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Abstract

Cross-sectional 2D models often represent a computationally efficient alternative to full
3D models, when simulating complex multi-physical magnet systems. However, especially
for the case of self-protected, superconducting magnets, where the stored energy has to
be dissipated within the magnet coils, the thermal diffusion and the quench development
in all three dimensions become key aspects. In order to further improve the simulation of
transients in 2D models, a new modelling method for simplified quench development along
the direction of the transport currentis introduced. The original 2D model is hereby utilized
for modelling the thermal domain, and the electrical resistance of each turn is scaled by the
estimated time-dependent fraction of quenched conductor. Furthermore, the turn to turn
quench propagation following the electrical connections is implemented. The proposed
approach allows a very computationally efficient and easy-to-implement calculation since
the model is effectively two-dimensional while providing a good approximation of the coil
resistance development with sufficient accuracy. In order to illustrate the proposed quench-
propagation modelling approach, simulations are compared to experimental results for the
case of a self-protected, superconducting Nb-Ti dipole magnet. In general, a very good
agreement between measurements and simulations was achieved.
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Abstract—Cross-sectional 2D models often represent a compu-
tationally efficient alternative to full 3D models, when simulating
complex multi-physical magnet systems. However, especially for
the case of self-protected, superconducting magnets, where the
stored energy has to be dissipated within the magnet coils, the
thermal diffusion and the quench development in all three di-
mensions become key aspects. In order to further improve the
simulation of transients in 2D models, a new modelling method for
simplified quench development along the direction of the transport
current is introduced. The original 2D model is hereby utilized
for modelling the thermal domain, and the electrical resistance
of each turn is scaled by the estimated time-dependent fraction
of quenched conductor. Furthermore, the turn to turn quench
propagation following the electrical connections is implemented.
The proposed approach allows a very computationally efficient
and easy-to-implement calculation since the model is effectively
two-dimensional while providing a good approximation of the
coil resistance development with sufficient accuracy. In order to
illustrate the proposed quench-propagation modelling approach,
simulations are compared to experimental results for the case of a
self-protected, superconducting Nb-Ti dipole magnet. In general, a
very good agreement between measurements and simulations was
achieved.

Index Terms—Quench propagation, quench protection,
self-protected, superconducting coil, accelerator magnet.

1. INTRODUCTION

UPERCONDUCTING wires can experience a phe-
S nomenon called quench, where parts of the conductor
suddenly pass from the superconducting state into the normal
state [1]. The resistivity of the superconducting material is
rising above the resistivity of the surrounding stabilizer ma-
trix, which then carries the current. The heat generated by
ohmic loss diffuses from the initial quench area through the
conductor-insulation into the whole coil, leading to a quench
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propagation inside the magnet. The stored energy of the magnet
is dissipated after the quench detection and magnet power source
disconnection in the coil winding pack as ohmic and transitory
losses [2].

Some types of superconducting magnets do not have an active
quench protection system to safely extract the internally stored
energy during a transient following a quench. Such magnets fully
rely on the mentioned heat propagation to properly dissipate
the energy within the coil [3]. Thus, the thermal diffusion and
quench development inside the coils are of special interest and
the electro-thermal-magnetic model needs to properly take them
into account. This challenging problem of quench propagation
has been extensively studied in numerous ways using analytical
and numerical approaches in one-, two- and three-dimensional
models with differing assumptions [4]-[12]. Usually, 2D cross-
sectional models are significantly more computationally effi-
cient, compared to complex, full 3D models, but might lack
accuracy since 3D-effects are not included.

Further improvements of a purely 2D cross-sectional model
of a superconducting magnet for the simulation of transients can
be achieved by including an approximated quench propagation
into the third dimension. In the proposed approach, the electrical
resistance of each turn, following a quench, is multiplied by
the estimated time-dependent fraction of quenched conductor
in the longitudinal direction, simulating the longitudinal quench
propagation as a running wave along the direction perpendicular
to the cross-section. The initial quench is thus propagating
with an analytically calculated velocity, simplified under some
assumptions and spreading throughout the entire magnet coil.

Furthermore, enabling the heat to also diffuse through the
magnet wedges separating the coil blocks from each other, as
well as including transitory loss between the filaments of the
wires, referred to as inter-filament coupling loss (IFCL) [1], [13],
[14], and simulating the thermal connection of the outer magnet
wires to a thermal sink, additionally improve the accuracy of the
2D thermal model.

The transversal heat diffusion through conductor insulation
layers and coil wedges and the longitudinal quench propagation
into the consecutive electrically-connected turn are illustrated in
Fig. 1.

The proposed technique is implemented using the recently
developed program to simulate electromagnetic and thermal
transients in superconducting magnets, called STEAM-LEDET
(Lumped-Element Dynamic Electro-Thermal) [15], [16], and
is compared to experimental results from one self-protected
superconducting magnet installed in the CERN Large Hadron
Collider (LHC).
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Fig. 1. Coil segment of a superconducting magnet, illustrating the heat dif-
fusion through conductor insulation (green arrow), through coil wedges (blue
arrow) and the longitudinal quench propagation along the electrical connections
(orange arrows) from the quench origin (red square), 2D cross-section in
STEAM-LEDET shown by black, dashed line.

II. 2D THERMAL MODEL AND LONGITUDINAL
QUENCH PROPAGATION

The LEDET model features a simplified electrical magnet
circuit, a 2D thermal model including ohmic loss, thermal tran-
sients between conductors, and a network reproducing coupling
effects and loss between the coil and inter-filament current loops
in its conductors. The three domains are coupled via equiv-
alent lumped-element sub-networks. The resulting differential
equations are solved using the finite difference method with an
explicit Euler implementation [16], [17].

The simplified representation of the magnet’s electric circuit
consists of a power supply, a crowbar, designed to safely carry
the circuit current after the power supply is switched off, warm
leads resistances, as well as the magnet’s inductance and coil
resistance.

The thermal sub-network consists of heat-capacitance ele-
ments, storing some of the generated heat and exchanging it with
others. Energy is introduced to the thermal magnet model in two
ways, either via the ohmic loss in a conductor or via coupling
loss. The thermal energy is then either exchanged between coil
turns or is transferred to other structural magnet components.
The thermal balance of one thermal element reads [16]

dT
POhm+Pcc+Pex+PTh:E(T)Ea

(W] (H
where Pony, [W] is the generated power by ohmic loss in the
conductor, P.. [W] the power generated by inter-filament cou-
pling currents, P, [W] the exchanged heat with other elements,
Py, [W] the heat transmitted into a thermal sink, ¢ [JK '] the
heat capacity of the element, averaged over its cross-section
and T [K] its temperature. Each of the used thermal elements
includes superconductor, stabilizer and insulation materials.

A. 2D Thermal Diffusion

The LEDET model approximates the thermal domain as a
2D model at the cross-section where the quench occurs. Hence,
the thermal diffusion equation is solved numerically only in
the directions perpendicular to the transport current [16]. The
computationally expensive longitudinal thermal gradient is ne-
glected. All physical properties are assumed to be uniform within
the thermal element. We differentiate three different thermal
diffusion components:
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Heat Diffusion between Turns (TT): The heat transfer between
adjacent turns is usually the main thermal diffusion process in a
quench discharge.

Heat Diffusion to Coil Wedges (We): The coil wedges, usually
made of a highly conducting metal [1], [18], take up some of the
heat and provide a path with a lower thermal resistivity between
the coil blocks. The heat can be transmitted across the wedge
to the neighbouring block, accelerating the quench propagation
within the coil.

Heat Diffusion to Thermal Sink (ThS): Superconducting coils
are usually in thermal contact with a surrounding mechanical
structure [1], [19]. This structure is modelled as a thermal sink
with constant temperature. During a thermal transient, some heat
diffuses from the coil turns to the structure. This process can
reduce the peak coil temperature [20].

B. ID Longitudinal Quench Propagation (LP)

After a quench in the cross-section, in a 2D model, the full
turn length is considered as quenched. However, in reality a
quench first only affects a small part of the conductor and
propagates from there further on [2], [21]. The newly proposed
feature introduces an analytical estimation of the time-dependent
fraction of quenched conductor in the longitudinal direction,
which scales the electrical resistance of the turn. The value of
this fraction increases linearly with the constant normal-zone
propagation velocity [21]-[25]

J pk 12 om
”Zc<TCS/2+TC/2—T) [ﬂ @

where J [Am~2]is the current density of the insulated conductor,
p [m] its perimeter, K [Wm ™K~ !] its thermal conductivity and,
Tes and Tt [K] its current sharing and critical temperature, re-
spectively. Equation 2 approximates the wave front propagation
assuming an adiabatic condition.

Furthermore, the initial quench propagates from turn to
turn following their electrical connection. Assuming an initial
quench in the center of the magnets longitudinal dimension,
the electrically connected return line is brought to quench in
tQuench = % [s], where [nag [m] represents the magnetic
length.

The main limitations of this approximation are twofold: first,
the longitudinal temperature gradient is neglected, resulting in
an overestimation of the average resistivity of each turn, which
is calculated with the 2D model at the point where the quench
started; second, the increase of quench propagation velocity due
to pre-heating of the parts of the coil still superconducting is
neglected.

C. Inter-Filament Coupling Loss (IFCL)

During a transient in a superconducting magnet, the time-
varying magnetic field leads to the generation of an induced
field, opposing the applied magnetic field [1], [13], [14]. This
field develops because of local coupling currents between su-
perconducting filaments inside the wire matrix and results in
respective transitory loss [13], [26].

The approach using lumped elements in LEDET includes
these effects with its coupling-current sub-network, which
is composed of equivalent inter-filament coupling current
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TABLE I
MAIN MAGNET AND CONDUCTOR PARAMETERS OF THE LHC MCBY
MAGNET [19] USED IN THE SIMULATIONS

Parameter Unit  Value
Nominal current, /yom

Nominal field strength at Inom
Peak field in the conductor at Iyom

A

T

T
Operating temperature K 1.9

H

kJ

Differential inductance at Iyom
Maximal stored energy

Number of turns - 2670
Magnetic length, Imag m 0.899
RRR - 100
Conductor insulation thickness mm 0.03
Wedge and collar insulation thickness ~— mm 0.2
Cu/SC Ratio - 4.4
———
"""‘—-%
20 %%‘“\ S % 3.0
55
ﬁ% 25
S E
304 25 turns\\ -
—_ 20Q
= 35 turns W L
W
Ez A\ s
> 20 turns 159
o
Wy ©
A
101 X\\\\\\ 1.0 =
9 turns
15 layers
0 Fouter =46.15mm 0.5
Finner = 35.2mm
0 10 20 30 40 50
x [mm]
Fig. 2. Magnetic field amplitude in the first quadrant of the LHC MCBY

conductor cross-section at nominal current, including the iron yoke effect,
calculated using ROXIE [4]. The symmetrical halves of the coils are located
in the third and fourth quadrants.

loops [16], [27]. The induced loss generates heat within the con-
ductor, which can lead to a quench [13], [17], [20]. Since in first
approximation the conductor is uniform along the longitudinal
direction, the loss is uniform as well. Persistent currents in the
superconducting material are neglected.

III. MODEL VALIDATION

In order to validate the new approach, the simulations are
compared to measurements. The magnet used to show the
electro-thermal transient is the LHC MCBY magnet [19], a self-
protected, superconducting dipole generating a horizontal field
and operating at current levels up to 120 A. The magnet and its
conductor parameters are shown in Table I. This magnet includes
two apertures, which are magnetically decoupled because of the
presence of an iron yoke. The magnetic field inside the coil,
including iron yoke effects, was calculated using the software
ROXIE [4] and is plotted in Fig. 2.

For the validation, the simulations are compared to a tran-
sient following a quench. After the quench, occurring at
tQuench = —0.185 s, is detected, the power supply is switched
offattpc = 0s. Theinternally stored energy is then dissipated in
the magnet coil. The circuit includes the resistance of the warm
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TABLE II
DIFFERENT SIMULATION CASES AND THE INCLUDED MODEL FEATURES,
DESCRIBED IN CHAPTER II

Case | TT We ThS LP IFCL
A X

B X X
C X X X

D X X

E X X X X X

I
|
I
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|
<? i Exp
=40 A [
15} I
E | B
O I
201 c |
i D
| ~ =2
0 1t 'Queneh) 'pc | | N — E L
0 0.5 1 1.5 2
Time [s]

Fig.3. Simulated current using various model features from STEAM LEDET,
compared to experimental current in the MCBY magnet after a quench at
tQuench = —0.185 s and power supply switch off at tpc = 0's.

TABLE III
ERROR BETWEEN MEASUREMENT AND DIFFERENT SIMULATION CASES

Case RMSE [A] max([e]) [A] max(Jer]) [%] QL [10° x AZs]
A 45 39.7 54.8 5.37
B 3.9 39.6 54.6 5.00
C 3.0 347 34.1 3.88
D 0.9 3.6 49 271
E 0.9 32 4.4 2.69

leads Rwarm = 67 mS2 and a crowbar Rcrowbar = 80 mS2, both
in series to the magnet. There is no active quench protection
system. In the simulations, the initial quench hot-spot is assumed
in the wire with the highest field in the innermost layer.

The transient measurements are compared to simulations,
including different model features, which are shown in Table II.
LEDET simulates these with about 4500 time-steps in less than
an hour of computation time. In Fig. 3 the discharge of the
magnet current following a quench and a fast power abort is
shown.

The obtained errors and quench load in the simulation cases
are shown in Table III. The errors include the maximum ab-
solute and relative error between experimental Igy, [A] and
simulated current Ig;,, [A] as well as the root mean square
error (RMSE). The experimental current and resistance is cal-
culated from the measured output voltage U [V] following
Ieyp = UO}%C’UW [A], where Ucrowbar = 0.9 V repre-
sents the voltage drop across the crowbar.

As can be seen by comparing Cases A and B, including the
IFCL does not lead to a significant improvement of the simula-
tion accuracy. The coupling effects are not the dominant effect
in this transient. The integration of wedges and heat transfer to
adjacent coil blocks, as well as thermal diffusion to a thermal
sink (Case C), reduce the maximum relative error to about 34%.
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Time [s]

Fig. 4. Simulated coil resistance using various model features from STEAM-
LEDET, compared to experimental coil resistance in the MCBY magnet after a
quench at tQuench = —0.185 s and a power supply switch off at tpc = 0s.
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Fig. 5. Simulated fraction of conductor in the normal state for the different
cases after a quench in a high-field wire at tQuench = —0.185 s and a power
supply switch off at tpc = 0's.

Simulating the transient with the newly proposed approxi-
mation of longitudinal quench propagation (Case D) reduced
the error to <5% and reproduces the transient satisfactorily.
Furthermore, including the additional model features into the
2D thermal model (Case E) reduces the error by a further 0.5%.
Assuming a quench origin in different high-field spots of the
coil can reduce the error further down to <2.5% or increase it
up to 8%.

The quench load (QL) is the time-integral of the squared cur-
rent. The measured quench load of QL. = 2.41 x 10% A%sis
reproduced by Cases D and E with an error of about 10%, which
correlates to a hot-spot temperature difference of approximately
20 K.

The experimental and simulated coil resistance for the simu-
lations are shown in Fig. 4. The experimental coil resistance was

Uout—Lmag (I) ZEx2
calculated as Rcoil = w [Q], where Lyag [H] is
xp

the current-dependent magnet inductance. Due to measurement
noise and saturation, the experimental coil resistance is only
shown between £ =0 s and ¢ = 1 s. The coil resistance is
defined by the fraction of conductor in the normal state and its
temperature. For Cases D and E, the simulated and experimental
resistances show good agreement.

The amount of quenched conductor for the simulation cases
is shown in Fig. 5. The longitudinal quench propagation, which
is modeled with the new feature, leads not only to a normal
zone propagation to the adjacent coil blocks but also to the other
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Fig. 6. Simulated peak temperatures of each wire during the transient in the

LHC MCBY magnet after a quench at tQuench = —0.185 s and a power supply
switch off at tpc = 0O s, including all proposed features (Case E in Table II).

dipole coil. Not including the feature causes the propagation to
be paused after quenching a full coil block. For the analyzed
transient, the heat diffusion through the conductor insulation
is dominant within a coil block, while the longitudinal quench
propagation becomes dominant for the propagation into other
blocks. For self-protected magnets, modelling the latter is crucial
to accurately reproduce the transient following a quench.

The 2D cross-section of the coil with the peak temperatures
for every wire for the simulation including all discussed model
features is shown in Fig. 6. The peak temperature obtained
during the discharge is below 75 K and is reached in the pole
block, where the initial quench started. One can observe that the
temperature mostly rises from one corner of a coil block and the
radial and azimuthal temperature gradients are similar.

IV. CONCLUSION

A new feature enhancing 2D cross-sectional electro-thermal
quench models was proposed, which approximates the quench
development within a superconducting magnet into the third
dimension. Therefore, an analytical quench propagation velocity
is included, which models the quench propagation along the
longitudinal direction throughout the coil. It is shown that in-
cluding the longitudinal quench propagation and hence allowing
the quench to propagate following the electrical connections, can
greatly improve the modelling of superconducting magnets.

A quench transient in one self-protected, superconduct-
ing LHC magnet was analyzed. Simulations performed with
STEAM-LEDET, including different proposed model features,
were conducted and validated against measurements. The sim-
ulation and measurements show very good agreement. For the
case of this self-protected magnet, the newly proposed feature
was able to significantly reduce the error of simulations with
respect to measurements and opening up the possibility to accu-
rately simulate the electrical and thermal transients.

While the presented LEDET model and its newly proposed
additions only represent a 2D cross-sectional model, they are still
able to produce a computationally very efficient approximation
of the physical quantities with very good accuracy.
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