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Abstract

High-Temperature Superconductors (HTS) can be the game changers in the next
magnet generation for nuclear fusion and particle accelerators. They could also
enable further improvements in cancer treatment devices and in technologies for
future means of transportation and lossless power transmission. In perspective of
20+ T field magnets (impossible target for the low-temperature superconductor
counterparts) and more compact layouts for fusion reactors, which can make them
marketable, the HTS 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 Oxide (ReBCO ) coated conductors seem to be a very
promising option due to their high critical temperature and the extremely high critical
current density. They are flat ceramic multilayer materials in which a 1−2 µm of
superconducting layer is coated by a copper stabilizer and mechanically supported
by a metal substrate. Combining the high mechanical strength of the substrate, to
withstand axial tensile stress, and the elasticity of ReBCO layer, to resist to com-
pressive strain, the Conductor-on-Round-Core (CORC® ) cable conductor has been
introduced in 2009. It is composed of multiple tapes wounded in layers alternatively
clockwise and counterclockwise around a central copper core. It is the only round
conductor made of flat HTS tape: this solution guarantees a higher mechanical and
electrical isotropy. High-performance cables are essential for a correct operation of
magnets, safe operating conditions and high field quality. The critical current Ic, the
maximum current which can be transported without transitioning to the normal state,
is a key indicator of the cable/coil performances. Ic is strongly affected by production
process and operating conditions: deformation, temperature, and magnetic field. The
characterization of CORC® mostly occurs with dedicated experimental campaigns,
but sufficient data are still missing. Development of ad-hoc numerical models should
proceed in parallel to reproduce and, in perspective, predict the cable behavior. Here,
a novel full-3D finite-element numerical multiphysics thermal and electromagnetic
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model for CORC® -like conductors is presented, aiming at the characterization of
the critical current. The model is implemented in COMSOL Multiphysics®. The Ic

strain degradation, due to winding and bending, has been accounted with a simplified
evaluation of the strain map, based on pure geometrical assumptions and from data
available in the literature. The thermal model accounts for Joule losses (if any),
conduction among overlapping tapes and an active convective cooling of the fluid,
and it is coupled to the electromagnetic module. The electromagnetic model is
based on the T −A formulation: leveraging on the high aspect ratio of the thin
ReBCO tapes, the superconducting domain is assumed as a thin shell. The current
distribution among tapes and layers is guaranteed by using a set of self-consistent
boundary conditions adopted for the first time in this kind of simulations. The new
boundary conditions allow current re-distribution if any thermal or magnetic pertur-
bation suddenly happens in a tape. The model is verified and benchmarked against
other well-established formulations on a set of test cases. Starting from a tape model,
the validation has been extended to simplified cases (2−tapes 1−layer CORC® ) to
more complex geometries (6−tapes 3−layers CORC® , straight and bended, and
12−tapes 6−layers CORC® ). This work has been carried out in collaboration with
the Lawrence Berkeley National Laboratory (LBNL), which provided test and data
for the validation. The comparison of the computed V − I curve of cables with
available experimental data shows that the main physics features of the cable are well
captured by the model, including performance degradation due to cable tapering at
the terminations, and sets starting points for further improvements for the numerical
model and the cable design.

Keyworks: High-temperature superconductors, hybrid formulation, CORC® cables,
ReBCO tapes, critical current, numerical models, multiphysics.



Sommario

I superconduttori ad alta temperatura (HTS) rappresentano un possibile fattore di
svolta per la prossima generazione di magneti per lo sviluppo di tecnologie come
reattori a fusione nucleare e acceleratori di particelle, nonchè nel miglioramento
di dispositivi medici per il trattamento del cancro, dei futuri mezzi di trasporto e
della trasmissione di potenza elettrica senza perdite. Nella prospettiva di costruire
magneti a 20+ T, limite irraggiunbile dai superconduttori a bassa temperatura, e
reattori a fusione più compatti, tanto da poterli rendere commercializzabili, gli HTS
sono l’alternativa che permette di avere un’alta corrente di trasporto a campi molto
elevati, garantendo allo stesso tempo un’elevata stabilità termica. I nastri conduttivi
a base di terre rare, Rare-Earth Barium Copper Oxide (ReBCO ), risultano tra le
opzioni più promettenti, grazie alla loro alta temperatura critica e densità di corrente
critica. I ReBCO sono dei sottili materiali ceramici, in cui lo strato superconduttivo di
1−2 µm è ricoperto dallo stabilizzatore in rame e supportato meccanicamente da un
substrato di metallo. Combinando la durezza del substrato, in grado di resistere agli
sforzi assiali, e l’elasticità del ReBCO , resistente alla compressione, nel 2009 è stato
introdotto il design di cavo chiamato Conductor-on-Round-Core (CORC® ). Il cavo è
costituito da più nastri di ReBCO avvolti intorno ad un stabilizzatore centrale di rame,
cambiando alternativamente la direzione di avvolgimento. È l’unico cavo di forma
circolare composto da nastri HTS, che consente una migliore isotropia meccanica
ed elettrica. I cavi ad alte prestazioni sono essenziali per il corretto funzionamento
dei magneti, per operare in sicurezza e per avere una buona qualità di campo. La
corrente critica Ic, che è la corrente massima trasportabile da un superconduttore
prima che transisca allo stato normale, è un indicatore chiave delle prestazioni di
cavi e di bobine. La Ic si degrada fortemente a causa del processo di produzione e
delle condizioni operative come lo stato di deformazione, la temperatura ed il campo
magnetico. La caratterizzazione dei CORC® avviene principalmente attraverso cam-
pagne sperimentali, ma in letteratura c’è ancora una carenza di questi dati. Lo
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sviluppo di modelli numerici, sviluppati ad-hoc, dovrebbe procedere in parallelo per
riprodurre e, in prospettiva, predire il comportamento del cavo. In questo lavoro di
tesi è presentato un modello numerico multifisico ad elementi finiti per i conduttori di
tipo CORC® per la caratterizzazione della corrente critica. Il modello è sviluppato in
COMSOL Multiphysics®. La degradazione della Ic dovuta all’avvolgimento intorno
allo stabilizzatore e alla curvatura, nel caso in cui il cavo sia piegato, è tenuta in
conto attraverso una valutazione semplificata della deformazione basata su pure
assunzioni geometriche e di dati disponibili in letteratura. Il modello termico tiene
conto delle perdite per effetto Joule (se presenti), della conduzione tra nastri sovrap-
posti e della convezione naturale del fluido. Inoltre, è accoppiato con il modello
elettromagnetico. Quest’ultimo è basato sulla formulazione T −A: sfruttando l’alto
rapporto d’aspetto del nastro ReBCO , il dominio superconduttivo è assunto come
guscio sottile. La distribuzione di corrente tra i nastri e gli strati del cavo è garantita
attraverso l’implementazione di una condizione al contorno autoconsistente, adottata
per la prima volta in questo tipo di simulazioni. La nuova condizione al contorno
permette la ridistribuzione di corrente in caso di un’improvvisa perturbazione ter-
mica o magnetica in uno dei nastri. Il modello è verificato con altre formulazioni,
ben consolidate in letteratura, in diversi casi-studio. Partendo da un modello del
singolo tape, la validazione è stata estesa da casi più semplificati di CORC® (2−tapes
1−layer) a geometrie più complesse (6−tapes 3−layers CORC® , dritto e piegato, e
12−tapes 6−layers CORC® ). Questa attività è stata condotta in collaborazione con
il Lawrence Berkeley National Laboratory (LBNL), che ha fornito i dati dei test per
la validazione. Il confronto tra le curve tensione-corrente con i dati disponibili ha
dimostrato che le principali caratteristiche fisiche del cavo sono ben rappresentate
dal modello, inclusa la degradazione che avviene nelle terminazioni (dove i tape si
aprono e si allontano dallo stabilizzatore), fissando inoltre dei punti di partenza per
ulteriori miglioramenti, non solo del modello numerico, ma anche per il design del
cavo.

Parole-chiave: Superconduttori ad alta temperatura, formulazioni ibride, cavi CORC® ,
nastri di ReBCO , corrente critica, multifisica.
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Chapter 1

Introduction

This thesis concerns the development and the validation of a multiphysics numerical
model for the characterization of the critical current of high temperature supercon-
ducting based on Rare-Earth Barium Copper Oxide (ReBCO ) coated conductors
arranged in Conductor-on-Round-Core (CORC® ) conductors. The electromagnetic
model is coupled to a thermal module to reproduce, and in perspective, predict
the cable performance under different operating conditions. This chapter gives a
background and context regarding the materials and cables treated in this research
activity, starting from a brief introduction on superconductivity, with particular focus
to high temperature superconducting materials and possible cable configurations,
along with the scope, the structure and the outline of the thesis. Portions of the
present chapter were already published in the following scientific papers:

• S. Viarengo, F. Freschi, D. Placido and L. Savoldi, "Current Distribution
Modeling in the Open-Source OPENSC2 Tool for the Multi-Physics Analy-
sis of HTS and LTS Cables," in IEEE Transactions on Applied Supercon-
ductivity, vol. 32, no. 6, pp. 1-5, Sept. 2022, Art no. 4802405, doi:
10.1109/TASC.2022.3158309, [1];

• S. Viarengo, L. Brouwer, P. Ferracin, F. Freschi, N.Riva, L. Savoldi, X. Wang,
"A New Coupled Electrodynamic T – A and Thermal Model for the Critical
Current Characterization of High-Temperature Superconducting Tapes and
Cables," in IEEE Access, vol. 11, pp. 107548-107561, 2023, doi: 10.1109/AC-
CESS.2023.3321194, [2].



2 Introduction

1.1 Superconductivity

Superconductivity is a combination of electric and magnetic properties observed for
the first time in 1911 by Kamerlingh Onnes [3]. Those materials show a sharp transi-
tion to zero electrical resistivity when they are cooled below a critical temperature.
The zero-resistance means that there is no voltage drop along the material when a
current is flowing through it, and no power loss in direct current. That properties
make superconductors highly relevant for high-current or high-field applications,
and the only option in some cases (e.g., fusion technologies [4]). Superconductors
(SC) also experiences the so-called Meissner–Ochsenfeld effect [5], the complete
expulsion of the magnetic flux acting as a perfect diamagnetic when in the supercon-
ducting state. The superconducting state is maintained according three quantities:
carried current density, magnetic field and temperature, which are strongly correlated
and together define the critical surface, see Fig. 1.1. The difference among the Type-I
and Type-II is due to the magnetic behaviour to an external magnetic field Bext [6].
The superconductors Type-I lose the Meissner effect when Bext < Bc (where Bc is the
critical field), while Type-II a mixed phase for Bc1 < Bext < Bc2. In that region, the
material is still in the superconductive state with the co-existence of some resistive
regions. The superconductivity is completely lost for Bext > Bc2. In real application,
superconductors Type-II are the most used mainly for two reasons:

• Bc2 > Bc of a Type-I superconductor;

• when under superconducting state (thus Meissner effect exists, B = 0), Type-I
superconductors can’t carry any current (since ∇×B = µ0I).

Superconductors can still be categorized in Low Temperature Superconductors (LTS)
and High Temperature Superconductors (HTS), depending on a critical temperature
respectively lower or higher than 30 K [7]. Superconducting wires, cables, and tapes
have some practical applications mostly in energy and research field (as magnets
for particle accelerators, superconducting fault current limiters, power transmission,
permanent magnets, electric motors, nuclear fusion), but also for the health care
devices as the ones for cancer treatment. The most common superconductors are
reported Table 1.1. in along with they properties and characterization.
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Table 1.1 Key properties of the most common used LTS and HTS materials [8, 9] (Iron-based
superconductors are not reported here).

Type Material Tc(0 T,0 A) K Bc orBc2(0 T,0 A) T Characteristic
I Al 1.2 0.01 Ductile

Pb 7.2 0.08 Ductile
II-LTS NbTi 9.3 14.6 Ductile

Nb3Sn 18.3 24-28 Brittle
II-HTS MgB2 39 16 Brittle

ReBCO 93 >100 Brittle
Bi2212 85 >100 Brittle
Bi2223 110 >100 Brittle

(a) (b)

Fig. 1.1 The critical surface of (a) type-I superconductors, delimiting the superconducting
and normal states, and of (b) type-II superconductors, delimiting the superconducting, mixed
and normal states.
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Fig. 1.2 Superconductors discovers timeline (adapted from [11]).

1.2 High-Temperature Superconductor for large mag-
net system

The HTS, first discovered in 1986 [7] (see Fig. 1.2), constitute the most viable option
towards the development of high field magnets satisfying the requirements of high
operating currents, high current densities, and compact coil layouts [10]. One of
the biggest advantage of HTS is that they can work at higher temperature than LTS
materials: often, they have a critical temperature Tc higher than 77 K, so they can be
cooled with liquid nitrogen or helium gas. They also have excellent performances at
low temperature reaching very high fields [12]. At low temperature, from 4.2 K to
20 K, they can generate magnetic flux density up to 20 T and above, demonstrated
at the National High Magnetic Field Laboratory (NHMFL) of Tallahassee with
a 32 T/34 mm bore hybrid LTS/HTS solenoid [13], an impossible target for just
LTS-based magnets [14], see Table 1.1. In addition, HTS materials have a higher
electric and thermal stability than LTS [15]. Operating at low temperature, e.g.
5 K, allows them to work closer to Jc with a high temperature margin. That also
means that a higher accumulation of energy is required to reach an abrupt transition
from superconducting to normal state (so-called "quench"). If the HTS quenchs,
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the propagation of the high temperature (normal) zone and the voltage arise have a
very low speed. When the quench will be detected based on that signal, the hot-spot
temperature can already exceed the maximum allowed value. Due to the high thermal
stability, the storage energy may reach many GJ, need to be dumped in the cold-mass
of the magnet. A proper amount of stabilizing material (e.g., copper, aluminum,
silver) increases the heat capacity and the thermal conductivity of the magnet/cable
and it can help in preventing such situations. HTS materials have also a strongly
anisotropic crystal structure (the unit cell is composed of parallel atomic ab planes,
the c-axis is the direction perpendicular to ab [16], see Fig. 2.1) with a consequent
high dependence of the critical current density Jc on the angle orientation of the
magnetic field B. For a given magnetic field, the lowest value of Jc is typically
at when B is normal to the ab plane (along the c-axis), see Fig. 2.4. Differently
from LTS, they are mostly ceramic and brittle materials: manufacture can be more
complicated and expensive. At present, three cuprate materials are considered
suitable for large scale applications: two bismuth strontium calcium copper oxide
compounds [17], Bi2Sr2CaCu2O8+x (Bi2212) and Bi2Sr2Ca2Cu3O10+x (Bi2223) ,
and a rare-earth barium copper oxide compound [18], ReBa2Cu3O7−x (ReBCO ),
where Re stands for Rare Earth, typically yttrium (Y) or gadolinium (Gd). Bi2212
are made similarly to LTS in isotropic multifilamentary round wire, see Fig. 1.3a.
The superconducting filaments, ≈ 15 µm diameter, are embedded in a silver matrix
and a heat treatment at very high pressure can significantly increase the performance
of the cable, the Jc, [12]. Bi2223 an d ReBCO are both available in thin flat tapes
with 1−2 µm of superconducting layer coated by a metallic substrate via chemical
deposition [16], see Fig. 1.3b and Fig. 1.3c. We will mostly focus on ReBCO material
in section 2.1.

1.3 Coated conductor cables

In real applications, ReBCO tapes are combined together in HTS cables to build large
scale magnets. Moreover, the anisotropy of ReBCO properties implies the angular
anisotropy of the critical current is an additional complexity to the design of cable
and magnets. The thin flat geometry of ReBCO adds some difficulties in achieving
isotropic properties for cables: conventionally, round wire geometry are preferred in
cabling, and that requires new design and layouts. Three main concepts, see Fig. 1.4,
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(a) (b) (c)

Fig. 1.3 HTS material cross sections: (a) Bi2212, reproduced from [12]. All Rights Reserved.
(b) Bi2223, reproduced from [19] (c) ReBCO cross section, reproduced from [20]. All Rights
Reserved.

have been developed for manufacturing ReBCO cable to enhance properties and
stability of the single tape: Twisted Stacked-Tape Cable (TSTC) [21], Roebel Cable
[22] and Conductor-on-Round-Core (CORC® ) Cable [23].

1.3.1 Twisted Stacked-Tape Cable

The twisted stacked-tape conductor was proposed at (MIT) in 2011 [21], as main
application the power transmission. In this concept, tapes are stacked along the c-axis,
to increase the critical current, and is twisted along their longitudinal axis, eventually
to reduce the losses, see Fig. 1.5. The minimum twist pitch is limited to the stack
degradation due to strain, since twisting a stack of tapes is equivalent to twist of a
single tape: there’s no gain in flexibility, therefore relatively long pitches are required
(> 100 mm [21]). Nonetheless, since AC losses are depending on the magnetic
field orientation to the wide side of the tape [24], the twisting reduces the losses by
averaging the local magnetic on the cross section. This shape is also beneficial for
self-field and coupling losses, effectively reducing eddy current losses and inductive
currents [21]. The absence of former materials allows a high critical current density
[25]. For those reasons, high-current conductors DC applications, low frequency
high field magnets and power transmission cables are the most suitable applications
[21]. Nonetheless, this configuration leads to different cable layouts inserting the
stack of tapes in grooves of a stabilizer core (usually made of aluminum or copper),
which increases the resilience and the robustness [25] and makes them suitable for
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(a)

(b)

(c)

Fig. 1.4 Illustration of the three main HTS cable design: (a) Twisted stacked-tape cable; (b)
Roebel cable; (c) Conductor-on-Round-Core cable.
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Fig. 1.5 Picture of twisted stack of ReBCO tapes. ®2013 IEEE. Reprinted, with permission,
from [26].

high-field and high-current magnets for fusion reactors. Different conductors have
been designed based on TSTC principle:

• the ENEA twisted-stack slotted-core conductor [27] and its further improve-
ment BRaided Stack of Tapes (BRAST) cable [28];

• the soldered stack in a copper profile at Swiss Plasma Center [29];

• the HTS Stacked Tapes Assembled in Rigid Structure (STARS) conductor
from National Institute for Fusion Science (NIFS) [30];

• the cross-conductor (CroCo) concept from Karlsruhe Institute of Technology
(KIT) [31];

• the quasi-isotropic strand at North China Electric Power University [32];

• the Vacuum Pressure Impregnated, insulated, partially transposed, Extruded,
and Roll-formed (VIPER) VIPER cable from MIT [33].

1.3.2 Roebel Cable

The Roebel cable concept was born from the necessity of the reduction of the AC
losses for electric power generator applications [34] and the first ReBCO Roebel
cable was built in KIT [35]. ReBCO tapes are arrange in a meandering shape, see
Fig. 1.6a, achieved by cutting out undesired region for a 12 mm width tape, see
Fig. 1.6b. The full transposition of the tapes allows a homogeneous current dis-
tribution and improved and an alignment of the c-axis along the conductor [36].
Consequently, it is possible to achieved almost perfect alignment with the mag-
netic field to enhance the conductor’s in-field performance: this layout has been
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(a) (b)

Fig. 1.6 ReBCO Roebel cable: (a) after and (b) before cable assembly. ®2007 IEEE.
Reprinted, with permission, from [22].

implemented for designing HTS accelerator magnet [37]. The transposition allows
the reduction of the AC losses by exposing each tapes to similar magnetic field,
minimizing hysteresis and coupling losses. As a drawback, the bending in the hard
direction is more complex and the stress tends to concentrate due to the crossovers
along the cable [25].

1.3.3 Conductor-on-Round-Core Cable

The concept of CORC® cable was introduced by Danko Van der Laan in 2009 [38]
and it’s the main focus of the thesis, to which section 2.2 is devoted. It is composed
of several layers of HTS tapes helically wounded on a copper core with opposite
winding direction for each layer and they are commercially available from Advanced
Conductor Technologies (ACT). This cabling guarantees a high isotropic flexibility
and mechanical strength [39], and reduction of AC losses [40, 41]. The helical
pattern allows the minimization of the perpendicular component of the magnetic
field, reducing the AC losses, nonetheless some losses occur due to magnetic field
components along the tape width. The core diameter is typically in the order of
few millimeters and the winding angle against the cable cross section is around 40
degrees. Nonetheless, the high superconductor to stabilizer ratio, due to the copper
core, results in a lower current density with respect Roebel and TSTC cable. Even
though no part of the tapes is cut away, as in Roebel, the CORC® uses the 30%
more of HTS material then the TSTC due to the spiraling, [9]. The CORC® -like
conductors, see Fig. 1.7, are divided in:

• CORC® wire: characterized by a inner diameter lower than 4 mm [42, 39],
tipically no more than 30 tapes. The wire is more flexible and allows smaller
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(a) (b)

Fig. 1.7 (a) Picture of CORC® wire (on the top) and CORC® cable (on the bottom), repro-
duced from [45]. All Rights Reserved. (b) Picture of a CORC® CICC, reproduced from [46].

bending radii (> 50 mm), applicable for particle accelerator applications [43].
The CORC® wire uses a 2 mm width tape with a thickness of ≈ 45 µm, and
they can reach a current density of ≈ 300 A/mm2 at 4.2 K and 20 T.

• CORC® cable: characterized by a inner diameter in the range of 4 and 8 mm,
realized with tapes of 4 mm width, [42], usually no more than 50 tapes. The
low current density of the standalone cable makes them suitable for power
transmission applications (≈ 150 A/mm2 at 4.2 K).

• CORC® Cable-In-Conduit-Conductors: CORC® cables or wires can be ar-
ranged in a bundle encapsulated in a metal jacket [44]. They can have a
bending radius about 1 m.The design critical current is 100 kA at 4.5 K and
10 T specifically intended to be used for high-current bus-bars for fusion
applications and large detector-type magnets.

1.4 Numerical models for ReBCO conductors

Over the last decades, several tools have been implemented for describing the
electromagnetic and thermal behaviour of the well-established LTS technology. The
THEA code [47] is characterized by a set of semi-continuum circuital equations
both for LTS and HTS, however, thermal-hydraulic models such as [48, 49] are not
always suitable for HTS stacked conductors due to the high Biot Number of the
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stacks, which can result in an average strand temperature as computed by THEA
not representative of the actual hot spot temperature within the stack during fast
transients [50]. The THELMA code [51] exploits a distributed parameter circuital
approach for LTS, while the 4C code [52] foresees a simple lumped parameter model
based on current partition between SC and stabilizer. The JackPot software [53]
is structured as an electrical network of SC elements and resistors, including the
interaction between strands through contact resistance and the connection with the
joints. More recently, the H4C code [54] has been developed for HTS cables based
on a distributed parameter model and a weak coupling with the thermal-hydraulic
model. Similarly to THEA and THELMA, an integral formulation of the quasi-
static approximation of Maxwell’s equations is adopted in the electric model [1] of
OPENSC2 [55], meant to be applicable for both LTS and HTS components. The
mathematical model is based on lumped element equivalent circuit that considers the
interactions between the current carrying elements through longitudinal electrical
resistances, self and mutual inductances and transverse conductances between the
different strands or tapes, according to the cable layout.
The time constants and characteristic lengths characterizing the development of the
main physical phenomena occurring in HTS tapes, stacks, conductors and magnets
are typically derived and compared to those typical of LTS wires, cables and coils.
Regarding the BSCCO, some of those tools can relatively adapted according to
some scaling law and adding current sharing where is not present. However, there
are differences related to the different and strongly anisotropic material properties,
to the thin shape of tape, and to wire or conductor architecture of ReBCO coated
conductors. The differences in time constants and length scales between LTS and
HTS conductors refer to both the development of solely electromagnetic or thermal
transients and to the evolution of coupled thermal – electrical phenomena, such
as quench. Furthermore, the peculiar mechanical properties of the anisotropic
HTS tapes require a different approach in dealing with the limit stresses inside
superconducting magnets, which in several cases represent the main limitation to
the maximum reachable magnetic field. Some new paradigms are emerging for
HTS magnets: new cable configurations and cooling systems, higher operating
temperature (≥ 20 K), thus higher energy efficiency, higher heat capacity of solids
and lower cryogen inventory.
ReBCO tapes exhibit different magnetization current pattern with respect to LTS
wires. In LTS wires, filaments magnetization currents in filament coupling 3−50 mm.
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In II generation HTS tapes, the currents flow over the whole tape width. While,
the current transfer between HTS tapes in a cable or coil normally occurs over
lengths and times longer than between strands of LTS cables. Measured contact
resistances between HTS tapes span over many orders of magnitude (depending on
the application). Therefore, there are new challenges and different behaviour which
required new methods and numerical tools to properly describe HTS components
[56]. The development of first numerical models for HTS began since the 1990s.
Initially, they were focused on understanding the basic electromagnetic properties of
HTS materials, as magnetization and field penetration[57], critical state [58], flux
pinning [59], and critical currents [60]. More sophisticated models where exploited
to simulate AC losses [61], magnetic field distributions [62, 63], and the behavior of
HTS tapes and wires in practical applications. Progress in Finite Element Modeling
(FEM) techniques allowed more detailed simulations of whole HTS devices: model
start to be comprehensive of the anisotropic properties of HTS materials and coupling
the effects of multiple physics (thermal conduction, electromagnetism, mechanics).
In literature, there are 2D transient tools which help in maintaining low computational
cost and memory occupation, for AC losses computation [64–66], magnetization
losses [67, 68] and for simplified quench simulation [69]. Most of the quench analysis
are three-dimensional simulation [70–72], but to deal with the high computational
time, lately a simplified 1D electric model coupled to a lumped thermal model
has been developed [73]. Few 3D models are present in literature which consider
the ReBCO surface [37, 74–77]. As regards tools devoted to the evaluation and
prediction of critical current, there are simplified 2D self-consistent steady state
models, [78, 79], but the twisting of the cable, which may also affect the Ic, is not
considered.

1.5 Scope of the thesis

The CORC® cable is gaining interested for the development of next future colliders,
which are targeting to 20 T field [14]. Moreover, arranged in Cable-in-Conduit Con-
ductor (CICC), they can possibly be used for fusion and detector magnet application
[80]. Dedicated experimental characterization of the critical current Ic is necessary to
quantify, firstly the quality of the cable, and then the degradation due to the winding
process and operating conditions. The development of reliable numerical models
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capable to reproduce and predict the cable performances should proceed in parallel
along with testing. The determination of critical current under self-field conditions
is employed to evaluate the quality of the superconducting material itself, which
may undergo various technological processes altering the wire’s overall structure
[81]. In such assessments, it is initially assumed that the critical current density can
be obtained by simply dividing the measured critical current by the cross-sectional
area. However, the critical current density is depending on the magnetic field, and
its orientation along the tape, and temperature [82]. The self-field generated is not
uniform along the cross section with a consequent non-uniformity of the transport
current, and therefore of the Ic, along the tape cross section, see Fig. 1.8. The
magnetic field penetrates from the edges of the conductor, see Fig. 1.8 (a),(c),(e),
where also the current density is larger, due to the skin effect, see Fig. 1.8 (b),(d),(f).
Moreover, multiple conductors configuration improved the shielding to protect the
tapes:

• The TSTC has the highest penetration depth and presents a symmetric behavior
along the edges, where the field is perpendicular to the tape surface;

• the Roebel cable has a specular behaviour with a lower field penetration on
the innermost side, and higher on the outermost;

• the CORC® has a strong non uniform current distribution: the round geometry
allows a good shielding of the innermost layers and reduced the degradation
due to the transversal component of the magnetic field.

Thus, the critical current is affected by shape and dimensions of the wire. A numerical
model comprehensive of the full 3D geometry of a CORC® cable, the Ic dependence
on the temperature and on the magnetic field for the cable prediction of the Ic

is missing in literature, which is the topic of this work. In this framework, the
development and implementation on Comsol Multiphysics® of a new multiphysics
numerical model, based on the T −A formulation and finite element method, is main
objective of this thesis, aiming to the characterization of tapes and CORC® cables
Ic. The T −A formulation has been used leveraging the high aspect ratio of tapes,
suitably coupled with a conduction thermal model which for the first time properly
accounts for the cable convective cooling. The model developed can accurately
simulate the thermal, electric and magnetic behaviors and the current sharing among
tapes by using a set of self-consistent boundary conditions adopted for the first time
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in this kind of simulations. The model is verified and benchmarked against other
well-established formulations on a set of test cases. The comparison of the computed
V − I characteristic of the straight cable and bended to available experimental data
shows that the main physics features of the cable are well captured by the model,
including performance degradation due to cable tapering at the terminations. The
thesis is structured as following:

• Chapter 2 presents a detailed description of ReBCO materials and how it
lead to the development of CORC® cable, their performances and the main
challenges;

• Chapter 3 is devoted to the description of constitutive laws and main formula-
tions widely applied for HTS components, with particular focus to the model
developed in this research;

• Chapter 4 reports the main results of the model along with its verification and
validation ;

• Chapter 5 discusses the outcomes of the research activity and sets the basis for
future developments for numerical modeling for CORC® -like conductors.
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(a) (b)

(c) (d)

(e) (f)

Fig. 1.8 Simplified 2D models for representation of self-field generated from 20 tapes and
I/Ic distribution in (a)-(b) TSTC, (c)-(d) Roebel and (e)-(f) CORC® cables.



Chapter 2

Conductor-on-Round-Core cables
from ReBCO coated conductors

2.1 ReBCO tapes

ReBCO compounds are a family of ceramic superconducting materials of chemical
compositions based on a rare-earth element, barium and copper oxide ReBa2Cu3O7−x.
The most common element used is the Yttrium (Y), which can be interchanged with
other RE, as Gadolinium (Gd), without significant impact on the superconducting
properties. The standard ReBCO is commercially available from 4 to 12 mm width
tapes, and thickness which varies from 40 to 100 µm, according the metallic sub-
strate, see Fig. 2.1). The superconductor layer is coated by a copper stabilizer and
silver, and it is separated from the metal substrate with a buffer. The substrate, usually
made of Nickel alloy, stainless steel or Hastelloy, is the thickest layer intended to
improve the mechanical stability and properties of the tape. The thicker the substrate
thickness the stronger the tape, that is easier to handle, but with a consequent re-
duction of the superconductor cross section fraction, thus in the engineering current
density Je (defined as the ratio of the critical current over the entire cross section
of the tape Ic/Atape). The buffer zone, composed of multiple layers, is interposed
between the ReBCO and the substrate to avoid chemical diffusion which can corrupt
the superconducting properties and to prepare the surface for the ReBCO deposition.
Finally, the 1−2 µm of silver protect the ReBCO from any possible reaction with
the copper stabilizer.
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Fig. 2.1 Generic structure of a multilayer ReBCO coated conductor (not in scale).

2.1.1 Tapes manufacturing

The flat geometry of tapes cannot be achieved using conventional metallurgic tech-
niques, but thin film deposition techniques. The ReBCO layer is typically deposited
through epitaxial growth to achieve precise alignment of the crystal structure, other-
wise the grains bound misorientation creates a resistive barrier to the current flow,
with significant impact on the the critical current [83, 84]. Pre-texturing techniques
on the substrate tapes ensures the alignment and the growth of the buffer and Re-
BCO zones. The main texturing methods Ion Beam Assisted Deposition (IBAD)
[85] and the Rolling Assisted Biaxially Textured Substrate (RABiTS) [86]. In the
former, textured ceramic biaxially buffers are deposited on top of the substrate
preparing a suitable surface for the ReBCO layer aligned through an ion beam [87].
The technique is a relatively low cost and allows scalability, which makes them
appealing for the industrial manufacturer; on the other hand, it shows a slow film
growth rate (≈ 0.1 nm · s). A variation of it, it is the deposition on Inclined Surface
Deposition (ISD) [88] and the Alternating Beam Assisted Deposition (ABAD), where
an alternating beam is applied [89]. The RABiTS technology is based on rolling
the substrate and recrystallized through a heat treatment to achieved a cube-metal
structure with a controlled orientation [90]. The recrystallization is completed along
with buffer layers to protect the ReBCO from chemical interaction with the substrate.
As a drawback, Nickel-alloys risk to become ferromagnetic and increases hysteresis
losses in AC operations. Then, the epitaxial growth of the superconducting layer
happens via chemical or physical processes. Among chemical processes, the most
widely used is the Metal Organic Chemical Vapor Deposition (MOCVD) [91] and
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Metal Organic Deposition (MOD) [92], where the tape is coated by a high purity gas,
in the former case, and by a liquid thin film, in the latter, which through chemical
reaction with added gas forms the ReBCO . Those methods have a fast deposition
rates, but they required a precise stoichiometry and safety procedure to deal with
toxic chemical vapors involved. One of the possible physical method is the Pulsed
Laser Decomposition (PLD): in a vacuum chamber the material vaporizes due to a
high-power pulsed laser and it is deposited on the substrate [93]. This process has a
high quality of deposition, but high cost compared to the growth rate of production of
the layer. A more recent physical procedure is the Reactive Co-Evaporation (RCE)
where, again in a vacuum chamber, each element individually is evaporated and then
deposited [94]. Finally, the tape is coated with silver, which is inert with ReBCO ,
and electroplated with copper (one side, both sides or fully surrounded): the latter
protects the material from oxidation, offering at the same time a parallel path for
the heat and current flows. Thus, it increases the stabilization of the conductor.
At the time of the writing, more than ten industrial manufacturers are active and
use different procedures and methods for the realization of a tape, which leads to
different performances and critical current [81, 95].

2.1.2 Tapes performances

The first interest in ReBCO derived from the outstanding performances and extremely
high Jc, see Fig. 2.2. The ReBCO has the highest critical current density ever
reached among any known superconducting material. From Fig. 2.2, it possible to
notice that above 25 T, all LTS materials have reached the normal state, and only
BSCCO and ReBCO are still superconductive. For those reason, ReBCO is the most
promising materials for the realization of next generation of high-field magnets.
Nevertheless, the critical current is strongly related to the manufacturing process.
In [96], ReBCO samples from seven manufacturers have been investigated at 4.2 K
and 18 T perpendicular field, reporting a non-negligible difference in terms of Ic, see
Fig. 2.3. Performances can be improved through:

• Artificial doping: which implies to add impurities as Zirconium, which helps
to increase pinning centers [97];

• Reduction of the substrate thickness: beneficial for high field application,
losing part of the mechanical strength [98].
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Fig. 2.2 Critical current Ic vs magnetic field applied B of II-type superconductor @ 4.2 K
adapted from [12].

Fig. 2.3 Critical current Ic vs magnetic field applied B @ 4.2 K of 4 mm-width ReBCO tapes
from different manufacturers adapted from [96] and all data referred to 2017. For SuperPower
there are three methods: CF, non-doped tapes; AP (=Advance Pinning) adding Zr; and AP
SP(=Special) characterized by a thinner substrate of 30 µm.
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Fig. 2.4 Critical current Ic vs orientation of the magnetic field applied @ 20 K and at three
different magnetic field amplitude, adapted from [107]. When the angle ω is equal to
0 degree and 180 degree, the magnetic field is applied along the c-axis, thus perpendicular to
the tape surface. The critical current is normalized respect to the minimum and the maximum
critical current of each case.

Another optimization of ReBCO tapes is the reduction of the tape with or the engrav-
ing of striation on the tape surface [99–101] to reduce the AC losses and increase
the flexibility when twisted on an core, i.e. on CORC® wires [102–106]. In addition,
as anticipate in 1.2, ReBCO coated conductors show a strong anisotropy of which
the Ic doesn’t only depend on the amplitude of the magnetic field, but also from its
orientation, see Fig. 2.4. The HTS tapes best perform when the magnetic field is
parallel to the ab-plane, and strongly degrade when it is parallel to the c-axis. The
angular anisotropy of the critical current introduces an additional complexity for
the designing of magnets and devices. Roebel and TSTC cables has the advantage
to experience the same magnetic field along the length, which can be direct in the
preferable orientation. While in CORC® cables, the orientation of the magnetic
field changes along the pitch. Therefore, the tape-to-tape contact firmly impacts on
the current sharing among them to possibly improve the performance of the entire
cable. This anisotropy is considered in this work through Equation (3.30), reported
in Section 3.2.1.
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2.1.3 Tapes mechanical properties

Initially, ReBCO coated conductors have been developed for power transmission
application due to their high critical temperature (Tc = 93 K), to potentially use of
liquid nitrogen (77 K at 1 bar) as coolant [108]. Nonetheless, their very high mechan-
ical strength lead to demonstrate the successful application for high-field magnets,
which has become the main driving force of ReBCO development [81]. The metallic
substrate, acting as mechanical support, increases the resistance on the tensile efforts
along the longitudinal direction. Moreover, the other mechanical properties as Young
modulus and elastic limit constraint of the whole tapes result to be very close to the
one of the substrate [95]. As ceramic material, micro-cracks on the thin ReBCO layer
may inflict a reduction of Ic [109]. Due to the strong dependence of the critical
current on the strain, such material are called strain-sensitive. The dependence is
approximately parabolic for ReBCO coated conductors, but it results linear when
fabricated through Inclined Substrate Deposition (ISD) [110], see Section 2.1.1. The
degradation due to the axial strain also depend on the thickness of the stabilizer [111]
and of the substrate [112]. In literature, there are multiple study based on experimen-
tal campaign for evaluation of the dependence of the critical current under uni-axial
strain [113, 114, 20, 115, 116]. From measurements, it comes out that compression
state allows much lower bending radii than the tensile state [117, 118], where the tape
is weaker, see Fig. 2.5. Tapes can resist at least till −1.25% of compressive straing
before mechanical degradation occurs irreversibly. The limit of the tensile strain is
given from the substrate yields, which varies from 0.4% to 0.7% according the metal
composition and thickness [119]. In [120], authors applied a compressive stress per-
pendicular to tapes surface to the Ic degradation. They found out that they can resist
till 300 MPa without significant reduction of performances. While, transverse tensile
stress has a strong impact on the critical current after 15 MPa, before delamination
(the tensile stress at which the ceramic layers delaminate from one another) for weak
conductors [20]. Since the ReBCO layer is usually above the neutral axis of the
tapes, see Fig. 2.6, in configuration on CORC® cable, it is wounded facing inwards
(facing the former), thus it is under compressive state [121]. Therefore, the trans-
verse load in CORC® is mainly due to the bending and the Lorentz forces. Thinner
substrates allow smaller bending radii along with the reduction of the minimum core
diameter of a CORC® . At the same time, the engineering current density (the one
considered on the whole tape area) also increases, as stated in Section 2.1.2, making
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Fig. 2.5 Normalized critical current Ic/Ic@ε=0 as function of bending for a for SuperPower
100 mm-width thick substrate tape @ 77 K, from [117].

Fig. 2.6 Sketch of a typical commercial ReBCO tape cross section (not in scale). The neutral
plane lies approximately at the center of the substrate. The ReBCO layer is above the neutral
axis.
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CORC® wires suitable for high-field magnets. The strain effect on the critical current
has been taken into account in this work through simplified evaluation of the strain,
based on pure geometrical assumptions. The strain map allows to determine the Ic

degradation due to the deformation on the entire domain under study, see Section
3.3.4.

2.1.4 Drawbacks

Beyond the excellent performances of ReBCO coated conductors, there are some
drawbacks to take into account for the design a coil:

• The flat shape: as discusses in Section 1.3, this new concept required new
cable layout, impossible to bend in the hard way.

• The material cost: even though, the latest improvements of ReBCO , especially
with very critical current at high-field, it starting to be comparable with LTS
[122].

• The quench propagation velocity: the quench is a sudden phenomenon, happen-
ing for defect or unexpected deposition of heat, during which the temperature
of the conductors rise and the critical current decrease. Due to the low thermal
diffusivity of ReBCO , the dissipation of that release of heat is 1 to 10 mm/s
[123] around 1−3 order of magnitude slower than LTS 1 to 100 m/s [124].
The main risk is the hot-spot temperature which may cause an irreversible
damage of the device.

• The angular anisotropy of the critical current on the magnetic field.

The realization of next-generation magnets based on ReBCO technology requires
new concepts and methods able to deal with the limits of such material.

2.2 Conductor-on-Round-core (CORC® ) state-of-art

The concept of CORC® cable born from the combination of the high mechanical
strength of the metallic substrate, able to withstand axial tensile stress, and the
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Fig. 2.7 Schematic illustration of the winding angle and gap space among ReBCO tapes in a
2-layers CORC® cable.

elasticity of ReBCO , capable to resist to compressive strains. The first proof-of-
concept was demonstrated in 2009 by Danko Van der Laan [38] who wound a single
tape composed of 50 µm thick substrate and 20 µm thick copper plate stabilizer on a
former of 3.2 mm for different winding angles. It is the first round cable configuration
of HTS tapes: wounded inwards onto small formers in multiple layers, alternative
clockwise and counter-clockwise, to reach mechanical and electromagnetic isotropy.
The spiral shape helps in reducing the AC losses and the high flexibility is due to the
tapes sliding which may occur during bending [39].

2.2.1 Fabrication and performances

A key parameter that allow for the development of CORC® is the mechanical be-
haviour of ReBCO tapes with respect the other HTS materials. The ReBCO allows
much smaller former diameter [38]: Bi2223 required former of 40 mm diameter to
safely work from far for the irreversible strains (0.2− 0.4% in tensile mode, and
0.1% under compression [125, 126]). Smaller former will increase the superconduc-
tor over stabilizer fraction, with a consequent increase of the engineering current
density (Je). A record of Je = 344 A/mm2 at 17 T and 4.2 K has been reached in
2016 in a CORC® wire composed of 30 µm substrate and 1.6 µm ReBCO layer
doped with 7.5% Zr and 2.4 mm core diameter [127]. The second fundamental
parameter to consider for cable performance is the winding angle, see Fig. 2.7. The
CORC® geometry exploits at the best the reversible anisotropy of the strain with
respect the angle [110]. Even though, winding process can drastically affects the
Ic of tapes, the reversible strain effect almost disappears when the strain is applied
at 45 degree [42]. Therefore, winding tapes with a 45 degree angle in CORC® can
prevent degradation of the Ic, as long the irreversible strain is not exceeded. Another
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issue to consider and optimize is the gap space among tapes lying on the same
layer. Too narrow gaps makes problematic bending the cable, but larger distances
would decrease the Je, see Fig. 2.7. Moreover, limiting the gap space can avoid
tape buckling (a sudden change of shape due to a compression strain). During the
bending process, a too loose tape, when sliding, can be pressured between two tapes
if the gap is too large [128]. A buckler tape may experience a total reduction of
the critical current reaching the irreversible strain. Smaller gaps, higher winding
tension and lubrication, to facilitate the sliding, can eventually reduce the risk of
buckling. The gap space should be optimized according the application to find the
best compromise among flexibility to bend the cable without degradation, high Je and
buckling prevention. From [9], the minimum space among tapes can be estimated as
function of the bending radius rb and CORC® diameter dcore:

gapmin =
dcore

rb −dcore
· w

cos(α)
(2.1)

where w is the tape width, α is the winding angle. The production process consists in
pulling the former core through a machine which wind, layer by layer, ReBCO tapes
around it, see Fig. 2.8a. Finally, it is usually covered by a polyethilene insulation
to keep tapes together and limit their movements. The complexity is mostly due
to the tensile load during production. If the pre-load is too high, it may cause
microfractures on the tape surface compromising the performances of the cable.
On the other hand, a too weak tensile winding load could lead to loosen tapes and
buckling. The substrate thickness impacts on the level of pre-load that the cable can
handle. The cable length is mainly limited by the amount of tape available and the
length of the machine.

2.2.2 Current injection into CORC®

Guaranteeing a homogeneous injection of current into CORC® cables and wires is a
determining factor for the conductor performances. Due to the large number of tape
and the overlapping geometry, the use of low-resistance termination to improve the
current distribution is not trivial. This is still subject of studies and research for their
optimization [9, 130, 131]. The non-homogeneous current distribution has a strong
impact on the critical current of each tape, since it is function of the transport current,
with a consequence risk of early quenches and higher voltage drops. The ACT has
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(a)

(b)

Fig. 2.8 (a) CORC® cable production cable machine from [129]. (b) Picture of CORC® cable
termination (courtesy of LBNL).
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patented a method in [132] according to which the cable ends are trimmed and each
tapes is exposed to the termination. When the plastic coverage is removed, tapes
tends to expand radially, see Fig. 1.7 and Fig. 2.8b. This tapering is exploited to
directly imposed current in each tape, improving the homogeneity. Nonetheless, in
short samples due to the complexity to guarantee enough accurate measures, this can
affect the inductance of the system, and therefore the conductor electric behaviour.
In Section 4.4, it is shown how terminations strongly affect the cable performances.

2.2.3 Drawbacks

Beyond the flexibility and potentially high critical current achievable, there are some
drawbacks in CORC® concept:

• Use of material: the spiraling required an higher amount of material for a
smaller length. The amount depends on the winding angle and vary in each
conductor.

• Cable cost: strictly related to the use of material.

• Conductor efficiency: defined as the ratio of conductor length over tape length
per tape. It is variable for CORC® between 0.6−0.9 [9]. As comparison, the
Roebel cable has the lowest, since part of the HTS material is cut away, and
the TSTC has the maximum, equal to 1.

• Delicate production process and mechanical stability: see Section 2.2.1.

• Termination resistance and current injection: see Section 2.2.2.

The improvements for the conductor optimization is focusing in thinner ReBCO tapes
which can allow smaller core diameter [42].

2.2.4 High field applications

CORC® cables and wires are developed for wide applications from power transmis-
sion [133], fault current limiter [134], high-field magnet [80, 135]. Here, we mostly
focus on fusion magnets and particle accelerators.
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Fig. 2.9 CORC® for fusion from [129].

CORC® for fusion

The next generation of fusion reactors are relying on HTS material to reach more
compact layout, until 4 times than the previuous design fully based on LTS [136],
and higher fields. CORC® cables and wires are not sufficient themselves to provide
enough current needed for fusion machines. Therefore, a possible candidate would
be a combination of CORC® wire in the well-established layout of Cable-in-Conduit-
Cable (CICC) [80], see Fig. 2.9. The European DEMO project, mostly based on
the ITER project, is exploring the HTS and hybrid solutions for the central solenoid
of the machine [137], to safely operate at 46.5 kA, 20 T, and 4.5 K [28]. CORC® -
CICC are one of the possible cables layouts options for this design, as well for the
China Fusion Engineering Test Reactor [41]. Also CERN has shown interests in
CORC® -CICC for the development of high-current detector conductors and bus
lines [9]. CORC® -CICC are composed from 6 (the so-called 6-around-1 design)
to 20 CORC® wires twisted among a central hole, in which forced-flow coolant
would flow through. The bundle is encapsulated in a stainless steel jacket. The twist
pitch of CORC® -CICC (100−300 mm [42]) is the key point of maintain enough
flexibility to easy bend the cable prevent irreversible degradation. The mechanical
decoupling of CORC® strands is a further improvement for the flexibility of the
CICC. The decoupling limits the accumulation of stress on CORC® wires, and at the
same time allows them for easier sliding.

CORC® for particle accelerators

The target for future colliders is reaching 20 T level field. One of the main challenges
of the high field superconductor magnet is withstanding the Lorentz forces generated
within the magnet. Within this framework, the Canted-Cosine Theta (CCT) magnet
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concept, proposed in 1970 [138], turns out to be particularly promising for strain-
sensitive superconductors, such as ReBCO . The CCT is based on a cable wound
in superposed layers of oppositely tilted solenoids such that the current distribution
generates a pure harmonic field: in this configuration, the transverse field components
will sum up, and the solenoidal will cancel out, see Fig. 2.10. Within a single layer,
the cable, assembled with standard conductors or SC wires or tapes, is contained
within the grooves of a mandrel, avoiding the summation of electromagnetic forces
[139]. In this contest, the CORC® wires and cables are a viable options for dipole
magnet [140]. The Lawrence Berkeley National Laboratory (LBNL) is mostly
leading the implementation of CORC® based CCT [141]. In collaboration of LBNL,
my research activity took place for the development of a reliable numerical model
able to reproduced, and predict the behaviour of the CORC® cable conductor and of
an entire coil in perspective.

2.2.5 Numerical model for CORC® cables and wires

This section is dedicated to a brief literature review about numerical models devel-
oped for CORC® cables. Portions of the present chapter were already published in
the following scientific papers:

• S. Viarengo, L. Brouwer, P. Ferracin, F. Freschi, N.Riva, L. Savoldi, X. Wang,
"A New Coupled Electrodynamic T – A and Thermal Model for the Critical
Current Characterization of High-Temperature Superconducting Tapes and
Cables," in IEEE Access, vol. 11, pp. 107548-107561, 2023, doi: 10.1109/AC-
CESS.2023.3321194, [2];

• S. Viarengo, F. Freschi and L. Savoldi, "CORC Cables: Numerical Characteri-
zation of the Critical Current After Bending," in IEEE Transactions on Applied
Superconductivity, vol. 34, no. 5, pp. 1-5, Aug. 2024, Art no. 4801605, doi:
10.1109/TASC.2023.334809, [142].

CORC® layout has geometry and shape tricky to reproduced correctly and study
with numerical tools. Different electromagnetic formulations can be applied for
simulations, see Section 3.1, and the computation cost is usually really high when
the entire volume is considered. In 2016, a thin shell solutions has been introduced
by [143] to reduce the simulation time. One of the main aspect about CORC® is
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(a)

(b)

Fig. 2.10 CORC® for particle accelerators wounded on mandrel’s grooves for Canted-Cosine
Theta (CCT) application, from LBNL.
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the reduction of AC losses, and multiple models have been implemented for that
[144–148]. In this work, the aim of the research is the characterization of Ic, thus
under DC operations. Section 2.2.5 and Section 2.2.5 report the status of numerical
models focused to correct current distributions among tapes and local strain map,
respectively.

Current distribution among tapes and layers

One of the crucial aspects for the CORC® is the proper computation of the current
distribution among tapes and the possible re-distribution due to external disturbance.
Some simplified approaches simulate the current distribution on CORC® by an equiv-
alent network model [149] or represent the 2D cross-section of cables where the
helical structure is neglected [150–153]. However, due to the peculiar geometry,
those simplifications do not allow to properly reproduce the actual cable behavior and
the accurate evaluation of losses, which mostly occur on CORC® edges [153, 154].
Therefore, 3D models are widely used especially focus on AC losses evaluation and
magnetization. The well-known H-formulation is currently applied in such models
[155, 156, 147, 157, 144] and it is usually considered as reference to verify other
formulations [150, 152]. The T -formulation, based on current vector potential, is
also often used for AC losses evaluation as in [158], the significant effects of gaps
in spiraled coated conductors [159]. In [74], the T is also coupled to Biot-Savart’s
law for computing the current distribution along the tape width and the localized
ac loss distribution. Note that in those model, only the superconducting domain
is discretized and solve. Nonetheless this model is very ill-conditioned, in [160]
an algebraic multigrid preconditioning is proposed to stabilized the solution. The
method currently used to impose a transport current in the T −A formulation doesn’t
guarantee any self-consistent current distribution (or redistribution) among tapes.
In [161] an equivalent circuit model, applied also in [162], is proposed to compute
the current redistribution during a quench, depending on the equivalent resistance
of each tape and on self and mutual inductance. The model is coupled with the T
formulation: the resistance is evaluated in the T module and the electric network
gives back the current distribution. This procedure requires the implementation and
the coupling with a third lumped circuit module, creating additional issues on the
convergence and stability of the solution. In [152] a Neumann boundary condition,
which allows a coupling effect between the T and the A, is presented. It is demon-
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strated in the paper that the current redistribution is affected by A through the electric
field E across the boundary and B inside the tape. The condition is given in a weak
form, and it allows a non-uniform redistribution of the current in the cable. However,
this condition increases the complexity of the problem along with the risk that the
current is not conserved.

Mechanical analyses

Numerical models capable to predict the cable performance should proceed along
with experimental characterization. Some analytical solution for the strain prediction
on a tape are present in literature: in [121], a curvature-based model provided ana-
lytical formulas for strain computation for different bending modes, without taking
into account local deformation due to the Poisson’s effect. In [163], a parametric
analysis for different bending radii were performed numerical and analytically based
on Flexure formula. In [164, 165] and [166], structural finite element analyses were
used to investigate the mechanical strain generated in tapes with different winding
angles: the studies showed that compression decreases towards the edge along the
tape width. A combined tension and torsion analysis is carried out in [167]. Re-
garding the CORC® cable, in [168] a 3D mechanical simulation computed the strain
distribution on tapes, after winding and bending processes, to compare results with
critical current and AC losses measurements on a 6-layer CORC® coil built from
authors. In [169] a detailed parametric analysis, validated through experiments,
aimed at defining the stress-strain state for the determination of the critical strain that
may cause the breakage of the YBCO layer, considering the bending of the cable.
In [170] and in [171], electromechanical simulations, based on T −A formulation,
were performed to predict the strain state and the critical current degradation for
straight CORC® cables.

Proposed multiphysics numerical model

This work presents a full 3D multiphysics model, specifically proposed for CORC® -
like conductors, which tries to answer some questions: how does the current distribute
among tapes within the cable? How much do temperature and magnetic field
influence the maximum allowable current of the conductor? Which is the strain
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status, and how much does it degrade the cable performances? The T −A formulation
has been used, leveraging the high aspect ratio of tapes. It is suitably coupled with
a conduction thermal model which, for the first time, properly accounts for the
cable convective cooling. The Ic scaling law in each tape accounts for the local
strain through a pure geometrical strain evaluation on the tape surface, which allow
to account for the punctual degradation of Ic, as an input for the multi-physics
model. The capability to compute and redistribute the current without any external
circuital network, according to possible disturbance or defect on each tape (i.e., hot
spot temperature or electromagnetic difference) is one of the main novelty. A new
boundary condition is proposed in the strong form: the redistribution of the current
in the cable is guaranteed imposing, among two subsequent boundaries, the current
vector potential T to be uniform and equal, see Section 3.3.2. The model aimed to the
characterization for of the critical current of CORC® cables and wires, needed as first
step for the prediction of an entire coil behaviour. The model relies on a multiscale
approach starting from the homogenization of the tape properties that are then applied
to the CORC® cable. The model has been verified and benchmarked against the
well-established electromagnetic formulations, under different conditions, and it
has been able to reproduce the V − I characteristic curve and validated with respect
experimental data obtained at Lawrence Berkeley National Laboratory (LBNL). The
model has been proved under a series of test cases, different configurations and
operating conditions, demonstrating its stability and reliability to properly reproduce
the described physics and replicate the critical current, albeit not fully capturing the
entire behavior of the cable.



Chapter 3

Numerical modeling for HTS tapes
and cables

This section is dedicated to the description of the proposed model for ReBCO tapes
and CORC® cables, starting from the most common formulations widely exploited
for HTS components simulations, the constituive laws and tape homogenization.
Portions of the present chapter were already published in the following scientific
papers:

• S. Viarengo, L. Brouwer, P. Ferracin, F. Freschi, N.Riva, L. Savoldi, X. Wang,
"A New Coupled Electrodynamic T – A and Thermal Model for the Critical
Current Characterization of High-Temperature Superconducting Tapes and
Cables," in IEEE Access, vol. 11, pp. 107548-107561, 2023, doi: 10.1109/AC-
CESS.2023.3321194, [2];

• C. Messe, N. Riva, S. Viarengo, G. Giard, and F. Sirois, "Belfem: a spe-
cial purpose finite element code for the magnetodynamic modeling of high-
temperature superconducting tapes", Superconductor Science and Technology,
vol. 36, Nov. 2023, [172];

• F. Freschi, L. Savoldi and S. Viarengo, "Nonlinear Magneto-Quasistatic Simu-
lation of Superconducting Tapes With a−φ Algebraic Formulation," in IEEE
Transactions on Magnetics, vol. 60, no. 3, pp. 1-4, March 2024, Art no.
9000204, doi: 10.1109/TMAG.2023.3315474, [173];



3.1 Electromagnetic formulations 35

• S. Viarengo, F. Freschi and L. Savoldi, "CORC Cables: Numerical Characteri-
zation of the Critical Current After Bending," in IEEE Transactions on Applied
Superconductivity, vol. 34, no. 5, pp. 1-5, Aug. 2024, Art no. 4801605, doi:
10.1109/TASC.2023.334809, [142].

The method can be used for general-purpose, e.g. for evaluation of AC losses,
estimation of the produced magnetic field, and for current density distribution and
for different geometries of superconductors. However, we pose the particular focus
to the model based on the T-A formulation proposed for the characterization of the
critical current of tapes and CORC® cables: the model has been first verified and
validated for a single tape with a 2D magnetostatic model and measurements; then,
extended to more complex geometries (CORC® from 1 to 6 layers) verified with
respect the well-known H-formulation and experimental results (when available).

3.1 Electromagnetic formulations

Numerical models for superconductor are commonly base on Finite Element Methods
(FEM) and all of them use Maxwell’s equations, under the magneto quasi-static
(MQS) approximation [174], written in different forms with a different state variable.
In differential form and SI units, Maxwell’s equations can be written as:

∇ ·D = ρc (3.1)

∇ ·B = 0 (3.2)

∇×E =−∂B
∂ t

(3.3)

∇×H = J+
∂D
∂ t

(3.4)

considering the following constitutive laws:

B = µH (3.5)

D = εE (3.6)

J = σE (3.7)
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Where D is the electric flux density, E is the electric field, ρc is the electric charge
density, B is the magnetic flux, H is the magnetic field, J is the current density, ε is
the magnetic permittivity of the medium, µ the magnetic permeability and σ is the
electric conductivity. In the case of hard superconductors, we usually neglect the
effect of Meissner currents and we consider just the vacuum permeability µ = µ0.
The Gauss’s law (3.1) defines relationship between an electric field and electric
charges, proportionally with the permittivity of free space. Under the assumption of
MQS, this equation can be neglected. The Gauss’s law for magnetism (3.2) states that
electric charges don’t have magnetic monopoles, but the magnetic field attributed
to a dipole and the net outflow through a closed surface is zero. Therefore, the
magnetic field induced in the air forms loops or extends to the infinity. The Faraday’s
law (3.3) describes the curl of an electric field correspondent to a time-varying
magnetic field (electromagnetic induction). Finally, the Ampère-Maxwell’s law (3.4)
relates the magnetic field to electric currents and displacement currents. The MQS
approximation means that displacement currents are negligible than conduction
currents in the medium [174]. Consequently, we can reduce it as:

∇×H = J (3.8)

where H is the magnetic field. Aiming to reducing the computational cost, guaran-
teeing the highest accuracy, the most commonly used formulations are reported in
the following sections.

3.1.1 Magnetostatic model

The magnetostatic 2D model, describe in [79], allows the characterization of the
critical current in a infinite non-twisted tape/cable. The model solves a magnetostatic
problem based on A-formulation finding the distribution of the vector potential A
such that inside the superconductor the current density is J = Jc everywhere.The
magnetic vector potential A is defined as:

B = ∇×A (3.9)
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where B is the magnetic flux density. The electric field can be re-written:

E =−∂A
∂ t

(3.10)

Based on Ampère’s law (3.8) and Ohm’s law (3.7):

∇×
(

1
µ

∇×A
)
=−σ

∂A
∂ t

(3.11)

where µ is the magnetic permeability and J is the electrical current density. The
wire is assumed infinite in the axial direction, so that the magnetic vector potential
and the current density have only z-components. The critical current of the 2D cross
section is determined by integrating the critical current density distribution obtained
from the model over the stack cross section.

3.1.2 H-formulation

The H-formulation is the most established and largely adopted formulation for
simulating HTS material, and it is usually used as reference for the development
of other formulations [155, 156]. The formulation used the magnetic field H as the
state variable, and the final governing equations is obtained merging the Ampère’s
law (3.8) with the Faraday’s law (3.3):

∇×

[
1

σeq
∇× H

]
=−µ

∂H
∂ t

(3.12)

The electric field is defined as:

E =
1

σeq
(∇× H) (3.13)

The second Gauss’s law (3.2) is used as boundary condition of the air domain, if any
external field is applied:

∂

∂ t
(∇ ·H) = 0 (3.14)

The transport current can be imposed integrating the current density over the cross-
section of the superconductor:

I =
∫

S
J ·dS (3.15)
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3.1.3 H −φ formulation

Pursuing the aim of reduction of the computational cost, mixed formulations are
particularly attractive since they combine the benefits of each formulation making
the model more efficient. One of the possible hybrid formulations exploits the H
state variable for the conducting domain and the magnetic scalar potential φ in the
non-conducting domain (air). The scalar potential φ is a quantity which the magnetic
field where there is no free current, and it can be expressed as the negative gradient
of H:

H =−∇φ (3.16)

The formulation derived from a weak formulation of the Gauss’s law for magnetism
(3.2), or directly from Faraday’s law (3.3) exploiting the fact that the curl of a gradi-
ent is zero [175]. The advantage of using φ is the reduction of unknowns degrees of
freedoms of the problem, therefore of the number of unknowns [176]. The current
constraint is imposed using cohomology cuts [177] to ensure that circulations of
the magnetic field around conducting domains are equal to the net current, while
any external field can be applied as a non-homogeneous Neumann condition on the
boundary. More information about numerical stability can be found in [178] and de-
tailed explanations on domain interfaces between the conducting and non-conducting
regions are [179]. Moreover, due to the high aspect ratio of the HTS ReBCO tapes,
the thin-shell simplification, either in 2D and 3D, can give the opportunity of more
efficient simulations for more complex geometries, as CORC® cable [172].

3.1.4 T-A formulation

The main focus of this work is the mixed formulation called T −A formulation
[143], based on the introduction of two potentials: the current vector potential T for
the conducting domain, and the magnetic vector potential A for the whole domain
(both conducting and non-conducting domain), see Fig. 3.1b. Under the thin shell
assumptions, this formulation is is gaining interest in view of the saving in terms of
computational time [150, 152, 146, 148, 162, 154]. While macroscopic quantities
(i.e., magnetization and AC losses) can be properly calculated assuming an infinitely
thin SC films, the local distribution of current density in AC cannot reliably computed
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inside the SC tape [144]. Assuming that:

∇ ·J = 0 (3.17)

the state variable T is solved for the HTS tapes has the curl of the current density:

J = ∇×T (3.18)

From Ampere’s law (3.4):
∇×H = ∇×T (3.19)

Leveraging of the identity principle for which ∇× (∇φ) = 0, from the previous
equation we can write:

H = T−∇φ (3.20)

Finally, from Ohm’s law (3.7):

∇×

[
1
σ

∇× T

]
·n =−µ

∂

∂ t
(T−∇φ) (3.21)

Since the current flows in thin sheets, it can only goes along the tangential direction of
the tape and it is supposed to be uniform along the width, neglecting the component
orthogonal to the surface. Hence, T is considered always perpendicular to the shell
surface, see Fig. 3.1a. Therefore, T can be re-written as scalar T ·n:

T = T ·n = T

nx

ny

nz

 (3.22)

where T is the magnitude of the current vector potential and n is the unit vector
orthogonal to the tape surface. The current density can be expressed as:

J =

Jx

Jy

Jz

=


∂ (T ·nz)

∂y − ∂(T ·ny)
∂ z

∂ (T ·nx)
∂ z − ∂ (T ·nz)

∂x
∂(T ·ny)

∂x − ∂ (T ·nx)
∂y

 (3.23)
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(a)

(b)

Fig. 3.1 (a) Sketch of thin approximation for T formulation and boundary condition in the
case of transport current. T is always perpendicular to the tape surface, T1 and T2 are the
values of T at the left and right edges, respectively, and thtape is the tape thickness, ®2022
IEEE. Reprinted, with permission, from [2]. (b) Sketch of T-A formulation in 2D for a
ReBCO tape assumed as thin shell.
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Under the hypothesis of the uniform current density along the thickness and the
width, the Jz is the only component considered:

Jz =
∂ (T ·ny)

∂x
− ∂ (T ·nx)

∂y
(3.24)

A is defined over the entire computational domain, and the magnetic flux density
B is computed as (3.9), and coupled with Ampere’s law, the governing equation is
(3.11). Finally, the governing equation, based on Faraday’s law (3.3) is:

∇×

[
1
σ

∇× T n

]
·n =−∂B

∂ t
·n (3.25)

The model is fully coupled: the two variables T and A are solved simultaneously. J
is the driver for the A formulation, while the variation of B with respect to time is
the source in the T equation (3.25). In the T formulation, the transport current I on
the tape is imposed through a Dirichlet boundary condition, obtained integrating the
J over the tape cross-section S [158, 143]:

I =
∫

J ·dS =
∫

(∇×T n) ·dS = (T1 −T2) thtape (3.26)

where T1 and T2 are the value of T on the HTS edges and thtape is the tape thickness,
see Fig. 3.1a.

A−φ formulation

An A−φ formulation is proposed in [173] based on the cell method [180], capable to
deal with thin shell approximations and the strong non-linearity of the superconductor.
The vector potential A is solved for the whole domain, while φ is described just
for the conducting domain. The coupling φ and A requires to express the current
through dual faces ~i in terms of φ and the magnetic flux through the dual faces b~
in terms of A.
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3.2 Constitutive laws

The performance of a superconductor is determine by the steepness of the transition
from the superconductive to the normal state, and it can be generally described as
function of the critical current.

3.2.1 Power law and critical current density scaling

The strong non-linear behaviour of superconducting materials depends on the mag-
netic field, transport current and temperature, see Fig. 1.1 and strain. Numerically,
the electrical field E is computed by a power law relationship:

E = Ec

(
|J|
Jc

)N

(3.27)

where Ec is the electric field criterion, n is the exponent of the power law, J is the
current density in the superconductor, and Jc is the critical current density. The Ec

is conventionally set to 1 µV/cm, while the N is the exponent, which indicates the
steepness of the characteristic, see Fig. 3.2, is usually given by the manufacturer or
calibrated on the measurements, and for HTS material ranges from 25 to 35 [181]
(and 40 to 50 for LTS [182]). Moreover, it is dependent on the temperature and
on the magnetic field, but it is considered constant in the proposed model. The
critical current density Jc is maximum current density a superconductor can carry,
and it requires a proper scaling for modeling. This parameter is strongly related
to operation conditions: considering Jc0 the critical current density at 0 T and 0 K
(usually given by the manufacturer), it degrades as effect of the temperature, the
magnetic field and strain.

Magnetic field dependence

The most commonly used scalings of Jc are [183]:

• Critical-state model
This is the most approximated where the critical current is supposed to be
constant and equal to the one given by the manufacturer, and magnetic field
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Fig. 3.2 Power Law at evaluate at different n-value. The higher the n-value, the steeper the
curve, the higher performance of the conductor.
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and temperature dependence are neglected [184].

Jc = Jc0 (3.28)

The main physics is captured by the model, but the homogeneity of the electric
properties cannot be guarantee practically.

• Kim model
The magnetic field degradation is considered as follow [82]:

Jc (B) = Jc0
1(

1+ |B|
B0

)m (3.29)

Where the fitting parameters B0 and α depends on the material and usually
calibrated on V-I measurements [183], and |B| is the magnetic flux density
experience in the superconductor.

• Kim-like model
Taking into account the strong anisotropic properties of the HTS tapes, the
Kim-like model considered explicitly the perpendicular B⊥ and parallel B∥
contribution to the tape surface as follow [185]:

Jc
(
B∥,B⊥

)
= Jc0

1[
1+

√
(kB∥)

2
+B2

⊥
Bc

]b (3.30)

Where the fitting parameters Bc, k, and b depends on the material and usually
calibrated on V-I measurements.

• Magneto-Angular anisotropy model
The anisotropic properties of HTS is expressed as an angular dependence
[186]:

Jc (B,χω) = Jc0
1(

1+χω

(
|B|
B0

)β
)p (3.31)

where angular anisotropy factor χ is computed from the angle between the
magnetic field and the tape surface ω as:

χω =
√

γ−1(sin2(ω)+ cos2(ω)) (3.32)
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The fitting parameters B0, β , α , and electron mass anisotropy ratio γ are
depending on the material.

Fig. 3.3 shows how the field penetration changes according the scaling laws: the crit-
ical state model is the most simplified and the Kim-like model the most conservative.

Temperature dependence

In order to avoid ambiguities with the current vector potential T , the temperature is
identified as θ . The most common scaling for Jc:

• Linear dependence
It is the most approximated, see Fig. 3.4, but it sufficiently reproduces the
degradation due to the temperature rise:

Jc = Jc0 ·
θc −θ

θc −θop
(3.33)

where θc is the critical temperature of the HTS material, θ is the actual
temperature of the superconductor, and θop is the operational temperature of
the application.

• Associate to the pinning mechanism
According to [187] the temperature dependence of the Jc is associated to the
pinning mechanism

Jc = Jc0 ·
(

1− θ

θc

)s

(3.34)

where the characteristic exponent s varies from 1.9 to 2.6 in a magnetic-field
range of 1−5 T [188].

• Exponential decrease
Other studies fitted from measurements an exponential scaling

Jc = Jc0 exp
θ

θ ∗ (3.35)

where the θ∗ again related to the pinning mechanics [81]. θ ∗ may vary
according to the manufacturer and the background magnetic field. This scaling
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 3.3 Simplified 2D models for representation of I/Ic distribution in a 20-tapes stack and
self-field generated according the critical state model (a)-(b), Kim model (c)-(d), Kim-like
model (e)-(f) and the angular dependence model (g)-(h). Due to the skin effect current tends
to concentrate on conductor edges, where the maximum transport current flows (Ic).
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Fig. 3.4 Linear temperature dependence of the critical current density.

law, depending on the magnetic field orientation, holds up till 50 K. Thus, it’s
not applicable for our cases.

The scaling law affects the accuracy of the results with a significant impact on the
convergence and computational cost of the simulations. Therefore, for the model
proposed in Section 3.3, the Kim-like model (Eq. 3.30) for the magnetic field
dependence, to be conservative, and the linear dependence on temperature (Eq. 3.33),
since all simulations are carried at 77 K, have been implemented.

3.3 Development of a multiphysics model for ReBCO
tapes and CORC® cables

In this section is devoted to the model developed in the framework of PhD activity.
A multi-physics model for a CORC® wound with homogenized ReBCO tapes is
proposed, see Fig. 3.5. It is based on T −A formulation, leveraging the high aspect
ratio of tapes, suitably coupled with a conduction thermal model which for the first
time properly accounts for the cable convective cooling. The model can simulate
the thermal, electric and magnetic behaviors and the current sharing among tapes
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Table 3.1 YBCO layer material properties at 77 K from [190].

Material λ (W/m/K) ρ (kg/m3) Cp (J/kg/K) σ (S/m)
YBCO 5.914 6,390 88.69 Eq. (3.27)
Silver 530.4 10,630 161.4 3.17×108

Copper 431.2 8,960 218.1 3.47×108

Hastelloy 7.801 8,890 163.5 8.40×105

Homog. 204.1 8,936 185.2 Eq. (3.41)

adopting a set of self-consistent boundary conditions, aiming to the critical current
prediction. More informations about the model implementation are reported in
APPENDIX A.

3.3.1 Tape homogenization

The HTS tape is a multilayer material characterized a extremely thin thickness
(around few micrometers) and the width in the order of millimeters (some common
dimensions are reported in Fig. 2.1). The YBCO coated conductor tapes are the
ones considered in this study. They are characterized by a high critical temperature,
θc0 = 93 K, and they are able to transport high current densities at very high fields.
The superconductor layer (around 1−2 µm) is coated by a copper stabilizer, and
a metal substrate, made of Hastelloy, functiong as a mechanical support to axial
and bending stresses. Due to the high aspect ratio of the tape, it can be assumed
as a thin sheet, for which a proper homogenization is required. In this work, the
thermo-physical properties of all materials are considered dependent on the residual
resistivity ratio (RRR ≈ 40 for SuperPower tapes [189]), which is an index of the
purity of the material defined as the ratio between the resistivity at room temperature
and that at 0 K (for any material) or at the transition temperature (for SC), and
temperature. The thermo-physical properties of the tape, from [190] at 77 K are
summarized in Table 3.1. In detail, the homogenization has been obtained weighting
the density ρ with the cross section, while the specific heat at constant pressure cp

with the mass. The thermal conductivity λ is strongly anisotropic: along the direction
parallel to the tape surface, thermal resistances are arranged in parallel, whereas
along the perpendicular direction, resistances are arranged in series. Therefore, the
equivalent thermal conductivities λeq and λ⊥ are accordingly evaluated and weighted
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(a)

(b)

(c)

Fig. 3.5 (a) YBCO tape cross section and tape layers’ thicknesses (not in scale). (b) Sketch
of the straight CORC® cable investigated here (copper core not represented here) (both
reproduced from ®2022 IEEE. Reprinted, with permission, from [2]). (c) Sketch of the
bended CORC® cable investigated here (copper core not represented here), ®2024 IEEE.
Reprinted, with permission, from [142].
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on the cross section:

λeq =
∑

Nl
i=1 λiAi

∑
Nl
i=1 Ai

(3.36)

1
λ⊥

=
∑

Nl
i=1

1
λi

Ai

∑
Nl
i=1 Ai

(3.37)

where A is the cross section of the ith layer and Nl is the number of layers.
Regarding the electrical properties, the electrical conductivity σ of all but the YBCO
layer, are temperature dependent, from [190], and the ones at 77 K are summarized
in Table 3.1. For the SC layer, σY BCO is computed through the nonlinear power law,
expressed in terms of electric conductivity:

σY BCO =
Jc
(
B∥,B⊥,θ

)
E0

(
|J|

Jc
(
B∥,B⊥,θ

))1−N

(3.38)

where Ec is the critical field (conventionally set to 1 µV/cm, N is the exponent of
the power law, and J is the current density in the superconductor. The critical current
density Jc characterization is based on Kim-like model [183, 191], see Section 3.2.1,
and it is dependent on the magnetic flux densities parallel, B∥, and normal, B⊥, to
the tape surface and on temperature θ :

Jc
(
B∥,B⊥,θ

)
= ψ

Ic0

Asc

θc0 −θ

θc0 −θop

1[
1+

√
(kB∥)

2
+B2

⊥
Bc

]b (3.39)

where Ic0 is the critical current at zero-field applied, Asc is the SC cross section, θc0

is the critical temperature at zero applied field, θ0 is nominal operating temperature,
θ is the actual tape temperature. k, Bc and b are fitting parameters that allow to
weight the contributions due to θ , B∥ and B⊥. ψ represents the critical current
density degradation expressed as Ic/Ic0 due to the strain which the tape is subject
to. Conservatively, the maximum compression strain in % along the the YBCO tape
width wound on the core can be evaluated, from [42], as follows:

εmax =
−thsub

thsub +dcore +2thcu
(3.40)
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Fig. 3.6 Critical current density fitted vs experimental data.

where thsub is the substrate thickness, dcore is the copper core diameter and thcu is
the copper layer thickness. The strain is evaluated on the mid plane of the tape. From
[42], the degradation due to the winding is extrapolated from the graph in Fig. 3.8.
The scaling of the critical current density, evaluated as expressed in (3.39), has been
computed by best-fitting the parameters β , k, Bc and b to the measurement data at
LBNL on a 8 mm-long tape [192], see Fig. 3.6). All other parameters are reported in
Table 3.2.

Finally, the homogenization of the tape electrical properties has been achieved
considering the electric parallel among layers, defining an equivalent electrical
conductivity σeq, weighted on cross sections:

σeq =
∑

Nl
i=1 σiAi

∑
Nl
i=1 Ai

(3.41)

where σi is the electrical conductivity of the ith layer.
Note that the buffer zone has been neglected in the homogenization of tape materials,
because the material is nonconducting.
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Table 3.2 Jc characterization: fitting parameters for a single tape.

Parameters Value Units

θop 4.2 77 K

Ic0 2197 85 A

θc0 93 K

β 1 −

k 0.275 −

Bc 100 mT

b 0.525 0.25 −

ψ see Fig. 3.8 −

3.3.2 Electromagnetic model

The T formulation has been properly implemented for the conducting domain in
COMSOL Multiphysics® through General Form Boundary PDE module, while for
the A formulation, the built-in Magnetic Fields module has been exploited using
finite elements.

Current sharing condition

The state-of-art of numerical models devoted to the computation of the current
distribution on CORC® cables is reported in Section 2.2.5. The current distribution
and re-distribution in the cable is guaranteed imposing a new boundary condition,
that we’d called the current sharing condition, is proposed in the strong form: among
two subsequent boundaries, the current vector potential T to be uniform and equal.
The model capability to compute and redistribute the current without any external
circuital network, according to possible disturbance or defect on each tape (i.e., hot
spot temperature or electromagnetic difference) is the the main novelty of the work.
In case of multiple tapes, to guarantee the correct current split among the tapes,
the vector potential T is imposed to be 0 along the first boundary, equal to the
total current Itot along the last boundary, and to be uniform and equal among two
subsequent boundaries, see Fig. 3.7 and in APPENDIX A. The uniformity along
the edge guarantees that no current would leak from that edge, while the equality
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Fig. 3.7 Sketch of the boundary conditions on 2 tapes CORC® : periodic boundary conditions
(PBC) are highlighted in green, and in red the new boundary condition is presented. In the
first boundary, T has been set equal to zero as a reference, and the total current is imposed in
the last boundary (blue line), ®2022 IEEE. Reprinted, with permission, from [2].

is required to fulfill (3.26) including all tapes. When a CORC® cable is modelled,
to exploit the minimum computational domain, just a pitch has been simulated and
proper periodic boundary conditions are imposed, both in the SC and air domains, to
avoid edge-effects, see Fig. 3.7. In presence of an external magnetic field Bapp, it is
applied as a boundary condition on the air domain: a suitable impressed magnetic
vector potential Aapp, whose curl provides the three components of Bapp, (3.9), is
imposed on the boundary edges of the computational domain.

3.3.3 Thermal model

The energy conservation law is solved only for the SC domain:

ρeqceq
∂θ

∂ t
=−∇ ·

(
λeq (θ)∇θ

)
+ q̇(θ) (3.42)

where θ is the temperature, ρeq is the homogenized density, Ceq is the homogenized
specific heat, λeq is the homogenized thermal conductivity along the parallel direction
(see (3.36)), and finally q̇ is the source term (see next sections for details). The
solution has been obtained using the built-in Heat Transfer in Shells COMSOL
module. The application of CORC® cables has been considered in a cryogenic bath:
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Table 3.3 Liquid nitrogen properties at 77 K from NIST.

Parameters Value Units
β f 0.013 1/K
λ f 0.147 W/m/K
ρ f 809.9 kg/m3

Cp, f 2030 J/kg/K
ν f 2.04 m2/s
α f 8.91×10−8 m2/s

the fluid is not simulated here, but the convective heat transfer is taken into account
through an external heat sink.

Single tape

For the single tape model, the source term is given by the sum of two contributions:

q̇(θ) = q̇ j + q̇ f (θ) (3.43)

where q̇ j is the dissipated power by Joule effect and q̇ f is the cooling power due to
the liquid nitrogen bath. The Joule power is computed considering the equivalent
conductivity:

q̇ j =
|J|2

σeq
(3.44)

Where J is the current flowing in the SC domain. The heat sink due to the refrigera-
tion is computed as:

q̇ f (θ) =
h f Awet

(
θ f −θ

)
Vt

(3.45)

where Awet is the tape wetted area (equal to the tape surface), Vt is the tape volume,
θ f is the bath temperature, and θ is the actual tape temperature. The heat transfer
coefficient h f is evaluated starting from Nusselt number Nu, the tape characteristic
length Lc and nitrogen thermal conductivity λ f :

h f =
λ f Nu

Lc
(3.46)
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The Nusselt number has been computed through a proper correlation for horizontal
plate in free convection for laminar flows from Rayleigh number [193]:

Nu = 0.54Ra
1
4 (3.47)

The Rayleigh number Ra is given as:

Ra =
gβ f (θ −θ∞)L3

c

ν f α f
(3.48)

where g is the gravity acceleration, β f is the volumetric thermal expansion coefficient,
ν f is the dynamic viscosity, α f is the thermal diffusivity, θ∞ is the environment
temperature (equal to the bath temperature), θ is the tape temperature, and Lc is the
characteristic length of the geometry (defined as the ratio between the heat transfer
area and the perimeter of the geometry). The pedix f is referred to the refrigerant
fluid.

CORC® cable

For the CORC® model, the source term has one more contribution:

q̇ = q̇ j + q̇ f + q̇l (3.49)

where q̇l is the conductive contribution among adjacent layers computed as:

q̇l =
λ⊥
δ

(
θ̄i − θ̄ j

) Acontact

Vt
(3.50)

where λ⊥ is the homogenized transversal thermal conductivity (see Eq. (3.37)),
δ and Acontact are the distance and the contact area between two adjacent layers,
respectively, θ̄i and θ̄i are mean temperature of the layers i and j (with i ̸= j). The
Joule effect and the cooling power are evaluated as reported in the previous section,
but the Nusselt number has a different form: the cable has been approximated as a
long horizontal cylinder and Nu is depending on the Rayleigh number Ra and in the
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Fig. 3.8 Critical current degradation ψ with respect to strain ε for YBCO tape in the midplane
from [42], ®2022 IEEE. Reprinted, with permission, from [2].

Prandtl number Pr [193] as follows:

Nu =

0.6+
0.387Ra

1
6[

1+
(0.559

Pr

) 9
16

] 8
27



2

(3.51)

3.3.4 Mechanical consideration

The mechanical strain can significantly degrade the CORC® performances [42, 109,
194], since the ReBCO is strain-sensitive. From [42], the ψ degradation factor can
be extrapolate from Fig. 3.8, once the strain is computed (see 3.3.4), and scaled the
Jc accordingly:

Jc = ψJc0 (3.52)

For a general characterization of the critical current density, the electromagnetic
models can be coupled along with the thermal, to obtain a comprehensive scaling
as a function of the operating conditions of B and θ [81, 195, 196], see (3.39) in
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Fig. 3.9 Intrinsic strain distribution of the tape from [165] and final total distributions along
the width at the cable center cross section.

3.3.1. The state-of-art of numerical models for the evaluation of mechanical state
in CORC® cables is reported in Section 2.2.5. The current was imposed without
any possibility of redistributing, if necessary, due to uneven strain in different
tapes. In this work, a simplified evaluation of the strain, based on pure geometrical
assumptions, is proposed. The strain map allows to determine the Ic degradation due
to the deformation in each element of the computational domain. The map of strain
has been extrapolated both from literature, when possible, and from some computed
starting from definition of strain (the ratio among the elongation ∆L and the initial
length L0). Three strain contributions have been considered:

• intrinsic strain due to the winding of the tape on the copper core εw;

• strain due to the bending εb;

• shrinkage of the tape due to the bending εs.

Curvilinear coordinates have been adopted to respect the helical pattern of the
twisting tapes and to proper compute the strain along the CORC® , see APPENDIX
A.

Winding of an individual tape

In the CORC® cable design, tapes are helically wound around the central copper
core inducing local deformation. The ReBCO layer is above the neutral plane, so it
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Fig. 3.10 Sketch of an element after bending, for analytical strain evaluation.

will be in compression state [121]. The non-uniform longitudinal strain distribution
along the width εw, computed in [165], has been imposed on each tape, see Fig. 3.9.

Cable bending

After the bending process, part of the cable above the neutral radius Rave is in tension
state, while the one below it is in compression (see Fig. 3.11a). Based on strain
definition:

ε =
∆L
L0

(3.53)

εout =
Rout −Rave

Rave
(3.54)

εin =
Rin −Rave

Rave
(3.55)

where subscripts out and in are referred to the part above and below the neutral
radius, respectively. Generalizing, the strain along all the cable is computed as:

εb =
R−Rave

Rave
(3.56)

Where R is the cylindrical coordinate, see Fig. 3.10.
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(a) (b)

Fig. 3.11 (a) Tension-compression strain map and (b) shrinkage strain map due to the bending
process, ®2022 IEEE. Reprinted, with permission, from [142].

Tape shrinkage due to bending

The tension state led to a shrinkage of the tape, that has been considered in this study,
see Fig. 3.11b. Based on the volume conservation, the final thickness is computed
as:

Vtape = R2
ave ·φ · th (3.57)

th f in =
Vtape

Rave ·R ·φ
(3.58)

Where Vtape is the tape volume, φ is the angular coordinate of the cylindrical system
(see Fig. 3.10), th is the thickness, and the subscript f in is referred to after bending
process. Therefore, the strain εs is:

εs =
th f in − thinit

thinit
(3.59)

Where thinit is the initial thickness of the tape.



60 Numerical modeling for HTS tapes and cables

Fig. 3.12 Total strain distribution along the tape width on the three layers.

Total strain

The total strain ε is computed by the superposition principle:

εtot = εw + εb + εs (3.60)

Fig. 3.9 shows the strain distribution along the tape width of the three layers.
Fig. 3.13a and Fig. 3.13b report the total strain map and distribution along the
tape edges. From Fig. 3.13b, it possible to notice the increase of the average strain
value from the straight part of the cable to the bended one, and the periodic behaviour
among subsequent pitches. The percentage of degradation ψ(ε) of the tape critical
current density due to the strain state has been extrapolated from [42].

3.3.5 Element order

From literature has been stated that the element order of the utilized bases function
for the finite element, the discretization of the A-domain should always be one order
higher than that of T -domain [197]. In [198] and [199] it is reported that, under sub-
critical region, some oscillations can occur in the computed current density J, with
first or second order Lagrange elements for both T and A. Therefore, all simulations
have been carried out using first order linear element for the T formulation and
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(a)

(b)

Fig. 3.13 (a) Total strain map. (b) Total strain distributions along the first 32 mm of the tape
edges (3 subsequent pitches), ®2022 IEEE. Reprinted, with permission, from [142].
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second order quadratic element for the A formulation. Quadratic elements have been
also used for the thermal module. The problem is fully coupled, therefore coupling
effects and losses are automatically taken into account by the COMSOL.



Chapter 4

Model verification and validation

This section is devoted to the verification and validation of the model illustrated in
Section 3.3. Portions of the present chapter were already published in the following
scientific papers:

• S. Viarengo, L. Brouwer, P. Ferracin, F. Freschi, N.Riva, L. Savoldi, X. Wang,
"A New Coupled Electrodynamic T – A and Thermal Model for the Critical
Current Characterization of High-Temperature Superconducting Tapes and
Cables," in IEEE Access, vol. 11, pp. 107548-107561, 2023, doi: 10.1109/AC-
CESS.2023.3321194, [2];

• C. Messe, N. Riva, S. Viarengo, G. Giard, and F. Sirois, "Belfem: a spe-
cial purpose finite element code for the magnetodynamic modeling of high-
temperature superconducting tapes", Superconductor Science and Technology,
vol. 36, Nov. 2023, [172];

• S. Viarengo, F. Freschi and L. Savoldi, "CORC Cables: Numerical Characteri-
zation of the Critical Current After Bending," in IEEE Transactions on Applied
Superconductivity, vol. 34, no. 5, pp. 1-5, Aug. 2024, Art no. 4801605, doi:
10.1109/TASC.2023.334809, [142].

A step-by-step approach has been followed: the 3D single tape model has been
verified and benchmarked against the 2D magnetostatic model 3.1.1 and measure-
ments. The same model has been used for the prediction of the electric field-
current (E − I) curves at different external magnetic fields, perpendicularly applied
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Table 4.1 AC conditions for a single tape: set of simulations.

Model AC transport current AC background field
T −A formulation x x

H formulation x x
A−H formulation x -

H −Ats∗ formulation x -
*ts means thin sheets.

Table 4.2 DC condition and V − I curves: Test cases and set of simulations.

Model Single tape 2-tapes 6-tapes 12-tapes Bended
T −A formulation x x x x x
H formulation - x - - -
2D magnetostatic x - - - -
Measurements x - x x x

to the tape surface. Extending the model to CORC® cables, a 2-tapes (1 layer)
CORC® subject to the thermal perturbation has been simulated and crosschecked
with the H−formulation 3.1.2. Finally, a computed V − I curve of 6-tapes CORC® (3
layers) and 12-tapes CORC® (6 layers) are compared with experimental data. The
critical current degradation and the entire V − I are mainly affected by strain dis-
tribution, the self-field and the termination resistances: this model would replicate
those effects to reproduce and predict cables behavior. A first test-case of a bended
6-tapes CORC® has been also explored. The set of tests cases is summarized in
Table 4.2. The single tape model tested the model capability to deal with the strong
non-linearity of the problem. The 2D tape model has been benchmark both in AC
and DC conditions. Then, the 2D and a full 3D tape model had been exploited for
the characterization of the critical current in DC conditions with respect the 2D
magnetostatic model and the measurements from LBNL.

4.1 Single tape model: benchmark in AC

This section is dedicated to the AC benchmarks of the proposed T −A model with
H-formulation, H −A formulation and H −A thin shell formulation, for a single
tape. The benchmarks tackle single tape under applied alternating current and field
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Table 4.3 Material properties for the AC condition benchmarks.

Parameter Value Units
Jc 47.5 kA/mm2

Ec 1 -
n-value 35 -

to compared the current distribution and the heat losses. In case of transport current,
the predicted heat loads have also been compared to the well-established analytic
model of Norris [200]. In COMSOL, H and A−H formulations and the recently
developed thin-shell A−H formulation [201]. A tape geometry with a width of
4 mm and a thickness of 1 µm has been studied. Based on the material properties
in [96], an Ic = 190 A at 77 K considered, see Table 4.3. For sake of simplicity, the
critical state model has been assumed (no temperature or field dependence on Jc), see
Section 3.2.1. Those simulations also had the purpose of validation and comparison
for a new finite element code for the magnetodynamic modeling of high temperature
superconducting tapes based on H −φ -formulation with thin-shell simplification:
the Berkeley Lab Finite Element Framework (BELFEM), [172].

4.1.1 Simulation set-up

In the first benchmark, the tape is subjected at a sinusoidal alternating currents
varying from 60 to 180 A at a frequency of f = 50 K for one period (P = 1/ f =
20 ms). The second benchmark for the single tape consists on the application of a
sinusoidal magnetic field ranging from 3.5 mT to 52.5 mT, perpendicular to the tape
surface.

4.1.2 Meshes

The 1D tape domain is immersed in a 2D air domain of 6 cm radius, see Fig. 4.1. The
tape has 160 nodes, more dense towards the edges to catch well the field penetration
(skin effect), while the air domain is discretized with unstructured triangular mesh
for a total number of ≈ 12.5k of Degrees of Freedom (DoFs). The entire simulation
runs in ≈ 30 min.
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Fig. 4.1 Illustration of the 2D meshed air domain and 1D tape mesh used for the solution in
COMSOL for the tape model in AC conditions solved by the T −A formulation.

4.1.3 Results

The current distributions for I = 60 A and I = 140 A at 5 ms and 15 ms (at 1/4 and
3/4 of the period, respectively). The model shows good agreement with all the other
formulation, except for a smaller overestimation of the skin effect on the edges of
the tapes in high current. The heat loss Q per cycle are computed as:

Q = 2
∫ P

P
2

∫
V

E · JdV dt (4.1)

Expressed in J/m/cycle. The T −A solution is in very good agreement with refer-
ences, see Fig. 4.3. The T −A model has an average error of 1.1% with analytic
solution of Norris model: the losses are slightly overestimated at higher current.
Fig. 4.4 shows the current distribution along the tape width for a magnetic field
amplitude of 7 mT and 42 mT at 5 ms and 15 ms (at 1/4 and 3/4 of the period,
respectively). The T −A is compared to the H-formulation. The current is polarized
and denser along the edges (where the ratio I/Ic =±1). Moreover, the higher the
magnetic field, the higher penetration depth on the tape width. At higher frequency,
the T −A has some oscillations, but the average behavior is well captured.
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(a)

(b)

Fig. 4.2 Current distribution on single tape in AC-case study under a sinusoidal transport
current of (a) 60 A and (b) 140 A. The yellow curves are related to time equal to 5 ms and
the violet curve to 15 ms. The insert shows a smaller overestimation of the T −A on the
edges of the tapes in high current.
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Fig. 4.3 Comparison of the AC losses of the 4 formulations and the Norris analytical formulae.

Table 4.4 Tape thicknesses for V − I curve prediction of single tape model.

Layer Thickness Units
YBCO 1.6 µm
Silver 1.6 µm

Copper 20 µm
Hastelloy 50 µm

Tape 95.2 µm

4.2 Single tape model: V-I prediction

A fully 3D model has been used for a straight 8 mm-long and 4 mm-wide tape [192],
and validated with measurements. The problem has translational symmetry and can
suitably be studied with a 2D model. The 3D model, necessary for more complex
geometries like the CORC® configuration, is here used to verify the capability
of reproducing the 2D results. The model has been first verified through a grid
independence, and then Ic values have been compared to the 2D magnetostatic model.
Table 4.4 reports the geometric parameter of the SC tape.
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(a)

(b)

Fig. 4.4 Current distribution on single tape in AC-case study under a sinusoidal magnetic
field of a) 7 mT and b) 42 mT . The yellow curves are related to time equal to 5 ms and the
violet curve to 15 ms.
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Fig. 4.5 Single tape experimental set-up for V − I curve measurements in LBNL from [192].
All Rights Reserved.

4.2.1 Experimental set-up

A YBCO tape has been tested in the bath a liquid helium at 4.2 K and in a liquid
nitrogen bath at 77 K. The sample has been soldered to a printed circuit board and
the voltage has been measured using voltage taps at a distance of 5 mm (more details
in [192]), see Fig. 4.5.

4.2.2 Simulation set-up

The current is ramped up in 0.1 s and then wait for the stationary conditions, repro-
ducing the experiments. The initial temperature condition is set a 77 K, the bath



4.2 Single tape model: V-I prediction 71

Fig. 4.6 Illustration of the 3D meshed air and tape domains used for the solution in COMSOL
for the tape model solved by the T −A formulation, ®2022 IEEE. Reprinted, with permission,
from [2].

temperature. Then, the voltage is computed as the line integral of the electric field
along the tape length.

4.2.3 Meshes

The mesh of the 2D air domain, is triangular and a distribution of 100 nodes is
guaranteed in the tape for the magnetostatic model. The mesh counts 8200 elements.
The 3D mesh for the T −A model tape counts 10100 tetrahedral elements for the
air domain and 2700 triangles for the tape, see Fig. 4.6. The T −A model has been
preliminary verified through a sensitivity mesh analysis. The node distribution on
the tape domain has been parametrically refined from 10 nodes till 250, and the Ic

and the temperature gradient ∆θ has been observed till reaching a plateau trend. In
Fig. 4.7, the Ic and the ∆θ variations are reported as a function of the nodes on the
tape edge. For both quantity, the selected grid is proved to provide values already in
the asymptotic regime.
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Fig. 4.7 Blue line with square marker: tape critical current Ic as a function of the number
of nodes along the tape edge. Red line with circled marker: tape gradient temperature ∆θ

as a function of the number of nodes along the tape edge at the critical state, ®2022 IEEE.
Reprinted, with permission, from [2].

4.2.4 Results

The critical current value calculated with the magnetostatic model at 77 K, self-field,
was Ic,2D = 82.3 A and is represented by a yellow-filled green-circled marker in
Fig. 4.8a. This value is very close to the nominal Ic = 85 A at 0-magnetic field
as the self-magnetic field generated by a single tape is in the order of mT. The
Ic computed from T −A model is ∼82.6 A, with a relative error of 0.36% with
respect the magnetostatic model. The relative error is about 1.35% compared to the
measured value of ∼83.76 A. The calibrated n-value is 22, with an error of 13%
with respect to the value extrapolated from experimental data, ∼25. The V − I curves
are reported in Fig. 4.8a.
The temperature increases about 20 mK when the current reaches the Ic, and it can
rise of about 80 mK at 1.07 Ic∼90 A (when the tape transits to the normal state). In
Fig. 4.8b, joule losses and the cooling power required for the liquid nitrogen are
reported: the trend is in a very good agreement with the V − I curve.

Additionally, simulations of the Ic value with an applied external field varying
form 0.5 T to 5 T were performed and reported in Table 4.5. In Fig. 4.9, we plot
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(a)

(b)

Fig. 4.8 (a) Single tape V − I curve, in self field at 77 K: experimental data (red square), 3D
T −A simulation (blue solid line), 2D magnetostatic model (yellow circle). (b) Joule losses
(red dotted line) and required cooling power (blue dashed line) vs current. ®2022 IEEE.
Reprinted, with permission, from [2].
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Table 4.5 Ic value as function of the external perpendicular magnetic field.

Magnetic Field Magneto-static model T −A formulation
B (T) Ic (A) Ic (A)

0.5 53.9 54.0
1 46.5 46.0

1.5 42.4 42.0
2 39.5 39.5

2.5 37.5 37.8
3 35.8 35.8
5 31.7 31.3

the prediction of E − I curves (T −A formulation 3D) as well as the critical current
prediction (magnetostatic 2D) for different fields applied perpendicularly to the
flat-wide face of the tape. Note that the n−value was kept at a constant value n = 22.
The model results are in good agreement (at Ic) and, as expected, the Ic experiences a
strong field dependence with an increasing amplitude of the field. At the maximum
applied magnetic field (5 T, likely the maximum operating point for CCT working at
77 K with CORC® ), the Ic reduces by 40%. No higher fields were explored since
the irreversible field of ReBCO at 77 K is 8 T [12].

4.3 2-tapes CORC®

This section is dedicated to the demonstration that the current is able to properly
redistribute among tapes, if any thermal perturbation suddenly happens. The T −A
formulation results are compared just with the H-formulation, since no experimental
data are available. The CORC® geometry under study is constituted by 1 layer with
2 tapes, shown in Fig. 4.10a: the tape geometrical data is reported in Table 4.4. The
CORC® is characterized by a core diameter of 5.2 mm and a pitch of 30 mm. In one
of the tape, a heat pulse is imposed, with a consequent rise in temperature and the
current flows in the other two tapes. There is no thermal contact between the two
tapes.
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Fig. 4.9 Prediction of computed E − I curves for the single tape at different transverse
imposed external field, ®2022 IEEE. Reprinted, with permission, from [2].

(a)

(b)

Fig. 4.10 (a) Sketch of CORC® cable geometry used for case study 2. (b) Mesh used for the
current case, ®2022 IEEE. Reprinted, with permission, from [2].
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4.3.1 Simulation set-up

The current ramps-up in 0.1 s reaching a flat top of Iext = 85 A (each tape experiences
0.5Ic0). Heat is deposited at the center of one of the tapes via a gaussian pulse starting
at 0.12 s and placed at the center of the tape over a length of 2 mm, see Fig. 4.10a.
The volumetric heat source qext has been computed to increase the temperature of
about 10 K. The heat releases a thermal energy of Eext = 45 mJ, without taking into
account of joule losses.

4.3.2 Meshes

In the T −A model, the 3D air domain has been discretized with an unstructured
tetrahedral mesh (about 53000 tetrahedral) and the 2D CORC® tape surfaces with
unstructured triangular mesh (about 3800 triangles), see Fig. 4.10b. In the H model,
the mesh counts for a total number of elements of 66000: tapes have been meshed
with a tetrahedral structured mesh counting for 3 element along the thickness and
60 element along the length. The air has been discretized with an unstructured
tetrahedral mesh. The simulation ends at 1 s with a timestep dt = 0.1 ms, that it is
refined during the heating time.

4.3.3 Results

The current is ramped up on the 2-tape CORC® , and it is equally split among the
two tapes, see Fig. 4.11. At 0.12 s, the external heat source is switched on, and
the tape starts to rise in temperature, with a consequent resistivity increase, so that
the current flows in the other tape. At 0.17 s, the peak temperature of ∼86.5 K,
see Fig. 4.12b, so that the current is increasing in the second tape. In Fig. 4.13,
current and temperature maps are reported at different time to show how the current
redistributes.
In Fig. 4.11, transport currents flowing in the two tape computed from T −A model
are reported and compared with a H-formulation. When the heating is starting, the
T −A is in good agreement with the H-formulation, and the current in the second
tape is rising with the same rate. At the peak, and the recovery is faster in the T −A
formulation than in the H-formulation, with a maximum error of 8%. In Fig. 4.12a
the external power and the cooling are compared: they are in perfect agreement.
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Fig. 4.11 2-tape CORC® current evolution: solid lines correspond to H-formulation results,
dashed lines correspond to T −A formulation results. ®2022 IEEE. Reprinted, with permis-
sion, from [2].

From Fig. 4.12b, the maximum temperature reached of the heated tape is reported
for both the volume and thin shell module: the maximum error between them is
< 0.1%.
The T − A counts for about 346000 degrees of freedom (DoFs), while the H-
formulation for about 193000 DoFs: the former has a total computational time
of about 1 h and 45 min, the latter for of about 2 h and 30 min, showing an advantage
in saving time.
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(a)

(b)

Fig. 4.12 (a) External heat source in red, and computed cooling power in blue. Solid lines
correspond to 3D model coupled with H-formulation, dashed lines correspond to thin shell
model coupled with T −A formulation results. (b) Total Joule losses in 2-tapes CORC® :
solid line is the volume model, the dashed line is the thin shell. ®2022 IEEE. Reprinted,
with permission, from [2].
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Table 4.6 6-tape CORC® geometry parameters.

Parameters Value Units
YBCO thickness 1.6 µm
Silver thickness 1.6 µm

Copper thickness 5 µm
Hastelloy thickness 20 µm

Tape thickness 45.2 µm
Core diameter 2.76 mm

Cable pitch 5.7 mm
CORC® diameter within the termination 4.7 mm

4.4 6-tapes CORC®

The T −A model has been validated with more complex geometry constituted by a
6-tape CORC® cable, operating at 77 K, test at the LBNL. The CORC® cable under
study is composed of 3 layers with 2 tapes per layer, as shown in Fig. 3.5b, having
a length of 0.5 m. Table 4.6 summarizes the main geometrical parameters of the
CORC® under study.

4.4.1 Experimental set-up

The experimental setup is the same utilized for the CORC® cable manufactured for
testing the Vacuum Pressure Impregnation (VPI) process [202]. From the cable
manufacturer, the expected nominal critical current for a straight non-twisted cable
and without taking into account of the self-field effects, is Ic = 378 A [42]. From
experience, however, it was observed that the nominal of Ic = 378 A normally is
reduced by 20−30% due to the self-field effects generated by the twisting of the
CORC® and to the presence of the terminations, leading to an expected Ic value that
lies withing the range of 260−300 A. The measured Ic for the straight CORC® is
indeed 262.5 A, evaluated at the average electric field of 100 µV/m. The termination
is 63.5 mm long and the voltage taps is set at 75 mm from the termination, see
Fig. 4.14a. Further reduction of Ic occurs in the terminations, since the tapes are
spreading out and the inner radius is larger (see Fig. 4.14b). At the terminations,
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(a)

(b)

Fig. 4.14 (a) Experimental set up. (b) Detail of CORC® cable within the termination. ®2022
IEEE. Reprinted, with permission, from [2].

self-field effects is more pronounced with respect to the center of the CORC® wire
with the nominal radius and resistive effects may occur.

4.4.2 Simulation set-up

The simulations aim at reproducing the V − I curve experiments carried out in a
bath of liquid nitrogen at 77 K in straight conditions. The current is ramped up and
then wait for the stationary conditions. The tape critical current will decrease due
to winding process. The degradation of 25% (ψ = 0.75) has been evaluated from
Fig. 3.8 and the maximum strain ≈ −0.7% from Eq. (3.40) (in good agreement
with what has been computed and measured in [165]), so that the Ic0 for each tape
wounded on the CORC® is 63.75 A. Three sets of simulation have been carried out:
first, a pitch of the main CORC® wire with the nominal winding radius at 77 K;
then, a pitch of CORC® wire within the termination at 77 K, to account for the tapes
spreading out and, finally, the last geometry at 80 K to consider a possible Joule
effect in the termination.
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Fig. 4.15 Illustration of the 3D meshed CORC® cable with larger inner diameter used for the
solution in COMSOL. ®2022 IEEE. Reprinted, with permission, from [2].

4.4.3 Mesh

The 3D air domain has been discretized with an unstructured tetrahedral mesh (about
25′000 tetrahedra) and the 2D CORC® tape surfaces with unstructured triangular
mesh (about 38′00 triangles), see Fig. 4.15.

4.4.4 Results

In Fig. 4.16a, the norm of the current density distribution Jabs over the critical
current density Jc in self-field is shown. The input current is 200 A (each tape
experiences ≈ 0.5Ic0), so we are fully in the superconductive state. Even though the
temperature is uniform at 77 K, it is possible to notice that the current distribution
is not uniform: this is due to the non-uniform self-induced magnetic field by the
cable in different tapes. This result is demonstrating that the model is able to
properly calculate the current redistribution among tapes, not just for a thermal
perturbation, but even for a magnetic disturbance. The magnetic field, of the order
of few mT, is higher in the outermost layer and lower in the innermost layer since
the former is subject to the magnetic field induced by the internal layer. Moreover,
the magnetic field is stronger where tapes overlap. This reduces locally the critical
current and thus increases the resistivity, with a consequent current redistribution
and non-uniformity. That is guaranteed by the novel boundary condition adopted in
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(a)

(b)

Fig. 4.16 6-tape CORC® cable in self field: (a) Magnitude of the current density norm Jabs
over critical current density Jc when steady-state is reached: non-homogeneous current
distribution among tapes; (b) Computed E − I curves comparison: blue CORC® wire and
red termination both at 77 K. ®2022 IEEE. Reprinted, with permission, from [2].



84 Model verification and validation

Fig. 4.17 V − I curves comparison: measurements (blue square), computations within the
termination at 77 K (red solid line), and computations within the termination at 80 K (yellow
solid line). V0 is the voltage criterion. ®2022 IEEE. Reprinted, with permission, from [2].

this study. In Fig. 4.16b the electric field E versus the current I curves of the main
CORC® wire is compared with the E − I curve of CORC® within the termination
(wire with the larger winding radius) at 77 K. The Ic computed for the termination is
well in line with the expectations from the manufacturers (292 A). While the E − I
curve, computed for the CORC® with its original radius, gave back a much higher
critical current than expected (327 A). The critical current in the termination further
reduces if a local heating is considered due to Joule effect in the termination – here
the effect has been reproduced in a simplified way assuming a temperature of 80 K
as boundary condition for the simulation. The value of the experimental voltage
is reported in Fig. 4.17 as a function of the current, and compared with the value
computed from the simulations. The computed voltage Vcomputed is given by the sum
of an average voltage drops in the termination and in the main cable as follows:

Vcomputed =
∫

Ltap

Emain ·dl+
∫

Lterm

Eterm ·dl (4.2)
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Table 4.7 12-tape CORC® geometry parameters, from [169].

Parameters Value Units
YBCO thickness 1.6 µm
Copper thickness 5 µm

Hastelloy thickness 30 µm
Tape thickness 42 µm

Tape width 2 mm
Core diameter 2.54 mm

Average cable pitch 5.54 mm

where Emain is the electric field computed for a pitch of CORC® wounded according
to the nominal former diameter, Ltap corresponds to the length at which the tap
is located (75 mm), Eterm is the electric field computed for CORC® within the
termination and Lterm is the termination length (63.5 mm), see Fig. 4.14a. The
experimental critical current in Fig. 4.17 (262.5 A) is in the expected range, but
lower than the one computed with the termination at 77 K. When the termination
is assumed at 80 K, which seems compatible with the temperature increase at the
termination, the computed Ic is closer to the experimental value (258 A). Moreover,
the discrepancy may be not only due to a higher temperature within the termination,
but also a possible variation of the conductor properties: it might be possible that
some tapes could be affected by defects reflecting in a smaller critical current also in
the CORC® wire.

4.5 12-tapes CORC®

To further validate the stability and reliability of model, a geometry of 6-layers and
12-tapes CORC® straight cable (see Fig. 4.18a). The cable is operating at 76 K, and
the results are compared with data available in literature from [39, 169]. The cable
is composed of 2 mm wide tapes and 2.54 mm core inner diameter. Geometrical
parameters are reported in Table 4.7.



86 Model verification and validation

(a)

(b)

Fig. 4.18 (a) Sketch of the 3D studied geometry of the 12-tapes CORC® cable. and (b)
Solved mesh for this case study.
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4.5.1 Experimental set-up

The studied geometry is referred to wire W1 in [39], where experimental setup
is also described. The YBCO tapes are from SuperPowewr Inc. characterized by
1.6 µm thickness of the superconducting layer and an average tape nominal critical
current at 76 K is 60.2 A,without self-field correction. The nominal critical current
from the wire is 722 A. Critical current measurements were performed ramping the
current in small steps and settled on each plateau for 3 s to recorder the voltage. The
terminations (average length 15 cm) give a resistive contribution of approximately
145 nΩ, subtracted to the measurements. The termination are 15 cm long and the
cable between them is 49 cm. The measured Ic is ≈ 72% of the nominal value
(≈ 526 A), mostly due to the self-field and termination effect, and the measured
n-value is 7.8 for the straight before bending.

4.5.2 Simulation set-up

In order to reproduce the experiments, also here the current is ramped up and then
wait for the stationary conditions to compute the voltage drop. Due to the lack of
information, the critical current parameters are assumed the same as in Table 3.2.
The compressive strain εw0 along the width is computed in [169], see Fig. 4.19 and
used in this study. To take into account that the innermost layers have a smaller
winding diameters, thus they are more compressed, the compressive strain εw has
been increased according the layer inner diameter d:

εwi = εw0 ·
d6

di
(4.3)

where the subscript i indicates the i−th layers and εw0 is related to the sixth layer.

4.5.3 Mesh

The 3D air domain has been discretized with an unstructured tetrahedral mesh (about
70′000 tetrahedra) and the 2D CORC® tape surfaces with unstructured triangular
mesh (about 11′000 triangles), see Fig. 4.18b. The total number of Dofs is ≈ 400′000.
The simulation run in ≈ 1 h each ramp of current.
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Fig. 4.19 Strain distribution along the tape width for the 6-layers CORC® from [169].

4.5.4 V-I results

In Fig. 4.20, the maps of the norm self-field are reported considered a transport
current of 450 A. It is possible to notice, that the outermost layers are subject to
the strongest magnetic field, which will reduce towards the center of the cable, see
Fig. 4.20a. The outermost tapes, in fact, are shielding and protecting the innermost
ones: this is one of the peculiarity of the CORC® cable, thanks to its round shape.
Moreover, the magnetic field is stronger where tapes overlap. This non-homogeneity
will reflect on the critical current density, thus on the current density distribution,
which will reduce locally, with a consequent increase of resistivity. The map of the
non-uniform current density in self-field at 450 A is reported in Fig. 4.21a. The cable
is still in superconductive state. The temperature is not playing a significant role at
this moment, it is almost uniform at 76 K. Nonetheless, the critical current density
varies according to the magnetic field distribution among tapes, further demonstrating
the capability of the model to redistribute the current in accordance to the operating
conditions. The current density is denser in the innermost layer, since the critical
current density will be higher. Fig. 4.21b, instead,shows the heat generated by
possible joule losses and by conduction on overlapping tapes. The power, express
in W/m3, is negligible, since the cable is still superconductive. Nevertheless, some
non-uniformity is visible: the inner tapes are subject to a slightly higher power,
since their are carrying most of the current and because of the conduction from the
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(a)

(b)

Fig. 4.20 Magnetic field norm in the 12-tapes layout in self field at transport current of
450 A: (a) zoom of the CORC® surface: the outermost layers are shielding and protecting
the innermost ones; (b) front view of the cable.
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other layers. Finally, in Fig. 4.22, the computed E − I curve is compared to the
measurements data. First, the voltage drop is computed as the surface integral of the
electric field E on the entire tape surface divided the tape width w:

V =
1
w

∫∫
EdS (4.4)

Then, the total average electric field is computed as:

E =V/Ltape (4.5)

where Ltape ≈ 9.83mm is the length of the tape edge. The critical current prediction
is in perfect agreement with reference: the computed Ic is ≈ 527 A (0.2% of relative
error). Nonetheless, the n-value is strongly overestimated: the computed n-value
is 20. The model is providing feasible and stable results, in accordance with the
physics of the problem. This discrepancy on the E − I curve may be due the strong
assumption of using the same parameter of the previous cases. The tapes are from
the same manufacturer, nonetheless they are characterized by a lower critical current.
Thus, the n-value or the other power law parameters might be different from Table 3.2,
meaning that the scaling might not be generalized. Another explanation might be
that there are some aspects of the physics of the problem that are unclear, and not
considered in the model.

4.6 6-tapes bended CORC®

Finally, the bended cable 6-tapes CORC® cable has been simulated and the results
of the proposed model have been compared to the experimental results, measured at
the Lawrence Berkeley National Laboratory (LBNL). The V − I curve is measured
in a LN2 bath at 77 K and in self-field conditions.

4.6.1 Experimental set-up

The sketch of the experimental setup is reported in Fig. 4.23a. Details can be found
in [202]. Different bending radii and vacuum pressure impregnation procedures
were performed to quantify the degradation of cable performances. In this study, the
Sample 2b of [202] is considered. The wire was bended in an aluminum fixture in
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(a)

(b)

Fig. 4.21 12-tape CORC® cable in self field at transport current of 450 A: (a) Magnitude
of the current density norm Jnorm: non-homogeneous current distribution among tapes; (b)
Dissipated heat due to joule losses and conduction among tapes.
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Fig. 4.22 12-tapes CORC® cables E − I curves comparison: measurements (violet triangles)
and COMSOL results (yellow line). Ec is the electric field criterion.
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grooves of 4.5 mm diameter. Voltage taps were soldered to the wires at distances
5, 40 and 75 mm up from the bottom of the copper terminations. Tapered tapes in
the terminations had been soldered to the copper tube to guarantee a proper current
injection.

4.6.2 Simulation set-up

In the cable model, an environment temperature of 77 K is considered, the current
is ramped up, and the voltage drop is computed once the steady-state condition
is reached. The domain and the boundary conditions are sketched in Fig. 4.23b.
The straight part as been simulated separately: leveraging on the periodicity of the
geometry, just a pitch has been considered. The curved part has been simulated
considering a pitch to avoid edge effects. The voltage drop Vtot has computed by the
sum of voltages drop on the two domains:

Vtot =
∫

Lstr

Estr ·dl+
∫

Lcurve

Ecurve ·dl (4.6)

Where L is the cable length, E is the electric field, subscripts str and curve are
referred to the straight and the curve part, respectively. The mesh counts about 640k
elements with an average quality of 0.6. The simulation of a single value of current
might run for ∼1 h, when the current density is far from the critical condition. In the
latter case, it requires ∼6.5 h.

4.6.3 V-I results

Fig. 4.24a reports the comparison between the measurements and the numerical
model of the V − I curve, as well as the critical current. The critical current value
is well-captured from the model: the measured Ic is ∼218 A, while the computed
is ∼217 A. Nonetheless, the total performance of the cable, specifically the n-
value is largely overestimated in COMSOL. The measured n-value is ∼6.5, while the
computed is ∼15. The main possible reason for this behavior is that since the cable is
short, the termination may still play a significant role in the voltage drop. Moreover, a
better strain evaluation through a proper mechanical model, which considers buckling
of tapes, might explain this discrepancy. In Fig. 4.24b, the average electric field of
the bended part Ebended and of a straight pitch Estraight are compared: as expected, the
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(a) (b)

(c)

Fig. 4.23 Sketch of a) the experimental setup and b) the simulated domain and boundary con-
ditions, ®2022 IEEE. Reprinted, with permission, from [142]. c) Picture of the experimental
set-up carried out at the LBNL. ®2022 IEEE. Reprinted, with permission, from [202].
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Ebended is higher due to the stronger deformation. The temperature increases about
∼10 mK when the current reaches the Ic, and it can rise of about 30 mK at 230 A
(when the tape transits to the normal state). In Fig. 4.24c, the norm of the current
density distribution Jnorm in self-field is shown. The total input current is 150 A
(each tape experiences ∼0.5Ic), so the tapes are fully in the superconductive state.
The non-homogenous distribution of the current density is due to the self-induced
magnetic field among different tapes. The magnetic field is stronger on the outermost
layer and where tapes overlap, with a consequent reduction of the critical current
density, increase of the resistivity, and therefore the redistribution of the current.

4.7 Drawbacks

For the first time, a multiphysics model can accurately simulate the thermal, electric
and magnetic behaviors of CORC® cables and wires, including the current sharing
among tapes by using a set of self-consistent boundary conditions adopted in strong
form. The model is stable, and it is able to simulate different layouts and conditions,
consistenly with the physics of the problem. Nonetheless, there some drawbacks to
be considered:

• Computational cost: the number of Dofs significantly increases respect to
the traditional T −A formulation. The current sharing condition increase the
number of unknown, since the current vector potential T along the edge is
not explicit (usually imposed through a Dirichlet boundary condition), but the
code need to compute it;

• Instability and convergence: complex geometry slows the convergence of the
simulations, mainly due to the strong non-linearity, the periodic boundary
conditions and the current sharing condition. To solve this problem, slow
ramp of current and small time step are preferable, to avoid too large variation
between to subsequent time instant. The initial step is the most complex one,
therefore a very small initial time step helps the convergence. Moreover, since
at the beginning some parameters are equal to zero, causing some numerical
error, adding the machine precision value in those parameters helps to stabilize
the simulation;
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(a) (b)

(c)

Fig. 4.24 a) Comparison between measured and numerically computed V − I curves. Square
dots referred to the experimental data, red solid line to the COMSOL simulation, the light
blue circle is the measured Ic, and finally the red dot is the COMSOL Ic. b) Comparison
between the average electric field of the bended part, red line, and of a straight pitch, blue
line. c) Current density map at 150 A of total input current, ®2022 IEEE. Reprinted, with
permission, from [142].
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Fig. 4.25 Mesh skewness in a 12-tapes mesh: zoom in on the overlapping tape zone.

• Complexity of the implementation: the mapping of the T and the other vari-
ables, both for PBC and current sharing condition, makes the model set-up
non trivial;

• Mesh creation: when the CORC® twist pitch is too small, any swept mesh can
be built. Unstructured triangular mesh works well, but there is less control
on air domain elements between overlapping layers. The smaller distance
among them creates a tetrahedral elements on air domain with a very high
aspect ratio, thus bad quality. Finer mesh is helpful, but with a consequent
increase of computational time. A good quality mesher software might help
the mesh creation. There are not specific requirements, but avoinding low
quality tetrahedra elements in the air domain, see Fig. 4.25.

The general behaviour of the CORC® is well captured, especially the current sharing
problem has been tackled. This list of drawbacks is the starting point for further
improvements and possible directions to investigate as follow-up of this work.



Chapter 5

Discussion and perspectives

This last chapter is devoted to conclusions, including a summary of highlights and
the main achievements of this Ph.D. activity, and eventual outlook of the presented
work. The main focus is the development of a multiphysics numerical finite element
model for the characterization of the critical current of Conductor-on-Round-Core
cables.
This thesis considers the application of High Temperature Superconductors (HTS)
materials for high-field magnet systems, e.g. particle accelerators and fusion magnets.
They constitute the most viable option towards the development of high field magnets
satisfying the requirements of high operating currents, high current densities, and
compact coil layouts. Among HTS materials, Rare-Earth Barium Copper Oxide (Re-
BCO ) are the most promising alternative for the high critical current density and high
critical temperature. The capability of carrying much higher electrical current with
respect to the LTS, guaranteeing at the same time a higher thermal stability, since the
large temperature margin, results convenient for high deposition and fast-ramping
applications. They have the possibility of operating at very high temperatures (up to
77 K) and they have excellent performances at low temperature, from 4.2 K to 20 K,
able to generate magnets up to 20 T and above. ReBCO compounds are a family
of ceramic multilayers materials commercially available as flat tapes of 4−12 mm
wide and ≈ 40−100 µm thick. The superconductor layer of 1−2 µm thickness is
coated by a copper stabilizer and silver, and it is separated from the metal substrate
with a buffer. The substrate improves the mechanical stability and properties of the
tape. Beyond the very good characteristic of ReBCO coated conductors, cables and
magnets needs to deal with the flat shape, the low thermal properties and the strong
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anisotropy of the magnetic field orientation on the critical current. The strength of the
Hastelloy layer, one of the most common used substrate, led toward the development
of the Conductor-on-Round-Core (CORC® ) design. This is the only round cable
made of ReBCO coated conductor flat tapes wounded inwards onto small formers in
multiple layers, alternatively clockwise and counter-clockwise, allowing mechanical
and electromagnetic isotropy and reduction of AC losses. One of the key parameter
to quantify the performance of a superconducting cables is the critical current Ic, the
maximum current which can be transport without transitioning to the normal state.
The Ic can degrade during production process and is strongly related to operation
conditions. Dedicated experiments for the Ic characterization to quantify the degrada-
tion due to the winding process and operating conditions needs to proceed in parallel
to the development of numerical models capable to reproduce and, in perspective,
predict the cable performance. The complex geometry and shape of CORC® are
tricky to reproduced correctly and study with numerical tools.
This work present a new full 3D multi-physics numerical model for the characteri-
zation of the critical current of HTS tapes, based on the hybrid T −A formulation
coupled with the heat equation, has been proposed here capable to reproduce the
V − I curve and Ic of CORC® , together with its validation. The model is imple-
mented in COMSOL Multiphysics®. Due to the strain sensitivity of ReBCO tapes,
the mechanical strain degrades the cable: a simplified evaluation of the strain map,
based on pure geometrical assumptions, allow the quantification of Ic degradation,
from data available in literature, due to the deformation in each element of the
computational domain. Based on the definition of strain (the ratio among the elonga-
tion ∆L and the initial length L0), three strain contributions have been considered:
intrinsic strain, due to the winding of the tape on the copper core (available from
literature); strain due to the bending, computed as the ratio of the displayed radius
from the neutral radius; and, finally, shrinkage of the tape due to the bending, star-
ing from volume conservation and the difference between the initial and the final
thickness (before and after bending, respectively). In each element domain the total
strain is obtained from superposition principle. The percentage of degradation of
the tape critical current density due to the strain state has been extrapolated from
literature. In addition, thermal effects are strong drivers of the behavior of HTS
cables, multiphysics models combining the T −A formulation to a thermal model
in thin shells are already available in literature, mostly aimed to simulate quench
behavior. Most of the time, no other heat sink takes into account the refrigeration
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with the coolant, with a possible underestimation of cable performances. In this
work, a thermal model takes into account the Joule losses (if any), the possible
conduction among overlapping tapes and an active convective cooling of the cryogen
is accounted for,and it is coupled to the electromagnetic module. Moreover, one
of the main issues to tackle was the current distribution or re-distribution among
multiple tape and layers in CORC® . The main novelty with respect to previous
works is the model capability to compute and redistribute the current without any
external circuital network, according to possible disturbance or defect on each tape
(i.e., hot spot temperature or electromagnetic difference).The model relies on a
multiscale approach starting from the homogenization of the tape properties that are
then applied to the CORC® wires. The model has been verified and benchmarked
against other established magnetic formulations, and it has been able to reproduce
the V − I characteristic curve and validated with respect experimental data obtained
at Lawrence Berkeley National Laboratory (LBNL), when available.
Firstly, the single tape 2D model has been very validated under AC conditions,
subjected to alternating transport current or magnetic field, against H-formulation,
A−H-formulation, and the latest A−H thin shell formulation. The model has
been able to properly reproduced the same results of references as regards cur-
rent distribution along the width and AC losses computed, with an average error
1.1%. Then, the same model has been used for the V − I tape curve prediction, and
extended to 3D dimension. Due to the translational symmetry, the problem is a
2D in principle, but the 3D model is necessary for more complex geometries, e.g.
CORC® configuration. Here, it is used to verify the capability of reproducing the 2D
results. The latter has been verified and benchmarked in self-field and for different
applied field with a 2D magnetostatic model for the Ic prediction has been. The good
agreement with reference proved the capability of the model to deal with the strong
non-linearity of the problem. In self-field, the critical current value has a relative
error about 1.35%, while just 0.36% with respect the magnetostatic model. To assess
the ability of the current sharing condition to deal with external perturbances, it
has been extended at CORC® geometry. To reduce the computational domain, the
symmetry of the geometry has been exploited simulating the just the minimum
computational domain, a single pitch of the cable. Periodic boundary conditions
have been applied to avoid edge-effects. The current distribution and redistribution
among tapes is computed self-consistently though the novel boundary condition,
here called current sharing condition. This capability has been proved though a
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benchmark with a 3D model based on H-formulation in a simple CORC® geometry.
A single layer 2-tapes CORC® is modelled, in which one of the tapes has perturbed
with a heat pulse. The comparison showed a good agreement with the reference.
When the heating is starting and the temperature rises, the transport current rises in
the second tape with the same rate on both formulation. The recovery is faster in the
T −A formulation with a maximum error of 8%. The thermal results are in perfect
agreement with relative errors of the order of 0.1%. Pushing forward the capability
of the model to deal with more complex geometry, a 6-tape CORC® model have
been used to computed the V − I curves, validated through experimental data. The
3-layers (6-tapes) straight CORC® wire V − I curve is sharper than the measured
one. Considering the tapering of tapes within the terminations and possible joule
heat (which can be non-negligible on such short sample), dissipated again from the
copper of the termination, pointed out how the measured Ic value is strongly affected
by these parameters, not considered in the numerical model as first. The current
injection is a well-know issue for CORC® conductors, for which research are trying
to find a solution for low resistance joints. The last validation on the same tape
reported in this work is 6-tapes bended CORC® wire, in self-field immersed in LN2

bath, validated with measurements from LBNL. While, the Ic is well-captured, the
n-value is largely overestimated (computed V − I curve is again steeper than the
measured one). Mainly, it is due to the strong influence of termination affecting the
measurements, also in this case, and the too simplified strain evaluation. Finally, a
further demonstration of the stability and reliability of the model has been obtained
simulating a 6-layers CORC® , with 12−tapes total. The critical current was per-
fectly captured by the simulation, with a relative error of 0.2%. This CORC® was
composed of tapes from the same manufacturer, but with a lower initial critical
current. Nonetheless, due to lack of information, the same scaling of the critical
current has been use for the simulation. The entire E − I curve is still sharper than
the reference, but the numerical results are consistent with the physics of the prob-
lem. The discrepancy shows that the scaling of the critical current density might be
generalized or that some aspects of the physics that are unclear and not considered.
The model still needs more validation for different cable layout configurations and
scenarios. In conclusion, the implemented model allows the prediction of transport
performance and behavior of CORC® cables, consistent replication of the physics
and, in perspective, it could help for improving the termination development.
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5.1 Future perspectives

The main outcome of this research activity is the development of comprehensive
multiphysics 3D model for CORC® like conductors. The model accurately describe
the thermal, electric and magnetic behaviors of CORC® cables and wires, and, for
the first time, the current sharing among tapes is included. Nevertheless, there are
some improvements that needs to be implemented and exploring other direction
which can help the characterization of CORC® critical current, for which this section
is devoted. Firstly, the convergence and the complex implementation on the software
are two major drawbacks to consider on simulation side. While, considering the high
computation cost other path can be considered, not only for a single wire or cable,
but in perspective of characterizing an entire magnet or coil composed of multiple
CORC® . How the weakest zone can be defined?
The Artificial Intelligence (AI) or surrogate models might be a feasible answer to
decreasing the computing cost and number of simulations necessary to predict the
behavior of a CORC® cable. The goal is to use a black box model to define a small
length of cable (cwhich we may called “CORC® cable element”) as a function of
the number of ReBCO tapes per layer, the number of layers, and the bending radius
(parameters which strongly influence the cable performances). The neural network
should be trained providing as input the magnetic field in which the HTS cable is
submerged, the operating temperature, and the critical current validated by previous
numerical simulations or experimental data, and the critical current is computed as an
output. Once a “CORC® cable element” has been characterized, it can be used as a
“spatial element” to discretize an entire component, as a CCT coil or CORC® -CICC,
so that it could be possible to define the most critical point at different operating
condition, saving time, memory and computational cost. The characterization of a
magnet, defining critical zones and operating conditions, can help in designing more
performant and reliable coils.
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Appendix A

Implementation in COMSOL

This appendix is devoted to the explanation of the implementation of the proposed
T −A model in COMSOL Multiphysics® [203]. The 2-tapes CORC® geometry is
considered for the description for sake of simplicity. The software has a built-in
physics for the A-formulation, so called Magnetic Fields module, while the equations
of the T -formulation need to be self-implemented through the General Form Bound-
ary PDE module. The Heat Transfer in Shells is also a built-in physics in COMSOL.
The model is intended to full a 3D, due to the intrinsic three-dimensionality of
CORC® geometry, and non- stationary, to help the convergence of the simulation.
The CORC® (2,6,12-tapes) is imported from a CAD generator while the air is built
in COMSOL. The air domain should be large enough to zero the magnetic field
at the end of the domain: usually, at least one order of magnitude larger then the
characteristic length of the conductor domain is considered in literature. Note that, if
we want to impose a transport current, the conductor domain should not fluctuate
on the air (that can be the case if just an external magnetic field is applied), but
the edges needs to intersect the air domain, see Fig. A.1. Then the A is solved for
the all domain, and the T and the temperature θ for the conducting domain. For
the implementation of the T -formulation, we open from Physics → General Form
Boundary PDE. The dependent variable, called u in this module, has the dimension of
a magnetic field A/m, see Section 3.1.4, while the source term is expressed in V/m2,
see Fig. A.2. The elements for this physics are linear. Under the tab Component
→ Definition, a new Variable tab is open, where the equation reported in Section
3.1.4 are implemented, see Fig. A.3. The variable uT is the tangential gradient
of the vector T, while n are the normal to the tape surface. x, y and z indicates
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(a) (b)

Fig. A.1 COMSOL geometry for a 2-tapes CORC® uses as sample for model implementation.
(a) Cross section, (b) view in perspective.

Fig. A.2 General Form Boundary PDE module and its settings.

Fig. A.3 Implementation of T governing equations
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the respective direction. All the components of J are computed as the curl of the
T . The electric field E is calculated from Ohm’s law (3.7). The critical current is
temperature, magnetic field amplitude and strain dependent. The degradation due to
the strain, instead, is first computed as described in Section 3.3.4, and extrapolated
from Fig. 3.8 imported as table. Curvilinear coordinates have been adopted to respect
the anisotropic properties, helical pattern of the twisting tapes and to proper compute
the strain along the CORC® , see Fig. A.4. Once the total strain is computed from
superposition principle, the ψ parameter is exported from the table. The temperature
and the magnetic field dependence are considered through (3.33) and (3.30), which
are implemented as analytical formulae. These variables are computed from the
other two coupled physics. Once the Jc is computed, it is used for the analytical
evaluation of the electrical resistivity of ReBCO through the power law. Then, the
equivalent electrical conductivity is computed as stated in (3.41). The electrical
resistivity of the others materials are temperature-dependent: these properties have
been imported as tables. Note that, eps is added to some variables: eps is the machine
precision number (2.2204 · 10−16), small enough to not influence the results, but
different from zero. This stratagem avoids to have any division by zero, thus the
onset of Not-a-Number (NaN), especially for initializing the problem. Then, the
novel boundary condition is implemented for the imposition the current, allowing the
re-distribution among tapes accordingly their temperature, magnetic field and strain
conditions. In one edge the T = 0 and the total current is imposed in the last edge as
T = Itot/thickness, then the T is imposed equal and uniform among two subsequent
edges (Fig. A.5). In order to do that, we utilized the General Extrusion feature in
Component → Definition → General Extrusion.
The General Extrusion operator allows to map a variable from a source entity to
a destination one and allowing operations such as translating, rotating, mirroring
or scaling the mapped variables. In this case, the variable of interest is the current
vector potential T and we want to force them to be the same via a rotation.
To map the T from the red edge in Fig. A.5 to the blue one:

genext1 =

x = xcos(α)− ysin(α)

y = xsin(α)+ ycos(α)
(A.1)
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Fig. A.4 Representation of curvilinear coordinates for the evaluation of strain on the tape
surface along the CORC® geometry. The references cartesian coordinates are skecthed in
black, while the cylindrical system for the analytical computation of the strain is reported in
dark blue.
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(a) (b)

Fig. A.5 (a)Representation of the novel boundary condition application in COMSOL. (b)
Periodic boundary conditions for General Form Boundary PDE.

Where α is the angle between the two edges. To map the T from the blue edge to
the red one, the angle has to be considered in the opposite direction as in (A.2).

genext2 =

x = xcos(−α)− ysin(−α)

y = xsin(−α)+ ycos(−α)
(A.2)

Then, the mapped T , express as genext1(u) (where u is the name of variable in
COMSOL), is imposed to the blue edge as a Dirichlet boundary condition, and
viceversa for genext2(u). If a triangular unstructured is used for mesh the domain,
select in the Mesh search method → Closest point. Moreover, in Constraints settings
in Applied reaction terms on: the All physics (symmetric) is used.The same method
has been applied for the imposition of the periodic boundary conditions (PBC), see
Fig. A.5. To imposed PBC, just one edge needs to be mapped in General Extrusion
and then applied to the corresponding edge as Dirichlet boundary condition. Since
the geometry is twisting the mapping is simply:

genext(3−4) =

x = x

y = y
(A.3)

The Magnetic Fields physics has an easier implementation. The element order is
keep as quadratic elements, and it is solved for all the computational domain (air +
CORC® ). The air properties are built-in in COMSOL. The driver parameter is the
current density computed in General Form Boundary PDE. This is imposed through
the so-called Surface Current boundary condition on the conducting domain: the
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Fig. A.6 Imposition of Surface Current boundary condition in Magnetic Fields.

Fig. A.7 Example of imposition of Magnetic Potential boundary condition in Magnetic
Fields. To imposed a magnetic field along the y-direction, the corresponding Az =−dBx

dz .

components of J are scaled at the tape thickness, Fig. A.6. If we want to imposed a
magnetic field, there are two methods:

• directly impose a magnetic field A/m with a Magnetic field boundary condi-
tion;

• directly impose a the magnetic potential Wb/m with a Magnetic potential
boundary condition computed from (3.9);

The second method is the one applied here: imposing the dependent variable A,
rather than the magnetic field H, makes the solution easier and faster to compute.
Finally, the heat transfer module is again built-in physics in the software. All the

properties of interest are computed in Components → Definition → Variable. The
thermophysical properties are computed as stated in Section 3.3.1, while the equation
for the Nusselt Number and the heat transfer coefficient in Section 3.3.3, see Fig. A.8.
The thermal conductivity is anisotropic along the axial and transversal direction of
the tape surface. All boundaries are adiabatic. The heat deposited is imposed through
the Heat Source setting in W/m3. The cooling can be imposed as a negative heat
sink or through Heat Flux, Interface setting selecting a Convective Heat Flux type,
in which the heat transfer coefficient and the coolant temperature need to be defined.
When all the physics is implemented, the mesh has to be built. For short cable twist
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Fig. A.8 Heat Transfer in Shells module and its settings.

pitches, it’s not possible to use sweeping methods. Typically, unstructured triangular
mesh is used of the SC surface domain and unstructured tetrahedral mesh for the
volumetric air domain. The size of the mesh needs to be refined enough to guarantee
accurate results and affordable time computational. Note that, since in Magnetic
Field the PBC are already implemented, the source face has to be meshed first, and
then copy (through the setting Copy mesh) to the destination face. Consider to reduce
the size of the mesh when multiple layers are simulated, to reduce the aspect ratio of
the air elements among two layers. The problem is fully coupled and all the settings
parameters are kept as default. To help the initialization of the problem, in Solution
1 → Fully Coupled 1 → Time-Dependent Solver 1 → Time Stepping the initial step
is set at a very small number (order of magnitude of 10−10), and the maximum time
step dt is fixed at the chosen dt. Then, modified the relative tolerance according the
desired accuracy of the output (10−4 is typically a good tolerance).
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