-
bles. However, the metallic stabilizing layer can lead to additional energy dissipation due to cou-
pling currents. Estimating AC losses in such cases is challenging due to the complex geometry
of the cable. We demonstrate a FEM numerical model suitable for estimation of the AC losses in
different configurations of round cables made of filamented tapes, considering both the hysteresis
and the coupling losses.
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Halbach arrays made of bulk melt-textured YBa2Cu3O7-δ superconductors are very promising
systems to generate magnetic flux density gradients exceeding those given by classic Halbach ar-
rays using permanent magnets. When assembling an array made of bulk superconductors, the
challenge is to prevent a reorganization of induced currents in the superconductors and their sub-
sequent demagnetization. In this work, we investigate various configurations to achieve this goal:
the peripheral samples are replaced by bulk superconductors in the shape of triangular prisms
or they are vertically shifted with respect to the central sample. Using 3D finite element mod-
elling and semi-analytical modelling based on Biot-Savart law, we show that very little demagne-
tization occurs in these structures. Their properties can therefore be predicted reasonably with
semi-analytical modelling.
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Voltage signals on terminations of an HTS magnet
modelled in T-A formulation
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In this contribution is demonstrated how to evaluate in T-A formulation the “macroscopic”voltage
in turns of HTS magnet energized by AC current. Decomposing the local electric field into the
vector-potential induced and the electrostatic-charges initiated part allows to integrate the latter
along the whole length of conductor, and compute in this way the voltage signal that will appear
at the magnet terminations. On top of serving for checking the correctness of numerical computa-
tion, this quantity can be directly measured in experimental testing. As an example is shown the
expected voltage signal on terminations of a pancake coil wound from coated conductor tape.
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Abstract—CERN’s next generation particle accelerator, the Future Circular Collider (FCC), aims to
reach center-of-mass collision energies of 100 TeV with a 91 km tunnel where charged particles are
accelerated and collided. One of the key devices in circular accelerators is the beam screen, respon-
sible for shielding the steering and focusing magnets from the synchrotron radiation generated by
the orbiting particles. Due to its proximity to the particle beam, however, it is important that its
coupling impedance with the beam is low to avoid the introduction of instabilities. High Temper-
ature Superconductors (HTS) are promising materials for such an application, as they present low
surface impedance even at the demanding operating conditions of the FCC, with high magnetic
fields of up to 16 T, temperatures of 40-60 K and frequency of 1 GHz. This work evaluates the
feasibility of a segmented HTS coating for the FCC beam screen, capable of maintaining high field
quality and low surface impedance. Finite Elements Method (FEM) simulations are employed to
analyze the electromagnetic and thermomechanical responses of the coated beam screen to regu-
lar operation conditions and in the event of a quench of the main dipole magnets.
Keywords—low impedance coating, FEM, HTS, field quality

INTRODUCTION

In circular particle colliders, the particle beam emits synchrotron radiation (SR) due to its circular
motion. This radiation poses a threat to the safe operation of the superconducting magnets which,
if impinged by it, can surpass their target temperature range. To avoid this, a stainless-steel beam
screen (BS) is placed around the particle beam trajectory, absorbing the SR (see Fig. 1) 1. How-
ever, the structure itself interacts with the beam through wake fields and image currents, which
can lead to destabilization of the beam orbit. The magnitude of this effect is given by the beam
coupling impedance, which depends on the surface impedance and the geometry of the structure
surrounding the beam 2. To minimize it, the beam screen is coated with a highly conductive ma-
terial. While copper is the standard choice, as is the case with the Large Hadron Collider (LHC),
the higher operating temperatures of the BS of the Future Circular Collider (FCC) require a better
conductor even at the high magnetic fields targeted by the next generation accelerator.
We acknowledge financial support from PID2021-127297OB-C21, TED2021-130004B-I00 and CEX2019-
422 000917-S, FCC-GOV-CC-0208 (KE4947/ATS) and PRTR-C1711 with funds from MICIIN-NGEU-
Generalitat de Catalunya. We also thank the Catalan Government for 2021 SGR00440.

The employment of rare earth barium copper oxides (REBCO) high temperature superconductors
(HTS) has been proposed to achieve this low impedance coating for the FCC BS 3. Nevertheless,
the trapped fields induced by the superconducting magnets in the HTS coating lead to a decrease
in the field homogeneity in the vicinity of the beam, which itself represents another source of
instabilities. To mitigate this, the coating is split into narrow segments separated by gaps revealing
the copper layer below, which decrease the trapped fields and increase field quality in the vacuum
chamber, while maintaining low overall surface impedance [4-6]. Beyond these requirements, it is
also important to meet thermomechanical requirements both during regular operation and in the
event of a magnet quench.

NUMERICAL MODEL

To evaluate the thermomechanical response to the magnetic fields induced by the superconducting
magnets in the HTS-coated BS, finite elements method (FEM) analysis was employed, with Mul-
tiphysics coupling between electromagnetic, thermal, and mechanical interfaces. All simulations
were performed in COMSOL Multiphysics® [7].
The shielding currents induced in the coating by the ramping dipole magnets were calculated
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through the H-formulation, assuming that there are no currents flowing through any medium
other than the HTS [8]. To enforce this, the value of electric resistance used for vacuum and the
normal conductors is 1 Ω, and the HTS segments are electronically insulated, that is, the total cur-
rent flowing through any cross-section is zero [9]. The resistivity of the HTS was defined with
Anderson-Kim’s power law with the critical current density J_c and transition index N dependent
on temperature, as well as magnetic field intensity and angle, based on material properties of com-
mercially available CCs [10,11]. On a different simulation interface, the image currents induced
by the beam in the coating were calculated with the approximation that all materials are perfect
conductors, which is the same as restricting all current flow to the very surface of all materials.
To consider the event of a magnet quench, the beam effects were disregarded, and the reduced
field formulation was employed to decrease the computational effort required to deal with the
quick drop in magnetic field from 16 T to zero. Nevertheless, for the same reason, all materials
were considered to have current flow, and therefore their temperature dependent electric resis-
tance values were considered.

Fig. 1: Photograph of the beam screen of the Future Circular Collider with interior copper coating.
The HTS segments are attached onto the copper coating.

In both scenarios, the heat and force loads were calculated from the electric field, magnetic field
and current density obtained from the aforementioned interfaces. A negative heat source with a
heat transfer coefficient of 5000 W/(m2K) represents the helium cooling channels located on the
top and bottom of the BS. These loads were then used as inputs to calculate the temperature and
mechanical stress distributions in the BS with the aid of the solid mechanics and the heat transfer
in solids interfaces.

RESULTS

As shown in Fig. 2, the results of the thermomechanical simulations show that there is no expected
temperature shift for the regular operation of the HTS-coated BS, when the dipole field is increased
at a rate of 0.8 T/min. The heat generated in this case never surpassed 65 mW/m, half of that which
would be generated in a full copper coating. With respect to its mechanical response, although
the forces are higher than in a full copper coating due to the shielding currents in the HTS, the
maximum stress was of 3 MPa, well within the elastic limits of all materials involved, including
the HTS coating.
The response to a main dipole magnet quench, however, are quite distinct. Firstly, the high cur-
rent density induced by the plummeting magnetic field produce up to 30 kW/m, which is enough
to bring the maximum temperature to 80 K within the 300 ms of quench. Nevertheless, the tem-
perature stabilized back at 50 K a few seconds after the quench. The force loads also increase to
the point of inducing stresses in the range of hundreds of megapascals, but never surpassing the
yield stress of the stainless-steel, 1100 MPa, and the stress above which irreversible J_c degrada-
tion would occur in the HTS, around 700 MPa.
In terms of both mechanical and thermal behavior, the greatest contribution comes from the cop-
per, where 81% of the heat is generated, as well as 91% of the total forces. This is corroborated by
the similarities between these results and the response of a copper-coated BS to a magnet quench,
as reported in previous studies [12]. To consider the event of a magnet quench, the beam effects
were disregarded, and the reduced field formulation was employed to decrease the computational
effort required to deal with the quick drop in magnetic field from 16 T to zero. Nevertheless, for the
same reason, all materials were considered to have current flow, and therefore their temperature
dependent electric resistance values were considered.

Fig. 2: Thermomechanical response of one quadrant of the FCC BS during regular operation and
in the event of a magnet quench. Maximum temperatures and mechanical stresses are within the
yield stress of stainless-steel and the irreversibility limit of the HTS.

CONCLUSIONS

In this work, we have employed SEM simulation interfaces with COMSOL Multiphysics® to evalu-
ate the response of the HTS-coated FCC BS to the ramping magnetic fields of the main dipole mag-
nets during regular operation and in the event of a magnet quench. We have considered material
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properties from commercially available CCs to calculate the beam- and magnet-induced currents
in the coating as well as their corresponding heat and force loads. The thermomechanical results
revealed tolerable temperature shifts and mechanical stresses considering the operating range of
the BS and the plastic limit of its materials. Furthermore, since the dominant contributor was the
copper already present in the beam screen, the results showed that the performance of the HTS
coating with respect to its thermomechanical behavior was comparable to that of a full copper
coating.
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Modelling the behavior of HTS coils under
overcurrent conditions
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To improve the understanding of High-Temperature Superconducting (HTS) devices in electrical
systems, it’s important to couple Finite Element Models (FEM) with Electrical Circuits (EC). This
coupling should consider superconducting behavior and how HTS devices affect electrical systems.
Some HTS devices shift from the superconducting state to the normal resistive state, like fault cur-
rent limiters, which requires modelling dynamic state changes. This transition leads to modelling
challenges due to the current redistribution among the superconductor and the surrounding con-
ductive materials. In this study, a Multiphysics FEM coupled with an EC was developed to address
specific challenges of 2G HTS coil overcurrent operations. In addition, this study presents methods
for reducing the Electrical Circuit Model (ECM), significantly reducing computational costs by a
factor of 6 while maintaining a remarkable agreement with experimental results and full models.
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We present a finite element model for a single-layer CORT cable composed of three coated conduc-
tors wound around a tube and carrying an AC current. We use a coordinate transformation that
takes into account the helicoidal symmetry of the cable and enables the problem to be studied with
an equivalent two-dimensional model. We show that this model correctly captures the full three-
dimensional pattern of the current flow and allows us to calculate the AC losses as a function of
the pitch angle and the length of the gap between conductors. We compare the results with a full
3D model based on the H-formulation and compare the AC losses with well-established analytical
formulae.
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The accurate prediction of AC losses in High- Temperature Superconducting (HTS) tapes has been
widely discussed in the literature, as both homogenized and multi-scale models have been pro-
posed using different magnetodynamic finite-element (FE) formulations. In this work, we discuss
numerical considerations to be taken into account when coupling magnetic and thermal FE mod-
els. The validity of using homogenized models, the accuracy of the time-stepping procedure and
the difference between monolithic and staggered coupling schemes are discussed. These consider-
ations are illustrated for a 2D model of a racetrack coil made of several REBCO tapes, both during
normal operation (no quench) and in thermal runaway.
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The design of REBCO high temperature superconducting (HTS) ultra-high-field magnets requires
fast and accurate multi-physics modelling (electromagnetic, thermal and mechanical). This con-
tribution presents a novel computationally-efficient multi-physics method that takes screening
currents into account. We apply this method to a REBCO insert within a 19 T / 150 mm bore
low-temperature superconducting (LTS) magnet. We analyze the electro-thermal quench behav-
ior, the thermal stress during quench, and the axial force on the LTS due to quench in the HTS
insert. Results suggest that AC loss from screening currents speed-up electrothermal quench.

Topic

Coupled and uncoupled multiphysics problems

Primary author: PARDO, Enric (Institute of Electrical Engineering, SAS)

Co-authors: DADHICH, Anang (Institute of Electrical Engineering, SAS); Dr SRIVASTAVA, Arpit
Kumar (Institute of Electrical Engineering, SAS); FAZILLEAU, Philippe (CEA Paris Saclay); JERANCE,
Nikola (CEA Paris Saclay); Dr VARNEY, Andrew (Oxford Instruments Nanoscience); Dr BALL, Steven
(Oxford Instruments Nanoscience)

Presenter: PARDO, Enric (Institute of Electrical Engineering, SAS)

Session Classification: Session 1: Coupled & Uncoupled Multiphysics Problems

June 30, 2024 Page 25



9th International⋯ / Report of Contributions Recent Advances in BELFEM and⋯

Contribution ID: 26 Type: Invited Oral

Recent Advances in BELFEM and Toward a
Community-Driven Material Database for HTS

Modeling
Tuesday, 11 June 2024 15:30 (30 minutes)

We present the latest progress within the
BELFEM project, with a focus on the electromagneticthermal
modeling of high-temperature superconducting
cables and magnets. We discuss a recent validation and
benchmark against COMSOL and GetDP, and provide a
brief outlook onto current fields of research.
A primary challenge encountered in the accurate modeling
of such systems is the representation of material
properties, which are highly nonlinear and sensitive to
variations in magnetic field, temperature, and electrical
current. Based on the experience made in recent investigations,
we propose the development of a community-driven
material database where all datasets are regularized and
provided as B-Spline based lookup tables, thus offering a
fast and efficient way of providing the smooth derivatives,
which are highly beneficial for these nonlinear problems.
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HTS coils are used in various applications, however, it is complicated and time-consuming to
model their multiphysics behavior. We have developed a simple homogenized method to accu-
rately simulate HTS coils, in the context of electrothermal quench. Different numerical models
are benchmarked for these computations, and they show very good agreement for different con-
figurations of homogenized method.
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This work presents a PGRML model for predicting superconducting tape temperature profiles dur-
ing a quench. The model accurately forecasts the nonlinear dynamics involved in a drastically
reduced computational time with respect to finite element models.
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3D thermal-hydraulic and electric modelling of quench propagation in HTS conductors for fusion
Andrea Zappatore
Energy Department
Politecnico di Torino
Turin, Italy
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Abstract—A fully three-dimensional multi-physics model to simulate quench propagation in HTS
conductors for fusion applications is presented. It accounts for thermal, electric and fluid dynamics
throughout the entire transient. It gives a deeper insight into the evolution of relevant quantities,
e.g., the temperature in the bulky structure of the conductor, with respect to the typical 1D models.
A preliminary validation against experimental results show satisfactory agreement.
Keywords—3D, thermal-hydraulic, electric, quench, HTS

INTRODUCTION

Quench propagation in high current conductors based on High Temperature Superconducting
(HTS) material is an open issue due to the small normal zone propagation velocity. This makes
the quench much more challenging to be detected than for conductors made of Low Temperature
Superconducting (LTS) materials. For this reason, an extensive test campaign is ongoing within
the EUROfusion Consortium in order to characterize experimentally different conductors design
from the quench point of view. Also, this experimental campaign aims at building a database to
calibrate and validate numerical models which can then be more reliably used for the simulation
of quench in full conductors and/or on different designs.
Several conductors have already been tested 1 and more will be tested in 2024. A calibration and
validation exercise has been successfully accomplished 2 modelling the quench propagation with
a 1D code 3.
This modelling approach is based on lumping the cross-section of the solids and of the fluids in
each axial nodes. This implies assigning a single value of temperature for the solids and of speed,
velocity and temperature for the fluids.
However, this approach has some limitations, i.e., a limited capability in discretizing the cross-
section of the conductor. This becomes important in the case of bulky structure as those foreseen
in different designs of HTS conductors, see for example Figure 1. In order to provide a more
detailed description of the three-dimensional distribution of relevant quantities, a fully 3D multi-
physics model is presented here.

Figure 1 CAD view of the non-twisted conductor tested in the quench experiment in SULTAN. The
dark orange squares are the stack of REBCO tapes, the light orange round regions are the copper
profiles in which the stacks are enclosed, the cyan region are the voids where helium flows and
the grey conduit is the jacket which serves as helium containment and mechanical support to the
cable.
3D MODEL
The 3D model accounts for an electric, a thermal and a fluid model, which are coupled together to
follow the transient under analysis.
Electric model
The current density distribution in each cell of the domain is computed from Eq. (1) reported
below.
∫_A 〖1/ρ (∇ϕ)dA=0〗(1)
where ϕ is the electric scalar potential, ρ is the electric conductivity and A is the cell face of a
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generic cell of the discretized domain.
The electric conductivity in the superconductor is given, according to the power law, as
ρ=E_C/(J_C (B,T)) (□(J/(J_C (B,T))))ˆ(n-1) (2)
where EC = 100 μV/m, J is the current density and JC is the critical current density at the given
magnetic field and temperature. The magnetic field is the background field of SULTAN, which has
a peak value of 10.9 T in the High Field Zone (HFZ), which is much larger than the self-field, which
is therefore neglected. The temperature is computed by the thermal model. The volumetric heat
source is computed by the electric model according to the Ohm’s law as Q = J∙E.
The electric conductivity in the normal conducting region is temperature dependent and, in case
of copper, it accounts also for the magnetic field and RRR.

Thermal model

The thermal model solves the 3D transient heat conduction equation. This equation is coupled to
the fluid temperature one (see next sub-section) as well as to the electric one, as the Joule heating
becomes the heat source as soon as the quench is initiated.
All the thermophysical properties are temperature dependent and, in case of copper, the thermal
conductivity depends also on the magnetic field and RRR.
The density and specific heat capacity of the stacks of tapes are homogenized according to the
mass and heat capacity, respectively, based on the composition of the layer of the tapes and of the
solder among them.

Fluid model

The fluid model solves the full set of Navier-Stokes equations, computing the velocity, pressure and
temperature of the helium in the voids where it flows, see Figure 1. The presence of turbulence is
accounted for using a k-ω model for its closure. In order to cope with the strong non-linearities of
the helium thermophysical properties, a coupled approach has been chosen as solver of the set of
equations.

RESULTS

In this section, a preliminary validation against experimental data is reported. After that, the main
results are briefly reported and discussed.

Preliminary validation against experimental data

In Figure 2(a), the comparison between the local temperature in the strand, in the helium flow and
in the jacket show that the computed model is able to correctly follow the temperature increase
in different locations of the conductor. Except for a small anticipation (roughly 2 s), the computed
and measured temperatures agree, meaning that the model can be trusted to analyze more in detail
the evolution of the transient.
This is also confirmed by the comparison of a local voltage measurement in the quenching region,
see Figure 2(b).

(a)
(b)
Figure 2 (a) Temperature evolution in the quenching region of the conductor. The measured and
computed strand and jacket temperatures are compared. (b) Measured and computed voltage evo-
lution in the quenching region.
Jacket temperature distribution

In Figure 3, the distribution of the temperature of the jacket is reported, showing a strong non-
uniformity in the cross section. Also, in Figure 4, on the external side of the jacket, a variation
of 30 K (when the peak temperature there is 90 K) is obtained. This set of results shows quanti-
tatively the implication of having a point contact of the quenching strands with the jacket and
the thick structure of the jacket itself. These two features lead to a non-uniform distribution in
the azimuthal direction and the second implies a slow heat propagation in the steel cross section,
leading eventually to a three-dimensional transient distribution.
This can impact the capability of reliably following the this transient in a quenching conductor
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with other, simpler model. Also, this much more detailed model can give insight on the behav-
ior of alternative quench detection strategies, e.g., fiber optics, which are sensitive to the local
temperature distribution.

Figure 3 Computed temperature distribution on the external surface of the jacket and on its cross-
section in the quenching region.

Figure 4 Azimuthal temperature distribution on the external surface of the jacket. A third of the
external circumference is reported, corresponding to the red double arrow shown in the inset.
CONCLUSIONS AND PERSPECTIVE
A 3D thermal-hydraulic and electric model for the simulation of quench propagation in conductors
for fusion applications has been presented. A preliminary validation shows it gives reliable results
and the analysis of the quench evolution shows a fully 3D temperature distribution in the conduit
of the cable. These results can help giving feedback to the design of alternative quench detection
and to thermo-mechanical analysis, which are being implemented to understand the degradation
mechanisms due to quench, which was experimentally observed in several conductors.
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This abstract presents the magnetic field dynamics of a
large-scale prototype of a HTS insert when powered with a
constant transport current. The use of a 2D electromagnetic model
helps to identify the contribution of the changes of current
distribution inside the superconducting layers affecting the
stability. The existence of coupling currents dumping through
resistive interfaces between tapes is also altering the magnetic field
stability
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We introduce a H-phi magneto-thermal model to predict the dynamics of quench nucleation in
HTS tapes by finite-element simulations. This superconductor model uses an original interpolation
regime between the usual power-law model and the normal state resistivity, based using Bezier
curves to allow a smooth transition between these two regimes. It is shown that this explicit mod-
eling of the flux flow regime delays the quench nucleation when compared to the extrapolation
of the power law model up the normal state. This helps reduce the non-physical overshoot of the
voltage at the terminals of a quenched tape. We also compare the H-phi magneto-thermal simu-
lations with some well-established electro thermal simulations, highlighting the key differences
between both models.
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Wednesday, 12 June 2024 11:40 (20 minutes)

Various quench detection methods are under development at EPFL Swiss Plasma Center, aiming
at the detection response determined solely by temperature and not affected by EM noise or me-
chanical strain. This can be especially useful when applied to HTS coils. Currently, the promising
options are twisted-pair SQDs (essentially, co-wound insulated superconducting wire), thermo-
couple chains and FBGs (Fiber Bragg Grating) inserted in Teflon tubing. The performance of the
proposed methods is being investigated in SULTAN on a high-current ReBCO racetrack coil. The
coil design is based on laminated stacked-tape soldered (LASSO) conductor using 12 tapes of 4 mm
width arranged in 6 parallel 2-tape stacks. The coil is wound using an 18 m-long LASSO conductor
and fiberglass cloth for turn insulation. It is impregnated with aqueous DMSO providing superior
thermal conductivity (up to ˜2 W/m/K at 10 K) compared to common solutions such as epoxy or
wax, and cooled indirectly by forced-flow helium in steel pipes placed near the coil. In addition
to the quench detection instrumentation, the sample is also equipped with CERNOX temperature
sensors, hall probes, strain gauges and foil heaters. It is characterized in SULTAN using a 15 kA/10
V direct drive test insert, which allows investigating fully developed quench situations in a con-
trolled manner. This paper gives the details of the sample design and construction, focusing on its
intensive instrumentation, and summarizes the main test results in terms of DC, AC and quench
performance.
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Producing accurate computational models that forecast the alternating current losses associated
with cold-dielectric conductors is pivotal for power grid investors, what in turn can influence
the designing and manufacturing of lightweight superconducting cables aspiring to reach high
engineering current densities whilst maintaining a compact structure. By utilizing the so-called
H-formulation of Maxwell’s equations with different critical current density approaches, such as a
constant Jc model equivalent to the classical but widely successful critical-state model for type-II
superconductors, or tailored Jc (B) functions similar to the acclaimed Kim’s model for non-isotropic
superconductors, and the most realistic approaches considering the magneto-angular anisotropy Jc
(B, θ) of commercial superconducting tapes, we present an extensive electromagnetic analysis for
practical cold dielectric conductors, including single phased multi-layer powered cables, triaxial
cables, and the state-of-the-art Conductor on Round Core (CORC) and Twisted Stacked-Tape Ca-
bles (TSTC) designs. All cables are simulated either within two- or three-dimensional approaches
depending on the availability of proper experimental data considering transversal applied mag-
netic fields and transport currents in the fully assembled cables. Computational results are duly
validated by straight comparison with experimental measurements of AC losses, providing fur-
ther insight on the cumbersome coexistence of magnetization and transport currents inside the
superconducting tapes within hysteretic conditions, whose physics can only be resolved within
the H-formulation at the expense of increased computational costs. Remarkably, features such as
the need to unbalance the current phase distribution in triaxial cables for achieving nearly zero
magnetic leakages is shown without the need for recurring to 3D formulations, whilst physically
meaningful distributions of current density for both CORC and TSTC cables are shown within
our 3D models. Distinctively, CORC cables shows distributions of current density characteristic
of Bean’s model with well-defined loops of magnetisation currents turning across the thickness
of the superconducting tapes, whereas the TSTC cables exhibit distinctive slab-like profiles due to
the twisting of stacked tapes, which also reduces the magnetic flux coupling and consequently its
AC losses. In conclusion, this paper serves as a benchmark for comparing the electromagnetic per-
formance and actual physics behind different HTS cabling techniques, offering valuable insights
for future development.
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Please see the attachment for the abstract
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Aviation electrification is at the center of attention in reducing CO2 emissions. Aircraft are re-
sponsible for around 2.4 % of the annual global carbon emissions. This is the motivation behind
the development of fully electric, zero-emission aircraft. The advantages of superconductivity, in-
cluding compactness, lightweight, and high efficiency, make this technology a promising choice
to accelerate the transition to electric aviation. A large electric aircraft’s powertrain includes mo-
tors, converters, DC and AC cables, batteries, fuel cells, fault current limiters, power generators,
and fuel storage. This work focuses on modeling two components: resistive superconducting fault
current limiter (RSFCL) and HTS DC cable. The adiabatic and non-adiabatic, electrical-thermal
lumped-parameter models of the RSFCL are developed in MATLAB. In addition, a configurable
MATLAB SIMULINK model of the fault limiter is designed for integration with wider systems
models. Moreover, three electrical-thermal models of the HTS DC cable are explained and com-
pared: lumped parameter (0-D), one-dimensional (1-D), and two-dimensional (2-D). Considering
the 2-D model as the most credible, the comparison results show that in the case of events (e.g.,
fault), the lumped-parameter is a suitable and fast short-term solution (during fault). In contrast,
in the long-term (after fault), the 1-D and 2-D models are preferred solutions. The results also
show that the longer the cable, the higher the credibility of the 2-D model over the 1-D model. A
SIMULINK cable model is designed using the lumped-parameter method to simulate its behavior
during fault. The designed SIMULINK models of RSFCL and cable give users a high advantage of
adjustability and adaptability. Finally, the simulation of a network consisting of these two com-
ponents in SIMULINK is discussed. The results show the successful performance of the RSFCL to
limit the fault current and protect the cable from quench.
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soldered ReBCO stack cable in high magnetic field
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This work presents a 2D FEM modeling approach for a straight soldered ReBCO stack cable within
Comsol Multiphysics, focusing on high magnetic field environments. The model incorporates a
detailed structure of the ReBCO tapes, including properties like resistivity for the electromagnetic
model, as well as the solder shell surrounding the tapes. Critical current dependence on magnetic
field strength is derived from experimental data using an interpolation function, enhancing result
accuracy. The study reveals specific current sharing patterns between ReBCO tapes within the
soldered stack and examines how AC losses vary with external magnetic field direction.
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
\begin{abstract}
During pulsed-field magnetization (PFM) processes, high-temperature superconducting (HTS) bulks
are subjected to significant mechanical deformations due to rapid changes in magnetic flux (Lorentz
force) and temperature (thermal stress), potentially leading to fracture. Furthermore, fabrication-
induced defects, such as cracks, pores, and grain boundaries, can strongly impact the HTS perfor-
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mance, often resulting in non-uniform trapped magnetic fields and promoting mechanical failure.
The present study assesses the impact of porosity on the trapped magnetic field, temperature,
and mechanical stresses through a 2D multiphysics PFM numerical model using COMSOL Multi-
physics. The results show that the porosity highly influences both local stresses and the tempera-
ture rise by affecting the distribution of induced currents, which leads to an non-uniform trapped
magnetic field.\\ %These results offer valuable insights into poor trapped field distributions of HTS
magnets caused by porosity underscore practical and modeling considerations for their magneti-
zation and modeling and highlight key fabrication factors warranting further investigation.
\end{abstract}

\begin{IEEEkeywords}
Electromagnetic analysis, HTS Bulks, porosity, pulsed-field magnetization, coupled thermoelec-
tromagnetic and mechanical analysis.
\end{IEEEkeywords}

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
\section{Introduction}
HTS bulks can be used in high-field applications as trapped-field magnets. However, the ho-
mogeneity and magnitude of the trapped magnetic field highly depend on the material’s fabri-
cation ultimately affecting its quality˜\cite{Namburi_2021}. Despite advances in manufacturing
processes that enhance flux pinning capabilities and homogeneity, such as the top-seeded melt
growth (TSMG) and infiltration growth (TSIG), defects like pores and cracks persist. These defects
can impact the thermal, and mechanical properties of the bulk and the magnitude of the trapped
field˜\cite{CambridgePorosity}.

The mechanical stresses induced during magnetization, notably in pulsed-field magnetization (PFM),
originate from the combination of the Lorentz forces and the thermal induced stresses. They can
cause fractures within the brittle ceramic materials. Even though there is substantial modeling
and research on mechanical failure˜\cite{YANG20171,trillaud}, there is a lack of focus on the im-
pact of the pores on the mechanical behavior of the bulk, its temperature rise, and the value and
uniformity of its trapped field during PFM. Hence, the present study proposes to fill the gaps by
including the presence of pores in a multiphysics model implementing electromagnetic physics
via the H-formulation coupled to mechanical and thermal physics.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
\section{Modeling framework}
In the proposed 2D plane model shown in Fig.˜\ref{figPores}, the HTS bulk domain Ωsc is consid-
ered as an infinitely long cylinder encapsulated by an air domain Ωa. The Ωsc domain includes
the presence of pores Ωp in the shape of small ellipsoids. The external pulsed-field Ba(t), given
in˜\eqref{eq:magnetic_pulse} is applied along the axial direction of the infinite cylinder at the air
boundary Γa.
\begin{equation}
B_a(t) = B_m \frac{t}{\tau} \exp\left(1 - \frac{t}{\tau}\right)
\label{eq:magnetic_pulse}
\end{equation}
where \(B_m\) is the peak magnetic flux density and \(\tau\) is the duration required to reach the
peak of the pulse.

\begin{figure}[t]
\centerline{\includegraphics[width=0.3\textwidth]{pores.png}}
\vspace{-1em}
\caption{Schematic drawing of the different domains and their boundaries: HTS bulk Ωsc, air Ωa

and pores Ωp (blue ellipsoidal inclusions). Note that the pores are scaled and appear larger than
they are actually in the numerical model.}
\label{figPores}
\end{figure}

%%%%%%%%%%%%%*%
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\subsection{H-formulation}
The electromagnetic behavior is modeled by solving for the magnetic field H according to:
\begin{equation}
\mu_0 \frac{\partial \mathbf{H}}{\partial t} + \nabla \times \left(\rho \nabla \times \mathbf{H}\right)
= 0
\label{eq:maxwell}
\end{equation}
where \(\mu_0\) is the permeability of the vacuum and \(\rho\) the electrical resistivity of the media.
The latter is constant equal to \(\rho_{a}\) for both Ωa and Ωp, and it follows the power law model
for the superconducting domain Ωsc.

%%%%%%%%%%%%%*%

\subsection{Heat Equation}
To evaluate the temperature changes in the superconductor \(\Omega_{sc}\) caused by the Joule
effect \(Q = E \cdot J\), the following equation is solved,
\begin{equation}
\gamma_m c_p \frac{\partial T}{\partial t} - \nabla \cdot \left(\kappa \nabla T\right) = Q.
\label{eq:heat_equation}
\end{equation}
Here, \(\gamma_m\) is the mass density, \(c_p\) is the specific heat capacity at constant pressure,
and \(\kappa\) is the thermal conductivity of the bulk.
%%%%%%%%%%%%%*%

\subsection{Mechanical Behavior}
Temperature gradients and Lorentz forces (FL = J × B) emerge during magnetization inducing
strain and stresses in the bulk of the superconductor. The resulting displacement field u can be
solved within the theory of linear elasticity according to,
\begin{equation}
\nabla \cdot \sigma + \mathbf{F}_L = \gamma_m \frac{\partialˆ2 \mathbf{u}}{\partial tˆ2}.
\label{eq:mechanical_behavior}
\end{equation}
In this equation, \(\sigma\) symbolizes the 2D stress tensor related to the total strain (mechanical
and thermal) via the Hook’s law. The thermal induced strain is given by α∆T , with α the thermal
expansion coefficient.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

\section{Results and conclusion}
In the present case, the dependence of the critical current density on local magnetic field and
temperature Jc(B, T ) is considered. The HTS bulk has a diameter of 29˜mm, with 50 ellipsoidal
pores dispersed randomly within its structure. In 2D, these pores constitute approximately 1\%
of the bulk’s surface area, which is less than the fractions commonly observed in real HTS bulks.
The diameters of each pore range randomly between 125-250˜µm with a proper mesh size. The
diameter distribution is consistent with that of actual pores. The peak of the applied field is 4˜T,
with a time constant τ of 13˜ms and parameters corresponding to an operating temperature of
65˜K˜\cite{TSIG}.

Fig.˜\ref{figBDis} shows the magnetic flux density distribution at τ and 10000 × τ to include the
thermal recovery ending the magnetization process. The observed phenomenon of uneven and
accelerated penetration of the magnetic field at time τ in the porous case can be explained by
the redirection and concentration of current density lines around each pore. This results in a
localized increase in both losses and temperature, with a maximum rise of ∆T = 25˜K in a few
milliseconds. Consequently, in addition to the particular current paths, the presence of pores
produces significant magneto-thermal instabilities, which further accentuate the formation of a
non-uniform distribution of the trapped magnetic field.

\begin{figure}[t]
\centerline{\includegraphics[width=0.46\textwidth]{BDistv4.png}}

June 30, 2024 Page 41



9th International⋯ / Report of Contributions Impact of porosity on trapped ma ⋯

\vspace{-1em}
\caption{Magnetic flux density distributions in the bulk at the peak external magnetic field and at
the end of the PFM reaching steady state for the ideal (non-porous) case (a)-(b) and the porous case
(c)-(d), respectively.}
\label{figBDis}
\end{figure}

\begin{figure}[t]
\centerline{\includegraphics[width=0.45\textwidth]{Untitled.png}}
\vspace{-1em}
\caption{Maximum hoop and radial stress in the superconductor over time for the ideal and porous
case. The porosity leads to a higher tensile stress compared to the ideal case. }
\label{figStress}
\end{figure}

Fig.˜\ref{figStress} shows the maximum hoop and radial stresses over time for the porous and ideal
(non-porous) simulations. One can see that, for the porous case, the maximum tensile stresses are
significantly greater than the ideal case and occur abruptly during the PFM. For higher applied
fields and greater number of pores as well as their distribution, stresses could reach the critical
tensile stress of the HTS, which is about σc ≈ 50˜MPa.

In the final version of the paper, we will examine the coupled electromagnetic and thermo-mechanical
behavior of the superconductor for different porous scenarios, focusing on the possible reduction
of the trapped field and stresses that may break the HTS. Several case studies will be used to better
understand the underlying mechanism and predict the situations that can lead to the propagation
of cracks.

% \section*{References}
\bibliographystyle{unsrt}
%\bibliographystyle{plain}
\bibliography{bib}
\end{document}

Topic

Coupled and uncoupled multiphysics problems

Primary author: GUIJOSA GUADARRAMA, Santiago (GREEN-University of Lorraine)

Co-authors: TRILLAUD, Frederic (Universidad Nacional Autónoma de Mexico); Dr BERGER, Kevin
(Université de Lorraine - GREEN); Prof. HINAJE, Melika (GREEN-University of Lorraine)

Presenter: GUIJOSA GUADARRAMA, Santiago (GREEN-University of Lorraine)

Session Classification: Session 1: Coupled & Uncoupled Multiphysics Problems

June 30, 2024 Page 42



9th International⋯ / Report of Contributions Coupled Axial and Transverse C ⋯

Contribution ID: 39 Type: Oral

Coupled Axial and Transverse Currents Method for
Periodic Superconductors Modelling

Thursday, 13 June 2024 09:40 (20 minutes)

In this contribution, we present a fast and accurate finite element approach for modelling the elec-
tric and magnetic behavior of periodic composite superconducting conductors. It uses two coupled
two-dimensional models and accounts for the conductor periodicity via circuit equations. This al-
lows to capture three-dimensional effects while leading to a significant reduction in computational
time compared to conventional three-dimensional models. The method is directly applicable to
multifilamentary Nb-Ti, Nb3Sn, MgB2, and Bi-2212 wires, and can be extended to other periodic
HTS conductor geometries.
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The role of ferromagnet to prevent the flux-jump
occurrence: a numerical study

Tuesday, 11 June 2024 11:15 (20 minutes)

Although thermomagnetic instability can deteriorate its performances, MgB2 has been proved to
be one of the most promising superconductors for magnetic shielding. For this reason, finding
solutions to reduce or prevent thermomagnetic instabilities is mandatory. A numerical approach
can be a powerful tool for predicting the occurrence of such phenomena, thus facilitating the
development of superconducting devices including magnetic shields. This study focuses on the
numerical analysis of the effect of the addition of a ferromagnetic layer on the mitigation of flux
jump occurrence in a MgB2 cup-shaped shield subjected to axial magnetic fields.

Keywords: magnetic shielding, thermal instabilities, numerical modelling, bulk
superconductor
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Due the integration of superconducting technologies into electrical networks around the world,
its precise simulations in power grids are increasingly becoming a desirable outcome. Sophisti-
cated methods have been used to model superconducting power cables and, in this way, predict
its behavior under different conditions. Most of the available models, however, are not advisable
to be used and embedded in power system simulators. In this work, we focus on the development
of a method for modelling superconducting cables in traditional power grid simulators. Besides
considering the heat transfer conduction in the solid layers, the model also incorporates the tran-
sient behavior of the cooling media, which is mandatory for such cables. It has been observed that
the proposed model requires less computational effort and is able to deliver accurate results when
compared to more advanced methods.
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The multi-scale method for calculating AC loss of large-scale REBCO-based coils has been proposed
for several years. I am one of the researchers contributing to the development of the multi-scale
method to enhance its calculation capability. In this presentation, the development of the multi-
scale method will be introduced, in which one can find the detailed modelling strategy of the
method based on H and T-A formulations, the extension of the method from 2D to 3D models and
how the method is employed to simulate large-scale HTS coils with complex geometry.
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Here we report an electromagnetic-mechanical simulation model to calculate screening current,
mechanical stress/strain, magnetic field, and coil voltage. We designed, fabricated, and tested a
20-turn dry-wound REBCO test coil. The coil operated in the cold bore of a 15 T background mag-
net, deliberately positioned off-centered to induce large screening currents. The coil was exposed
to axial and radial fields of 13 T and 0.5 T, respectively, and charged up to 390 A. As a result,
we observed a >0.4% strain and subsequent critical current degradation. The proposed model suc-
cessfully reproduced the measured strains and was used to evaluate over-strain-dependent plastic
damage, showing good agreement with the measurements. We believe the proposed model offers
a viable option for high-field and high-stress REBCO magnet design and analysis, potentially even
upon quench simulation.
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China Fusion Experimental Reactor (CFETR), European Fusion Reactor (EU DEMO), and US Fu-
sion Reactor (SPARC) are all actively developing high-temperature superconducting magnet (HTS)
design schemes to effectively improve the magnetic field strength of future fusion reactors and in-
crease fusion power. The resulting fusion nuclear heat effect brings great challenges to the stability
of superconducting magnets. Taking CFETR as an example, the nuclear heat of toroidal field mag-
nets caused by fusion neutrons on the side facing the plasma reaches 122.74 W·m-2. Therefore, it
is particularly important to evaluate the critical characteristics of HTS in nuclear heat conditions
efficiently and accurately, and to ensure its sufficient stability margin.
Burning Plasma Experimental Superconducting Tokamak (BEST) is a new type of tokamak device
developed in China for the realization of deuterium-tritium fusion. In response to the nuclear heat
stability of the BEST superconducting magnet system, the project team has carried out a series
of research. The critical properties of high-temperature superconducting magnets are affected by
factors such as temperature, magnetic field, and strain. First, based on electromagnetic analysis,
the magnetic field distribution of the conductor is obtained. Then, based on Monte Carlo particle
transport calculations, the nuclear heat distribution of the magnet system is obtained. Finally,
based on cooling design, thermal engineering analysis is carried out. For various operating modes
of BEST (induction operating mode, hybrid operating mode, and steady-state operating mode), a
multi-heat source loading program is developed to achieve the segmented loading of conductor
thermal load over space-time. At the same time, for the problem of temperature margin analysis
under unsteady heat transfer, the magnetic field distribution and thermal load spatial distribution
are coupled to realize dynamic temperature margin calculation of the conductor. The results show
that the temperature margin of the high-temperature superconducting conductor is greater than
10.1K.
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Research on the dynamic multi-heat load coupling
calculation method for fusion superconducting

magnets
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The superconducting magnet system is a key component of the tokamak fusion reactor for con-
fining high-temperature plasma. High-temperature superconducting magnets are favored by var-
ious countries due to their larger critical temperature and critical magnetic field. When high-
temperature superconducting magnets are applied to fusion devices, they will be subject to various
steady-state and transient thermal disturbances, which will lead to the degradation of their critical
performance. Based on a compact tokamak device currently being designed in China, we have con-
ducted research on the impact of transient thermal disturbances, including AC loss, nuclear heat,
and coil case conduction heat, on the temperature margin of the superconducting magnet system.
For AC loss, we considered coupling loss and hysteresis loss, and calculated their time distribu-
tion and spatial distribution using empirical formulas. For nuclear heat, we established a detailed
winding pack neutronics model and evaluated the spatial distribution of the nuclear heat power of
each component based on the Monte Carlo method. For coil case conduction heat, we used a quasi-
three-dimensional method and analyzed it using thermal-hydraulic software. Furthermore, based
on the cooling circuit design, we developed a multi-heat load time-space coupling loading program
to realize dynamic thermal load coupling analysis of fusion superconducting magnets, and finally
completed the temperature margin analysis of the toroidal field superconducting magnet and the
poloidal field superconducting magnet.
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3-D modelling and experimental results of a sorted
bulk staggered array undulator
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This work presents the 3-D modelling and measurements of the sorting of a 10 cm long high-
temperature superconducting bulk undulator. We use the H-ϕ formulation together with the ma-
trix method to produce an inverse analysis of the trapped field potential of each bulk. The simula-
tion results are then used to sort the bulks in order to reduce the field error. A factor of 1.8 error
reduction was measured experimentally.
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Critical current numerical characterization of
6-layers CORC® cables

Tuesday, 11 June 2024 10:55 (20 minutes)

In perspective of 20 T+ field magnet and more compact layouts for fusion reactors, the high temper-
ature superconductors are the alternative which can allow high transport current at very high field,
guaranteeing at the same time a higher stability. Among them, the Rare-Earth Barium Copper Ox-
ide (ReBCO ) coated conductors are a promising option due to their high critical temperature and
the extremely high critical current density. The CORC® cable concept, based on ReBCO HTS tapes
wound around a copper former, is of particular interest for these high-field magnet applications
due to its round cross-section and electrical and mechanical isotropy. However, these cables can
degrade as a result of the winding process and operating conditions. Thus, a comprehensive char-
acterization of their performances is necessary. The complex geometry and shape of the CORC®
cable makes tricky to numerically reproduce the correct current distribution among tapes, which
strongly affect the cable behavior, especially co of number of layers (>3 layers). This work presents
a 3D multi-physics numerical model for characterizing the critical current (Ic) of more complex
CORC® cable layouts, based on a T-A formulation model in COMSOL Multiphysics coupled with
a thermal model of a straight cable, already validated against experimental results. For the first
time, a self-consistent boundary condition allowed the computation of the current distribution in
a 6-layers CORC® (12-tapes total), aimed to the replication of the Ic. The tape is approximated as
a thin shell, taking advantage of its high aspect ratio, and the Ic scaling for the tape accounts for
the temperature, magnetic field and local strain due to the winding on the copper core. The assess-
ment of the voltage-current curve for the conductor has been performed against experimental and
numerical data present in literature.
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Influence of ferromagnetic structure addition on the
field trapping ability of MgB2 bulk samples

Tuesday, 11 June 2024 14:40 (20 minutes)

Superconductors have revolutionized magnet technology, surpassing the limitations of traditional
coils and permanent magnets. Relying on the results of trapped field measurements carried out
on MgB2 discs, in this paper we numerically investigate the field trapping ability of hybrid lay-
outs where ferromagnetic (FM) structures were added to a superconducting (SC) disc. To this
aim, through an iterative procedure we first evaluated the critical current density dependence on
magnetic flux density that allows reproducing the trapped field measured in the superconductor.
Then, this dependence was entered into a numerical model based on the magnetic vector potential
A-formulation and employed to calculate the field trapped in different hybrid layouts. The best
results were achieved assuming a drilled SC disc filled with a FM bulk disc. The effect of the radius
of the FM disc on the field trapping capability of the whole structure was finally investigated.
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Design Optimization of Ferromagnetic Poles for a
High Temperature Superconducting Bulk Undulator

Thursday, 13 June 2024 09:20 (20 minutes)

This work presents the modelling done to
optimize the pole geometry to be used in the planned high
temperature superconducting bulk undulator in PSI. The H-ϕ
formulation is used to model the undulator field and the
magnetic forces inside the poles. A T-shaped pole with a width
of 10 mm and height of 8 mm was found to be optimal to
maximize the peak undulator field. This model was also used to
generate the data for the shimming algorithm.
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Abstract—High-temperature superconducting (HTS) tapes, represented by Rare Earth-Barium-
Copper-Oxide (REBCO) conductors, are promising for high energy and high field superconduct-
ing applications. However, practical applications subject HTS conductors to various stresses and
strains, including residual stresses due to thermal mismatch and tensile stresses from Lorentz
forces. This can result in reduced load-carrying capacity and the risk of electromechanical proper-
ties degradation. Investigating the mechanical behavior of REBCO tapes under different tension
loads is necessary to properly understand the stress-strain distribution inside the layered structure.
However, assessing the mechanical properties of each HTS component presents unique challenges
due to their brittle nature, sensitivity to environmental conditions, and complex layered structure.
This study demonstrates how Finite Element Method (FEM) simulations, combined with experi-
mental tests, can effectively describe the mechanical behavior of each component in a laminated
superconductor tape.
Keywords—HTS, FEM, COMSOL, mechanical properties

I. INTRODUCTION
High temperature superconducting Rare Earth-Barium-Copper-Oxide (REBCO) conductors hold
significant promise for a range of energy and high magnetic field applications like power cables,
generators, fusion, accelerators, medical devices. This is primarily due to their high critical tem-
perature and critical current density even in the presence of a high background magnetic field 1.
REBCO coated conductors (CC) are composed of layered materials, featuring multiple laminated
high-aspect-ratio (HAR) layers with distinct material properties 2. This layered structure includes
a substrate, a stack of buffer layers, the REBCO layer, and stabilizing layer(s). Notably, in CC,
the substrate and stabilizer(s) are substantially thicker than other functional layers, significantly
influencing the mechanical and electromechanical properties of the superconducting wire under
tension. In addition, a CC is composed of very different types of materials including soft metals,
brittle ceramics and hard metal alloys. Serving as the backbone of the tape, the substrate acts as
the mechanical foundation for the other layers. Different manufacturers employ various substrate
materials such as Hastelloy and stainless steels, each with unique mechanical properties. Stabiliz-
ing layers, typically a layer of copper on top of a thin silver layer, are applied using techniques
like electroplating for the first and sputtering for the second. These layers not only offer protec-
tion during the transition from superconducting to normal state but also reinforce the mechanical
integrity of the superconductor tape. While the mechanical behavior of commonly used substrate
and stabilizing layer materials is well-understood, analyzing the mechanical properties of thinner
layers like the REBCO layer and stacked buffer layers poses a more complex challenge. These lay-
ers, characterized by extreme HAR and brittle behavior, are challenging to isolate and study. Their
mechanical behavior within the complete CC structure is hindered by their reduced thickness com-
pared to the primary layers. This study illustrates how Finite Element Method (FEM) simulations
accurately represent stress-strain distribution in each individual layer, starting from experimental
analysis of coated conductor superconducting tapes under uniaxial tension.

II. EXPERIMENTAL SETUP
The REBCO tape considered were made by Fujikura. The tape has a width of 12 mm while the
layered structure is divided in a Hastelloy substrate of 50 μm thickness, a buffer layer of 0.2 μm
thickness, a REBCO layer of 2 μm thickness and finally a copper layer of 20 μm surrounding the
whole tape. Typically, a silver protective layer of 2 μm thickness is placed at the interface between
REBCO and copper, in this work the protective layer has been omitted due to its negligible me-
chanical influence 3.
Tensile tests are performed at room temperature using a servo-hydraulic testing machine, an end
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of the tape is locked into a fixed clamp while the other end is locked into a clamp free to move
vertically. A load cell constantly records the applied load, while the strain is studied using Digital
Image Correlation (DIC). DIC is an optical method that employs image registration and tracking
techniques to analyze and compare the variation of the position of different points on the sample
surface and from those derive the displacement field during the deformations 4. A scheme of the
experimental setup is shown in Fig. 1.

III. NUMERICAL MODEL
To evaluate the stress-strain distribution generated in each one of the tape component FEM simu-
lation software COMSOL Multiphysics was employed.
The main challenge related to simulate the superconductor layered structure is the great differ-
ence in the thickness of each component. The typical meshing considered for simulations, the
tetrahedral meshing, would require a high density of domain elements at the interface between
REBCO/buffer layer and other components to properly compute the interaction of finer elements
with the thicker one. This method would lead in general to more complex and more expensive
simulations in terms of computational time. Therefore, we considered a mapped mesh of squared
elements that does not require the clustering of domain elements in specific areas. This process
allows to better control the refinement of the mesh, leading to more accurate results in less com-
putational time.
The first set of simulations considered compare the stress-strain distribution generated in two
tapes, the first one composed only of substrate and the copper stabilizer while in the second one
also the REBCO and buffer layers were considered.
The second set of simulations instead compares the mechanical response of a full tape and a tape
where the buffer layers are absent.
The geometry considered for both simulations have a width of 6 mm and a length of 2 mm. Due
to the spatial symmetry of the structure and boundary conditions, the bottom edge and the axis of
the tape are represented as symmetry plane, allowing to simulate only a quarter of the interested
region.

IV. RESULTS
As is possible to observe in Fig.2, the comparison between the first set of simulations confirms that
the REBCO layer does not affect the stress-strain distribution generated in the main layers of the
tape. This result allows to further simplify the numerical model considered. It is indeed possible
to neglect the effect of the REBCO layer when interested in the overall mechanical properties of
the whole tape, while it is possible to employ a unidirectional coupling by applying the strain dis-
tribution calculated in the substrate and the stabilizer to the REBCO layer when interested in a
more locally focused mechanical behavior.
Similar results are obtained from the second set of simulations. In both case the REBCO layer
shows the same stress-strain distribution, meaning that the buffer effect on the superconducting
layer is negligible and they can be computed as a single layer with uniform mechanical properties,
allowing for a further simplification of the numerical model.
V. CONCLUSIONS
In this work we employed finite element simulations to represent the mechanical response gener-
ated in the layered structure of a superconductor tape under uniaxial tension.
We compared the stress-strain distribution inside each component considering different layers
combinations to understand their relative influence. The preliminary results show that the main
structural component of the tape, the substrate and the stabilizer are unaffected by the thinnest
layers, and in a similar way the buffer layer has a negligible impact on the REBCO layer. Both
results allow to decrease the complexity of the simulations considered, decreasing the general
computational cost while maintaining accurate results.

ACKNOWLEDGMENT
Authors acknowledge the support RTI2018-095853-B-C21 SuMaTe, PID2021-127297OB-C21 SU-
PERENERTECH, and Severo Ochoa CEX2019-000917-S projects from MICINN and co-financing
by the European Regional Development Fund; 2017-SGR 1519 from Generalitat de Catalunya and
COST Action Hi-SCALE from EU. We specially thank Fujikura for the samples supply.

REFERENCES

June 30, 2024 Page 55

https://www10.0zz0.com/2024/02/27/21/686019840.jpg


9th International⋯ / Report of Contributions Stress, strain and mechanical ana ⋯

1 Larbalestier D, Gurevich A, Feldmann D M and Polyanskii A, 2001 High-Tc superconducting
materials for electric, power applications Nature 414 368–77.
2 Obradors X and Puig T 2014 Coated conductors for power applications: materials challenges
Supercond. Sci.Technol. 27 044003.
3 Y. Zhang et al., “Stress–Strain Relationship, Critical Strain (Stress) and Irreversible Strain (Stress)
of IBAD-MOCVD-Based 2G HTS Wires Under Uniaxial Tension,” in IEEE Transactions on Applied
Superconductivity, vol. 26, no. 4, pp. 1-6, June 2016,
4 Konstantopoulou, Konstantina (2015). Mechanical behavior of 2G REBCO HTS at 77 and 300 K.
Thesis (Doctoral), E.T.S.I. Caminos, Canales y Puertos (UPM)
5 Gao, P., Chan, W.-K., Wang, X., Zhou, Y., and Schwartz, J., “Stress, strain and electromechanical
analyses of (RE)Ba2Cu3Ox conductors using three-dimensional/two-dimensional mixed-dimensional
modeling: fabrication, cooling and tensile behavior”, Superconductor Science Technology, vol. 33,
no. 4, IOP, 2020

Topic

Innovative methods and tools for modelling large-scale HTS systems

Primary author: BENEDETTI, Luca (ICMAB)

Co-authors: TELLES, Guilherme (Institut de Ciència de Materials de Barcelona (ICMAB - CSIC)); GUTIER-
REZ, Joffre (Institut de Ciència de Materials de Barcelona (ICMAB - CSIC)); PUIG, Teresa (Institut de
Ciència de Materials de Barcelona (ICMAB - CSIC)); GRANADOS, Xavier (Institut de Ciència de Mate-
rials de Barcelona (ICMAB - CSIC))

Presenter: BENEDETTI, Luca (ICMAB)

Session Classification: Poster Session

June 30, 2024 Page 56

https://www8.0zz0.com/2024/02/27/17/288491021.jpg
https://www3.0zz0.com/2024/02/27/21/407066111.jpg
https://www7.0zz0.com/2024/02/27/21/893338875.jpg
https://www10.0zz0.com/2024/02/27/21/686019840.jpg
https://www7.0zz0.com/2024/02/27/21/216429522.jpg


9th International⋯ / Report of Contributions 3D Modelling and Magnetization⋯

Contribution ID: 54 Type: Poster

3D Modelling and Magnetization Losses in
CORC-TSTC hybrid composite conductors
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The so-called Conductor On Round Core (CORC) and the Twisted Stacked-Tape conductor (TSTC)
are both the most compelling candidates for the development of high temperature superconducting
(HTS) cables, both with the high current carrying capabilities required for the future development
of fusion projects, with the CORC cross-sectional design being generally larger than its TSTC
counterpart. In this sense, to solve the spatial inefficiency in the former volume of the CORC con-
ductor and solve the limitation of the conductive current of the TSTC, whilst remaining true to the
CORC dimensions, the feasibility to manufacture a CORC-TSTC hybrid cable has been proven by
a team of Korea researchers, where their measurements of current density and AC losses are yet
to be validated by the scientific community. Thus, in this paper, we perform a comprehensive elec-
tromagnetic study validating the experimentally measured AC-losses of a series of CORC-TSTC
hybrid cables under external magnetic field, utilizing a three-dimensional simulation environment
capable to account for the 3D current dynamics inside the HTS tapes, and not only on a mathemat-
ically reduced and virtually homogenised 2D surface where the loops of magnetization currents
can be incoherent with the well stablished physics of the Bean’s mechanism. The cables will be
modelled under the base of a six-tapes single layer CORC cable with the former made of analo-
gous stacked HTS tapes produced by SuNAM Co., Ltd. The study will consider the impact of the
increment of stacked layers in the TSTC former, running from one to up to four stacked tapes and,
the influence of the acute magneto-angular anisotropy of the GdBCO tapes, which will be brought
forward from additional experimental measurements that will ensure a proper benchmark for the
validation of the experimentally measured AC-losses in these hybrid cables.
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HTS superconducting magnetic energy storage
(SMES) for waterborne applications
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The shift from fossil fuel to electric based propulsion in the waterborne transport sector has been
sped up by recent policies aiming to reduce the sector emissions. This trend creates highly electri-
fied vessels, with needs for energy storage systems (ESS) to satisfy the power demand affordably
and to increase the on-board grid reliability and efficiency. Initial industry efforts have been put in
the study and integration of high energy density ESS solutions, mainly electrochemical batteries.
However, other innovative ESS, with different capabilities, have not been yet fully addressed. It
is the case of Fast Response Energy Storage Systems (FRESS), such as Supercapacitors, Flywheels,
or Superconducting Magnetic Energy Storage (SMES) devices. The EU granted project, POwer
StoragE IN D OceaN (POSEIDON) will undertake the necessary activities for the marinization of
the three mentioned FRESS. This study presents the design process followed in the POSEIDON
project for the definition of an SMES suitable for maritime operation, which will be based in High
Temperature Superconductors (HTS). The electromechanical model of the SMES will be presented
starting with the tape modeling, and the calculation of the electromagnetic forces, including the
screening currents. Finally, the electromechanical analysis, including the working point of the
magnet and the stress analysis of the coil will be presented.
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Homogenization of HTS Coils and Stacks Using the
Foil Conductor Model
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Homogenization techniques are appealing in reducing the computational cost of simulating struc-
tures with many stacked high temperature superconductor (HTS) tapes. In this contribution, the
foil conductor model is extended to HTS applications with insulated conductors. The model is
derived in 2-D with the A−formulation and allows directly imposing the current in the conduc-
tors. Preliminary numerical results are presented to verify the model and to ensure that the model
constraints are satisfied.
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Predicting the behavior of insulated REBCO coils up
to their operation limit to identify safe operation

domain
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The development of compact REBCO HTS coils (Rare-EarthBiCaCuO High Temperature Super-
conductor) with large energy densities face two issues. The first is destructive thermal runaway
induced by local dissipative zones, the second is dynamic field homogeneity. The first issue, ther-
mal runaway, may be solved by using a non-insulation or partial insulation technique. These
techniques however affect negatively the second issue, as induced current loops may appear both
in the tape surface and across coil turns. We observed, as other groups, that an early detection of
dissipating voltages makes it possible to discharge isolated coils before a dangerous thermal run-
away can occur. However, the dissipating voltage that must be detected is very low, comparable
in amplitude to the transient voltage due to magneto-electric effects. Both phenomena must thus
be modelled so that their effects can be discriminated in the detection scheme. The combination
of both electromagnetic and electro -thermal transient modelling makes it possible to define safe
operation scenarios to determine the operation domain of REBCO coils.
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Renaissance Fusion
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Fast and scalable Superconductor simulations in the cloud with Quanscient Allsolve
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