NI/PI Coils

Transient Electro-Magnetic and Thermal
Simulation of HTS NI/PI Coils
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QA-Coil (8 T @ 20 K) Franken Coil (14 T @ 20 K) Demo3 (24 T @ 20K)

- No Insulation (NI) coils have no insulation between the turns.

- To learn about HTS manufacturing and test different tapes many of
these coils were manufactured and tested at Tokamak Energy.

- NI-Coils have shown remarkable resilience against quenching. )
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- Can we scale something like this to protect
large HTS fusion sized coils?

- Fusion scaled Toroidal Field (TF) coils have
stored magnetic energy of tens of GJ.

- Classical external extraction would require
60 kV voltage distributed along the circuit.

Conventional

Wall power for onal

Current Supply | Protection Fratacton otection
|Cold Switches)

Liquid nitrogen

0.49 MW 0.38 MW 0.027 MW
cooling only

Nitrogen 16 MW 0.11 MW 0.008 MW
vapour cooling

Bellgas 0.36 MW 0,28 MW 0,020 MW

cooling

ST280-5T
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1. A brief introduction to NI coils.
2 Electrical Network Modeling NI coils.

3. Scaling up to large Magnets using NI
like approach.

Demo? (first step towards partially insulated coil)



Brief Introduction to NI Coils

tokamak
energy

Little Beast
engineerin g



I - <
energy

- Current can flow both in the radial
and spiral paths.
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- Only the spiral path will produce
magnetic field.

s Radial Current
Spiral Current

QA-Coil Solder Potted Pancake
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- When changing the current in an NI coil
it will initially take the path with lowest
inductance, i.e. the radial path.
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ML 4 ) > - The first and last turn are used to spread
AT SN the current around the coil.
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- An eternity later the coil is finally powered ...
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- The current is now in the path with least resistance,
i.e. the superconducting spiral path.
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Saturated Mode

- When powered beyond the superconductor Ic
the excess current flows radially.
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- This way the coil can be saturated with current
at the penalty of additional losses.
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- The electrical current can almost
freely bypass a hotspot.

-0,.04 -DEI‘ZA 707 602 0.04
%] - This significantly reduces heating
in the hotspot itself.

jcurrent short

duration - And therefore HTS coils the

minimal quench energy is
significantly higher than in a
insulated coil.

Pancake A
acts stabilizing

- Initially the current redistribution
occurs close to the hotspot

current (transient effect) ...

10
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- After a while the current distribution occurs in the entire turn
effectively bypassing it.
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- When the hotspot grows in size multiple turns can be bypassed.

- Also improves stability.

|
v
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i Y
current current jcurrent
Pancake A Pancake B — Pancake A
4
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current NormsA on 51 Bypass current current
T bypass current
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- Now lets do something that will drive
our safety people mad. u
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- Lets open the circuit breaker with the

coil fully energized!

> switch

'ZPSU Current
current

Pancake A
-

Y Y Y Y YN
spiral path

—
PSU Current\ radial path
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The radial path and spiral path are connected continuously. )
This means that each turn can be considered a separate
current loop connected through inductance. Y
When the circuit breaker is opened all transport current is Lirelé  Pancake A L
converted into induced current. dphi/dt Sl
Driven by resistance, current can inductively transfer from _ 4
loop-to-loop and even from coil-to-coil. < :
5 I|‘|;ucl:|\-'" elrrent
psu
switch
spiral path spiral path spiral path spiral path
‘—
current T J, current T current T current current T
radial path radial path radial path radial path radial path 14
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- There is more current paths to consider for example screening and
coupling current (see my poster WED-P02-204-09).

- However, all current use the same critical current budget within
the tapes, therefore superposition is not really possible.

m Numerical Modelling of | &
AC-loss in large HTS Coils || »
Screening Current Coupling Current
LJ
(T
Lnuny
pooe || |-
£ 3
Tries to screen radial magnetic field Tries to screen axial field
limited by the critical current of the tapes Only in multi strand cables =
therefore closely related to flux pinning Beware: also limited by critical current of tape! -
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- The physics of NI coils can be captured well using an electrical network.

- The network is automatically constructed from a Rat model by meshing the
coils and mapping the contact areas of all surface elements.

- Each element amounts to an equation for current,
voltage, temperature or heat flux.

- The DAE system is then solved using Sundials IDA
using inexact newton method from LLNL.

radial element

voltage and
temperature HTS tape
nodes

rat model

raccoon network

self and mutual inductances

super conductor
normal conductor misaligned

current sharing
solved with
bisection method

switch

17

https://computing.linl.gov/projects/sundials/ida
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Y Wang et al 2015 Supercond. Sci. Technol. 28 045017 —RR=044A/s ? ?
— RR=0.88 A/s
0.0045+
70 4 d  —— ARG
_ 3 . —— — = k044 A fsim )
0.004 e &0 _f _+ - § - k=0.88 A/s (sim.)
Z s0f 1 =3 I% o
= ! / E v & k=022 Afs (exp.)
g J0k / A =0 I -~ E k=044 Als texp)
0.00354 3 Yy .%u 2L r: : = k088 As (exp.)
w3fp | z
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g 20F o) J 22— k=044 A/s S!
s s gwp I —_—— k=0.88 Als i
L L L 1 ] 1 L I i
o L 0 100 200 300 400 500 0 100 200 300 400 500 600
! g’ 0.00254 Time (s) Time (s) . ‘ ‘
% ‘ . ) = Figure 10. The terminal voltage of the NI coil from simulation and FIQUFB 4. The FEM model of the DP coil to calculate the induced
S Figure 9. Three charging categories with different rates.  experiment, charging up to 60 A with different rates, magnetic field.
0.0024
Table 2. Specifications of the test NI coils. — I
Parameters Coil Switch I i .
0.00154
Number of tums 62%2 DC
Inner and outer diameter 245 mm, 276 mm _ HTS tape without
Distance between upper and lower coil 0.8 mm ¥ m il insulation
0.0014 Total length of wire 101 m i
Inductance, L., calculated .11 mH
Bz per amp at centre, calculated .59 mT
1. @ 77K, tape 170 A "
0.00054 1. @ 77K, coil 97 A I
Raccoon Calculated (a) test circuit (b) Photo of NI DP coil
550 600 650 700 75 a0 Figure 5. (a) Schematic drawing of the test circuit: (b) photo of the

L S R T (
B o o T T T _'nmelsl o T o o T N test NI coil.
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Cryo test rig thermal model
Compare Raccoon with Experimental Data
D Lead A (77K} Lear GI_K?D

Raccoon Numerical
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Heater induced Normal Zone Propagation
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- One notable detail
are the high current
waves traveling
through the coil 1700.12s
during a heater
induced a quench. S

1700.10 s

! :
I b SO o 4--\"’5\‘

% | [current il |
; . g Pancake A |*|*|* b
- These might cause my* |
. H 3 w 3
high local stress 1700165 i 5 i /
concentrations. Bl %

1700.18 s

4 — - e AL ./ [#
170020 s ‘ ' natural propagation direction
N \ is alongside the spiral direction

20
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- Many features are similar, but quantitatively is a bit different.

Temperature
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https://www.youtube.com/watch?v=3BpedNbL6sQ
https://www.youtube.com/watch?v=3BpedNbL6sQ
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Partial Insulation Protection energy

- The idea is to use a Partially Insulated
(PI) coil with high radial resistance.

- Low ramp time constant (L/R).

- When the circuit breaker is opened
the open circuit current is forced
through this high resistance path
causing high heating.

- When the coil is normal conducting
the resistance of the spiral path

converts the stored energy into heat.

- Essentially a fully distributed quench
heater that uses the coil's stored energy
to drive it.
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Open Circuit Current

x 1
L TS
\ : R 1 Q ol
gl
LI
p ~ ) . 4
A 2 4
A A open end A
4-*47 -
Pancake A > |
V' ¥
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™ 7 .\‘4 A
N | \ :
'e 4 |
‘/' ‘ v ‘
7 v L Y 4
e
open end /~= v
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- Pl-insulation can be integrated into the channel. Options are limitless here:
- Resistors, Diodes, Varistors (metrosil), Thyristors, Capacitors, MOSFETS,
Hydraulic/Pressure switches, Superconductor, Special compounds, Circuits
- But beware, the stored energy of coil must be absorbed somewhere ...

Partlal |nSU|at|0n in Copper U-Channel w. similar to aluminum housed resistor HTS E E
Using the sides has advantage of being Cu [te) ~
outside of high pressure o —

12 mm <

O

—

U-copper U-copper 24 mm
11 G11
idea 2
an be practically anythin Cu Hs IE StSt%trip
il o . S p y any g — g insulator (enamel, kapton, g11)
- for thermal conductivity

/diodes? holes can also be drilled through dewe get right resitivity? 24
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~ A normal zone is initiated

using a 600 J (!) heat pulse.

_ The quench propagates until

it is detected at 100 mV.

_ The circuit breaker opens

forcing radial current.

_ The coil heats up over

current sharing temperature.

_ The coil becomes resistive

and heats up faster.

Final coil temperature 220K.
25
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- Thermal margin difference within the coil must be overcome with heating power.
- The radial resistance of the coil can be freely chosen. The open circuit voltage can
therefore be controlled.
- For ST280-5T a voltage of 300 V per limb or 5.4 kV for full toroid seems reasonable.
_ This is order of maanitude less than classical nrotection! e neame e
1001 ‘é Lower Radial Resistance < High Radial Resistance
6001 : ]
o E 5
o 800} e :; Tee l:: TCC T/RL
= = ! 5 ! ;
[ = T S
5 400 %-200- g j . ,r""j
8 200] g g " 3l L e
g_ = 3001 3 g b
E > = = NS, A Tes CC
W& 2004 -400 /
1004 -500 " phase:L CCS Current e g ' tire
! ! ! ! ! ; ! ! : 600 ! . : ; ! : ‘ E-____L E o
5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 a5 = P a ' L
Time [S] TIITIB ‘S) T phas_eT?;_—time phase 1 I time
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- Partial Insulation uses order of magnitude lower total protection
voltage (allowing for) much less current leads.
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. Less current leads:

a. cooling wall-power reduction from several 100 kW to several
10 kW.

b. More space for other components such as RF feeders etc.

- Far fewer components in protection circuit that can fail, such as
switches etc.

- Self-protecting and reduced voltage in case of open circuit failure
such as broken current leads.

- Cold mass must have sufficient heat capacity to take the stored
energy of the coil (current density limit). 97
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