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Abstract
High temperature superconductor Roebel cables are well known for their large current
capacity and low AC losses. For this reason they have become attractive candidates for many
power applications. The continuous transposition of their strands reduces the coupling losses
while ensuring better current sharing among them. However, since Roebel cables have a true
3D structure and are made of several high aspect ratio coated conductors, modelling and
simulation of their electromagnetic properties is very challenging. Therefore, a realistic model
taking into account the actual layout of the cable is unavoidably a large scale computational
problem. In this work, we present a full 3D model of a Roebel cable with 14 strands. The
model is based on the H-formulation, widely used for 2D problems. In order to keep the 3D
features of the cable (in particular the magnetization currents near the transpositions), no
simplifications are made other than the reduction of the modelled length according to the
periodicity of the cable structure. The 3D model is used to study the dependence of AC losses
on the amplitude of the AC applied magnetic field or transport current. Beyond the importance
of simulating the Roebel cable layout, this work represents a further step into achieving 3D
simulation of superconducting devices for real applications.

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, the use of Roebel cables made with 2G high
temperature superconductor (HTS) coated conductors has
become very attractive. Their large current capacity, compact
design, mechanical flexibility and low AC losses make them
suitable candidates for many power applications. They are
currently being used not just for current transport but also for
coil design [1, 2]. The continuous transposition of the strands
in Roebel cables reduces the coupling losses while ensuring
better current sharing among the strands. Therefore, larger
AC currents can be allocated in the superconducting layers
for a given amount of energy loss. Given the aforementioned
attractiveness of Roebel cables, there is growing interest in
modelling and simulating their electromagnetic properties

with the aim of optimizing their use in larger devices. Among
the various modelling techniques, finite element analysis
(FEA) is becoming increasingly popular for design and
optimization. Nowadays, the existence of well tested models
allows the simulation of devices of growing complexity. Many
examples of 2D FEA for diverse superconducting applications
can be found in the literature [3, 4]. For the particular case
of the Roebel layout, several models have already been used,
for both DC and AC operating conditions [5, 6]. All these
approaches model the cross section of the cable as two
parallel stacks of HTS coated conductors in 2D. However,
one of the main challenges in a realistic 3D model for Roebel
cables is the continuous transposition of the strands. This
turns into a modelling problem because the longitudinal or
axial symmetries present in stacks or coils are broken by the
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Figure 3. Mapping of the computational domain to the visualization domain. The periodic cell domain (bottom) is used to perform
calculations. However, for ease in visualization, the strand shape (top) is reconstructed from the calculation domain. The region delimited
by the white dotted line corresponds to the ‘external portion of the strand’, as defined in the text.

2.2.3. Calculation of AC losses. To obtain local
representation of the time averaged AC losses, the following
expression was evaluated:

Q = 2
Z T

T/2
E · J dt (12)

where T = 1/f is the period of the AC signal and Q can
be considered as a measure of the local loss per cycle (in
J m�3/cycle).

2.3. Simulation test cases

The model described above was used to simulate the current
distribution in the strands of Roebel cables and to estimate the
AC losses for both transport current and magnetization cases.
In all cases, the simulations were performed over one full AC
cycle. However, only the second half of the cycle was used
to compute AC losses, therefore allowing for the transient
response due to zero initial conditions to die out.

3. Results

Taking into account the symmetries within the periodic cell
and the considered test cases, it is possible to give a full picture
of the current distributions in the strands by considering only
one-quarter of the simulated superconducting domain. For
clarity in the visualization, the results are plotted following
the shape of a single strand rather than that of the periodic
cell. The relationship between the computational domain and
the visualization can easily be inferred from figure 3. Black
arrows act as a guide of the mapping used in this procedure.
Dashed lines are used to project the layout of the overlying
(and underlying) strands. One can note in the upper part of
figure 3 that while most sections of the cable are composed
of seven stacked strands, the triangular regions marked with
labels A, B and C are only six strands high. In a similar
fashion, the regions labelled A0, B0 and C0, are eight strands

high. It is also important to note that regions A, B and C
are located one on top of the other. Correspondingly, regions
A0, B0 and C0 are located one on top of the other too. Finally,
note in figure 3 the region delimited by the white dotted line,
which corresponds to the portion of the strand whose outer
face looks towards the air. In what follows, we will refer to
this as the ‘external portion of the strand’.

A model based on an infinitesimally thin sheet
approximation like the one presented in [7] assumes a uniform
current distribution across the thickness of the conductor.
Hence, such a model neglects the local differences that
exist on the two faces of a strand. This could, in turn,
have an impact on the estimate values for the AC losses.
However, simulation of the current density distribution using
the 3D model described in this work yielded results that are
qualitatively similar to those presented in [7]. Conversely, one
important feature of the model described in the present work
is the capability of resolving for the current distribution within
each strand. Even with a discretization as coarse as taking
two tetrahedral elements to account for the tape thickness,
it is possible to distinguish current profiles on both faces of
a strand. For this purpose, one can consider the dark blue
strand (the uppermost strand of the cable section) shown in
figure 3 which corresponds to the ‘transposing section’. In
what follows, we will refer to ‘inner’ and ‘outer’ faces of a
strand considering the position of said blue strand. Hence,
the inner face of the strand looks towards the inside of the
cable, while the outer sees the surrounding air. Results for
both transport current and magnetization are compared with
the 2D numerical results presented in [5]. In said work, the
computations using a power law for the E–J relationship are
based on the H formulation as described in [18, 19]. Similarly,
the calculations using the critical state model are computed
following the method presented in [27, 28].

3.1. Transport current

To study the current density distribution in the strands of the
Roebel cable, the case of an AC transport current of 400 A
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Figure 4. Current distribution for an applied net transport current of 400 A (86% of Ic) at peak value. Note the profile difference between
both faces of the strand. The colour scale shows the magnitude of the current density. Cones indicate the direction of the current density
vector.

Figure 5. Time averaged local AC losses 400 A (bottom). For reference, the isolated strand intended for analysis along with the projection
of the remaining strands is shown above. Labels A, B and C point to regions where higher AC losses are found.

(86% of Ic) at 50 Hz applied in the cable is considered.
Figure 4 shows the current distribution on both faces of a
strand at current peak value (t = 0.015 s). One can note
that the current flows mostly in the external portion of the
strand, i.e. the region that is in contact with the air. Although
the overall current density distribution is roughly similar
on both faces of the strand, there are clear differences in
both magnitude and orientation of the current density vector.
In general it is worth noting that the outer face carries an
overall larger current density than the inner one. This effect is
most noticeable in external portions of the strand, particularly
where the transposition takes place.

Figure 5 presents a plot of Q, as defined in (12), for the
case of a net AC transport current with amplitude of 400 A
(86% of Ic). A similar pattern was observed for other net
current values in the range of 46.5–465 A (10%–100% of Ic).
No significant difference was observed in the loss patterns on
either side of the strand. This is easily explained considering
that the time averaged local AC losses depend linearly on the
E · J product, which is in turn proportional to |J/Jc|n. Hence,
the biggest contributions to the overall losses are expected to
come from regions where |J| is of the order of Jc or larger. For
reference, the layout of the cable is shown in the upper part
of figure 5. One can observe that most of the losses occur in
the outer rim of the straight section of the strand, away from
the centre of the cable. On the other hand, the transposing
portion of the strand does not experience significant losses.
Finally, it is easy to note the three hump-like regions indicated
by arrows A, B and C, where losses go ‘deeper’ into the

cable as compared to the surrounding regions. These areas of
the strand correspond to different transposing sections. One
can note that region A experiences larger losses, followed by
regions B and C. This can be explained by recalling that region
A corresponds to the section of the strand that is in the external
layer of the cable, i.e. all neighbouring strands are either above
or below it in the stack. Furthermore being at the transposition,
it is only six strands high, while the neighbouring regions
are seven or eight strands high. Although region B also
experiences some ‘replicant’ losses, these are lower due to the
screening provided by the upper strand. Even lower losses are
seen in region C, as it experiences double layer screening.

Computation of AC losses was performed for several
current values. Figure 6 presents the losses (in J m�1/cycle)
versus the normalized applied current (I/Ic). Comparison
is made against previously published experimental data and
2D calculations [1, 5]. Good agreement is shown with
experimental data for low current fractions (I/Ic < 0.4),
whereas for higher currents, the 3D model underestimates
the losses when compared with experimental data. However,
it is interesting to note that good agreement is found
when comparing the proposed 3D model with 2D numerical
calculations at high current values.

In the future further studies taking into account the
anisotropic Jc(B) or use of denser meshes could help refine
the model. In the same manner, comparisons with other
experimental data sets are desirable, considering that in the
experimental setup, no perfect uncoupling could be obtained,
i.e. the strands were not individually isolated [1].
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Figure 9. AC losses for the magnetization case. 3D calculations
assuming a power law E–J relationship were performed using the
model described in this work. For comparison, experimental and 2D
numerical calculations were obtained from [1, 5].

As a reference, other 2D estimates [1] calculated using the
critical state model assuming high coupling, as well as a
monoblock equivalent configuration, are also presented.

4. Conclusion

In this work we have presented a full 3D time-dependent
electromagnetic model for Roebel cables. The use of periodic
boundary conditions allowed for a computational domain
reduced to 1/14th of the transposition length. In particular, in
this work, only the case of uncoupled strands was considered.
However, consideration of a larger computational domain
can easily allow one to take into account the coupled
case. For completeness, the derivation of the H-formulation
was presented. Emphasis was placed upon the analytical
enforcement of the divergence free condition for the magnetic
induction by means of initial conditions, and not on the type of
basis function used in numerical solution. The full 3D model
presented here allows for further knowledge of the resistivity
tensor to be easily implemented.

The model was used to estimate AC losses in a
14-strand Roebel cable. Both events of transport current and
applied magnetic field were considered and the AC loss
dependence upon the amplitude of the applied magnetic
field or transport current was studied. In both cases, current
density distributions and local AC losses were presented
and discussed. In the transport current case, the AC losses
were localized mostly along the straight section of the
strands, showing a 2D-like pattern. On the other hand,
for the magnetization case, AC losses were localized in
the transposing section of the strand, hence exhibiting
3D behaviour. Significant differences were found when
comparing the current density distributions on both faces of
a strand for the case of transport current. In contrast, no
such effect was observed for the case of applied magnetic

field. Good agreement was found in the transport current
case for low current fractions. However for larger currents,
the proposed 3D model underestimates the AC loss. For the
case of a perpendicularly applied magnetic field, while no
exact agreement with experimental data was obtained the
overall trend was well reproduced. This disparity can be well
justified by considering that the experimental setup [1] did not
grant perfect uncoupling of the strands. In addition, the Jc(B)

characteristics should also be taken into account in future
work as the self-field can be significant in such a high current
cable. Further investigation both in model refinement as well
as comparison with other experimental data sets is sought
in the near future. Overall, this work should be considered
as a further step towards achieving a general purpose 3D
simulation tool for transient problems in superconducting
devices for real applications.
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Figure 2: Current waveforms for the impulse strike tests 

 
 

The impulse strike tests left behind a circular region of damaged coating with a symmetrical spotted 
pattern of exposed carbon fiber at its core (fig. 3). As one would expect, the 20 kA strike inflicted 
larger damage, about 1.75 in. larger in diameter, compared to that by the 10 kA strike.  In either case, 
no rear-side damage was observed. The damage in the coating decreased radially outwards from the 
center of strike with a dendrite-like progression (fig. 4). To draw a comparison, the extent of 
protection provided by the silver coating at these low energies is similar to that by copper mesh, 
although silver coating was more sacrificial.  

 

 

 (a) (b) 
 

Figure 3: Photographs of the damage zone after the impulse strike test with (a) 10 kA, an (b) 20 kA 
(*Maximum dimension; rounded to the nearest 0.25 in.) 
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100	kV	capacitors	
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pulses [8]. Nevertheless, some simulations have been done to ob-
serve the transport-current dependence of the NZPV. Fig. 5 allows
to observe this dependence for the same geometries and thermal
conditions as in the previous section, i.e. [adia], [adia-buf] and
[fct]. In this figure, we also include simulations for the base case
(without buffer layer and heat exchange), in the hypothetical sce-
nario where no current sharing between the silver and DyBCO lay-
ers is possible i.e. the silver layer acting only as a thermal
resistance [adia-ns]. For these particular simulations we observed
that the current-sharing effect becomes important only around
1.5Ic and above, being more pronounced in the hastelloy case than
in the sapphire case. In fact, it seems that the exchange of current
leads to a reduction of the NZPV due to a reduction of the cross-
sectional resistivity of the silver/normal-DyBCO parallel resistance
that is obviously less important than the normal-DyBCO resistance
alone. This 1.5Ic value correspond to a change in the propagation
scheme for the tapes and leads to an exponential growth of the
NZPV. As a matter of fact, over this threshold value, the power gen-

erated in the silver layer becomes more important and heat start to
travel more from the silver layer than from the DyBCO film by itself
– see Fig. 6. This scheme seems to be responsible of the exponential
growth observed on the NZPV curves – see Fig. 5. Since MgO acts as
an heat barrier along the thickness for the sapphire case, the buffer
layer have a significant effect on the NZPV for this case.

It is also interesting to note that, for both substrate, heat trans-
fer with the nitrogen bath do not seems to have an influence on the
NZP. This seems to be due to the fact that, for a significant sub-
strate thickness (90 lm in this case), heat is more absorbed by
the substrate than exchanged with the surrounding coolant. In that
sense, the adiabatic theory seems to be confirmed for the base case
geometry.

4. Conclusions

The strictly-thermal model developed in this paper is very light
in terms of computation time. It allows to observe important
parameters influencing the NZP by considering the problem from
a pure thermal point of view. With this model, we have shown that
the NZP depends strongly on substrate thermal parameters.

By comparing two substrates of very different properties, i.e.
sapphire and hastelloy, we have demonstrated how sapphire
shows better performance than hastelloy for FCL purposes. Indeed,
sapphire, which is a more diffusive substrate helps to heat and
switch regions of the line adjacent to the normal zone, which avoid
hot-spots formation.

Moreover, the substrate thickness have important effect on the
behavior of CCs. For the sapphire case, the presence of a relatively
thick buffer layer changes considerably the performance of the de-
vice, whereas they are not much altered in the hastelloy case.

Finally, the NZPV dependence on the transport current has been
illustrated. Over a threshold value of around 1.5Ic , the NZPV curves
show an exponential growth due, at a glance, to a different heat
transfer scheme.

Further work should consider that sapphire have thermal
parameters that are strongly dependent on the temperature [14].
In addition, we did not consider recovery mechanisms as well as
the interfacial losses that seems to play an important role on the
NZP [15,16]. These issues must be taken into account to improve
our model and explore other features related to the NZP.
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IntroducYon:	hot	spot	issue	

•  Hot	spot	issue	in	2G	HTS	CC	when	Iop	≈	Ic	
– Local	variaYon	of	Ic	along	tape	length	(≈	10	%)	
– Low	normal	zone	propagaYon	velocity	(NZPV)	
	

•  SoluYon	#1	:	increase	stabilizer	thickness	
– Reduced	fault	current	limitaYon	capability	
– Reduced	engineering	current	density	
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Abstract
We present the results of numerical analysis of a model of normal zone propagation in coated
conductors. The main emphasis is on the effects of increased contact resistance between the
superconducting film and the stabilizer on the speed of normal zone propagation, the maximum
temperature rise inside the normal zone, and the stability margins. We show that with increasing
contact resistance the speed of normal zone propagation increases, the maximum temperature
inside the normal zone decreases, and stability margins shrink. This may have an overall
beneficial effect on quench protection quality of coated conductors. We also briefly discuss the
propagation of solitons and development of the temperature modulation along the wire.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Quench protection of large scale devices, such as magnets and
cables, based on coated conductors has emerged as one of the
major unresolved obstacles in their implementation. High op-
erating temperature and, correspondingly, relatively large heat
capacity make coated conductors very stable in comparison to
the conventional low temperature superconductors. However,
the side effect of this positive quality is that when a normal
zone does nucleate it expands very slowly. The potential drop
across a short normal section of a long conductor is difficult to
detect and in adiabatic or nearly adiabatic conditions the tem-
perature of this section may rise above the safe limit resulting
in irreversible damage to the whole coil or cable strand.

This paper presents the results of a numerical analysis
of a model of normal zone propagation (NZP) specialized
to the architecture of the state-of-the-art coated conductors.
Its main purpose is to elucidate the effects of the interfacial
resistance (contact resistance) between the superconducting
YBa2Cu3O7−x (YBCO) film and copper stabilizer on stability
and speed of NZP. The interest to this problem arose initially
from an effort to understand some peculiar effects that
accompany quench in coated conductors [1, 2]. It seems
clear now that these phenomena result from a large resistance

between the YBCO film and a metal substrate [3, 4]. This
understanding has lead to realization that increasing the contact
resistance between the YBCO film and copper stabilizer
may have beneficial effect on the speed of the normal zone
propagation [5–7].

The effects of a large contact resistance between the
stabilizer and conventional low Tc superconductors have been
studied extensively in the past [8–12]. However, the idea
of tailoring the properties of the superconducting wires by
increasing the contact resistance has not been adopted to
wider use. This option of conductor design had lain dormant
for many years—a solution in wait of a problem. Perhaps,
coated conductors present just such a problem. Increasing
the contact resistance does make the conductor less stable.
However, since coated conductors are inherently much more
stable than the low Tc superconductors, the reduction of the
stability margins accompanied by increasing the speed of NZP
may allow to develop coated conductors overall better suited
for large scale applications than their current version with a
minimized contact resistance.

Here we will discuss the NZP in a straight coated
conductor cooled from the surface. This model more closely
describes the typical conditions in the experiments such
as [1, 2] or in a superconducting cable, rather than in a pancake
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On the other hand, when Js substantially exceeds Jc the electric
field is determined by the flux flow

Es(Js) ∼ ρs

ds
(Js − Jc), (7)

where ρs is the normal state resistivity and ds the thickness of
the superconducting film. Thus,

Rn ∼ ρs

ds
(8)

and

J0 ∼ E0ds

ρs
. (9)

In coated conductors ds ∼ 1 µm and at 100 K the value of
ρs ∼ 100 µ" cm, so that

J0 ∼ 10−6 A cm−1. (10)

Thus, for all practical purposes (5) can be used in the piecewise
form

Es =
{

Rn(Js − Jc), if Js > Jc

0, if Js ! Jc.
(11)

Hereafter, we will adopt a linear temperature dependence of
Jc [12, 16]:

Jc = a(Tc − T ); T < Tc. (12)

At T > Tc the superconductor has ohmic resistance

Es = ρs

ds
Js. (13)

For the stabilizer, the conventional ohmic relationship will
suffice at all temperatures:

E1(J1) = ρ1

d1
J1. (14)

In the normal state the resistance of YBCO film is much greater
than that of the stabilizer,

ρs

ds
≫ ρ1

d1
. (15)

The final step in formulating this model is to present (1)
and (3) in the dimensionless form. The current sharing
temperature T1 is defined by the condition Jc(T1) = J . Let
us introduce a dimensionless temperature θ

θ = T − T1

Tc − T1
. (16)

Then, (12) takes the form

Jc = J (1 − θ). (17)

Let us introduce a fraction of the total current that flows
through the stabilizer

J1 = Ju; Js = J (1 − u); 0 ! u ! 1. (18)

For θ ! 1 equation (11) takes the form:

Es =
{

Rn J (θ − u), u < θ

0, u " θ .
(19)

For θ > 1
Es = ρs

ds
J (1 − u). (20)

To avoid an unphysical discontinuity at θ = 1, we will consider
Rn = ρs/ds. Then, (3) can be written in a compact form

∂

∂x

(
λ2 ∂u

∂x

)
= u − & max [0, min(θ, 1) − u] , (21)

where

& = ρsd1

ρ1ds
≫ 1 (22)

and

λ =
(

R̄d1

ρ1

)1/2

(23)

is the current transfer length which determines the length
scale of the current exchange between the superconductor and
stabilizer [4]. Taking into account (2), the first two terms in the
right-hand side of (4) take form

ρ1 J 2

d1
u2 + R̄ J 2

(
∂u
∂x

)2

. (24)

Taking into account (3), the last term—losses in the
superconductor—can be written as follows

Js Es = J 2(1 − u)

[
ρ1

d1
u − ∂

∂x

(
R̄

∂u
∂x

)]
. (25)

We will express the distances in units of thermal diffusion
length lT and time in units of γ −1, where

lT = (DT/γ )1/2; γ = ρ1 J 2/d1C(T . (26)

Here DT = K/C is the effective thermal diffusivity of the
conductor, (T ≡ Tc − T1, and the increment γ determines the
characteristic time required for the Joule heat generated in the
stabilizer to warm the conductor by the temperature (T .

In dimensionless variables, (1) and (21) take the form

∂θ

∂τ
− ∂2θ

∂ξ 2
= u + r

(
∂u
∂ξ

)2

− (1 − u)
∂

∂ξ

(
r
∂u
∂ξ

)
− κ(θ − θ0) (27)

∂

∂ξ

(
r
∂u
∂ξ

)
= u − & max [0, min(θ, 1) − u] (28)

with τ = γ t and ξ = x/ lT. Here

κ = 2K0(T d1

ρ1 J 2
; θ0 = (T0 − T1)/(Tc − T1) < 0. (29)

Notice that (27) does not depend on the specific form of
the constituent relationship between electric field and current
density in the superconductor. The specifics of the constituent
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Fig. 5. Dependence of NZPV with applied current for different values of the
interfacial resistance.

then varies quasi-linearly. Afterward, a similar increase of the
resistance in the others sections is observed, starting with the
sections next to the one with the magnetic defect.

The NZPV can be determined by dividing the distance be-
tween the middle point of two adjacent sections by the time
elapsed to reach the same resistance for both sections. For ex-
ample, the distance between the section Rab and Rbc is equal to
(lab + lbc)/2. The NZPV determined in this way is accurate if
the curves are parallel to each other, which is almost always the
case. For each subfigure in Fig. 4, the dashed line corresponds
to the resistance criterion used to determined the corresponding
NZPV. For all samples except the one with the lowest interfacial
resistance, the chosen resistance criterion is between 4 and
6.5 mΩ/cm. For the sample with the lowest interfacial re-
sistance, the length of the current pulse was limited in or-
der to avoid burning the sample, which is very likely to
happen as we can expect from the rapid increase of the re-
sistance in section Ref . Therefore, a resistance criterion of
0.3 mΩ/cm was chosen to allow us calculating the NZPV.
In the case of the samples with the highest interfacial re-
sistances [Fig. 4(a) and (b)], the applied current show a
slight decrease after the initial drop caused by the quench
of the samples. To diminish the error associated with it, the
NZPV was determined by averaging the NZPV values ob-
tained from different adjacent sections. The corresponding
current was taken as the time average value during the period
of time where the data used to calculate the NZPV were
taken.

For all samples, the dependence of the NZPV on the current
amplitude was measured and is presented in Fig. 5 (open
symbols). For the samples with the highest interfacial resis-
tances, the amplitude of the current was limited to a certain
range below the critical current. The dashed lines represent
the extrapolation of the experimental data. The vertical dotted
line corresponds to the critical current of the samples. We
observe that the NZPV is improved by about two orders of
magnitude when Rint is increased by about three orders of
magnitude.

In the case of samples with high interfacial resistances [sub-
figures a) and b) in Fig. 4], a few observations are worth being
mentioned. Firstly, the time ti before the apparition of a voltage
is longer in the case of samples with higher interfacial resis-
tances. For instance, for two exactly identical current pulses,
the times ti are 5.3 ms and 4.1 ms for samples with Rint of
3.2 × 10−4 and 1.7 × 10−4 Ω.cm2 respectively. The reasons for
this behavior are not yet clear for the authors and its impact on
the performance of SFCL still has to be determined.

Secondly, the initial rising rate of the voltage at ti is different
depending on the tape section considered and diminishes as
we get farther from the section that includes the magnetic
defect. Furthermore, the initial rising rate of the voltage is
higher for the sample with the highest Rint. We propose that
this effect is caused by the fact that the current sharing length
between the superconductor and the stabilizer is of the same
order of magnitude as the distance between the voltage taps.
The current sharing length is given by L =

√
Rintdn/ρn,

where dn and ρn are the thickness and resistivity of the
stabilizer respectively [7]. Taking the resistivity of silver at
90 K (≈3 × 10−9 Ω.m), we obtain L = 3.3 and 4.6 mm for
Rint = 1.7 × 10−4 and 3.2 × 10−4 Ω.cm2 respectively, which
is indeed comparable to the distance between the voltage taps
(≈5 mm).

IV. CONCLUSION

Interfacial resistances of different magnitudes were intro-
duced in commercial 2G HTS CC in order to increase their
NZPV. Measurements of the NZPV indicate that the NZPV can
be increased by two orders of magnitude when the interfacial
resistance is increased by three orders of magnitude. Calcula-
tions using a finite element package are currently being done
and should help us to achieve a better understanding of the
underlying quench mechanisms.
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On the other hand, when Js substantially exceeds Jc the electric
field is determined by the flux flow

Es(Js) ∼ ρs

ds
(Js − Jc), (7)

where ρs is the normal state resistivity and ds the thickness of
the superconducting film. Thus,

Rn ∼ ρs

ds
(8)

and

J0 ∼ E0ds

ρs
. (9)

In coated conductors ds ∼ 1 µm and at 100 K the value of
ρs ∼ 100 µ" cm, so that

J0 ∼ 10−6 A cm−1. (10)

Thus, for all practical purposes (5) can be used in the piecewise
form

Es =
{

Rn(Js − Jc), if Js > Jc

0, if Js ! Jc.
(11)

Hereafter, we will adopt a linear temperature dependence of
Jc [12, 16]:

Jc = a(Tc − T ); T < Tc. (12)

At T > Tc the superconductor has ohmic resistance

Es = ρs

ds
Js. (13)

For the stabilizer, the conventional ohmic relationship will
suffice at all temperatures:

E1(J1) = ρ1

d1
J1. (14)

In the normal state the resistance of YBCO film is much greater
than that of the stabilizer,

ρs

ds
≫ ρ1

d1
. (15)

The final step in formulating this model is to present (1)
and (3) in the dimensionless form. The current sharing
temperature T1 is defined by the condition Jc(T1) = J . Let
us introduce a dimensionless temperature θ

θ = T − T1

Tc − T1
. (16)

Then, (12) takes the form

Jc = J (1 − θ). (17)

Let us introduce a fraction of the total current that flows
through the stabilizer

J1 = Ju; Js = J (1 − u); 0 ! u ! 1. (18)

For θ ! 1 equation (11) takes the form:

Es =
{

Rn J (θ − u), u < θ

0, u " θ .
(19)

For θ > 1
Es = ρs

ds
J (1 − u). (20)

To avoid an unphysical discontinuity at θ = 1, we will consider
Rn = ρs/ds. Then, (3) can be written in a compact form

∂

∂x

(
λ2 ∂u

∂x

)
= u − & max [0, min(θ, 1) − u] , (21)

where

& = ρsd1

ρ1ds
≫ 1 (22)

and

λ =
(

R̄d1

ρ1

)1/2

(23)

is the current transfer length which determines the length
scale of the current exchange between the superconductor and
stabilizer [4]. Taking into account (2), the first two terms in the
right-hand side of (4) take form

ρ1 J 2

d1
u2 + R̄ J 2

(
∂u
∂x

)2

. (24)

Taking into account (3), the last term—losses in the
superconductor—can be written as follows

Js Es = J 2(1 − u)

[
ρ1

d1
u − ∂

∂x

(
R̄

∂u
∂x

)]
. (25)

We will express the distances in units of thermal diffusion
length lT and time in units of γ −1, where

lT = (DT/γ )1/2; γ = ρ1 J 2/d1C(T . (26)

Here DT = K/C is the effective thermal diffusivity of the
conductor, (T ≡ Tc − T1, and the increment γ determines the
characteristic time required for the Joule heat generated in the
stabilizer to warm the conductor by the temperature (T .

In dimensionless variables, (1) and (21) take the form

∂θ

∂τ
− ∂2θ

∂ξ 2
= u + r

(
∂u
∂ξ

)2

− (1 − u)
∂

∂ξ

(
r
∂u
∂ξ

)
− κ(θ − θ0) (27)

∂

∂ξ

(
r
∂u
∂ξ

)
= u − & max [0, min(θ, 1) − u] (28)

with τ = γ t and ξ = x/ lT. Here

κ = 2K0(T d1

ρ1 J 2
; θ0 = (T0 − T1)/(Tc − T1) < 0. (29)

Notice that (27) does not depend on the specific form of
the constituent relationship between electric field and current
density in the superconductor. The specifics of the constituent
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On the other hand, when Js substantially exceeds Jc the electric
field is determined by the flux flow

Es(Js) ∼ ρs

ds
(Js − Jc), (7)

where ρs is the normal state resistivity and ds the thickness of
the superconducting film. Thus,

Rn ∼ ρs

ds
(8)

and

J0 ∼ E0ds

ρs
. (9)

In coated conductors ds ∼ 1 µm and at 100 K the value of
ρs ∼ 100 µ" cm, so that

J0 ∼ 10−6 A cm−1. (10)

Thus, for all practical purposes (5) can be used in the piecewise
form

Es =
{

Rn(Js − Jc), if Js > Jc

0, if Js ! Jc.
(11)

Hereafter, we will adopt a linear temperature dependence of
Jc [12, 16]:

Jc = a(Tc − T ); T < Tc. (12)

At T > Tc the superconductor has ohmic resistance

Es = ρs

ds
Js. (13)

For the stabilizer, the conventional ohmic relationship will
suffice at all temperatures:

E1(J1) = ρ1

d1
J1. (14)

In the normal state the resistance of YBCO film is much greater
than that of the stabilizer,

ρs

ds
≫ ρ1

d1
. (15)

The final step in formulating this model is to present (1)
and (3) in the dimensionless form. The current sharing
temperature T1 is defined by the condition Jc(T1) = J . Let
us introduce a dimensionless temperature θ

θ = T − T1

Tc − T1
. (16)

Then, (12) takes the form

Jc = J (1 − θ). (17)

Let us introduce a fraction of the total current that flows
through the stabilizer

J1 = Ju; Js = J (1 − u); 0 ! u ! 1. (18)

For θ ! 1 equation (11) takes the form:

Es =
{

Rn J (θ − u), u < θ

0, u " θ .
(19)

For θ > 1
Es = ρs

ds
J (1 − u). (20)

To avoid an unphysical discontinuity at θ = 1, we will consider
Rn = ρs/ds. Then, (3) can be written in a compact form

∂

∂x

(
λ2 ∂u

∂x

)
= u − & max [0, min(θ, 1) − u] , (21)

where

& = ρsd1

ρ1ds
≫ 1 (22)

and

λ =
(

R̄d1

ρ1

)1/2

(23)

is the current transfer length which determines the length
scale of the current exchange between the superconductor and
stabilizer [4]. Taking into account (2), the first two terms in the
right-hand side of (4) take form

ρ1 J 2

d1
u2 + R̄ J 2

(
∂u
∂x

)2

. (24)

Taking into account (3), the last term—losses in the
superconductor—can be written as follows

Js Es = J 2(1 − u)

[
ρ1

d1
u − ∂

∂x

(
R̄

∂u
∂x

)]
. (25)

We will express the distances in units of thermal diffusion
length lT and time in units of γ −1, where

lT = (DT/γ )1/2; γ = ρ1 J 2/d1C(T . (26)

Here DT = K/C is the effective thermal diffusivity of the
conductor, (T ≡ Tc − T1, and the increment γ determines the
characteristic time required for the Joule heat generated in the
stabilizer to warm the conductor by the temperature (T .

In dimensionless variables, (1) and (21) take the form

∂θ

∂τ
− ∂2θ

∂ξ 2
= u + r

(
∂u
∂ξ

)2

− (1 − u)
∂

∂ξ

(
r
∂u
∂ξ

)
− κ(θ − θ0) (27)

∂

∂ξ

(
r
∂u
∂ξ

)
= u − & max [0, min(θ, 1) − u] (28)

with τ = γ t and ξ = x/ lT. Here

κ = 2K0(T d1

ρ1 J 2
; θ0 = (T0 − T1)/(Tc − T1) < 0. (29)

Notice that (27) does not depend on the specific form of
the constituent relationship between electric field and current
density in the superconductor. The specifics of the constituent
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Quench	modeling	of	2G	HTS	CCs	

•  Numerical	modelling	allows	fully	invesYgaYng	
quench	dynamics	under	various	condiYons	
–  Yme-varying	current	
–  type	of	thermal	disturbance	
–  variaGons	in	tape	architecture	
–  etc.	

•  Basic	requirements:	
–  Very	nonlinear	problem:	full	Gme-domain	soluGon	

–  2-D	or	3-D	models	(3-D	is	actually	VERY	important)	
– Ability	to	deal	with	thin	layers	
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•  Finite	element	is	the	perfect	tool	for	electro-
thermal	simulaYons	

•  Model	developed	in	
– COMSOL	4.3b	
(Joule	heaYng	module)	
– EquaYons:	

Numerical	modeling	of	2G	HTS	CCs	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	

Typical	2-D/3-D	model	of	CC	

architecture,	including	buffer	layers	

and	HTS-Ag	interfacial	resistance	

Supercond. Sci. Technol. 27 (2014) 035003 C Lacroix and F Sirois

Table 2. (RE)BaCuO parameters.

Parameter Numerical value

Critical current density at T = T0 (Jc0) 3.125 MA cm�2

Critical temperature (Tc) 90 K
Liquid nitrogen temperature (T0) 77 K
Critical electric field (E0) 1 µV cm�1

n-parameter at T = T0 (n0) 13
Defect amplitude (A) 0.75
Defect size (d) 1 mm

n0 is a fitting parameter. All (RE)BaCuO parameters used in
this work are presented in table 2.

In figure 1(c), the longitudinal section of a CFD tape is
shown. A low Jc region (red) is included at a specific location
in the tape in order to initiate a normal zone propagation. The
reduction in critical current was included in (3) by making the
following substitution:

Jc0 ! Jc0


1 � Ae

�(x�l)2

2d2

�
(5)

where A, d and l correspond to the amplitude, width and
position of the low Jc region. When a current density higher
than Jc0(1 � A) is flowing in the superconducting layer, heat
is generated in this low Jc region, which creates a normal zone
that expands with time.

To minimize computational time of this 3D numerical
model, the number of elements was reduced by taking advan-
tage of the symmetries of the problem. First, only half of the
width of the tape was modeled. Second, the low Jc region was
placed at one end of the tape, while the current was injected at
the other end.

For each simulation, a ramp of current followed by a
plateau of constant current (I = 0.8Ic0 = 250 A, where Ic0 is
the critical current at T = T0) was imposed as transport current
in the tape (see figure 2).

2.2. Electro-thermal model

The variables used in the electro-thermal model are the
electrical potential V and the temperature T. To describe the
electrical part, the following equations were used:

r · (�� (T )rV ) = 0, in the tape, (6)Z

�
�n · (�� (T )rV ) dS = I (t),

at one end of the tape, (7)
V = 0, at the other end of the tape, (8)
n · rV = 0,

at the remaining boundaries of the tape, (9)

where � (T ) is the electrical conductivity, � is the surface at
one end of the tape, I (t) is the applied transport current and n
is a local unit vector perpendicular to the external surfaces of
the tape.

To describe the thermal part, the heat equation was used,
which reads

⇢mCp(T )
@T
@t

+ r · (�k(T )rT ) = Qj, in the tape,

(10)

Figure 2. Applied current as a function of time used for all
simulations presented in this paper.

where ⇢m is the mass density, Cp(T ) is the heat capacity, k(T )
is the thermal conductivity and Qj represent the Joule losses,
which ensure the coupling between (6) and (10) through the
following expression:

Qj = � (T )(�rV )2, in the tape. (11)

At both ends of the tape, we consider that the temperature
gradient is zero, which is expressed as

n · rT = 0, at both ends of the tape. (12)

For the remaining boundaries, we used the following term,
which represents the cooling power of liquid nitrogen:

n · (krT ) = h(T � T0), at the remaining boundaries,
(13)

where h is a heat transfer coefficient representing the thermal
exchange from the tape boundaries with the liquid nitro-
gen [29]. It is worth noting that the effect of this thermal
exchange on the results presented below is small and does not
affect the main conclusions of this work. It has been considered
for the sake of completeness.

2.3. Numerical approximations

To further reduce the computational time, the buffer layers
and the interfacial resistance layer were approximated as 2D
domains, i.e. as if they were infinitely thin. This approximation
implies that the in-plane components of current density (Jx
and Jy) are negligible in these layers, and only the normal
component remains (Jz). Therefore, (6) becomes a one-
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reduction in critical current was included in (3) by making the
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where A, d and l correspond to the amplitude, width and
position of the low Jc region. When a current density higher
than Jc0(1 � A) is flowing in the superconducting layer, heat
is generated in this low Jc region, which creates a normal zone
that expands with time.

To minimize computational time of this 3D numerical
model, the number of elements was reduced by taking advan-
tage of the symmetries of the problem. First, only half of the
width of the tape was modeled. Second, the low Jc region was
placed at one end of the tape, while the current was injected at
the other end.

For each simulation, a ramp of current followed by a
plateau of constant current (I = 0.8Ic0 = 250 A, where Ic0 is
the critical current at T = T0) was imposed as transport current
in the tape (see figure 2).

2.2. Electro-thermal model

The variables used in the electro-thermal model are the
electrical potential V and the temperature T. To describe the
electrical part, the following equations were used:

r · (�� (T )rV ) = 0, in the tape, (6)Z

�
�n · (�� (T )rV ) dS = I (t),

at one end of the tape, (7)
V = 0, at the other end of the tape, (8)
n · rV = 0,

at the remaining boundaries of the tape, (9)

where � (T ) is the electrical conductivity, � is the surface at
one end of the tape, I (t) is the applied transport current and n
is a local unit vector perpendicular to the external surfaces of
the tape.

To describe the thermal part, the heat equation was used,
which reads

⇢mCp(T )
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+ r · (�k(T )rT ) = Qj, in the tape,
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Figure 2. Applied current as a function of time used for all
simulations presented in this paper.
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gradient is zero, which is expressed as

n · rT = 0, at both ends of the tape. (12)

For the remaining boundaries, we used the following term,
which represents the cooling power of liquid nitrogen:
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where h is a heat transfer coefficient representing the thermal
exchange from the tape boundaries with the liquid nitro-
gen [29]. It is worth noting that the effect of this thermal
exchange on the results presented below is small and does not
affect the main conclusions of this work. It has been considered
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domains, i.e. as if they were infinitely thin. This approximation
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where V2 and V1 are the electric potentials on each side of
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Table 2. (RE)BaCuO parameters.

Parameter Numerical value

Critical current density at T = T0 (Jc0) 3.125 MA cm�2

Critical temperature (Tc) 90 K
Liquid nitrogen temperature (T0) 77 K
Critical electric field (E0) 1 µV cm�1

n-parameter at T = T0 (n0) 13
Defect amplitude (A) 0.75
Defect size (d) 1 mm

n0 is a fitting parameter. All (RE)BaCuO parameters used in
this work are presented in table 2.

In figure 1(c), the longitudinal section of a CFD tape is
shown. A low Jc region (red) is included at a specific location
in the tape in order to initiate a normal zone propagation. The
reduction in critical current was included in (3) by making the
following substitution:

Jc0 ! Jc0


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where A, d and l correspond to the amplitude, width and
position of the low Jc region. When a current density higher
than Jc0(1 � A) is flowing in the superconducting layer, heat
is generated in this low Jc region, which creates a normal zone
that expands with time.

To minimize computational time of this 3D numerical
model, the number of elements was reduced by taking advan-
tage of the symmetries of the problem. First, only half of the
width of the tape was modeled. Second, the low Jc region was
placed at one end of the tape, while the current was injected at
the other end.

For each simulation, a ramp of current followed by a
plateau of constant current (I = 0.8Ic0 = 250 A, where Ic0 is
the critical current at T = T0) was imposed as transport current
in the tape (see figure 2).

2.2. Electro-thermal model

The variables used in the electro-thermal model are the
electrical potential V and the temperature T. To describe the
electrical part, the following equations were used:

r · (�� (T )rV ) = 0, in the tape, (6)Z
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at one end of the tape, (7)
V = 0, at the other end of the tape, (8)
n · rV = 0,

at the remaining boundaries of the tape, (9)

where � (T ) is the electrical conductivity, � is the surface at
one end of the tape, I (t) is the applied transport current and n
is a local unit vector perpendicular to the external surfaces of
the tape.

To describe the thermal part, the heat equation was used,
which reads
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Figure 2. Applied current as a function of time used for all
simulations presented in this paper.

where ⇢m is the mass density, Cp(T ) is the heat capacity, k(T )
is the thermal conductivity and Qj represent the Joule losses,
which ensure the coupling between (6) and (10) through the
following expression:

Qj = � (T )(�rV )2, in the tape. (11)

At both ends of the tape, we consider that the temperature
gradient is zero, which is expressed as

n · rT = 0, at both ends of the tape. (12)

For the remaining boundaries, we used the following term,
which represents the cooling power of liquid nitrogen:

n · (krT ) = h(T � T0), at the remaining boundaries,
(13)

where h is a heat transfer coefficient representing the thermal
exchange from the tape boundaries with the liquid nitro-
gen [29]. It is worth noting that the effect of this thermal
exchange on the results presented below is small and does not
affect the main conclusions of this work. It has been considered
for the sake of completeness.

2.3. Numerical approximations

To further reduce the computational time, the buffer layers
and the interfacial resistance layer were approximated as 2D
domains, i.e. as if they were infinitely thin. This approximation
implies that the in-plane components of current density (Jx
and Jy) are negligible in these layers, and only the normal
component remains (Jz). Therefore, (6) becomes a one-
dimensional equation, which gives
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where V2 and V1 are the electric potentials on each side of
the infinitely thin layer, and � (T ) and t are the electrical
conductivity and thickness of the thin layer, respectively.

4

Supercond. Sci. Technol. 27 (2014) 035003 C Lacroix and F Sirois

Table 2. (RE)BaCuO parameters.

Parameter Numerical value

Critical current density at T = T0 (Jc0) 3.125 MA cm�2

Critical temperature (Tc) 90 K
Liquid nitrogen temperature (T0) 77 K
Critical electric field (E0) 1 µV cm�1

n-parameter at T = T0 (n0) 13
Defect amplitude (A) 0.75
Defect size (d) 1 mm

n0 is a fitting parameter. All (RE)BaCuO parameters used in
this work are presented in table 2.

In figure 1(c), the longitudinal section of a CFD tape is
shown. A low Jc region (red) is included at a specific location
in the tape in order to initiate a normal zone propagation. The
reduction in critical current was included in (3) by making the
following substitution:

Jc0 ! Jc0


1 � Ae

�(x�l)2

2d2

�
(5)

where A, d and l correspond to the amplitude, width and
position of the low Jc region. When a current density higher
than Jc0(1 � A) is flowing in the superconducting layer, heat
is generated in this low Jc region, which creates a normal zone
that expands with time.

To minimize computational time of this 3D numerical
model, the number of elements was reduced by taking advan-
tage of the symmetries of the problem. First, only half of the
width of the tape was modeled. Second, the low Jc region was
placed at one end of the tape, while the current was injected at
the other end.

For each simulation, a ramp of current followed by a
plateau of constant current (I = 0.8Ic0 = 250 A, where Ic0 is
the critical current at T = T0) was imposed as transport current
in the tape (see figure 2).

2.2. Electro-thermal model

The variables used in the electro-thermal model are the
electrical potential V and the temperature T. To describe the
electrical part, the following equations were used:

r · (�� (T )rV ) = 0, in the tape, (6)Z

�
�n · (�� (T )rV ) dS = I (t),

at one end of the tape, (7)
V = 0, at the other end of the tape, (8)
n · rV = 0,

at the remaining boundaries of the tape, (9)

where � (T ) is the electrical conductivity, � is the surface at
one end of the tape, I (t) is the applied transport current and n
is a local unit vector perpendicular to the external surfaces of
the tape.

To describe the thermal part, the heat equation was used,
which reads

⇢mCp(T )
@T
@t

+ r · (�k(T )rT ) = Qj, in the tape,

(10)

Figure 2. Applied current as a function of time used for all
simulations presented in this paper.

where ⇢m is the mass density, Cp(T ) is the heat capacity, k(T )
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gradient is zero, which is expressed as
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For the remaining boundaries, we used the following term,
which represents the cooling power of liquid nitrogen:

n · (krT ) = h(T � T0), at the remaining boundaries,
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where h is a heat transfer coefficient representing the thermal
exchange from the tape boundaries with the liquid nitro-
gen [29]. It is worth noting that the effect of this thermal
exchange on the results presented below is small and does not
affect the main conclusions of this work. It has been considered
for the sake of completeness.

2.3. Numerical approximations

To further reduce the computational time, the buffer layers
and the interfacial resistance layer were approximated as 2D
domains, i.e. as if they were infinitely thin. This approximation
implies that the in-plane components of current density (Jx
and Jy) are negligible in these layers, and only the normal
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where V2 and V1 are the electric potentials on each side of
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conductivity and thickness of the thin layer, respectively.
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where ⇢m is the mass density, Cp(T ) is the heat capacity, k(T )
is the thermal conductivity and Qj represent the Joule losses,
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following expression:
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At both ends of the tape, we consider that the temperature
gradient is zero, which is expressed as
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For the remaining boundaries, we used the following term,
which represents the cooling power of liquid nitrogen:

n · (krT ) = h(T � T0), at the remaining boundaries,
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where h is a heat transfer coefficient representing the thermal
exchange from the tape boundaries with the liquid nitro-
gen [29]. It is worth noting that the effect of this thermal
exchange on the results presented below is small and does not
affect the main conclusions of this work. It has been considered
for the sake of completeness.

2.3. Numerical approximations

To further reduce the computational time, the buffer layers
and the interfacial resistance layer were approximated as 2D
domains, i.e. as if they were infinitely thin. This approximation
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Figure 4. Two-dimensional contour maps of the spatial variation of the temperature on top of the tape (HTS side) obtained at t = 10 ms for
(a) a uniform tape and (b) a CFD tape (R f = 1 � cm2 and f = 0.9). Both tapes have an interfacial resistance Ri = 1µ� cm2. Only the
half-width of the tape is represented.

Figure 5. Two-dimensional current distribution of the current density in the stabilizer (top view of the tape) at the frontier between the
superconducting and normal zones for (a) a uniform tape and (b) a CFD tape (R f = 1 � cm2 and f = 0.9). Both tapes have an interfacial
resistance Ri = 1 µ� cm2. The red and blue arrows represent the current density in the superconductor and in the stabilizer respectively.
Only the half-width of the tape is represented.

is artificially increased. Therefore, the length over which the
heat is generated in front of the moving quench boundary is
longer, which accelerates the NZPV.

3.2. Dependence of NZPV and CTL on parameters

The dependence of the NZPV on the global interfacial resis-
tance of the tape Ri was investigated. For the uniform case,
the resistivity of the interfacial resistance layer was varied.
For the CFD case, the coverage fraction f was used to vary
Ri. The results are presented in figure 8. We observe that,

in the case of a uniform tape, the NZPV is constant for
Ri < 0.1 µ� cm2. In that regime, the NZPV is dominated
by the thermal diffusion in the substrate, as described in [19].
If Ri is between 0.1 and 1 µ� cm2, the thermal diffusion length
and the CTL are of the same order of magnitude. When Ri >

1 µ� cm2, the dominating length is the CTL and the NZPV
increases rapidly with Ri. The uniform interfacial resistance
architecture thus allows an increase of the NZPV only when the
interfacial resistance is sufficiently high. However, such a high
interfacial resistance is unsuitable for making good current

7

Current	Flow	Diverter	(CFD)	concept1	
•  Highly	resisYve	layer	that	parGally	covers	the	
HTS-Ag	interface	to	increase	the	current	transfer	
length	(CTL)	

1Lacroix	et	al.	SUST	27,	035003	(2014)	
Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	2015-12-15	 25	



FEM	CalculaYons:	CFD	vs.	uniform		

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	2015-12-15	
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Uniform
Flow diverter

40	Gmes	

	faster	

Low	resistance	part	=	0.1	µΩ.cm2		
CFD	=	1	Ω.cm2		

		

T
op
	=	77	K,	Ic	(77K)	=	160	A,	Iop	=	0.9	Ic	A,	tag	=	3	µm	
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FEM	CalculaYons:	CFD	vs.	uniform		

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	2015-12-15	
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T
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	=	77	K,	Ic	(77K)	=	160	A,	Iop	=	0.9	Ic	A,	tag	=	3	µm	

Need	3-D	simulaYons	
to	observe	this	
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Commercial tape
Regular tape
Flow diverter tape

3	m/s	@Ri	=	0.6	µΩ.cm2					

@	77	K,	2	µm	of	stabilizer	

Measured	NZPV	vs	Ri	(Iop	=	Ic	=	102	A)1	

Uniform	

1Lacroix	et	al.	SUST	27,	055013	(2014)	
Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	

1	Uniform	
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QuesYons	about	CFD	
•  What	is	the	stability	of	CFD	tapes	?	

	
	

•  What	is	the	NZPV	enhancement	of	CFD	tapes	
–  at	different	operaYng	currents	?	
–  at	lower	temperatures	?	
–  for	thicker	stabilizer	?	
–  for	higher	criYcal	current	?	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	2015-12-15	 29	



QuesYons	about	CFD	
•  What	is	the	stability	of	CFD	tapes	?	

è	Measure	the	Minimum	Quench	Energy	(MQE)	
	

•  What	is	the	NZPV	enhancement	of	CFD	tapes	
–  at	different	operaYng	currents	?	
–  at	lower	temperatures	?	
–  for	thicker	stabilizer	?	
–  for	higher	criYcal	current	?	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	2015-12-15	 30	



CFD	tape	fabricaYon	

silver	

REBCO	

	12	cm	

width	

•  FabricaYon	steps	
–  Ag	etching	/	degraded	REBCO	layer	as	flow	diverter	
–  DeposiYon	of	1.5-2	µm	of	Ag	
–  No	degradaYon	of	Ic	

2015-12-15	 Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	 31	



MQE	measurements	
•  4	mm	wide	2G	HTS	CCs,	Ic	=	102	A	@	77K,	2	µm	Ag	
•  Tapes	12	cm	long	with	2.8	mm	(70	%)	and	3.8	mm	
(95	%)	wide	CFDs	were	fabricated	

	
	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	

LN2	bath	
Magnet	creates	defect	

2015-12-15	 32	



MQE	measurements	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	
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MQE	measurements	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	
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A	slight	increase	in	overcurrent	pulse	induces	the	quench		

Quench	!	

Several	measurements	back	and	forth	across	quench	
threshold	were	realized	to	determine	the	MQE1	

1Jarvela	et	al.	IEEE	Trans.	Appl.	Supercond.	19,	3511	(2009)	
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MQE	measurements	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	
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Measurements	of	MQE	vs	Iop	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	
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4	mm	wide	2G	HTS	CCs	
Ic	=	102	A	@	77K,	2	µm	Ag	
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QuesYons	about	CFD	
•  What	is	the	stability	of	CFD	tapes	?	

	

•  What	is	the	NZPV	enhancement	of	CFD	tapes	

–  at	different	operaYng	currents	?	
–  at	lower	temperatures	?	
–  for	thicker	stabilizer	?	
–  for	higher	criYcal	current	?	
èPerform	finite	element	calculaGons	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	2015-12-15	 37	



Finite	element	calculaYons1	
•  3D	electro-thermal	model	developed	in	COMSOL	4.3b	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	

•  A	power-law	with	Jc(T)	and	n(T)	was	
used	to	model	the	E-J	curve	of	REBCO	

•  Tape	length	=	5	cm		
•  Tape	width	=	10	mm		
•  Substrate	thickness	(Hastelloy)	=	50	μm		
•  Buffer	layers	thickness	(MgO)	=	150	nm	
•  HTS	thickness	((RE)BCO)	=	1	μm		

•  Intrinsic	HTS-Ag	interfacial	resistance	=	
100	nΩ.cm2	

•  CFD	interfacial	resistance	=	1	Ω.cm2	
•  CFD	coverage	=	90%	HTS-Ag	interface	

1Lacroix	et	al.	SUST	27,	035003	(2014)	
2015-12-15	 38	
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Example	of	results	
•  Top	=	50	K,	Ic	(50K)	=	800	A,	Iop	=	0.9Ic,	tag	=	10	µm	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	
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CFD	vs.	uniform	tapes	
•  Top	=	50	K,	Ic	(50K)	=	800	A,	Iop	=	0.9Ic,	tag	=	10	µm	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	

dT/dt	at	defect	locaYon	is	lower	
for	CFD	tapes	

UNIFORM	 CFD	

Higher	NZPV	
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Uniform
CFD

Temperature	along	length	
•  Top	=	50	K,	Ic	(50K)	=	800	A,	Iop	=	0.9Ic,	tag	=	10	µm,	Yme	=	10	ms	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	

Heat	deposited	
at	this	locaYon	

Peak	temperature	and	
temperature	gradient	
are	lower	in	CFD	tape	

Reduces	thermal	

stress	
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Total	voltage	in	tape	
•  Top	=	50	K,	Ic	(50K)	=	800	A,	Iop	=	0.9Ic,	tag	=	10	µm	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	

Voltage	peak	and	
dV/dt	are	higher	in	

CFD	tape	
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QuesYons	about	CFD	
•  What	is	the	stability	of	CFD	tapes	?	

	

•  What	is	the	NZPV	enhancement	of	CFD	tapes	

–  at	different	operaLng	currents	?	
–  at	lower	temperatures	?	
–  for	thicker	stabilizer	?	
–  for	higher	criLcal	current	?	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	2015-12-15	 43	
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NZPV	vs.	operaYng	current	
•  Top	=	50	K,	Ic	(50K)	=	800	A	,	tAg	=	10	µm		

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	2015-12-15	 44	



100 101 102101

102

103

104

tAg (µm)

N
ZP

V 
(c

m
/s

)

 

 

CFD
Uniform

NZPV	vs.	stabilizer	thickness	
•  Iop	=	0.9Ic,	Top	=	50	K,	Ic	(50K)	=	800	A	
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NZPV	vs.	criYcal	current	

•  Iop	=	0.9Ic,	Top	=	50	K,	tAg	=	10	µm		

CFD	
architecture	
gets	more	

efficient	as	Ic	
increases	
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NZPV	vs.	operaYng	temperature	
•  Iop	=	0.9Ic,	Ic	(50K)	=	800	A,		tAg	=	10	µm		
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Processing	feasibility	of	CFD	tapes	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	2015-12-15	

•  In	few	word:	not	so	obvious!	
–  Paaerning	not	easy	to	integrate	in	current	processes	
–  Uniform	architecture	much	easier,	but	less	effecYve	
–  Needs	further	discussions	with	tape	manufacturers	
–  But	in	the	short	term…	
(see	next	slide)	
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AlternaYve	CFD	architecture	
•  Buffer	layers	are	electrical	insulators:	can	act	as	CFD	
•  HTS-Ag	interfacial	resistance	is	kept	low	
•  Stabilizer	is	kept	very	thin	on	the	HTS	side	but	thick	
on	the	substrate	side	è	b-CFD	architecture	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	2015-12-15	

T
op
	=	10	K	

Ic	(10K)	=	1.6	kA		
Iop	=	0.9Ic	
t
ag
	=	20	µm	

(total)	
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b-CFD	architecture	
•  First	experiment	on	4-mm	modified	STI	tapes:	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	2015-12-15	

T
op
	=	77	K,	I

c
	(77	K)	=	50-60	A,	t

ag
	=	2	µm	(total)	

𝐼௖஻𝐼௖஺

Sample BSample A

Ag

YBCO

Substrat 
(100 𝜇m)

Buffer
Ag

Substrat
(100 𝜇m)

YBCO
Buffer 

2 𝜇m

2 𝜇m20 nm

4 mm 4 mm
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Sample BSample A

Ag

YBCO

Substrat 
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Buffer
Ag

Substrat
(100 𝜇m)

YBCO
Buffer 

2 𝜇m

2 𝜇m20 nm

4 mm 4 mm

b-CFD	architecture	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	2015-12-15	

Modified	STI	tapes:	

width	=	4	mm	

T
op
	=	77	K	

I
c
	(77	K)	=	50-60	A	

t
ag
	=	2	µm	(total)	
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Summary	
•  What	is	the	stability	of	CFD	tapes	?	
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Commercial
CFD − 2.8mm (70%) − NZPV@Ic (X3) − Ri (X2.3)
CFD − 3.8mm (95%) − NZPV@Ic (X7) − Ri (X4)

1	Also	observed	by	Wang	et	al.	JAP	101,	053904	(2007)	

–  Reduced	MQE	in	CFD	tapes	
(tradeoff	between	NZPV	and	MQE)	

–  ReducYon	less	pronounced	
as	we	increase	Iop	

	

(experimental	measurements)	

2015-12-15	 Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	 52	



Summary	

•  What	is	the	NZPV	enhancement	of	CFD	tapes	at	

different	I
op
,	lower	T,	thicker	stabilizer,	higher	I

c
	?	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	

(FEM	calculaYons	+	experiments)	

–  Increases	NZPV	(dV/dt)	and	Vpeak	:	important	for	quench	detecGon	

–  Decreases	dT/dx	:	good	for	reducing	thermal	stress
	

(FEM	calculaYons)	

–  CFD	effecYve	for	all	operaYng	condiYons	and	parameters	
•  AcceleraYon	of	NZPV	by	a	factor	10	and	beyond	

–  EffecGveness	increases	as	Ic	of	CCs	increases	:	follows	industry	trend	

2015-12-15	

…including	low	temperature	
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Conclusion	

Sirois/Lacroix,	Séminaire	CEA,	Saclay,	France,	14	déc.	2015	2015-12-15	

•  Current	Flow	Diverter	(CFD)	concept:	
–  might	be	the	right	approach	to	make	quench	detecYon	easier	
–  applicable	to	a	broad	range	of	applicaYons	(SFLCs,	magnets,	…)	
–  promising	for	making	more	robust	HTS	devices	based	on	CCs	
	

Benefits	come	in	

addiGon	to	progress	in	

magnet	quench	

protecGon	strategies	

Proved	experimentally	

on	small	tape	lengths	
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Appendix:	NZPV	measurements	
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