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Abstra
ct

Two high magnetic field labs in Europe have
reached out to the NHMFL experts requesting
assistance in developing and constructing their own high field
magnets. At Radboud University located in Nijmegen, the
Netherlands a 45 T hybrid magnet based on the 36T one designed
here is currently underway and thus they require information on
the coil behavior while slowly dumping current on an external
resistance, among many other scenarios. In Berlin, Germany the
Helmholtz Zentrum Berlin Magnet (HZB) has sometimes
experienced unexpected quenching during its discharging
procedure under a relatively high rate, and so they need help
diagnosing the cause of it.

I.
GANDAL
F

The simulations are done via a commercial
FORTRAN computer code GANDALF
[1]. It was originally created to simulate the 1-D quench propagation in a
cable in conduit conductor (CICC, Fig 1). An NHMFL staff has modified this
code to introduce the thermohydraulic and circuit configurations that are
being used in the magnet designs here.

III. Causes of Quenching

Any source of heat can quench a system, but the
complex design of these magnets mitigate a large
majority of these sources. The two remaining major heating sources are that of AC losses
and that of hysteresis losses (Fig 3), both which occur during ramping of the coils.
GANDALF uses subroutines that incorporate the calculated field distribution and strain on
the superconducting coil into these losses and thus heating during every time step.
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Fig [3]: (Left) AC loss defined as Pc, (Right) Hysteresis loss defined as QH ,
notice that both have a dependence on the changing field.

Initial Current

Quench Time (and Current)

50 A/s

20kA

146s (12.7kA)

60 A/s

18kA

140s (9.6kA)

80 A/s

18kA

87.5s (11kA)

IV. Nijmegen Slow Dump
Coil Analysis

About 4-5 iterations were done to locate the
minimum quench current. The Q0 values turned
out to be different for each ramp rate. This
implies that perhaps the quenches at HZB were
not due to joint heating alone.

[2]

combination of the two allows for a considerably more energy efficient
magnet relative to the vanilla High Field Bitter magnets alone. The resistive
portion acts as the “insert” of the coil while the LTS portion serves as the
“outsert” (Fig 2).

Linear Ramp Down Rate

It was first hypothesized that the quench is caused by heating at the penetration area
(helium injection):
Basis Io being 20kA (characteristic of the cable).
The Q0 value is characteristic of the penetration
area, and so it should recreate the HZB
quenches with a relatively consistent value.
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Fig [1]: (LEFT) CICC
Cross Sections.
(RIGHT) Close up of the
actual superconducting
strands.

The magnets are labeled “Hybrid”
II. Hybrid
because they combine the use
ofMagnet
the resistive Florida Bitter Magnet Technology and that of Low
Temperature Superconductor (LTS) CICC Magnet Technology. The

V. HZB

The staff at HZB have sent readings of their hybrid magnet at the time of
quenching:

[ABOVE] At the inlet (left) the flow rate drops rapidly into
negative, indicating backflow, at the outlet (right) the flow
rapidly jumps, indicating flow acceleration.

[ABOVE] Field gradient through Nijmegen outsert
alone, the left most section is the High Field (HF) coil
consisting of layers 1 to 3. This is where the most
significant effects are observed, and thus the data
regarding this coil will only be shown.

The simulations were re-run with the measured inlet/
outlet transient pressure boundary conditions, the
differences were insignificant. These fitted BC were used
for the remainder of the simulations. A constriction in
helium flow was introduced next (perhaps there was ice
that may have built up in the cable). This was
implemented by increasing the helium friction factor.

HF Coil

[ABOVE] Since heat flow corresponds to the direction of
Helium Flow, similar results can be seen for heat flow.

Total Mass Through Inlet (After 4 Min)

-135.74724 (g)

Total Mass Through Outlet (After 4 Min)

792.90319 (g)

Total Energy Through Inlet (After 4 Min)

-8040.63968 (J)

Total Energy Through Outlet (After 4 Min)

9577.05633 (J)

Peak Tmax Over Entire Coil

13.59276 (K)

Peak Pmax Over Entire Coil

5.93758 (atm)

Minimum T-Margin Over Entire Coil

0 (K), QUENCH

[ABOVE] Doubling or even quadrupling the helium friction factor yielded no significant change, only until
a much larger value (indicating a blockage) would show a difference. Still no quench however.
[BELOW] The system showed little change to varying degradation levels, even as much a 50%
degradation in 80AS (high ac loss) shows a relatively minor change.

[3]

[ABOVE] Maximum nodal values over the length of the coil for every point in time, the temperature margin (middle)
indicates quenching when it reaches zero, as shown by Layer 1 around 90 seconds.

Fig [2]: (LEFT) Diagram of HZB Hybrid Magnet, with the crucial components labeled.
(RIGHT) Close up of the coil layouts, the solid insert is resistive while the gridded
outsert is superconducting. The units of distance are in mm.
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[ABOVE] The net flow of Helium Mass (left) and Energy (right) over
time is shown.

Conclusion: Due to heating a rapid rise in
pressure occurs in the cable, which leads to
helium backflow and acceleration at the
ends. More heat accumulates over time, and
ultimately T-margin hits zero, indicating
quench in the system. The values provided in
the table (and data on the mid field and low
field coils, which were left out) were sent to
Nijmegen for them to make adjustments to
the cryogenic system in order to account for
this.

Conclusion: The simulation results say that the quenches can’t be reproduced with the above
conditions by themselves. The inlet heating results show that the system is sensitive to Q0 , and that
varying it alone did not exactly reproduce the HZB reported quench, this however means that some
other factor combined with this could be the solution. Helium restriction alone, even under extreme
values, only lower T-margin but will not trigger a quench. Finally the system shows little sensitivity to
degradation levels, even as low as 50%. While other possible causes are being discussed,
simulations testing a combination of these parameters are currently underway.

