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Abstract. Roebel cables assembled with High Temperature Superconducting
(HTS) tapes are a promising technology for several AC and DC applications.
Their mechanical flexibility and compact design, combined with the capability
of REBCO tapes to carry high transport currents in intense magnetic fields
make them suitable for the application both in power devices and high field
magnets. In this paper, an electro-thermal finite-element model (FEM) developed
at the University of Bologna (Italy) is described. The model allows computing
the current and heat redistribution between the strands of the cable and from
turn to turn inside a winding through non-uniform distributed thermal and
electrical resistances between strands. The tape is ’homogenized’ so as to create
an anisotropic continuum model through a previously developed homogenization
technique. The model is validated by comparison with quench tests performed
on a well instrumented 7-turn pancake coil wound with a 2-m long Roebel cable
composed of 15 REBCO tapes. The experiments were performed at the University
of Southampton (UK) in the frame of the R&D activities of the EuCARD-
2 project. The quench decision time, the temperature and electric potential
evolution, the current and heat redistribution between strands in the event of
a quench are analysed and discussed in the present study.

Keywords: HTS, Quench, Roebel, Modelling. Submitted to: Supercond. Sci. Technol.

1. Introduction

The Roebel bar technique was proposed more than a century ago, in 1912, by Ludwig
Roebel for copper cables to be used in generator technology [1]. This technique is
based on the continuous transposition of flat strands along the cable length, which
allows the current to better redistribute between them. In their superconducting
version based on REBCO coated conductors, Roebel cables can carry high transport
currents in DC conditions at high magnetic fields. Moreover, they exhibit low coupling
losses in AC conditions given the reduction of magnetic flux linked to the loops
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formed by the strands due to their transposition. The compactness of the conductor
design and its mechanical flexibility makes it suitable for application in various fields,
such as accelerator magnets [2] [3], fusion magnets [7], motors, generators and
transformers [4] [6].

Both the computation of losses in electrodynamic transients and the analysis of
stability and quench in Roebel-based devices is crucial for their safe operation. Several
electromagnetic finite element or network models were recently developed to study
Roebel cables in both DC and AC operating conditions. Two-dimensional models
were proposed to study magnetization AC losses [8] and the current redistribution
in the cable cross section [9]. In the analysis of electromagnetic transients, further
progresses were the development of 3 D FEM models based on different approaches:
the H -formulation was proposed in [10] [11] and the T-Ω formulation in [12] [13].

The aforementioned models describe the electromagnetic transients in Roebel
cables, but do not include the coupling with a thermal model for the stability and
quench analysis. The quench studies for superconductor magnets are of paramount
importance for their reliability and safe operation, as clearly demonstrated by the
body of literature on the subject. Their relevance to Roebel cables is due to the
additional complexity in the current sharing among the transposed strands. Current
sharing is crucial to the quench behaviour of HTS conductors, which can benefit from
a much wider temperature range for current sharing as compared to LTS. However,
experimental quench studies on high current cables are very challenging. Given these
premises, the development of sophisticated modeling tools is valuable, and validation
is indispensable.

In [14], a 1 D thermal model with coupled turns is introduced to describe the
heat propagation in Roebel-based magnets. A coupled electromagnetic and thermal
network model for the time dependent modelling of magnetization and thermal
runaways was proposed in [15] [16]. This model was based on a 3 D approach, applying
the thin strip approximation to describe the tape geometry.

In [17] a different modeling approach was proposed for the electro-thermal
modeling of REBCO Roebel cables, based on the discretization of the heat balance
equation and of the current density continuity condition in a 1 D mesh, which
determines a considerable reduction of the model unknowns still retaining the
description of the main physical phenomena occurring during quench.

In the meanwhile, several experimental investigations of quench initiation and
propagation in Roebel-based devices were performed at liquid helium temperature [18].
However, quench measurements at liquid nitrogen temperature have not extensively
been performed and require further investigations, given the considerably different
working conditions, in terms of material properties (specific heat, thermal and
electrical conductivities of the materials) and temperature margin with respect to the
current sharing temperature. To this purpose, a dedicated experiment was performed
at the University of Southampton with a heavily instrumented Roebel cable [19] [20].

In the present work, the experimental activity is expanded to enable quench
measurements close to adiabatic conditions with variable external disturbances in a
pancake coil wound with Roebel cable. This type of measurement is extremely difficult
for high current Roebel cables. A true adiabatic condition with cooling at the current
injection only is not experimentally viable due to the long length (∼> 1 m) required for
a representative current sharing at multiples of the transposition pitch (∼ 0.25 m). On
the other hand, a cable quench study becomes unrepresentative and impossible with
a cable cooled in a cryogenic fluid. In this work, quench measurements are performed
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as much as possible close to adiabatic condition due to the negligible heat exchange
with the cooling bath on the top and bottom surfaces of the coil. The coil is epoxy
impregnated and an epoxy layer (0.5 mm-1.0 mm) left between the liquid nitrogen
pool boiling and the strands thus acting as a thermal insulation layer. The contact
area between the impregnation layer and the strands on the top of the coil is about
40-times lower than the lateral area of the strands.

Figure 1: Roebel-based coil under investigation at the University of Southampton [20].

This work also proposes an electro-thermal model of coils wound with Roebel
cables developed at the University of Bologna, which accounts for heat and current
redistribution between strands of the cable and for heat redistribution between the
turns of the coil. Given the remarkable complexity of the analysed system, several
numerical techniques are put in place to reduce the computational burden. The coil
model main bricks are the detailed tape and Roebel cable models developed in [21]
and [17] respectively. The Roebel cable model proposed in [17] is extended here to pass
from the description of the cable itself to that of a Roebel-based pancake coil. The
additional features of the model include the description of heat transfer to the liquid
nitrogen bath, the distributions of magnetic flux density and field angle relative to the
tape over the whole pancake coil, the epoxy impregnation, and the thermal contact
between coil turns at the strand level. The numerical method is validated here by
comparison to experimental results, thus pointing out the reliability of the model to
precisely reproduce not only the local voltage-tap signals and hot-spot temperatures
of strands, but also the global quench energies of the coil.

The first part of this paper describes the details of the model, based on the
definition of a homogenized anisotropic material of the strand, thermal and electrical
contact resistances between strands/coil turns and reduced dimensionality. The second
part of the paper describes in detail the experimental results obtained in the setup
of the University of Southampton, and the validation of the proposed model by
comparison with the measurements. A detailed analysis of the voltage signals along
the coil is reported, and adopted to retrieve important information concerning the
current redistribution length and time constants, the longitudinal and radial heat
propagation, the quench propagation velocity and the minimum quench energy.

2. The REBCO Roebel Coil: Model Description

In this work, the equations of the stationary electrodynamics coupled with the heat
transfer equation with a source term inside the coil are solved using a FE method.
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In the actual implementation, the straightened cable axis is discretized along its
whole length by means of a 1 D mesh based on linear elements. A set of the thermal
and electrical equations is written for an array of variables and solved on this mesh.
The unknowns of the array are the temperatures and electric potentials of all N -
strands of the cable, plus the temperature of the insulation layer. A sketch of the
model unknowns on each node of the 1 D mesh is shown in Figure 2 and a list of the
main functions and variables is reported in Table 1.

1D mesh

T1

heat balance
equation Ti

TN

Tins

V1

current density
continuity condition

Vi

VN

Figure 2: Sketch of the model structure of a N -strands Roebel cable.

2.1. Electrical Model

The electrical model of the Roebel coil is based on a set of equations solved for an array
of variables representing the electric potentials [V1, . . . , VNt

] of all strands computed
with respect to a reference value located on one terminal of the cable, where the
electric potential is set to zero.

The current density continuity condition can be written for the i -th strand as
(i = 1 . . . Nt):

∇ · Ji = 0 (1)

Since Ji = −σi∇Vi, the equation (1) can be simplified accounting for the contributions
along the longitudinal (ξ) and across the transverse (y) directions (see Figure 3).

In the 1 D discretization, the term corresponding to the y direction can be
discretized as

∂Jy,i

∂y
=
∑

j

fi,j(ξ) σ
c
el

Vj(ξ, t)− Vi(ξ, t)
δ

(2)

The equation (2) describes the current redistribution between the strands in contact
via the distributed electrical contact conductance σc

el in S m−2 between the two strands
and δ is the thickness of the strand. The function fi,j(ξ) describes the local contact
area between the i -th and the j -th strand; its values are included between 0 and 1.
The function is equal to 1 at the regions of overlapping between the two strands, while
it is null where the two strands are not in contact. Equation (1) is then simplified as:

∂

∂ξ

(
−σi (Ti, Ei)

∂Vi(ξ, t)

∂ξ

)
=
∑

j

fi,j(ξ) σ
c
el

Vj(ξ, t)− Vi(ξ, t)
δ

(3)
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Table 1: List of Main Variables and Functions of the FEM Model

Electrical Model

Ei V/m electric field of i-th strand
Vi V electric potential of i-th strand
σc
el S m−2 electrical contact conductance between adjacent strands
σi S m−1 homogenized longitudinal electrical conductivity
Iop A coil operating current

Thermal Model

Ti K temperature of i-th strand
T0 K nitrogen pool boiling temperature
Tins K temperature of turn-to-turn insulation layer
Ts,i K temperature of insulation top surface
ρ kg m−3 homogenized density
cp J/(kg K) homogenized specific heat
k W m−1 K−1 longitudinal thermal conductivity
kins W m−1 K−1 thermal conductivity of insulation
h W m−1 K−1 heat transfer coefficient towards liquid nitrogen
Rc

th K m2 W−1 thermal contact resistance between adjacent strands
Rc

th,ins K m2 W−1 thermal contact resistance between i-th strand and insulation

QJ
i,j W m−3 Joule power due to current between adjacent strands

Qc
i,j W m−3 heat conduction between adjacent strands

Qin
i W m−3 heat conduction between strands and insulation at the inner

Qout
i W m−3 heat conduction between strands and insulation at the outer

QLN
i (ξ, t) W m−3 heat transfer towards liquid nitrogen

Qh
i (ξ, t) W m−3 heater thermal disturbance

Geometrical Variables and Functions

ξ m longitudinal coordinate
w m strand width
δ m strand thickness
δins m thickness of insulation
Stot m total cross section of strand
fi,j - contact function between i-th and j -th strands
f ini - contact function between i-th strand and insulation at inner turn
fouti - contact function between i-th strand and insulation at outer turn

where σi (Ti(ξ, t), Ei(ξ, t)) is the homogenized longitudinal electrical conductivity in
S m−1 as a function of temperature and electric field Ei (Ei(ξ, t) = −∂Vi(ξ, t)/∂ξ).

tape j
Tj , Vj

tape i
Ti, Vi

fi,j(ξ) σ
c
el

Vj−Vi

δ

y

∂
∂ξ

(
−σj ∂Vj

∂ξ

)ξ

Figure 3: Sketch of the electrical model.

As boundary condition, on both terminals of the coil, an equipotential surface is
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imposed for all strands. On the inner terminal, the current density J in
i is imposed for

the i -th strand (i = 1, . . . , Nt) as:

J in
i =

Nt∑

j=1
j 6=i

σj (Tj , Ej)
∂Vj

∂ξ
+
Iop (t)

Stot
(4)

where Iop is the time dependent operating current and Stot the total cross section of
the strand.

2.2. Thermal Model

As already mentioned, only one strand is discretized and a set of heat transfer
equations is solved for an array of thermal elements [T1, . . . , TNt

, Tins] describing the
temperatures of all the Nt strands of the cable plus the turn-to-turn insulation layer
(Tins).

The thermal equation can be written for the i -th temperature element Ti(ξ, t) as:

ρ cp(Ti)
∂Ti(ξ, t)

∂t
− ∂

∂ξ

(
k(Ti)

∂Ti(ξ, t)

∂ξ

)
= σi (Ti, Ei)

(
∂Vi(ξ, t)

∂ξ

)2

+

Nt∑

j

QJ
i,j(ξ, t)+

+

Nt∑

j

Qc
i,j(ξ, t) +Qh

i (ξ, t) +Qout
i (ξ, t) +Qin

i (ξ, t)−QLN
i (ξ, t) (5)

where Ti(ξ) is the temperature of the i -th element as a function of the longitudinal
direction ξ, ρ the homogenized density in kg m−1, cp(Ti) the temperature dependent
homogenized specific heat in J kg−1 K−1, and k(Ti) the temperature dependent
longitudinal thermal conductivity in W m−1 K−1.

In the heat transfer equation, the first term on the right hand side is the
longitudinal ohmic heating due to current flow along the strands. The term QJ

i,j

represents the Joule power due to the current exchange between the i -th and j -th
strand in contact:

QJ
i,j (ξ) =

∑

j

1

2
fi,j(ξ) σ

c
el

(Vi(ξ, t)− Vj(ξ, t))2
δ

(6)

The function fi,j(ξ) is the same as that in (2) for current transfer between adjacent
strand through electric contacts. The term QJ

i,j is computed assuming that the Joule
power due to current exchange between two strands is equally split between them.

The heat conduction Qc
i,j by contact between adjacent strands, also modulated

by fi,j(ξ), is modelled as:

Qc
i,j (ξ) =

∑

j

fi,j(ξ)
Ti(ξ, t)− Tj(ξ, t)

Rc
th δ

(7)

where Rc
th in K m2 W−1 is the distributed thermal contact resistance between the two

strands and δ the thickness of the strand.
The thermal contact between turns is described through the heat flux Qout

i (ξ, t)
and Qin

i (ξ, t) towards the insulation located at the inner part of the turn and at the
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TURN #k

INSULATION LAYERINSULATION LAYER

INSULATION LAYER

STRAND i STRAND j

fouti (ξ) = 1

f inj (ξ) = 1

Figure 4: Sketch of the functions fouti (ξ) and f ini (ξ).

outer one respectively. For the i -th strand, the heat exchange with the insulation layer
is computed as:

Qout
i (ξ, t) +Qin

i (ξ, t) = fouti (ξ)
Ti(ξ, t)− Tins (ξ′, t)

Rc
th,ins (Tins) δ

+ f ini (ξ)
Ti(ξ, t)− Tins (ξ′, t)

Rc
th,ins (Tins) δ

(8)

where ξ and ξ′ are the longitudinal coordinate corresponding to the contact between
the i-th strand and the insulation layer respectively. The functions fouti (ξ) and
f ini (ξ), shown in Figure 4, describe the contact between the considered strand and
the insulation at the outer and at the inner turns respectively:

fouti (ξ) =

{
1 contact with the insulation

0 no contact with the insulation
(9)

The thermal contact resistance Rc
th,ins between strands and insulation layer is

computed by considering the thickness δins and the thermal conductivity kins of the
fiberglass layer acting as an inter-turn insulation.

Rc
th,ins =

δins

kins (Tins (ξ′, t))
(10)

The thermal disturbance introduced by a heater located at half length of strand
#7 is modelled by the term Qh

i (ξ, t).
As boundary condition, adiabatic conditions are assumed for the coil. On the

last turn, all strands are assumed in contact through a contact resistance with the
external copper ring at 77 K. On the inner terminal of each strand, the temperature
is set to 77 K. The same temperature is imposed as initial condition over the whole
cable length.

2.3. Liquid Nitrogen Bath

The heat transfer towards the pool boiling liquid nitrogen is expressed by the term
QLN

i (ξ, t):

QLN
i (ξ, t) =

h (Ts,i (ξ, t)− T0) (Ts,i (ξ, t)− T0)

w
(11)
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where w is the tape width, h is the heat transfer coefficient, T0 is the nitrogen pool
boiling temperature, set to 77 K. Ts,i (ξ, t) is the temperature on the surface of the
insulation layer on the top of the coil, directly in contact on one side with the i-strand
and on the other side with the pool of liquid nitrogen.

The temperature Ts,i is computed solving the non linear heat balance on the
impregnation layer:

h (Ts,i (ξ, t)− T0) (Ts,i (ξ, t)− T0) = kins,s (Ts,i (ξ, t))
Ti (ξ, t)− Ts,i (ξ, t)

δins,s
(12)

where kins,s and δins,s are respectively the thermal conductivity and the thickness of
the insulation layer on the top of the coil.

The nucleate and film boiling conditions are modeled by different formulations
of the cooling coefficient h. In particular, the following relations, presented in [22]
and [23], are implemented:

h(∆T ) = a+ b∆T 4 (∆T = 2− 11 K) (nucleate boiling) (13)

h(∆T ) =
c+ d∆T

1 + e∆T
(∆T = 20− 200 K) (film boiling) (14)

where the coefficients a, b, c and d are reported in [23]. The boiling regimes for a
liquid nitrogen bath as computed through the relations reported above are shown in
Figure 5.

100 101 102 103
102

103

104

105

nucleate boling film boling

critical flux

∆ T [K]

q
[W

/
m

2
]

Figure 5: Liquid nitrogen boiling regimes.

2.4. Magnetic Flux Density Calculation

The computation of the magnetic flux density generated by the coil is computed
through a 3D semi-analytical and numerical approach [24]. The code [24] computes
the magnetic flux density on the cross section of the Roebel cable by taking into
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account the exact coil geometry. The self-field components Bx(x, y, ξ) and By(x, y, ξ)
are computed as a function of the coil current on the cross section of the cable (x-y
plane) along the azimuthal direction (ξ):

Bx(x, y, ξ, t) = bx(x, y, ξ) Iop(t) (15)

By(x, y, ξ, t) = by(x, y, ξ) Iop(t) (16)

The coefficients br(x, y, ξ) and bz(x, y, ξ) are computed by applying a constant unit
current flowing in the coil, and then used during the time dependent simulations.

The strand critical current exhibits a strong dependence on the field angle θ
between the magnetic flux density vector and the c-axis of the strand [25][26]. The
strand orientation with respect to the magnetic field has to be taken into account by
computing the field angle θ at every location.

2.5. Homogenization Procedure

In order to avoid the discretization of each strand into its constituent layers,
a homogenization procedure is applied to calculate the thermal and electrical
conductivities. The electrical conductivity σi of the i -th strand is computed assuming
all the Nl layers of the strand as in parallel connection [27]. The homogenized electrical
conductivity is estimated as:

σi =
Ic(Ti, Bi, θi)

Ec Stot

(
1

Ec

∂Vi(ξ, t)

∂ξ

)1− n
n

+

Nl∑

j=1

σnc
j (Ti, Bi)

Sj

Snc
tot

(17)

where Ic(Ti, Bi, θi) is the critical current as a function of temperature, magnetic flux
density and field angle, Ec is the critical electric field set to 10−4 V m−1, n the n-value
of the power law set to 20, σnc

j and Snc
j respectively the electrical conductivity and

the cross section of the normal conducting j -th layer of the i -th strand.
A similar procedure is adopted for the computation of the longitudinal thermal

conductivity ki of the i -th strand.
The dependence of the critical current on the magnetic field, temperature and

field angle is described by the parameterization reported in [25], [28] and [29]. The
critical current is computed according to the following expression:

Ic (T,B, θ) = Ic0
1

1 +
B

B0

(
w cos2(θ) + sin2(θ)

)−0.5
exp

(
− (T − T0)

k

T ∗

)
(18)

3. Configuration of the REBCO Roebel Coil

The model was configured to represent the REBCO Roebel coil used in the
experimental study [19] [20] for comparison and validation.

Superconducting strands and Roebel cable. A piece of 2 m-long Roebel cable of
15 strands of REBCO tapes (Bruker EST) was wound into a pancake coil. The
critical current of the tape in the coil self field was about 33 A. The cable, with a
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Table 2: Main Parameters of the Bruker Tape.

Tape Geometrical Parameters

thickness

copper 50 µm
YBCO 1 µm
buffer layer 0.2 µm
stainless steel 100 µm

width 5.8 mm
copper RRR 30

Tape Critical Current Parameters

Ic0 57.2
B0 0.11
w 0.82
T0 77 K
T ∗ 12.5 K
k 2.0
n-value 20

Table 3: Main Parameters of the REBCO Roebel Cable and of the Pancake Coil.

Roebel Cable

transposition pitch Tp 226 mm
transposition angle Tθ 50◦

cable width 12 mm
strands number 15

Pancake Coil

turns number 7
inner radius 72 mm
inter-strand insulation layer δins 200µm
top pancake insulation layer δins,s 500µm

transposition pitch of 226 mm, was assembled at KIT (Germany). Table 2 lists the
main geometrical dimensions of the REBCO tape and the parameters of the critical
current parametrization determined by fitting the critical current measurements
presented in [19] [20]. The main geometric parameters of the Roebel cable are given
in Table 3. These parameters were used for assigning the values of function fi,j(ξ) in
(2), (6), and (7).

Pancake coil. The Roebel cable was wound into a pancake coil of 7 turns with 72 mm
inner diameter. The coil former consisted of a inner G10 cylinder inserted inside a
copper ring for current injection. The outer surface of the copper ring was precisely
machined into a single turn spiral with the pitch equal to the cable thickness. The
outer surface of the copper ring was precisely machined into a single turn spiral in
the direction of the winding with the pitch equal to the cable thickness. After the
first turn was wound on and soldered to the copper ring, it was continued smoothly
to the second turn, starting exactly on top of the start of the first turn. Neither the
strands nor the cable are insulated, nonetheless all the turns were co-wound with a
200 µm-thick fiberglass ribbon working as inter-turn electrical insulation layer. On the
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4-th turn of the coil, a miniature heater was attached on strand #7 at the inner face of
the turn (between turns #4 and #3). The last turn was soldered on top of the outer
copper, which is machined into a spiral and inserted between the last two turns so
that the soldering is on the superconductor side of the strands as in the inner contact.
A stainless-steel shim was wound around the last turn of the Roebel cable prior to
soldering it to the outer copper ring and remained as the outer enforcement. In the end,
the coil was impregnated with epoxy insulation (StycastTM) that penetrate between
turns and also work as inter-turn electrical insulation layer [30]. The 200 µm-thick
fiberglass prevents delamination due to mismatch of the thermal expansion coefficient
between the epoxy and the REBCO strands.

The main geometric parameters of the pancake coil implemented in the model
are given in Table 3.

IN

OUT

V7a

V6a

V5a

V4a
V3a

V2a
V1a

V15a

V14a

V13a

V12a

V11a

V10aV9aV8a

V7bV7c

V6b

V5b

V4b

V3b

V2b

V1b

V15b

V14b V13b

V12b

V11b

V10b

V9b

V8b

V7d

Figure 6: Sketch of the REBCO coil and detail of the voltage taps position.

Heaters and sensors. The heater was a miniature resistor chip attached to a copper
shim which was soldered to the exposed transition section of strand #7 at the 4-th
turn. A pair of voltage taps Via and Vib (i = 1, . . . , 15) was soldered to each strand
at its exposed transition section either side of the heater as shown in Figure 6. The
intent was to set voltage taps on all strands each side of the heater to monitor the
quench propagation during the tests. The voltage taps were separated by exactly the
length of a transposition pitch except for strand #7, where V7a and V7b were two pitch
lengths apart and two additional taps, V7c and V7d, were soldered next to either side
of the heater. The “a” and “b” taps were closer to the inside and outside current
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Table 4: Electrical and Thermal Contacts between Adjacent Strands

reference set-up modified set-up

σc
el 2.0× 107 S/m2 3.0× 107 S/m2

Rc
th

7.0× 10−4 K m2/W 3.5× 10−4 K m2/W
7.0× 10−3 K m2/W (heater zone) 3.5× 10−3 K m2/W (heater zone)

contacts respectively. The voltage differences Vi were recorded during measurements:

∆Vi = Via − Vib ∀i = 1, . . . , 15 (19)

∆V7−0 = V7a − V7c (20)

The inductive component of the voltages was minimised by counter-winding Vib to Via
along the cable to form 15 twisted pairs. A thermocouple was soldered in the middle
of the copper shim to measure the hot spot temperature.

Material properties. The homogenised thermo-electrical properties of the REBCO
tape were also largely defined by its consituent metalic components, dominated by
copper stabiliser and stainless substrate (Table 2). The superconducting properties
were found by measurements on short samples of conductor strands [19] [20] and fitted
to (18) with the relevant parameters given also in Table 2. The epoxy impregnated
fibre-glass insulation was assumed to have thermal properties similar to those of G10,
i.e. cp,ins(T ) ≈ cp,G10(T ) and kins(T ) ≈ kG10(T ).

Quench measurements. The quench was studied in liquid nitrogen pool with a
transport current up to 400 A, more than 90 % of the critical current of the coil. To
induce a quench experimentally, heating pulses at different power levels and durations
were fired via the heater while the voltages and temperatures along the coil were
recorded simultaneously.

4. Results and Validation

Although most of the material properties for the Roebel pancake coil cannot be
changed significantly when comparing the model with the experimental studies,
the thermal contact resistance Rc

th and electrical contact conductances σc
el between

adjacent strands are two remaining parameters that can be adjusted for validating
the model by finding a match to the experimental results.

4.1. Quench Case at 8.8 J Heater Pulse: Hot Spot Temperature

Figure 7 shows the quench of the coil at a transport current of 400 A, obtained by
depositing 8.8 J on the heater with a 1.0 W heater pulse (right axis) of 8.8 s. The blue
trace shows the corresponding hot spot temperature recorded experimentally, rising
sharply upon the onset of the heater pulse at t = 0 s to 95 K, above Tc, within ∼1 s.
Then, the temperature increases slowly to 98 K during the heater pulse and rapidly
decreases after the end of the heater pulse at t = 8.8 s. The temperature drop slows
down towards ∼79.5 K, and finally rises again at t ∼ 11.5 s due to an irreversible
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quench, as shown in the inset in Figure 7. At about t = 13.25 s, the quench protection
system intervened by cutting the transport current and the temperature consequently
decreased.

The solid red line in Figure 7 shows the hot spot temperature, here referred as T7,
upon the 1 W/8.8 s heater pulse by modelling with the reference σc

el and Rc
th given in

Table 4. It was also necessary to increase the thermal contact resistance (Table 4) by
an order of magnitude at the heater region to account for the presence of the copper
shim and the soldering material between the strand #7 and the neighbouring ones.

The tentative approach towards irreversible quench at 8.8 J pulse suggested the
deposited energy was fairy closed to the minimum quench energy (MQE) for 400 A.
The model indeed found recovery for a heater energy of 8.4 J heater pulse as shown by
the dashed red line in Figure 7. In this case, after the heater pulse, the temperature
decreased at a faster rate towards 77 K. The slight temperature increase observed in
the quench case after the heater pulse, shown in the inset in Figure 7, is not here
observed due to the negligible impact of the joule heating.
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Figure 7: Temperature evolution in strand #7. The experimental quench test is compared on the
left axis with the numerical results in case of quench and recovery with the reference and modified
inter-strand parameters. An inset between t = 10 s - 16 s is added. On the right axis, the heater
pulse profile.

The model founds the recovery of the coil with a 50 % higher electrical contact
conductance, i.e. σc

el = 3.0× 107 S m−2, together with a 50 % lower thermal contact
resistance, i.e. Rc

th = 3.5× 10−4 K m2 W−1, as shown by the solid green line in
Figure 7. During the pulse, the temperature found with the modified set-up is about
6 K lower than the experimental temperature. Most important, this temperature
clearly shows a recovery: the temperature does not exhibit the temperature increase
observed at t ∼ 11.5 s in the quench case. The temperature computed with the
reference set-up (solid red line) exhibits the temperature increase at t ∼ 11.5 s, even if
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this temperature is higher than the experimental one (solid blue line). These results
confirm the validity of the reference thermal and electrical contact parameters reported
in Table 4.

It is worth noting that the experimental temperature shown in Figure 7 is recorded
by a thermocouple soldered to the copper shim where also the heater is attached.
Hence, the temperature sensor is not directly located on the strand. The copper shim
and the soldering material are not modelled in detail, therefore some discrepancies
during quench between the numerical and experimental results are expected.

4.2. Quench Energy and Stability: Impact of Heater Power

The impact of heater power on quench energy is investigated with an operating
temperature of 77 K and transport current set to 400 A. In Figure 8, the quench
energies measured during tests are compared with the numerical results obtained with
the reference inter-strand electrical conductance and thermal resistance reported in
Table 4. This set-up of parameters is able to correctly reproduce the experimental
results.

The impact of the contact parameters is investigated by computing the quench
energies with the modified set-up reported in Table 4.

For heater powers above 0.8 W, the contact conductances have negligible impact
on quench energies. The quench energy is stable about 9 J. The impact is remarkable
for power values below 0.8 W. In this case, the quench energies computed with
modified contact conductances exhibits an increase even above 60 %. The higher is the
contact conductances, the better is the heat flux and current redistribution between
strands and the more stable is the coil in case of quench event.

If the heater power is below 0.4 W, even long heater pulses are not able to quench
the coil. The heat flux and currents redistribute between strands without transition
to the normal state. In case of higher contact conductances, no quench occurs also for
power between 0.4 W and 0.46 W. The stability of the coil is increased by 15 %.

4.3. Quench Case at 8.8 J Heater Pulse: Temperature and Heat Flux Redistribution

Further to showing agreement with the experimental results on quench energy and
hot spot temperature, the model is able to describe the evolution of the normal zone
profile and the radial diffusion across the inter-strand and inter-turn contacts.

In case of transport current of 400 A and heater pulse of 1 W/8.8 s, the computed
values of temperatures of the strands at the end of the heater pulse at t = 8.8 s is
shown in Figure 9. Figure 9 clearly indicates a heat propagation between the strands
of the same turn and from turn to turn. An insight of the temperature profiles of turn
#3 and #4 is shown respectively in Figures 9(b) and 9(c) along the longitudinal cable
coordinate from 0.45 m - 0.75 m and 0.75 m - 0.95 m respectively. These results allow
to compare the effects of the turn-to-turn heat flux distribution with respect to the
strand-to-strand heat propagation.

The heater is located on strand #7 at turn #4 directly in contact with the
insulation layer between turns #3 and #4. On turn #4, the temperature of the
strands #6 and #8, adjacent to strand #7, rise up immediately due the heat transfer
from strand #7 within the turn redwhile the temperature of strands far from the
strand #7, as #1 and #15, does not increase significantly during the heater pulse.
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Figure 8: Impact of heater power on quench energies. The experimental results are compared with
the energies computed with two different set-up of contact conductances.

On turn #3, the turn-to-turn heat flux across the insulation layer increases the
temperature of the strands which are in direct contact with it, such as strands #1 and
#15. This temperature enhancement is in some cases even greater than that found
on the strands of turn #4. As a matter of fact, strands #1 and #15 exhibits higher
temperatures at turn #3 than at turn #4, even if turn #3 is not directly heated.
This shows that the turn-to-turn heat propagation in this experiment is relevant and
comparable to the one between the strands in the cable at the same turn.

No significant temperature increase are visible on the strands of turn #5, which
is also adjacent to turn #4, but on the opposite side of the heater (located between
turns #4 and #3). In this case, the time delay of the heat propagation across the
whole cable thickness is longer than the heater pulse.

The overall heat fluxes at the heater location, given by summing up the
contributions of all strands in the cable in the longitudinal and radial directions,
are shown in Figure 10. The three main flux components are depicted: qr43 and qr45
are the radial heat fluxes between turns #4-#3 and #4-#5 respectively, qL4

is the
heat flux in the longitudinal direction along turn #4. The heat pulse per-unit-surface
entering strand #7 from the heater, qheater, is also reported in the figure.

It is worth noting that the overall heat power in the longitudinal direction qL4

is greater than that in radial direction qr43 and qr45 . The aforementioned difference
between the temperature rises of the strands in turns #3 and #5 is also confirmed by
comparing the significant value of qr43 to that of qr45 which is practically negligible.

4.4. Quench Case at 8.8 J Heater Pulse: Voltage Profile and Current Redistribution

The voltage signals measured over the various strands show the typical rise during
the thermal runaway. The comparison between experimental and numerical results is
shown in Figure 11. A good agreement is found between numerical and experimental
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Figure 9: Strands temperature distribution at t = 8.8 s on (a) all coil turns, (b) turn #3 and (c) turn
#4.

values.
The peak voltage, which is important for the design of the quench protection

system, is below 5 mV for all measurements except ∆V6,∆V9,∆V10 which exhibit a
peak voltage between 5 mV and 6 mV.

The signals ∆V6, ∆V7−0, ∆V8 and ∆V9 clearly indicate the development of the
normal zone, which is particularly evident in ∆V7−0. In the time interval between 2 s
and 8 s, the heater pulse determines an initial voltage rise. Between 9 s and 11 s, the
voltage development initially slows down for the effects of cooling and then accelerates
again due to the normal zone formation and propagation. Above 11 s, the joule heat
is dominant and the voltage rises up irreversibly until the transport current switch off
at 13.25 s.

Figure 12 shows the time evolution of the current for the strands #1, #4, #6,
#7, #8, #10, #12, #15 at the heater location. As the heater is immediately fired
at 0 s, the current on strand #7, directly in contact with the heater, decreases. The
strands #6 and #8, in close contact with #7, also exhibit a current drop due to the
temperature increase. The current is therefore redistributed towards the neighbouring
strands #1, #4, #10, #12, #15. At 13.25 s, the currents of the strands decrease to
zero due to the switch-off of the transport current in the experiment.

As shown in Figure 12, if the transport current is maintained constant during
quench, the current redistribute for about 20 s - 25 s after the heater pulse. On the
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Figure 10: Heat flux on the heater in the longitudinal and radial direction.

right axes of Figure 12, the terminal voltage of the coil is shown. The voltage starts
from about 10−4 V and reaches about 1 V after 40 s if the quench protection system
lacks of intervene.

To study the current transfer, we report in the following the transverse current
densities between strands. The current density Jh,k is taken positive if the current
flows from strand h to strand k.

In Figure 13, the value of the transverse current density flowing between strands
#7-#6 is shown along the cable length at t = 1.0 s, corresponding to the minimum of
current on strand #7 as shown in Figure 12.

It is worth noting that the current flow between these strands exhibits a periodic
pattern; this is related to the contact area between the strands and is modelled by
the function f76 shown on the right y-axes. Given the peculiar network of contacts in
this region, the transverse current density J76 is null where there is no direct contact
between the two strands. The redistribution length is of course affected by the pattern
of contacts between the strands. The transverse current density between strands #6
and #7 is in the range [−0 5 + 1.5 kA m−2 ]. The corresponding current redistribution
region extends over the cable length in a region of about 0.8 m before the miniature
heater located between 0.85 m and 0.86 m. After the heater, the current redistribution
is practically negligible.

The transverse current densities between strands #5-#6, #7-#8 and #8-#9 at
t = 1.0 s are also added in Figure 14. Similar redistribution length are found for
these strands. This result confirms the current is exiting the strand #7 towards the
neighbouring ones, i.e. #6 and #8.

The voltage measured at the terminal of the coil is shown in Figure 15. The
experimental result is compared with the numerical one (in case of stainless steel
substrate) confirming the reliability of the model to reproduce the global electrical
behaviour of the coil.

The materials assembling REBCO tapes are a crucial point in the technology
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Figure 11: Numerical and experimental voltage measurements.



Quench in a Pancake Coil Wound with REBCO Roebel Cable 19

10−4

10−3

10−2

10−1

100terminal voltage

T
er

m
in

a
l

V
ol

ta
g
e

[V
]

0 5 10 15 20 25 30 35 40

0

10

20

30

40

without current cut-off

t [s]

I
[A

]
I1 I4 I6 I7 I8 I10 I12 I15
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Figure 13: Transverse current density distribution along the coil at t = 1.0 s between strands #7-#6
J76 (left y-axes) versus the contact function f76 (right y-axes).

of HTS magnets. As a matter of fact, most companies assemble their tapes with
different material working as a substrate such as Hastelloy, nickel-tungsten alloy or
stainless steel. This last material is, in fact, the one used in the present work. In
Figure 15, the terminal coil voltages obtained with the experiment and with the
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Figure 15: Terminal voltage of the Roebel Coil. The experimental result is compared with two
numerical tests. In the first test, the substrate of REBCO tapes is supposed stainless steel while, in
the second case, it is Hastelloy.

numerical computation in case of stainless steel substrate are compared with the
numerical result in case of Hastelloy. In this last case, the terminal voltage is four time
higher than the voltage with stainless steel because of the lower electrical conductivity
of Hastelloy with respect of stainless steel. This result is important for a proper design
of the quench protection system and of the threshold voltage to prevent damage during
the tests.
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4.5. Longitudinal Normal Zone Propagation Velocity

The analysis of normal zone propagation velocity (NZPV) in the longitudinal direction
is based on the temperature distribution of the strands along the coil length. As
example, the temperatures of strands #7 and #15 are shown in Figure 16.
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Figure 16: Strands temperature distribution at t = 21.2 s, t = 23 s and t = 24.3 s of (a) strand #7
and (b) strand #15.

The time window t1 = 21.2 s - t2 = 24.3 s is selected as a reference. At t = 21.2 s,
all strands exhibit a temperature exceeding the threshold temperature Tthr while
before t1 the temperature of some strands is below Tthr. The threshold temperature
Tthr is here defined as the average value of the critical temperature Tc, equal to 91 K, to
the current sharing temperature Tcs, equal to 78.6 K. At t = 24.3 s, the temperatures
of all strands are above the critical temperature Tc, after t2 some strands exhibit
temperatures below Tc. Only in the time window 21.2 s - 24.3 s, all strands exhibit a
temperature above the threshold temperature Tthr.

The time window t1 = 21.2 s - t2 = 24.3 s defines the length of the normal zone
front for the i -th strand, respectively Li (t1) and Li (t2). The normal zone front is
detailed in Figure 16.

The normal zone propagation velocity is consequently computed for the i -th
strand as:

NZPVi =
1

2

Li (t2)− Li (t1)

t2 − t1
i = 1, . . . , 15 (21)

In Figure 17, the NZPV computed in the time window 21.2 s - 24.3 s is shown for
all strands. Strands #2 to #8 and #10 to #14 exhibit velocities between 0.7 and
0.8 cm s−1. The NZPV of strand #9 is below 0.7 cm s−1 while strands #1, #11 and
#15 exhibit velocities higher than 0.8 cm s−1.

In particular, strand #15 exhibits normal zone velocity up to about 1 cm s−1.
The temperature profile of this strand is characterized by a local temperature decrease
between 0.90 m and 0.91 m, detailed in Figure 16 (b). This region correspond to the
transposition of the strand and the loss of contact with the neighbouring strands. As
a matter of fact, the temperature plateau corresponding to the transposition region
increases the normal zone front and consequently the propagation velocity.
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Figure 17: Normal zone propagation velocities of the strands. The results based on the time window
21.2 s - 24.3 s are compared with the velocities computed with the window 23.0 s - 24.3 s.

In Figure 16, the temperatures of strands #7 and #15 at t = 23 s are added.
At t = 23 s, the temperature of strands #7 and #15 are between the profiles at
t = 21.2 s and at t = 24.3 s. At t = 23 s, the temperature plateau of strand #15 is
above the threshold temperature and it does not affect the NZPV. In Figure 17, the
NZPV computed in the time window 23 s - 24.3 s is shown. The NZPV is estimated in
this further time window to remark the impact of the transposition pitch on the
propagation velocity. Strand #15 exhibits a velocity below 0.8 cm s−1 instead of
1 cm s−1. In this case, strand #15 does not exhibit a velocity higher than other
strands, as previously found in the time window 21.2 s - 24.3 s.

Strands #1 and #15, far from the strand directly heated, are more affected by
the selection of the time window. The transposition region has an higher impact on
the propagation front of these strands and consequently on the normal zone velocity.

It is worth of noting that after 24 s, the length of the normal front is about
126 mm, no longer than half of the twist pitch of the cable, equal to 113 mm. The
propagation of the normal zone in the cable is slowed further because of the spare
capacity in the strands during the heat pulse even at transport current corresponding
to 90 % of the critical current. This slow propagation velocity has impact on the design
of the quench protection system: a fast intervention is essential to prevent damage to
the coil. As shown in Figure 12, if the quench protection system does not intervene,
after 24 s, the terminal voltage of the coil is above 0.1 V at an overall dissipation of
40 W mostly confined in a normal zone no more than 126 mm long and propagating
slowly at less than 1 cm s−1. The found values are within the range of the results in
literature [32], [33].

5. Conclusion

This work presents a comprehensive numerical and experimental investigation of
quench in a Roebel-based pancake coil. The experimental set-up realized enables
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one to measure voltage signals and hot-spot temperatures during quench close to
adiabatic conditions, which is extremely difficult for high current Roebel cables. The
high reliability of the coil shown in this study is hard to attain, especially considering
the challenges to the fabrication of 2 G-based coils, and shows the robustness of the coil
construction procedure developed. As a matter of fact, the coil has undergone many
thermal cycles from ambient to different temperatures as low as 4.2 K and has been
subjected to more than 100 quenches with current up to 1700 A without showing any
degradation of the performance. The measurements presented here show the impact
of the power of the external disturbance on the quench energy of a Roebel-based HTS
coil.

The results gained during the experimental campaign were investigated with an
electro-thermal model for the analysis of quench in Roebel-based magnets.

The main tasks involved in the modelling of HTS Roebel coils are related to the
high aspect ratio of the HTS tapes, the complex geometry of the coil, and the coupled
thermal and electromagnetic problem. In this study, these challenges are solved by
different techniques. A homogenized material is adopted to tackle the problem of
the high aspect ratio of the REBCO conductor. A reduced dimensionality approach
enables handling the complex coil geometry and the coupling of the electromagnetic
and thermal processes. In this approach, the heat transfer equation and the current
density continuity condition are solved over a 1 D mesh for an array of temperatures
and voltages of the strands and the insulation layer. The contact between strands
belonging to the same turn or different turns is described through thermal and
electrical contact resistances.

The close agreement between experimental and numerical results - in terms of
voltage signals, hot-spot temperature and quench energies - shows the reliability of
the model to reproduce not only the local propagation of the normal zone front but
also the global quench energies of the coil. The adjustable parameters of the model
are successfully narrowed down to only two, i.e. the thermal and electrical contact
resistances among the Roebel strands, that are important practical informations
for cable and coil manufacturers. These results show that the model retains the
key functional characteristics of the cable without a full 3D description of the coil
geometry, which is essential for the volume of parametric studies carried out here.
More importantly, simplicity allows a better interrogation and understanding of the
model.

The temperature profiles of the strands are presented to compare the contribution
of longitudinal and radial (turn-to-turn) heat distribution during quench. The heat
flux in the longitudinal direction is the main contribution nonetheless the flux from
turn-to-turn is not negligible. The heater location affects the radial heat flux. Since
the heater is attached between turns #3 and #4, the radial flux between turns #4
and #5 is negligible with respect to that between turns #3 and #4.

The quench energies computed with the reference contact resistances at different
heater power values are able to reproduce the experimental results. In this case,
the coil is stable for heater power values below 0.4 W. The heat flux and currents
redistribute between strands and no quench occurs. The contact resistances between
strands have a remarkable impact on quench energies: if the contact resistances are
decreased of 50 %, the coil is stable also for heater power values between 0.4 Wand
0.46 W, corresponding to an increase of 15 %.

The current sharing between strands is depicted: if one of the strands quenches,
the current redistributes between the neighbouring ones thus increasing the stability
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of the cable. The current transfer length can reach the whole cable length, and the
redistribution phenomenon may take up to 25 s.

The normal zone propagation velocity in the longitudinal direction is computed
here based on the temperature threshold corresponding to the average value between
the critical temperature and the current sharing temperature. The results show a
spread of velocities between strands in the range 0.6 cm s−1 - 1 cm s−1, corresponding
to a variation of about 40 %. The transposition region of the strands affects the
propagation of the normal zone front with a consequent increase of the propagation
velocity. Further investigations are required to analyse the impact of the Roebel cable
geometry on the propagation of the normal zone front not only in the longitudinal
direction but also in the radial direction, i.e. between coil turns.

In conclusion, the proposed experimental procedure and the developed modeling
approach are suitable for a precise description of the main phenomena occurring during
quench in a Roebel-based coil. The key phenomena identified and quantified are the
current sharing among transposed strands, the heat flux redistribution between coil
turns and the propagation of the normal zone front. The results point out not only
the impact of the power level of external disturbances on the coil quench energy, but
also the effect of thermal and electrical inter-strand contact resistance on the stability
of the Roebel-based coil.
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