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Introduction: hot spot issue

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

• Solution #1 : increase stabilizer thickness
– Reduced fault current limitation capability
– Reduced engineering current density

• Solution #2 : accelerate NZPV
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Introduction: accelerating the NZPV
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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

JsEs = 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
∂ξ2

= 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 Td1

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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≫ 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)
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Quench modeling of 2G HTS CCs

• Analytical formulas can be used, but with 
some care, e.g.
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From Iwasa’s book:
Studies in superconducting magnets

NZPV

Miminum
Propagation
Zone (radius)

Stability considerations of multifilamentary MgB2 tape

x3

x2 x1

2Rmz3

2Rmz2

2Rmz1

epoxy
tape

Figure 1. Normal zone ellipsoid.

to an energy release it starts to propagate with a velocity that
depends on the conductor geometry, material properties and
the operation conditions [1].

In a composite tape the shape of the MPZ is a pinched
ellipsoid due to the different thermal conductivities in the
longitudinal and transverse directions. The ellipsoid has three
radii: the major radius Rmz3 along the tape and the minor radii
Rmz1 and Rmz2 in the cross-section of the tape. The radii are
presented in figure 1. The figure is not in scale [2].

The radius Rmz3 can be computed as

Rmz3 =
3λl(Tc(B, Jop) − Top)

ρm J 2m
, (2)

where λl, Tc, B, Jop, Top, ρm and Jm are the thermal
conductivity along the tape, the critical temperature, the
magnetic flux density, the operation current density, the
operation temperature, the resistivity of the matrix metal and
the current density in the matrix metal after the resistive
transition, respectively [2].

The minor radii Rmzi can be estimated from Rmz3 as

Rmzi =
λxi
λl
Rmz3, (3)

where λxi is the thermal conductivity along xi -axis [2]. After
the major and minor radii are known the volume of the
ellipsoidal MPZ, VMPZ, can be calculated.

When the volume of MPZ, VMPZ, is known MQE can be
calculated as

MQE = VMPZ
Tc(B, Jop)

Top
Cp(T ) dT . (4)

The effective volumetric specific heat in the VMPZ has to be
used [2].

2.2. Normal zone propagation velocities

In order to determine the radii of the propagating ellipsoidal
normal zone, the normal zone propagation velocities, vNPZ,
have to be known. vNPZ are essential parameters in a quench
analysis because a slow propagation results in a high hot spot
temperature.

The longitudinal normal zone propagation velocity, vl ,
in adiabatic conditions for a composite conductor can be
computed as

vl = Jop
1

ρ(T )λ(T ) Cp(T ) −
1

λ(T )
∂λ(T )
∂T

×
Tc(B, Jop)

Top
Cp(T ) dT

×
Tc(B, Jop)

Top
Cp(T ) dT

−1/ 2

T= Tc(B, Jop)
. (5)

Effective values for ρ(T ), λ(T ) and Cp(T ) have to be
used [8]. Equation (5) was initially introduced by Whetstone
and Roos [7].

Equation (5) is valid only along x3-axis. The normal
zone propagates also sideways in the winding but with
a considerably lower velocity. Transverse normal zone
propagation velocities, vxi , along axes x1 and x2 can be
estimated similarly to estimating the minor radii in MPZ from
the major radius as

vxi =
λxi
λl
vl. (6)

Mainly due to the epoxy layer around the conductor the
effective thermal conductivities are lower in the transverse
directions than along the conductor [1].

2.3. Computing effective parameters

The effective volumetric specific heat, Cp,eff , can be estimated
from the volumetric fractions of the constituent materials in
the conductor as

Cp,eff (T ) =
n

i= 1
fiCip(T ), (7)

where n and fi are the number of thematerials in the composite
and the volumetric fractionof the i thmaterial, respectively [3].

The exact determination of the effective resistivity, ρeff , is
complicated due to the unknown contact resistances between
the materials. In longitudinal direction ρeff can be estimated
with materials connected in parallel. Thus, ρeff can be
determined from

1
ρeff(T )

=
n

i= 1

fi
ρi (T )

. (8)

The effective thermal conductivity, λeff , along a conductor
can be estimated as

λeff(T ) =
n

i= 1
fiλi (T ). (9)

This estimation also gives an upper limit for the effective
thermal conductivity, λmaxeff [3].

Equation (9) is slightly optimistic because in practice
λeff depends on the thermal contact resistances, geometry,
volumetric fractions and dimensions. However, λmaxeff is a
reasonable estimate for λl [3].

185

Miminum
quench
energy Stenvall et al. SUST 19, 184 (2006)
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Quench modeling of 2G HTS CCs
• Only numerical modelling allows fully 

investigating quench dynamics under various 
conditions
– time-varying current
– type of thermal disturbance
– variations in tape architecture
– etc.

• Basic requirements:
– Very nonlinear problem: full time-domain solution
– 2-D or 3-D models (3-D is actually VERY important)
– Ability to deal with thin layers
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2) OVERVIEW OF MODELS AND NUMERICAL METHODS 
 

! EXAMPLES OF  “SMART” MODELLING APPROACHES 

- Thin interface conditions for quench problems 

W.-K. Chan et al., 1st HTS modelling workshop, Lausanne, Switzerland, May 2010. 

1/3rd 

1/8th 
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• Finite element is the perfect tool for electro-
thermal simulations

• Model developed in
– COMSOL 4.3b
(Joule heating module)
– Equations:

Numerical modeling of 2G HTS CCs
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Typical 2-D/3-D model of CC 
architecture, including buffer layers 

and HTS-Ag interfacial resistance

Substrat (Ni-alloy)

Buffer stack

HTS ( YBCO )

HTS-Ag interfacial resistance

Stabilizer (Silver)

1 μm

0.15 μm

50 μm

Current 
density (J)
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• Finite element is the perfect tool for electro-
thermal simulations

• Model developed in
– COMSOL 4.3b
(Joule heating module)
– Equations:

Numerical modeling of 2G HTS CCs
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Buffer layers and HTS-Ag 
contact resistance

Approximation:
- Infinitely thin layers

Current 
density (J)

+ boundary conditions
2015-09-21
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- Hierarchal, 3-D multi-scale tape model for magnets 

2) OVERVIEW OF MODELS AND NUMERICAL METHODS 
 

! EXAMPLES OF  “SMART” MODELLING APPROACHES 

W. K. Chan and J. Schwartz, IEEE T. Appl. Supercon., 22 (5), p. 4706010, 2012. 

CHAN AND SCHWARTZ: ELECTRO–MAGNETO–THERMAL MODEL OF QUENCHING IN REBCO CC-BASED COILS 4706010

design optimization of the magnet, including the design of the
quench protection system.
Common methods for modeling the quench behavior of su-

perconducting magnets include the use of a variety of modeling
techniques, such as analytical equations [25], [26], equivalent
network circuits with lumped elements [33]–[35], homogenized
coil models [36]–[41], and coils that are homogenized at the
conductor level [42]–[46]. A homogenized coil model ignores
the distribution of materials within the conductor and the
magnet by considering only effective homogenized material
properties. A model that homogenizes at the conductor level
preserves the turn-to-turn conductor/insulation geometry but
includes no details of the internal structure of the conductor.
These models are often coupled with electrical circuits to model
the dynamic current and voltage changes during the process of
quench detection and protection. Due to the homogenization,
however, they provide only rough quench information and
cannot evaluate phenomena within the conductor itself.
An experimentally validated model of quenching in a

REBCO CC tape was previously reported [47]. This conductor
model is an accurate micrometer-scale model that uses a mixed-
dimensional modeling approach to address the computational
challenges of modeling a high-aspect-ratio multilayer system.
The model includes all of the thin layers within a CC, including
the REBCO layer and thin silver and buffer interlayers, which
are addressed with 2-D equations and internal 2-D boundary
conditions (BCs). The remaining relatively thick layers, in-
cluding the stabilizer and the substrate, are modeled with 3-D
physics. The interior BCs also couple the 2- and 3-D physics.
The model can calculate the temperature and voltages within
each layer as a function of location and time during a quench
and accurately predicts the quench behavior observed in exper-
iments, including the NZPV and the voltage and temperature
profiles. Because each layer is modeled without any averaging
of material properties, it is easy to model the effects of varia-
tions in architecture on the quench behavior, as reported in [23].
Here, a hierarchical multiscale computationally efficient

model of quenching in REBCO magnets is presented. The
multiscale model uses the previously reported conductor model
as its basic building block. Using the conductor model through-
out an entire magnet, however, would be computationally pro-
hibitive; hence, instead, the multiscale magnet model integrates
the conductor model with a homogenized model of the entire
magnet. Within the homogenized coil framework, one or more
localized micrometer-scale multilayer tape modules are embed-
ded at particular locations of interest. The locations of interest
can be varied to account for location-dependent effects such
as cooling conditions, the dependence of the critical current
density on magnetic field and its orientation, or regions where
larger heat loads are anticipated. For example, one localized
multilayer tape module can be placed at the edge of the coil
and another module at the center of the global homogenized
coil. The multilayer module models a small section of the coil
in detail and is also built using a hierarchical approach by
integrating and coupling multiple single-layer CC tape modules
that analyze the behavior within each layer of the REBCO CC.
The single-layer CC modules are separated by insulation layers
that are also physically modeled.

Fig. 1. Cross-sectional schematic of a typical REBCO CC as used in the
model [47]. Starred layers are thin layers modeled with 2-D physics; all other
layers are modeled in 3-D.

Fig. 2. Schematic showing the cross section of a multilayer tape module
composed of five layers of CC.

Fig. 3. Multiscale coil model composed of a homogenized coil, a copper plate,
and a localized embedded multilayer tape module. The inset shows a section of
the multilayer tape module whose cross section is illustrated in Fig. 2. The
arrow shows the direction of the current flow in each turn. The current outflow
ends of the tapes are located on the symmetry plane. The current inflow ends
are located at the other end of the multilayer tape model. Not shown here is
the air region, which is a half-rectangle enclosing the half-cylinder coil model,
used for the magnetic field calculation.

The hierarchical multiscale approach is illustrated in
Figs. 1–3. Fig. 1 illustrates a cross-sectional schematic of a
typical CC tape model from [47], which is the fundamental
building block used here. These are stacked to create the mul-
tilayer modules as shown in Fig. 2. The multilayer modules are
then embedded in select locations of an otherwise homogenized
coil model as illustrated by the example shown in Fig. 3.
By using this multiscale approach, the coil model generates
detailed quench properties from the micrometer tape-layer scale
to the coil-dimension scale, while ensuring that the coil model
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design optimization of the magnet, including the design of the
quench protection system.
Common methods for modeling the quench behavior of su-

perconducting magnets include the use of a variety of modeling
techniques, such as analytical equations [25], [26], equivalent
network circuits with lumped elements [33]–[35], homogenized
coil models [36]–[41], and coils that are homogenized at the
conductor level [42]–[46]. A homogenized coil model ignores
the distribution of materials within the conductor and the
magnet by considering only effective homogenized material
properties. A model that homogenizes at the conductor level
preserves the turn-to-turn conductor/insulation geometry but
includes no details of the internal structure of the conductor.
These models are often coupled with electrical circuits to model
the dynamic current and voltage changes during the process of
quench detection and protection. Due to the homogenization,
however, they provide only rough quench information and
cannot evaluate phenomena within the conductor itself.
An experimentally validated model of quenching in a

REBCO CC tape was previously reported [47]. This conductor
model is an accurate micrometer-scale model that uses a mixed-
dimensional modeling approach to address the computational
challenges of modeling a high-aspect-ratio multilayer system.
The model includes all of the thin layers within a CC, including
the REBCO layer and thin silver and buffer interlayers, which
are addressed with 2-D equations and internal 2-D boundary
conditions (BCs). The remaining relatively thick layers, in-
cluding the stabilizer and the substrate, are modeled with 3-D
physics. The interior BCs also couple the 2- and 3-D physics.
The model can calculate the temperature and voltages within
each layer as a function of location and time during a quench
and accurately predicts the quench behavior observed in exper-
iments, including the NZPV and the voltage and temperature
profiles. Because each layer is modeled without any averaging
of material properties, it is easy to model the effects of varia-
tions in architecture on the quench behavior, as reported in [23].
Here, a hierarchical multiscale computationally efficient

model of quenching in REBCO magnets is presented. The
multiscale model uses the previously reported conductor model
as its basic building block. Using the conductor model through-
out an entire magnet, however, would be computationally pro-
hibitive; hence, instead, the multiscale magnet model integrates
the conductor model with a homogenized model of the entire
magnet. Within the homogenized coil framework, one or more
localized micrometer-scale multilayer tape modules are embed-
ded at particular locations of interest. The locations of interest
can be varied to account for location-dependent effects such
as cooling conditions, the dependence of the critical current
density on magnetic field and its orientation, or regions where
larger heat loads are anticipated. For example, one localized
multilayer tape module can be placed at the edge of the coil
and another module at the center of the global homogenized
coil. The multilayer module models a small section of the coil
in detail and is also built using a hierarchical approach by
integrating and coupling multiple single-layer CC tape modules
that analyze the behavior within each layer of the REBCO CC.
The single-layer CC modules are separated by insulation layers
that are also physically modeled.

Fig. 1. Cross-sectional schematic of a typical REBCO CC as used in the
model [47]. Starred layers are thin layers modeled with 2-D physics; all other
layers are modeled in 3-D.

Fig. 2. Schematic showing the cross section of a multilayer tape module
composed of five layers of CC.

Fig. 3. Multiscale coil model composed of a homogenized coil, a copper plate,
and a localized embedded multilayer tape module. The inset shows a section of
the multilayer tape module whose cross section is illustrated in Fig. 2. The
arrow shows the direction of the current flow in each turn. The current outflow
ends of the tapes are located on the symmetry plane. The current inflow ends
are located at the other end of the multilayer tape model. Not shown here is
the air region, which is a half-rectangle enclosing the half-cylinder coil model,
used for the magnetic field calculation.

The hierarchical multiscale approach is illustrated in
Figs. 1–3. Fig. 1 illustrates a cross-sectional schematic of a
typical CC tape model from [47], which is the fundamental
building block used here. These are stacked to create the mul-
tilayer modules as shown in Fig. 2. The multilayer modules are
then embedded in select locations of an otherwise homogenized
coil model as illustrated by the example shown in Fig. 3.
By using this multiscale approach, the coil model generates
detailed quench properties from the micrometer tape-layer scale
to the coil-dimension scale, while ensuring that the coil model
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is treated as 2-D BCs as in (14) and (15), since the insulation
is generally electrically insulating, there is no current flowing
within the insulation. Therefore, the normal current fluxes on
the RHS of the BC pair (15) can be set to zero, effectively
turning (15) into electrically insulting BCs. In addition, in
this case, the tangential magnetic field across the insulation
is considered continuous and is enforced on the identity-pair
{Γ−cu,Γ+

ni} by a field continuity BC as

n× (Hi − Hj )|{Γ i , Γ j } = 0 (16)

where Hi is the magnetic fields on the boundary Γi .
Finally, a hierarchical multiscale coil model is built by em-

bedding one or more localized multilayer tape modules within
a homogenized coil at locations of interest. Fig. 3 illustrates a
multiscale coil model example with one multilayer tape module
embedded at the center. In this example, five layers of CC
comprise the multilayer tape module, as illustrated in Fig. 2.
More layers can be included to improve accuracy and perform
longer quench simulations for larger normal zone propagation
(with the current-sharing region extended beyond five layers of
tape). The coupling between the multilayer tape module and
the homogenized coil is implemented with the same techniques
used to build the multilayer tape module. The only differences
are that, in (14), (15) and (16), one side of the boundary and
material properties are from the outermost tape surface of the
multilayer tape module, and those on the other side are from the
homogenized coil. The outer electrical and thermal BCs of the
complete coil can be set according to the cooling configuration.
The magnetic field generated by a coil is calculated by

superposing the fields generated by the multilayer module and
the homogenized coil. Since all turns carry the same current, all
single-layer CCs in a multilayer tape module and the homoge-
nized coil carry the same engineering current density. The total
magnetic field is calculated using (8) for the current density on
each individual tape, and (4) and (9) for the homogenized coil
and (5) for the air region. Externally applied magnetic field can
be added as a BC to the air region and coupled to the multilayer
tape module through the field-­dependent electrical conductivity
in (13). The air region (not shown in Fig. 3) is not needed for the
electric and thermal physics. More complicated models, such as
a multisectioned coil, can be modularly built by repeating the
same modeling procedure.

III. EXPERIMENTAL VALIDATION OF THE
ELECTRO–THERMAL TAPE MODEL

The 3-D electro–thermal coil model is validated using ex-
perimental data previously generated from quench experiments
on a single pancake REBCO coil [8]. The coil, which is
illustrated in Fig. 5, consists of 97 turns of CC with an inner
diameter of 5.08 cm and is cooled at the bottom via a copper
plate attached to the cold finger of a cryocooler. The rest of
the coil is adiabatic with an initial operating temperature of
50 K. The CC is 4.8 mm wide and includes a 52-µm-thick Cu
stabilizer on the top and bottom, which is bonded to the CC via
solder. More details regarding the REBCO CC are published
in [22]. The CC is wrapped by 50-µm-thick paper insulation.

Fig. 5. Single pancake coil used in the quench experiments. The inset shows
a cutout section of the coil as viewed in an optical microscope to measure the
average thicknesses of the composing layers.

The multiscale coil model is built with the same dimensions
and configuration as the experimental coil, as illustrated in
Fig. 3. Five layers of CC comprise the embedded localized
multilayer tape module, corresponding to turns #58–#62 of
the experimental coil, as schematically shown in Fig. 2. The
average thicknesses and widths of the constituent layers of
the CC and insulation are determined from a cutout section of
the coil shown in Fig. 5. Area fractions of the constituent layers
of the coil, as derived from the measured dimensions, are used
in the equivalent electrical/thermal series [see Fig. 6(a)] and
parallel circuits [see Fig. 6(b)] to estimate the effective trans-
verse and longitudinal electrical/thermal conductivity values of
the homogenized coil. Effective specific heat of the composite
coil is calculated based on area fractions of the constituent ma-
terials. Taking advantage of symmetrical/asymmetrical quench
properties across the center of the heater, only half of the coil,
including the heater, is modeled. Similar to the quench heater
implemented in the experimental coil, the half-length heater
(25 mm long, 2 mm wide, and 0.02 mm thick) is embedded
between turns #59 and #60 (see Fig. 2), starting from the sym-
metry edge (on the symmetry plane shown in Fig. 3). Current
flows from the current inflow end, which is located at the end of
the multilayer tape module inside the homogenized coil, to the
current outflow end, which is located on the symmetry plane, as
illustrated in Fig. 3.
Figs. 7 and 8 compare the longitudinal (parallel to the direc-

tion of current flow) and transverse (radial) NZPVs obtained
from simulations (solid line) and experiments (dashed line) at
50 K for operating current density (Ja) ranging from 50%
to 90%Jc. In each simulation, the same transport current as
in the corresponding experiment is used. For example, in the
Ja = 70%Jc case, the transport current is 162 A. In this case,
the current-sharing temperature Tcs = 61.3 K. Some of the
unknown material properties, such as the electrical and thermal
properties of the solder and paper-type insulation, are estimated
or parameterized. All simulation cases are quenched with the
same quench energy (QE) reported in [8]. The computational
MQEs of the multiscale coil model are not determined, but,
in general, they are smaller than those experimentally deter-
mined because the heater in the model is in perfect contact
with the CC, whereas in the experimental coil, there are large
nonuniform gaps between the heater and the turns. The NZPVs
are computationally determined using the same criteria used
experimentally. The longitudinal NZPV is calculated as the
distance between two voltage taps (10 mm) divided by the
time delay (∆ t, see Fig. 9) between V60_3.5−2.5 reaching
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design optimization of the magnet, including the design of the
quench protection system.
Common methods for modeling the quench behavior of su-

perconducting magnets include the use of a variety of modeling
techniques, such as analytical equations [25], [26], equivalent
network circuits with lumped elements [33]–[35], homogenized
coil models [36]–[41], and coils that are homogenized at the
conductor level [42]–[46]. A homogenized coil model ignores
the distribution of materials within the conductor and the
magnet by considering only effective homogenized material
properties. A model that homogenizes at the conductor level
preserves the turn-to-turn conductor/insulation geometry but
includes no details of the internal structure of the conductor.
These models are often coupled with electrical circuits to model
the dynamic current and voltage changes during the process of
quench detection and protection. Due to the homogenization,
however, they provide only rough quench information and
cannot evaluate phenomena within the conductor itself.
An experimentally validated model of quenching in a

REBCO CC tape was previously reported [47]. This conductor
model is an accurate micrometer-scale model that uses a mixed-
dimensional modeling approach to address the computational
challenges of modeling a high-aspect-ratio multilayer system.
The model includes all of the thin layers within a CC, including
the REBCO layer and thin silver and buffer interlayers, which
are addressed with 2-D equations and internal 2-D boundary
conditions (BCs). The remaining relatively thick layers, in-
cluding the stabilizer and the substrate, are modeled with 3-D
physics. The interior BCs also couple the 2- and 3-D physics.
The model can calculate the temperature and voltages within
each layer as a function of location and time during a quench
and accurately predicts the quench behavior observed in exper-
iments, including the NZPV and the voltage and temperature
profiles. Because each layer is modeled without any averaging
of material properties, it is easy to model the effects of varia-
tions in architecture on the quench behavior, as reported in [23].
Here, a hierarchical multiscale computationally efficient

model of quenching in REBCO magnets is presented. The
multiscale model uses the previously reported conductor model
as its basic building block. Using the conductor model through-
out an entire magnet, however, would be computationally pro-
hibitive; hence, instead, the multiscale magnet model integrates
the conductor model with a homogenized model of the entire
magnet. Within the homogenized coil framework, one or more
localized micrometer-scale multilayer tape modules are embed-
ded at particular locations of interest. The locations of interest
can be varied to account for location-dependent effects such
as cooling conditions, the dependence of the critical current
density on magnetic field and its orientation, or regions where
larger heat loads are anticipated. For example, one localized
multilayer tape module can be placed at the edge of the coil
and another module at the center of the global homogenized
coil. The multilayer module models a small section of the coil
in detail and is also built using a hierarchical approach by
integrating and coupling multiple single-layer CC tape modules
that analyze the behavior within each layer of the REBCO CC.
The single-layer CC modules are separated by insulation layers
that are also physically modeled.

Fig. 1. Cross-sectional schematic of a typical REBCO CC as used in the
model [47]. Starred layers are thin layers modeled with 2-D physics; all other
layers are modeled in 3-D.

Fig. 2. Schematic showing the cross section of a multilayer tape module
composed of five layers of CC.

Fig. 3. Multiscale coil model composed of a homogenized coil, a copper plate,
and a localized embedded multilayer tape module. The inset shows a section of
the multilayer tape module whose cross section is illustrated in Fig. 2. The
arrow shows the direction of the current flow in each turn. The current outflow
ends of the tapes are located on the symmetry plane. The current inflow ends
are located at the other end of the multilayer tape model. Not shown here is
the air region, which is a half-rectangle enclosing the half-cylinder coil model,
used for the magnetic field calculation.

The hierarchical multiscale approach is illustrated in
Figs. 1–3. Fig. 1 illustrates a cross-sectional schematic of a
typical CC tape model from [47], which is the fundamental
building block used here. These are stacked to create the mul-
tilayer modules as shown in Fig. 2. The multilayer modules are
then embedded in select locations of an otherwise homogenized
coil model as illustrated by the example shown in Fig. 3.
By using this multiscale approach, the coil model generates
detailed quench properties from the micrometer tape-layer scale
to the coil-dimension scale, while ensuring that the coil model
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• Some  delicate  points  to  know…
– NZPV value must be extracted a few taps away 

from hot spot initiation
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• Some  delicate  points  to  know…
– NZPV value must be extracted a few taps away 

from hot spot initiation
– NZPV is highly sensitive to discretization along the 

length of the tape 
• Rule of thumb: needs at least a few elements per unit 

length of CTL
• If mesh too coarse, it artificially increases the CTL and 

thus the NZPV

Numerical modeling of 2G HTS CCs
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Current Flow Diverter (CFD) concept1

• Highly resistive layer that partially covers the HTS-
Ag interface to increase the current transfer 
length (CTL)

• Increases the NZPV by an order of magnitude for 
a given interface resistance (Ri)

1Lacroix et al. SUST 27, 035003 (2014)
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Current Flow Diverter (CFD) concept1

1Lacroix et al. SUST 27, 035003 (2014)
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Center line of the tape
(symmetry plane)

Edge of the tape

Defect• Uniform Ri

• 10 mm wide
• I = 0.9 Ic

• Ic = 160 A
• Top = 77 K
• 3 Pm Ag

UNIFORM interfacial
resistance = 1 P:.cm2
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Current Flow Diverter (CFD) concept1

1Lacroix et al. SUST 27, 035003 (2014)
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CFD interfacial
resistance = 1 P:.cm2

Center line of the tape
(symmetry plane)

Edge of the tape

Defect• CFD
• 10 mm wide
• I = 0.9 Ic

• Ic = 160 A
• Top = 77 K
• 3 Pm Ag

2015-09-21



Current Flow Diverter (CFD) concept1

• Highly resistive layer that partially covers the HTS-
Ag interface to increase the current transfer 
length (CTL)

1Lacroix et al. SUST 27, 035003 (2014)
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Current Flow Diverter (CFD) concept1

• Highly resistive layer that partially covers the HTS-
Ag interface to increase the current transfer 
length (CTL)

• Increases the NZPV by an order of magnitude for 
a given interface resistance (Ri)

1Lacroix et al. SUST 27, 035003 (2014)
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FEM Calculations: CFD vs. uniform 
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40 times
faster

Low resistance part = 0.1 P:.cm2

CFD = 1 :.cm2

Top = 77 K, Ic (77K) = 160 A, Iop = 0.9 Ic A, tag = 3 Pm
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FEM Calculations: CFD vs. uniform 
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40 times
faster

Low resistance part = 0.1 P:.cm2

CFD = 1 :.cm2

Top = 77 K, Ic (77K) = 160 A, Iop = 0.9 Ic A, tag = 3 Pm

Need 3-D simulations 
to observe this
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NZPV vs Ri (Iop = Ic = 102 A)1

Uniform

@ 77 K, 2 Pm of stabilizer
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1Lacroix et al. SUST 27, 055013 (2014)
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3 m/s @Ri = 0.6 P:.cm2

@ 77 K, 2 Pm of stabilizer

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

Uniform

1Lacroix et al. SUST 27, 055013 (2014)
Lacroix/Sirois, WAMHTS-3, Lyon, France, 10-11 Sept. 2015 25

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

• What is the NZPV enhancement of CFD tapes
– at different operating currents ?
– at lower temperatures ?
– for thicker stabilizer ?
– for higher critical current ?
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Questions about CFD
• What is the stability of CFD tapes ?
ÎMeasure the Minimum Quench Energy (MQE)

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

Lacroix/Sirois, WAMHTS-3, Lyon, France, 10-11 Sept. 2015 272015-09-21



CFD tape fabrication

silver

REBCO

12 cm

28

width

• Fabrication steps
– Ag etching / degraded REBCO layer as flow diverter
– Deposition of 1.5-2 Pm of Ag
– No degradation of Ic

2015-09-21 Lacroix/Sirois, WAMHTS-3, Lyon, France, 10-11 Sept. 2015



MQE vs Iop
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4 mm wide 2G HTS CCs
Ic = 102 A @ 77K, 2 Pm Ag
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Questions about CFD
• What is the stability of CFD tapes ?

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

ÎPerform finite element calculations
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Finite element calculations1

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

Lacroix/Sirois, WAMHTS-3, Lyon, France, 10-11 Sept. 2015 31

• 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 n:.cm2

• CFD interfacial resistance = 1 :.cm2

• CFD coverage = 90% HTS-Ag interface

1Lacroix et al. SUST 27, 035003 (2014)
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Example of results

• Top = 50 K, Ic (50K) = 800 A, Iop = 0.9Ic, tag = 10 Pm
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CFD vs. uniform tapes

• Top = 50 K, Ic (50K) = 800 A, Iop = 0.9Ic, tag = 10 Pm
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dT/dt at defect location is lower 
for CFD tapes

UNIFORM CFD

Higher NZPV
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Temperature along length

• Top = 50 K, Ic (50K) = 800 A, Iop = 0.9Ic, tag = 10 Pm, time = 10 ms
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Heat deposited
at this location

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 Pm
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Questions about CFD
• What is the stability of CFD tapes ?

• What is the NZPV enhancement of CFD tapes
– at different operating currents ?
– at lower temperatures ?
– for thicker stabilizer ?
– for higher critical current ?
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NZPV vs. operating current

• Top = 50 K, Ic (50K) = 800 A , tAg = 10 Pm 
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NZPV vs. stabilizer thickness
• Iop = 0.9Ic, Top = 50 K, Ic (50K) = 800 A
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NZPV vs. critical current

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

39

CFD 
architecture
gets more 

efficient as Ic
increases
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NZPV vs. operating temperature

• Iop = 0.9Ic, Ic (50K) = 800 A,  tAg = 10 Pm 
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Processing feasibility of CFD tapes
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• In few word: not so obvious!
– Patterning not easy to integrate in current processes
– Uniform architecture much easier, but less effective
– Needs further discussions with tape manufacturers
– But  in  the  short  term…
(see next slide)
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Buffer layers
Low interfacial resistance 

Stabilizer
Substrate

Superconductor

Cross section

Alternative 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
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Top = 10 K
Ic (10K) = 1.6 kA 

Iop = 0.9Ic

tag = 20 Pm
(total)
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Summary
• What is the stability of CFD tapes ?

• What is the NZPV enhancement of CFD tapes
– at different operating currents ?
– at lower temperatures ?
– for thicker stabilizer ?
– for higher critical current ?
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1 Also observed by Wang et al. JAP 101, 053904 (2007)

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

– Reduction less pronounced 
as we increase Iop

(experimental measurements)
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Summary

• What is the NZPV enhancement of CFD tapes at 
different Iop, lower T, thicker stabilizer, higher Ic ?
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(FEM calculations + experiments)

– Increases NZPV (dV/dt) and Vpeak : good for quench detection
– Decreases dT/dx : good for reducing thermal stress

(FEM calculations)

– CFD effective for all operating conditions and parameters
• Acceleration of NZPV by a factor 10 and beyond

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

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

Benefits seems 
independent from 

magnet quench 
protection strategies
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