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Abstract—Quench detection and protection in REBa;CuzO~7_s
(REBCO) coated conductor (CC)-based superconducting magnets
is difficult due to slow normal zone propagation velocity and
the multilayer composite architecture of the conductor. To design
effective quench detection and protection methods, it is essential
to know the electrical, thermal, and structural behavior during
the quench at multiple length scales ranging from the micrometer
scale within the layers of the conductor to the macroscopic be-
havior of the coil. Here, a hierarchical multiscale approach is used
to develop a modular 3-D electro-magneto—thermal coil quench
model. The model uses an accurate experimentally validated mi-
crometer-scale REBCO CC model as the basic building block. The
CC model is embedded within a homogenized coil framework at
one or more locations in the form of multilayer tape modules. This
multiscale approach makes possible the studies of quench behavior
at the micrometer scale within a tape at any location of interest
within a coil without requiring a computationally extensive model
of the entire coil. This approach also enables the building of more
complicated models by hierarchically integrating smaller modular
blocks with the same repeatable modeling techniques. Here, the
development of the electro-magneto—thermal coil quench model
is first presented, followed by its experimental validation. Simula-
tion results and their implications for coil reliability and quench
detection and protection are then discussed.

Index Terms—High-aspect-ratio thin layer, multiscale coil
model, REBa;CuzO~_s (REBCO), 3-D quench modeling.

I. INTRODUCTION

HE significant progress in the commercial development of
T (RE)BayCu307_s (REBCO, where RE refers to rare earth
elements) coated conductors (CCs) has resulted in the pursuit of
numerous system applications, including high-field magnets for
scientific research and energy storage and magnets for motors
and generators, including those for wind turbines [1]-[6]. The
long-term success of REBCO magnet-based systems, however,
depends on the development of reliable approaches to quench
protection, which is essential for ensuring the survival of mag-
nets in the event of a quench. In general, quench protection
requires timely quench detection with an effective approach for
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eliminating false positives, followed by a protective response
that prevents conductor degradation. While quench protection
is well understood for NbTi- and NbsSn-based superconducting
magnets, REBCO CCs and magnets have very slow normal
zone propagation velocity (NZPV), rendering quench detection
particularly challenging [7]-[17]. Thus, one important goal is
to develop REBCO-based magnets that not only are stable, with
the ability to tolerate a relatively large disturbance, but also have
a sufficient NZPV for effective quench detection and protection.

A typical CC is composed of laminated high-aspect-ratio
layers, including a nickel-alloy substrate that provides strength
and strain tolerance; thin buffer layers (typically oxides) that
chemically isolate the REBCO from the nickel alloy; the super-
conducting REBCO layer; a silver cap layer that protects the
REBCO; and a stabilizer, typically copper, that surrounds and
encases the conductor. Descriptions of REBCO CC architec-
tures have been previously detailed [18]-[22].

Variations in the CC geometry or material properties can pro-
foundly affect its quench characteristics, including the NZPV,
energy margin, and the time- and spatially varying voltage and
temperature within the conductor [7], [8], [12], [23]-[28]. Due
to differences in coefficients of thermal expansion (CTEs) of
the constituent layers, changes in temperature and temperature
gradient can dramatically alter the thermal stresses and strains
within the CC during a quench, leading to conductor degrada-
tion. A recent study has examined the effects of varying CC
material properties on the conductor quench behavior [23]. For
example, by using a substrate of higher thermal and electrical
conductivity values than the commonly used Hastelloy C276
substrate, one can reduce the NZPV, the peak local temperature,
and the spatial and temporal temperature gradients while slow-
ing the rate of voltage rise and increasing the minimum quench
energy (MQE). Depending on the quench detection and protec-
tion methods, these changes can be favorable or unfavorable.
Lower temperature and temperature gradients provide more
time for detection and protection, but the slower voltage rise
also leads to more difficult detection with traditional voltage
or resistance sensing. As alternative detection technologies
evolve, for example, optical fiber sensors, detection require-
ments may also change; in the case of optical fibers, reduced
temperature and temperature gradient may reduce the effective
sensitivity of the sensor [29]-[32]. More generally, this study
showed that relatively small variations in the CC architecture
can significantly alter the quench behavior, and thus, the con-
ductor should be designed and optimized in concert with the
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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.
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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.
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Fig. 2. Schematic showing the cross section of a multilayer tape module
composed of five layers of CC.
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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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remains computationally manageable. Furthermore, using the
single-layer and multilayer tape modules as basic building
blocks, more complicated models can be built hierarchically
and modularly by applying the same modeling techniques.
For example, a pancake coil built from multiple embedded
multilayer tape modules can be coupled together to form a
complete multisectioned coil entity. In general, all models can
be built using the actual dimensions and configurations of the
real coils.

II. MULTISCALE REBCO CC CoIL MODEL

The multiscale coil model uses the same mixed-dimensional
modeling approach introduced in [47] to couple multiple single-
layer CC tape modules and insulation layers to form a multi-
layer tape module with the same dimensions and configuration
of areal coil. The coil model is implemented using the commer-
cial finite-element multiphysics simulation software COMSOL.
A detailed description of the single-layer electro—thermal CC
tape model was presented in [47]. Here, some basic equations
and modeling techniques from [47] that are essential to the
understanding of the electro—magneto—thermal coil model are
summarized.

The goal is to investigate quench behavior of a coil carrying
a direct transport current. In view of the slow NZPV in REBCO
CC-based coils, the slowly varying time-derivative term of the
magnetic potential is ignored, thereby decoupling the magnetic
and electric potentials in Maxwell equations. The governing
electrical and magnetic equations for the 3-D domains are then

V- (=04(T)VV) =0 inQ, ()

J =0, (T)E inQ, )

E—-VV inQ, 3)

VxLVxA=J inQ, )
Ho

VXLVXAZO in Q. 5
Ho

The magnetic equations (4) and (5) are used only when mag-
netic field calculation is involved. The externally applied cur-
rent is input via a normal flux BC imposed on the current input
end of the tape model. See [47] for details on the BCs. The
thermal equations for the 3-D domains are

orT

pa (T) Ca(T) 5 +V - (Ko (T)VT)=J -E = Q

a1 in

(6)

where V is the electric potential, 7" is the absolute temperature,
J is the current density, E is the electric field, @ is the
Joule heating, A is the magnetic potential, o, is the electrical
conductivity, p,, is the density, C, is the specific heat capacity,
K, is the thermal conductivity, 11 is the permeability, €2, is
the computational domain, and €,;, is the air region for field
computation. Here, @ € {cu,ni}, where “cu” represents the
copper stabilizer, and “ni” represents the nickel-alloy substrate.

The high-aspect-ratio thin layers, namely, the REBCO, sil-
ver, and buffer layers, are modeled with 2-D physics. On the
REBCO layer, the thermal physics is approximated with a 2-D
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tangential equation and is discretized with 2-D Lagrange finite
elements as

- - 0T . .
dyp, (T) C,(T) 5 —d, Vi (K, (1), T) = d,Q,
Ks , K _ .
tgg Ta=TH)+ = (Ti =T7) inQy (D)

and similarly, the electric physics on the REBCO layer is
approximated by a 2-D tangential equation as
g

dyVy - (*Uy(TaB)Vt V) = ﬁ (Vc; - V+)

byt vy
+db(‘/ni V)

inQ, (@8)

where T = (1/d,) [" T dz, V = (1/d,) [ V dz, and V,
is the 2-D tangential operator, which, in a flat plane, can be
written as V, = (0/0z) + (0/9y). The subscripts y, S, and
b respectively represent the REBCO, silver, and buffer layers;
d,, dg, and dj, represent the thicknesses of the REBCO, silver,
and buffer layers. In (7), Q, = J, - E is the Joule heating,
where J, = o, (T, B) E, is the REBCO current density and
oy(T,B) is the temperature- and magnetic-field-dependent
electrical conductivity of the REBCO layer (described later).
T, and T} represent the temperatures on the lower surface
of the top stabilizer and the upper surface of the substrate,
respectively, and V, and VHJ{ are the corresponding potentials.
T+ and T~ are the upper and lower surface temperatures of
the REBCO layer, and V' and V~ are the corresponding
potentials. The upper and lower temperatures and potentials
are represented by a set of corrective equations that reproduce
the temperature gradient across the thickness of a 3-D REBCO
layer and eliminate any otherwise artificial current flowing over
the normal zone. They greatly improve the accuracy of the
reduced dimensional approximation (see [47]).

The heat transfer in the silver and buffer layers are modeled
with internal Neumann BCs, which include normal heat fluxes,
surface heat equations, and heat sources. Similarly, the currents
flowing across the thicknesses of the silver and buffer layers
are approximated by interior normal flux type Neumann BCs.
These BCs are imposed on the top copper stabilizer lower
surface I';,, and the substrate upper surface I‘jl'i. They also serve
as a bridge to couple the 2-D physics modeled by (7) and (8) to
the 3-D physics represented by (1)—(3) and (6) (see [47]).

To account for the self-field generated by a single-layer CC
tape, both the redistributed current (during current sharing) on
the 3-D domains of the tape as calculated by (1)—(3) and the
current on the thin REBCO layer as calculated by (8) have to
be considered. The field generated in the 3-D and air domains is
calculated by (4) and (5), respectively. To simplify the problem
formulation and computation, the current on the REBCO layer
is approximated as an equivalent 2-D surface current flowing on
the interface between the top stabilizer and the substrate (at the
place where the REBCO layer is located). The surface current
is implemented as an interior surface-current BC [48] as

n x (ch - Hni)|{rc—u7F:—i} = dy Jy (9)
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where H.,, and H,; are the magnetic fields on the top stabilizer
and the substrate, respectively, and {I';,,I'\:} denotes the
identity-pair (COMSOL terminology, see [48] and [49]) con-
necting the boundaries I'_,, and I‘rfi. By pairing the boundaries
I';, and T as an identity-pair, the BC (9) is only effective
on these two paired boundaries, although the REBCO layer is
sandwiched between them. In other words, the magnetic field
generated by the REBCO current is not directly calculated by an
equivalent 2-D magnetostatic equation on the REBCO layer but
is equivalently calculated from a surface current on the interface
between the 3-D stabilizer and the substrate. This approach
effectively takes into account the self-field generated by the
REBCO current and the current redistributed to the 3-D do-
mains during a quench while avoiding the difficulty associ-
ated with coupling a 2-D magnetostatic equation to one that
is 3-D. Since no real magnetostatic equation is solved on
the REBCO layer, however, neither the nonuniform current
distribution nor flux jumping in the superconducting REBCO
layer as predicted by the Bean model is modeled. This mi-
croscopic nonuniform current behavior should not have a sig-
nificant effect on the quench behavior nor on the generated
magnetic field distribution, and the 3-D/2-D mixed-dimensional
electro-magneto—thermal tape model is sufficiently accurate for
practical modeling of quench behavior in tapes and coils.

To account for the dependence of .J. on temperature and
magnetic field [50], J, is approximated by

Jc(TvB) = Jc(T)f(Ba 0) (10)

where B is the magnetic flux density, and f(B, @) is a function
that depends on magnitude B = ||B|| and angle 6. This function
is obtained by curve fitting experimental data (for example, see
[51]). In (10), the temperature and field are independent of each
other. More accurate equations can be used to express J. as
Jo(T,B) = ¢g(T, B, ) for some function g. The simplest form
of (10) can be written as

J(T,B) = J(T) Bo

—_— 11
TS (an

where By is a material-dependent constant, and J.(7T') ex-
presses the temperature dependence as

B
T.-T .
Jc(T) _ { Jeo (chTa) , T <T, (12)

, it T >T..
Here, J., is the critical current density at the operating tem-
perature T, T, is the critical temperature, and S is the power
index in the J — 7' relation. Finally, the electrical conductivity
of REBCO is approximated by a nonlinear £ — J power law
equation, which, when combined with (10), becomes

1-n
_ B

Uy(Tv B) - JC(T7 B) 1 + 09
Er

13)

where the critical electric field E, = 10~* V/m, and n is the
E — J power law index. o is a small constant on the order
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Fig. 4. Coupling relationship between various analysis modes. Here, @ is
Joule heating, 7" is temperature, J is current density, and F,, is magnetic
force. In addition, shown is the coupling of structural mechanics, which will
be reported elsewhere.

of 10716 added to ease numerical convergence. Note that the
electrical, magnetic, and thermal equations are tightly coupled
to each other. Fig. 4 illustrates how the electric, thermal,
magnetostatic, and structural mechanics interact and couple to
each other. The loose coupling of structural mechanics to the
tape/coil model and the analysis of mechanical behavior during
a quench will be separately reported.

The mutilayer tape module is built by stacking multiple
tape models and/or configuring them side-to-side. Regardless
of configuration, electrical insulation separates adjacent tapes
(Fig. 2 illustrates a stack of tapes). The presence of electrical
insulation between adjacent tapes is modeled with the same
techniques used for a single tape, as described in [47]. For ex-
ample, the insulation layers are modeled as two pairs of interior
BCs (as identity-pair BCs, similar to the implementations of the
silver and buffer layers previously mentioned), i.e., one for the
thermal physics and the other for the electric, as

Kins 8T
—K;VT- n|1—~i = a (Tz - Tj) — dinsPins Cinsm

+ dinsvt : (Kins(T)vt T)

Kins
—KVT nly = (1 - ) (14)
~0.VV mlp, =T (V- V)

Oins
—o;VV - n|Fj =7 (V] - Vi). (15)

Here, the indexes ¢ and j denote tapes ¢ and j between which
the insulation layer is inserted. K; and o; are the thermal and
electrical conductivity values on tape ¢; I'; is the boundary
on the surface of tape 7 that faces tape j; and Kins, Oins,
and dj,s are the thermal and electrical conductivity values and
thickness of the insulation. The temperature difference terms on
the right-hand sides (RHSs) of (14) are the symmetric normal-
directional temperature fluxes flowing across the thickness of
the insulation. Similarly, the potential difference terms on the
RHSs of (15) are the symmetric normal-directional current
fluxes. For insulation with low thermal conductivity in which
the in-plane heat transfer is not significant, the surface heat
transfer equation (second and third terms) on the RHS of the
first equation in (14) can be ignored. If the insulation is thick
(on the order of the thicknesses of the 3-D layers of a tape) and
thermally conductive, then a 3-D domain is needed to model
the insulation and heat transfer. In the case where the insulation
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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
{I'z,, 'L} by a field continuity BC as

cu?

nx (HiiHj)‘{Fi,Fj}:() (16)
where H;; is the magnetic fields on the boundary I';.

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-pm-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-um-thick paper insulation.
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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 (.J,) ranging from 50%
to 90% J.. In each simulation, the same transport current as
in the corresponding experiment is used. For example, in the
J, = 70% J. case, the transport current is 162 A. In this case,
the current-sharing temperature 7.3 = 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 (At, see Fig. 9) between Vio 3.5-25 reaching



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

2 x solder

@) 1

2xInsul. 2x Cu| Ag REBCO buffer C276
—{— - -e—

2 x Insulation

2xCu

2 x solder

(b) Ag

Fig. 6. Equivalent electrical/thermal circuits used to calculate (a) the effective
transverse and (b) the effective longitudinal electrical and thermal conductivity
values of the homogenized coil.
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Fig. 7. Comparison of the computational and experimental results of the
longitudinal NZPV along the center turn (turn #60). The initial operating
temperature is 50 K. All differences are less than 11%.
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Fig. 8. Comparison of the computational and experimental results for the
transverse NZPV. The initial operating temperature is 50 K. All differences
are less than 10%.
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Fig. 9. Voltage versus time during a quench. Vgo_2.5—1.5 denotes the voltage
difference between the voltage taps located at { = 1.5 cm and [ = 2.5 cm on
turn #60, where [ is the arc length along the tape measured from the current
outflow end. Ve (dashed line) is the end-to-end (terminal) voltage, calculated
as the sum of all the voltage differences between the current inflow end and the
current outflow end from turn #58 to turn #62. The additional subscripts, i.e.,
“>7 “="and “<,” denote that the voltage curve is obtained from a simulation
for which the input energy, which is stopped at ¢ = 0.6 s, is larger than, equal
to, and smaller than the MQE, respectively.

5mV and Vgo_4.5-3.5 reaching 5 mV.! The transverse NZPV
is calculated by dividing the average thickness across a tape-
insulation layer (0.41 mm) by the time delay between 2Vs1_o.5
and 2Vgo_o.5, when both have reached 5 mV. All errors (or dif-
ferences between the computational and experimental results)
in the longitudinal NZPVs shown in Fig. 7 are < 11%; for
the transverse NZPVs shown in Fig. 8, the errors/differences
are < 10%. These errors/differences are primarily attributed
to inhomogeneities in the CC used in the experimental coil
and in the coil winding itself, as discussed in [8], and also to
uncertainties in some of the material properties.

IV. SIMULATION RESULTS

This section presents some of the quench details captured
from the same J, = 70% J. case validation simulation de-
scribed in the previous section. These results also demonstrate
the multiscale modeling capabilities of the multiscale coil
model.

Fig. 9 plots the voltage versus time at locations on turns #60,
#61, and #62. In addition, shown is the end-to-end voltage (Vee)
calculated as the sum of all single-turn end-to-end voltages
(between the current inflow and outflow ends) obtained
from turns #58—#62. As long as the current-sharing region
(Tes >= 61.3 K) is confined to the multilayer tape volume, Vo,
represents the end-to-end (terminal) resistive voltage across the
entire coil. When the current-sharing region extends beyond the
multilayer tape module, however, V., calculated in this manner
would underestimate the actual end-to-end voltage in the coil.

IThe first number of the subscript refers to the turn number within the
coil, and the second number refers to the location of the voltage taps. Thus,
for example, Vgo_3.5—2.5 is the voltage difference between the voltage taps
located at [ = 3.5 cm and [ = 2.5 cm on turn #60, where [ is the arc length
along the tape measured from the current outflow end on the symmetry plane.
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Fig. 10. Temperature versus time during a quench for the QE > MQE
case. Te0_0.5 denotes the temperature measured on turn #60 at arc length
! = 0.5 cm, which is measured along the tape from the current outflow end.
Teoil (bold line) is the temperature taken in the homogenized coil in the vicinity
of turn #62, 0.5 cm from the symmetry plane. Note that the QE is stopped at
t=0.6s.

For example, for the QE > MQE case, when ¢t >= 1.23 s, the
temperature on the homogenized coil near the vicinity of the
multilayer tape module is greater than 7., (see Fig. 10), and as
aresult, for £ >= 1.23 s, Vi~ shown in Fig. 9 underestimates
the end-to-end voltage, here the subscript “>" (see Fig. 9
and its caption for other similar notations) denotes that the
voltage curve is obtained from the QE > MQE case simulation.
Therefore, to calculate the end-to-end voltage more accurately
for a quench in which the quench propagation volume expands
beyond the multilayer tape volume, a longer multilayer tape
module, or one consisting more than five turns, is needed.

Fig. 10 plots the temperature versus time at fixed locations
within the embedded multilayer tape module for QE > MQE.
Ts0_o.5 denotes the temperature at [ = 0.5 cm on turn #60. In
addition, shown is the temperature T¢o; 0.5 on the homoge-
nized coil measured in the vicinity of the outer layer of turn #62
at a height of 0.5 cm from the symmetry plane. Note that the QE
is stopped at ¢ = 0.6 s. Large temperature differences between
neighboring turns and along a turn are seen. For example, at
t = 1.6 s, the temperature difference between turns #60 and
#62 at [ = 0.5 cm is about 60 K, and the temperature difference
along turn #60 between [ = 0.5 cm and [ = 2.5 cm is about
70 K. These large temperature gradients are also shown in
Fig. 11, which replots the temperature results as a function of
location in terms of the arc length measured from the current
inflow end on the top Cu surface along turns #60—#62 at ¢t =
1.611 sand ¢t = 0.984 s.

Fig. 12 shows a snapshot of the temperature distribution on
the top surface of the coil at ¢ = 1.611 s for the same QE >
MQE case in Fig. 10. The white portion inside the coil denotes
to the area where T > T, = 89 K. Recall that T, = 61.3 K;
hence, the normal zone is clearly seen. The center turn (turn
#60) has the longest normal section since quench began on
this layer; the next longest normal zones are on turns #59
and #61, followed by turns #58 and #62, illustrating the effect

Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, including reprinting/republishing this material for advertising or
promotional purposes, creating new collective works for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 22, NO. 5, OCTOBER 2012

190 5
'\//
@/ yd
170 ~
— /////
< 150 S
] /\@/
2 130
B T, (E=1.611 s) %/ //
2 110
€ T, (t=1.611s) //@\
i) D
90 /SR
SV
AV
70 z S
RS
50 i
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Arc length (m)
Fig. 11. Temperature versus location for fixed times during a quench for

the QE > MQE case. Tso (t = 1.611 s) and Tgo (¢t = 0.984 s) are the
temperatures at the top Cu surface of turn #60 measured along the arc length
(here, zero being at the current inflow end).
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Fig. 12. Snapshot of the temperature distribution for the QE > MQE case,
including turns #58—#62 and the homogenized coil, at t = 1.611 s. The white
portion within the coil denotes the area where 7" > T,. = 89 K. Note that for
this simulation, T¢s = 61.3 K. The center turn, i.e., turn #60, has the fastest
normal zone propagation, followed by turns #59 and #61, and then turns #58
and #62. The homogenized portion of the coil is not yet normal.

of low thermal conductivity in the insulation layer and the
anticipated symmetry from the simulation. The temperature in
the homogenized region of the coil is between 50 and 65 K,
and thus, current sharing has begun. The longitudinal NZPV on
turn #60 is 23.04 mm/s and about 24.30 mm/s on turns #58,
#59, #61, and #62. The NZPV on the center turn #60 is slower
than the adjacent turns because there are two cold turns adjacent
to the quench front of turn #60. In contrast, on each of the other
turns, there is one cold turn and one hot turn, which are heated
by transverse heat propagation.

Fig. 13 illustrates the radial temperature profile at a height
of 1.5 cm from the symmetry plane at t = 1.611 s, giving
an alternate view of the temperature distribution depicted in
Fig. 12. Large turn-to-turn temperature drops are observed
across the insulation layers, which are modeled as internal
BCs and, thus, have zero thicknesses. These temperature drops
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Fig. 13. Radial temperature profile at 1.5 cm from the symmetry plane and

t = 1.611 s. This corresponds to Fig. 12. Temperature gradients exist across
the insulation between adjacent turns. The temperature on the homogenized
coil is the average temperature.
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Fig. 14. Localized temperature profile within turn #60 of the multilayer tape
module at t = 1.611 s and arc length { = 1.5 cm, which is measured along the
tape from the current outflow end. This corresponds to Fig. 13. Note that there
is a temperature gradient across the Ag-REBCO-buffer composite layer whose
thickness is exaggerated here for illustration.

across the turns are also shown in Figs. 10 and 11. Note that the
temperatures at arc length/ = 0.5 cmand ¢ = 1.611 sin Fig. 10
are higher than those in Fig. 13 because they are observed at
locations closer to the peak temperature zone at the center of
the heater on the symmetry plane.

Corresponding to Fig. 13, Fig. 14 illustrates the local
micrometer-scale temperature profile across the radial cross
section of turn #60 at arc length [ = 1.5 cm and ¢t = 1.611 s.
There is a large temperature gradient across the Ag-REBCO-
buffer composite layer, ~18 K/mm. Note that the thickness of
this layer is exaggerated in Fig. 14 for illustration.

V. DISCUSSION

Figs. 9 and 10 give a clear picture of the relationship be-
tween the end-to-end voltages V,.’s and the local voltages
such as Vgo 25-1.5 and the temperatures such as Tgo 0.5.
Local voltages and temperatures measured from a distributed
allocation of taps are often used in single tape experiments
to measure quench propagation quantities such as NZPV. In a
coil, however, it is more common to use end-to-end voltages

Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, including reprinting/republishing this material for advertising or
promotional purposes, creating new collective works for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.

4706010

across coil subsections. Knowing the local details, however,
can be very important in the development of more effective
detection/protection systems based on voltage sensing. For ex-
ample, consider a simple approach based upon a safe maximum
hot-spot temperature of 190 K. Suppose the heat energy in
the QE > MQE case is the maximum possible disturbance
energy, then according to Fig. 10, Ts0_o.5, which is close to
the peak temperature (at the center of the heater) for the QE >
MQE case, reaches 190 K at ¢t = 1.6 s. This restricts the
total detection and protection time to be less than 1.6 s. In
Fig. 9, Ve~ reaches about 0.68 V at t = 1.6 s. Thus, the upper
bound for the triggering detection voltage must be well below
0.68 V. The lower bound triggering voltage, however, is harder
to determine without details from local voltages. The lower
bound must be set sufficiently low to give fast detection but not
too low to trigger the protection system due to a false positive
relative to the quench threshold detection or a low signal-to-
noise ratio in the voltage signal. For example, one cannot get
guidance from V> to derive the lower bound voltage. One
would consider using V.~ in the case for which the QE does
not result in a quench and, thus, set the lower bound triggering
voltage slightly higher than 0.06 V, which is the peak of V.
at t = 0.6 s. In this case, the magnet will be unnecessarily
shut down because further elaboration from QE experiments or
simulations will show from V,.— in the QE = MQE case that a
quench happens at an end-to-end voltage much higher than 0.06
V. However, one can use the quench detection criterion com-
monly applied on local voltage taps to derive the lower bound
end-to-end triggering voltage. Using Vs 2.5-1.5— (also for the
QE = MQE case) as a reference, the 5-mV criterion occurs
on Vso_2.5-1.5= at about ¢t = 2.0 s. The corresponding V. at
t = 2.0 s is found to be 0.17 V. Thus, the triggering voltage for
the protection system would be set at 0.17 V < Vo, < 0.68 V.

From the temperature data in Fig. 10, 97/0t at all lo-
cations increases with time. One can see from the temper-
atures Tgo (t =0.984 s) and Ty (¢t = 1.611 s) in Fig. 11
that 97/0l, where [ is the arc length, also increases with
time. Thus, the normal zone grows sufficiently slow that the
local temperature quickly rises, and hot-spot identification is
important for quench detection and protection. These larger
temperature gradients may be useful in the development of
quench detection systems based on sensing methods other than
end-to-end voltage measurements, such as optical fiber sensors
[29]-[32]. In this case, large temperature gradients may result
in easier and more sensitive detection.

Due to the differences in the CTEs of the constituent mate-
rials in a CC and coil, the high temperature and large tempera-
ture gradients observed in Figs. 10 and 11, and the temperature
gaps across the insulation layers illustrated in Figs. 12 and 13,
can create large thermal stresses and strains within the CC,
insulation, and coil structure [45]. In addition, simulations [47]
show that due to the low thermal conductivity values of the
REBCO and buffer layers, the temperature gradient across the
Ag-REBCO-buffer composite layer, as shown in Fig. 14, can
become very large if the temperature difference on the two
outermost surfaces of the tape is large. This can happen, for
example, if a quench occurs on a tape located at the coil bound-
ary, which is strongly cooled. A large temperature gradient
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across the Ag-REBCO-buffer layer can create large interfacial
thermal stresses/strains and increase the risk of degradation due
to delamination or cracking [52], [53].

VI. CONCLUSION

The development of an effective quench protection sys-
tem for REBCO-based magnets relies on the subtleties of
the quench behavior at the micrometer scale within a frame-
work of the behavior of the entire magnet. To facilitate
thorough modeling of the quench behavior, a multiscale
electro-magneto—thermal coil model is built using an experi-
mentally validated multiscale modular modeling approach. The
multiscale coil model provides dynamic quench properties at
every length scale of interest, ranging from the local micrometer
scale within an individual turn of conductor to the macroscopic
behavior of the coil. This has the potential to facilitate magnet
optimization as well.

The multiscale electro—thermal coil model is validated
against experimental data and is shown to be sufficiently ac-
curate for practical application. Local and global temperature
and voltage profiles obtained from simulations reveal useful
information for setting quench detection criteria. Simulations
also show that large temperature gradients can occur across
the constituent layers of a conductor and across the insulation
layers in the vicinity of the normal zone. These gradients create
thermal stresses/strains that may affect coil performance and
reliability.
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