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Quench Propagation at Different Conditions in a
HTS Pancake Coil Wound with Roebel Cable

L. Cavallucci, M. Breschi, P. L. Ribani, J. Pelegrin, Q. Zhang, W. Bailey, Y. Yang

Abstract—The analysis of quench is of paramount importance
for the safe operation of any superconducting magnet and this
investigation is more relevant, even not fundamental, to prevent
damage or burn-out in HTS magnets. Given these premises,
quench tests and numerical models are indispensable. A 1D
electro-thermal model was developed at the University of Bologna
(Italy) and validated versus experimental quench tests performed
at the University of Southampton (UK) on a pancake coil wound
with REBCO Roebel cable in the frame of the EUCARD-
2 European Project. The analysis here presented investigates
quench in the Roebel-based coil in case of a thermal disturbance
introduced in the coil. The quench energies measured during tests
as a function of the power disturbance are compared with the
computed results. The quench energy is furthermore analysed
energizing the coil at different transport current. The analysis is
further extended to study the quench of the coil at temperatures
of 66 K and at field of 2T.

Index Terms—HTS, REBCO Roebel Cable, Pancake Coil,
Quench, Modelling.

I. INTRODUCTION

N the recent years, the scientific community is devoting

great efforts to the applications of REBCO-based ma-
terial to superconducting magnets [1], [2] and several cable
configurations based on REBCO tapes are proposed in the
literature [3], [4]. The ability of REBCO Roebel cables to
carry high transport currents with a compact design and
mechinical flexibility make them a promising technology in
several applications, from high-energy physics [5], [6] to AC
and DC power devices [7], [8]. Several studies have been
published analysing the quench and AC losses in Roebel
cables from both numerical [9] - [12] and experimental [13] -
[17] point of view.

A 1D electro-thermal model was proposed in [18] suitable
for the study of quench in Roebel cables. The Roebel cable
model proposed in [18] was extended in [19] to pass from the
description of the cable itself to that of a Roebel-based pancake
coil [20]. The model includes 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 coil, the
epoxy impregnation and the thermal contact between coil turns
at the strand level.
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In the present work, the model is applied to analyse quench
at different transport currents and heater pulses. The computed
results are compared here with measured quench energies.
The model is further applied to investigate quench at working
conditions of 66 K and 2T background field. The impact of
this working conditions on the current redistribution length
and normal zone propagation velocity is presented. This con-
dition was selected as a careful approach towards 4.2K - 10T
condition that are under investigation.

II. MODEL DESCRIPTION

In the electro-thermal model, the strands of the Roebel
cable are described with a 1 D FEM approach by the software
COMSOL Multiphysics [21]. The model solves an array of
(2N + 1) unknowns, where N is the number of strands of
the Roebel cable. The unknowns are the temperatures of each
strand (7;), the temperature of the inter-turn insulation layer
(Tins) and the strand voltages (V).

A. Heat Balance Equations

A system of coupled heat balance equations is solved to
determine the temperatures of all strands and the temperature
of the insulation between turns:

oTy(x,t) 0 T (x,t
- y 2 (uamy 221
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where T;(x) is the temperature of the i-th strands as a function
of the longitudinal direction z, p the homogenized density,
C,(T;) the homogenized specific heat, k(7;) the longitudinal
thermal conductivity, T;,s the temperature of the inter-turn
insulation layer and § the thickness of the strand.

The parameter Ry, is the distributed thermal contact resis-
tance per unit surface between strands in contact while R
is the inter-turn thermal contact resistance.

In (1), the function f; ;(x) 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

th,ins
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the two strands are not in contact. A similar definition applies
for the functions f*(z) and fi"(z) that describe the contact
between the i-th strand and the insulation at the outer and at
the inner turns respectively [19].

The terms Q'°"" " and ng;le’ T take into account the joule
power in the coil due to currents flowing respectively in
the longitudinal and radial directions. The term QLN takes
into account the heat exchange towards the liquid nitrogen
bath [22], [23]. At operating temperatures lower than 77K,
the coil is assumed adiabatic and QLN is set to zero.

As for the boundary conditions, the temperature is kept fixed
at the terminals of the coil, at the value corresponding to the
initial operating temperature.

B. Current Density Continuity Condition

The model is able to solve the continuity of current density
for the i-th strand accounting for the contributions along the
longitudinal (x) and across the transverse (y) directions:

) OVi(x,1)
—o; (13, B, B;)) ———
i ( ) a2

=Y fisx) 0§ Vil ) g Vi@, ?) ?)
J
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where o; (T;(z,t), E;(x,t), B;(x,t)) is the homogenized lon-
gitudinal electrical conductivity as a function of temperature,
electric field and magnetic flux density and o, is the electrical
contact conductance between strands in contact.

As a boundary conditions, an equipotential surface is im-
posed on both terminals of the coil. At the inner terminal, the
current density is imposed for all strands in order to set the
total operation current.

C. Homogenization Procedure

The superconducting tape is represented through a homo-
geneous material with uniform properties. The longitudinal
electrical conductivity is computed as a function of the po-
sition, assuming all the layers of the tape to be connected
in parallel [18], [24]. A non-linear power law is used as a
constitutive electric characteristic of the superconducting layer,
with the critical current expressed as a function of temperature,
magnetic flux density, and field angle with respect to the
tape surface. The critical surface is described through the
parametrization developed in [25].

III. VALIDATION AND RESULTS

A piece of 2m long Roebel cable made of 15 strands of
punched 2G YBCO tapes fabricated by Bruker EST was
wound into a 7-turn pancake coil, shown in Fig. 1. The
cable, with a transposition pitch of 226 mm, was assembled at
Karlsruhe Institute of Technology (KIT, Germany). A length of
200 pm thick fiberglass ribbon was co-wound as the electrical
insulation layer and to prevent delamination due to mismatch
of the thermal expansion coefficient between the epoxy and the
YBCO strand. The coil was further impregnated with epoxy
resin. At the 4-th turn of the coil, a miniature heater (33 €2) was

TABLE I: Main Parameters of the Roebel-based Pancake Coil.

Roebel Cable

transposition pitch T, 226 mm

strands number 15

2.0 x 107 S/m?

7.0 x 1074 Km?/W

7.0 x 1073 K m? /W (heater)

inter-strand electrical conductance o,

inter-strand thermal resistance Rf;

Pancake Coil

turns number 7

inner radius 72 mm
inter-strand insulation layer §;y, s 200 pm
top pancake insulation layer d;ns, s 500 pm

attached to a copper-shim directly in contact with strand #7 at
the inner face of the turn (between turns #4 and #3). During
tests, the heater is fired to induce quench in the coil. The main
geometrical parameters of the Roebel cable and pancake coil
are collected in Table I.

™

&L Y
Vi y

Fig. 1: Scketch of the Roebel-based pancake coil.

For each strand, a voltage-tap pair (Vna and Vnb) separated
by one pitch length was soldered on either side of the heater.
The voltage difference AVn is measured during tests as:

AVn =Vna—Vnb n=1,...,15 3)

As for the working conditions at 77K, the coil is cooled
through immersion in liquid nitrogen bath. To achieve lower
temperatures, helium vapour at controlled mass rate and tem-
perature (5 K - 100 K) flows through the coil and the terminal
current leads. Further details about the experimental set-up are
presented in [20].

A. Impact of Heater Power on Quench

As for the working conditions at 77 K, self field and 400 A
transport current, the quench energies are investigated as a
function of the power introduced by the heater. In Fig. 2, the
quench energies measured during tests are compared with the
numerical results. For heater power above 0.48 W, a difference
below 10 % is found between experiments and computations
while at 0.44 W a higher mismatch is found, still below 20 %.
Figure 2 also reports the maximum temperature difference
during quench, i.e. the hot spot temperature with respect to
the reference temperature (77 K).
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Fig. 2: Quench energies as a function of heater power at 77 K, self field and
400 A transport current. On the right axes, the difference of the hot sport
temperature with respect to the reference temperature is shown.

For heater power levels above 0.8 W, the quench energy is
not significantly affected by power and it is stable about 8 J -
9 J. Instead, for power values between 0.4 W and 0.8 W, the
quench energy is significantly affected by the heater power.
The lower is the heater power, the longer is the heater pulse
necessary to quench the coil. For heater powers below 0.4 W,
even longer heater pulses are not able to quench the coil. In this
case, heat and currents redistribute between strands without
any transition to the normal state.

B. Impact of Transport Current on QF

The quench energies were measured at different values
of transport current. In these tests the coil is in self-field
cooled by liquid nitrogen bath and the heater power is about
1.0 W. The experimental results are compared in Fig. 3 with
the computed quench energies. The energies are shown as a
function (1 — j) where j is the ratio between the transport
current and the measured critical current (I, ~ 465 A).

The coil wound with the 15-strand cable exhibits a quench
energy of about 5J for a current of 444 A, corresponding to
about 99% of the critical current and 13J at 365 A, 80 % of
the critical current. The model is further applied to investigate
the impact of the number of strand in the cable. In Fig. 3, the
energies are computed for a coil assembled with a 7-strand
cable. In this case, the quench energies are about 50 % lower
than for the coil wound with the 15-strand cable. The quench
energies measured on an individual REBCO tape in [26] are
also added in Fig. 3. The individual tape exhibits quench
energies up to 200 times lower than the coil.

C. Quench at 66 K and 2T background field

In the working conditions at 66 K, 2 T background field and
transport current of 700 A (I, ~ 750 A), the quench is initiated
by firing the heater for 6.5s, for a total amount of 6.5J. The

015 strand coil - exp. W15 strand coil - num.
@7 strand coil - num. A signle tape - exp.
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Fig. 3: Quench energies as a function of transport current at 77 K, self field
and heater pulse of 1.0 W.

voltages measured during quench are compared in Fig. 4 with
the numerical results. The voltages exhibit a peak of about
1.5mV for strand #7 and a peak below 0.5 mV for strands #2
and #15. The maximum difference between experimental and
numerical results is found for the signal AV7q. It is worth of
noting that this signal is acquired near the heater and so it is
more affected by uncertainty.

Figure 5 shows the computed transverse current flowing
between strands #7-#6, #5-#6, #7-#8 and #8-#9 att = 7.5s. At
t = 7.5s, strand #7 is normal conducting and the current flows
from #7 towards the neighbouring strands, so that the current
on strand #7 reaches a minimum. The transverse currents
exhibit a peak of about 12.0kAm~2 between strands #7-
#6 and #7-#8, i.e. the strands directly in contact with the
strand #7. The transverse current is lower for strands #5-#6
and #8-#9. For all strands, the current redistributes along the
whole coil, instead in the working conditions at 77 K and self-
field [19] the current redistribution occurs over half of the coil
mainly before the heater.

D. Normal Zone Propagation Velocity

The normal zone propagation velocity (NZPV) is computed
analysing the voltage differences AVn derived from the
model. A reference time instant ¢, is selected as the instant
when the evolution in time of AVn overcomes the threshold
Vn.. The NZPV is consequently computed for each strand as;

n

L

n

n=1,...,15 4
where L, is the distance between a pair of voltage tap,
nominally equal to the cable twist pitch. The threshold Vn,
is defined as the voltage corresponding to 10 times the critical

field E,. set to 107*Vm~! [27], i.e.:
Ve = 10 E, L, ~ 0.23mV 5)

In Fig. 6, the NZPV of strands #2, #4, #6, #8, #10, #12
and #14 is computed at different operating conditions. The
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Fig. 4: Numerical and experimental voltage measurements at 66 K, 2T background field and 700 A transport current.
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Fig. 5: Transversal current density (from the model) between strands #7-#6,
#5-#6, #7-#8, #8-#9 at t = 7.5 s and working conditions of 66 K, 2T, 700 A.
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Fig. 6: Normal zone propagation velocities (from the model) for strands #2,
#4, #6, #8, #10, #12, #14 at different working conditions.

strands nearer to strand #7 exhibit higher quench velocities.
The velocity is computed at 77 K in self field with an transport
current of 400 A corresponding to 5 = 0.89. These results
can be compared with those found at working conditions of
66 K, 2T by setting the current at 667 A corresponding to the
same j value of 0.89. The NZPV for strand #6 increases from
4.4cms™! at 77K in self field to 13.1cms ™! at 66 K and 2 T.
At 66 K, if 5 is set at 0.93, corresponding to a transport current
of 700 A, the NZPV increases up to 28.1cm s~ ! for strand
#6. A general remarkable increase of the quench propagation
velocity is therefore observed at lower temperatures.

IV. CONCLUSION

An electro-thermal model developed for the analysis of
quench in Roebel cable is applied here to study a pancake
coil wound with Roebel cable. The model is validated by
comparison with experimental results.

At 77K in self field, the impact of the heater power on
quench energy is analyzed: at heater powers above 0.8 W, the
quench is adiabatic, with an energy of about 8 J - 9 J. At heater
power values below 0.4 W, the heat and currents redistribute
between strands and no quench occurs in the coil.

At 77K in self field, the impact of the transport current on
quench energy is also investigated. If the transport current is
increased from 80 % to 99 % of critical current, the quench
energy decreases by a factor 3.

The normal zone propagation velocity is computed at dif-
ferent working conditions. At 66 K and 2T, the NZPV is up
to 3 times higher than at 77 K and self field. At both working
conditions, the coil is energized at 89 % of the critical current.
The velocity further increases by a factor 2 if the transport
current is increased at 93 % of the critical current.
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