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Overview

= Motivation

= Thermal aspects

= Internal circuit / Co-simulation

= User interface

= Complexities + correction factors:

= Oversimplified model of eddy currents in the formers -
Correction factor fLoopFactor

= Additional helium present between the (non-bonded)
formers and outer cylinder - Correction factor
addedHeCpFrac

= Simulation vs. experimental observations
= Running the model

= Demonstration

= Summary
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Motivation

Insulated
ot e B BE ——  Aluminum = Canted Cosine Theta Magnets: Concentric
2RCO foofook OO ' former superconducting coils held in place by conductive

aluminum formers

Canted-Cosine-Theta (CCT) magnets: superconducting

strand inside slots in conductive former [1} . Quench protection of MCBRD Twin Aperture Orbit
Correctors for HL-LHC upgrade and other future
CCT-type magnets

= Magnet is discharged over energy extractor

= Eddy currents in the conductive formers -
Heating in formers - Fast development of
normal zone throughout superconducting
coils (Quench-back)

o e = Complex three-dimensional geometry
Eddy currents in formers surrounding CCT
coils during discharge
(Field, courtesy J. van Nugteren)

CCT coils
< 4 W , Formers

Eddy
currents in
the formers

= Quench simulation with STEAM-ProteCCT

[1] G. Kirby et al. IEEE Trans. on Appl. Supercond. 28, p. 4002205 (2018)
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Thermal aspects

Turn-to-turn periodic boundary condition

Kapitza / film boiling cooling (1.9 K LHe) Three-dimensional thermal propagation in SlmpllfIEd
A geometry [2]
O oy inder = Longitudinal heat propagation along length of strands,
ZMM %lmm %ﬁmm? 15'“_’“ insulation, and formers
idex 1Ny | indexi | index i + N, v — = Transverse heat propagation
. e = Individual thermal elements for strands,
strand Former thickncss Insulation, formers, former insulation
Polsmide [— . He_a_lt flow tq the bath: 1.9 K: Kapitz_a + fiI_rr_1
+ epoxy Y (polyimide) boiling cooling, 4.5 K: Nucleate + film boiling
bam = Periodic boundary conditions: Simulation of
R o e single turn per former to simulate entire magnet
former ~§ ! = Non-linear magnetic-field- and temperature-dependent
22 2 A properties taken from STEAM library and LEDET material
Kapitza / film boiling cooling (1.9 K LHe) database
Thermal layout [1]

[2] M. Mentink et al. IEEE Trans. on Appl. Supercond. 28, p. 4004806 (2018)
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Internal circuit / Co-simulation

Formers + outer cylinder: Inductively coupled
to main circuit (typically: 4x4 matrix)

Main circuit with CCT coils: Inductance,
internal resistance, crowbar and dump
resistor

Representation of internal circuit

= Circuit types:

Internal circuit: Inductance of CCT coils,
internal resistance, crowbar, dump
resistor + switch

External circuit: ProteCCT takes external
current waveform (co-simulation)

Both cases: Main circuit (CCT coills)
inductively coupled to formers and outer
cylinder

Adaptive time-stepping (constraints on maximum

dT/dt, maximum dl/dt in formers, user-specified

dt)
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User interface
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Model input: Excel file

[3] M. Mentink, “STEAM-ProteCCT User manual”, EDMS nr. 2160020, (2019)
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CompIeX|ty & correction factor #1: fLoopFactor

MCBRDp1, 100 A, 1.9 K, 1.43 Ohm

120

80 X

——Measurement

60 - - - ISim, fLoopFactor=1

- - - ISim, fLoopFactor=1.5
ISim, fLoopFactor=2.0

- - - ISim, fLoopFactor=2.5

Current [A]

40
20
0

-0.1 0.1 0.3 0.5
Time [s]

Coupling-matrix calculated in Comsol, assuming Determination of fLoopFactor by matching to experimentally
simplified 2D geometry with cos-9 current distribution observed low-current discharge (no quench-back)

= Coupling matrix: Calculated in Comsol, assuming simplified 2D geometry with cos-6 current distribution in the
coils, formers, and outer cylinder [3]

= Assumption: Eddy current flows axially through formers
= Reality: Eddy current model is oversimplified (and uncertainty in former material parameters)

—> Empirical correction factor fLoopFactor (= 2.0), to modify eddy current path length, determined by matching
simulations to experimental observations

[3] M. Mentink, “STEAM-ProteCCT User manual”, EDMS nr. 2160020, (2019)
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Complexity & correction factor #2: addedHeCpFrac

Liquid helium between formers
Sarves M ek i

= CCT magnets: Formers are sliding with respect to
each-other when powered - Gaps are present,
which fill with liquid helium

= Heat capacity of liquid helium has to be overcome
before quench back can occur

= To account for liquid helium: Global correction factor
addedHeCpFrac - Additional heat capacity in
formers (~0.6% of volume)

= Determination of correction factor by matching
quench back onset tyg at |, =400 A, 1.9 K, 1.43 Q Sliding and deformation of formers during
> Used as a global parameter powering (Courtesy Martin Novak)
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Simulation vs. Experimental observation

T L L T R L B A B R T T T T T T T T T T T T ]
400 = MCBRDpl, 1.9K, 1.43 QEE 400 MCBRDpl, 4.5 K, Var2 . MCBRDslb, 1.9 K, Varl
i . Measurement, 400 A ] r Measurement, 400 A - 400 [ I Measurement, 460 A _|
I Measurement, 300 A [ Measurement, 300 A | | . Measurement, 300 A
300 ey & * Measurement, 200 A 300 ?; +  Measurement, 200 A [ E +  Measurement, 200 A |
_ i _*__ lg{leasilr§:ment, 100A 1 _ r T ——- Simulation T — 300k \ +  Measurement, [00 A -
< imulation < M ¥ =, -j 4 > Measurement, 50 A
k= = - = [ 4 ——- Simulation
2 200 1 g 200 ] 2 .
S 3 g 200
100 N ] 100 . 100k
0 I T T T I S S A S R —' F ~ =~ L
0 0.2 0.4 0.6 0.8 1 O = e ; 0 — '
. L 0 0.2 0.4 0.6 0.8 1 0 0.05 0.1 0.15 0.2
Time after power supply deactivation [s] . . . . . .
Time after power supply deactivation [s] Time after quench protection triggering [s]
MCBRDpl prototype, discharge over MCBRDp1 prototype, discharge over MCBRDs1b short model, discharge

1.43 Q dump resistor Metrosil varistor

over Metrosil varistor

Comparison between simulation and experimental (MCBRD prototype apertures and short models):
= High degree of consistency between simulations and experimental observations

= Checked for: Different magnetic lengths, former material types, operating temperatures, varying dump
resistors + Metrosil varistors, operating currents

= Two fixed global correction parameters fLoopFactor and addedHeCpFrac for all cases
= Measurement data: Courtesy F. Mangiarotti
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t =OD.£)500 s, TMax=22.0K, IOp = 325.4 A, iteration # = 1247, VEETotal = 482.60 V 29 —

Running the simulation

Former 1, Strand 1

Former 2, Strand 2

-100
-200

-300

Voltage to ground [V]

-400

Former 1, Strand 3

Former 2, Strand 4
Former 1, Strand 5 18
Former 2, Strand B T

\ Former 1, Strand 9

Former 2, Strand 18 4
\ Former 1, Strand 19 6 _W

Former 1, Strand 7
Faormer 2, Strand 8

14 7

Former 2, Strand 10
Former 1, Strand 11
Former 2, Strand 12
Former 1, Strand 13
Former 2, Strand 14
Former 1, Strand 15
Former 2, Strand 16
Former 1, Strand 17

Temperature [K]

Former 2, Strand 20

Former 1, Strand 1
Former 2, Strand 2
Former 1, Strand 3
Former 2, Strand 4
Former 1, Strand 5
Former 2, Strand 6
Former 1, Strand 7
Former 2, Strand 8
Former 1, Strand 9
Former 2, Strand 10
Former 1, Strand 11
Former 2, Strand 12
Former 1, Strand 13
Former 2, Strand 14
Former 1, Strand 15
Former 2, Strand 16
Former 1, Strand 17
Former 2, Strand 18
Former 1, Strand 19
Former 2, Strand 20

-500

Voltage-to-ground calculation
(During simulation, t = 50 ms)

150 200 250 0 0.1 0.2 0.3 0.4 0.5 0.6
Position along strand [m)] Paosition along strand inside turn [m]

Strand temperature development
(During simulation, t = 50 ms)

= Fast: Typically no more than few minutes to run
= Free-to-use standalone executable, no license required (Does require MCR installation)

= During simulation: Optional plotting of voltage-to-ground and strand temperature for each time-step
= Simulation output written to excel file: Time-dependent Current, hot-spot temperature, voltage-to-

ground of selected turns, etc
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‘ D:\Dropbox\TE-MPE-PE\tools\ProteCCT, 11-6-19\ProteCCT.exe

RDlll;IpPl;l-!el‘B= A.888, addedHeCpFrac = B.806,. addedHeCoolingFrac = B.888. tSwitchDe|

lay = B.81

t, TMax, I0p. UGndMax. UEETotal., Ulnductive.

460.88A,. 22 _8U,
399.290. 22.8U.
399.870,. 21.9U, 21.9U, -

398.980 . 21.9U, - —B.880hn .

398.730. B —@.8@0hm .

398.58n. - —B.880hm,
381.780 . —@.880hn,
376.24n,. 558.2U, 558.2U, 58.2U, —-B.880hm.
371.98A. - —B.880hm.
367970, - —B.880hm.
364.31A. - —B.880hm.
3608.870. - —B.880hm.
- —B.880hm.
—@.080hm .
—8.880hn,
iU, -8.880hm.
- —B.880hm.

R8trandsSum, tCalc.

228U,
228U,

357.6%A.

25U, B.170hm,
-~ B.230hm.
au. a.2

Elapsed time is

Command prompt output

Héf]}ggl_l.'ﬁohm. TOop = 1.9, I0OpInitial = 488, RCrowhar = B.86, RDumpPreconstant

iter #

Pl-ogagcigul.ﬁ, developed at CERN TE-MPE-PE by Matthias Mentink (mmentinkCcern.chii¥
5

m

Demo: MCBRDpl

0 50 100 150 200 250
Position along strand [m]

Voltage distribution in magnet during

simulation, t = 50 ms

ProteCCT is found on STEAM website: cern.ch/steam
Manual: EDMS Nr. 216002 (link of STEAM website)
Simulation tool available of steam website

Running requires installation of Matlab runtime (see Matlab runtime.txt)

2 i (E=3[E=E =
File
gde | 09E|0EH
t=0.0500s, TMax=21.9K, I0p=325.4A, VGndMax=482.59V
4 Former 1, Strand 1
] Former 2, Strand 2
4 Former 1, Strand 3
— Former 2, Strand 4
a0 Former 1, Strand 5
1 Former 2, Strand 6
1 Former 1, Strand 7
_ 1 Former 2, Strand 8
= \\———_—__ Former 1, Strand 9
B -200 ‘\ Former 2, Strand 10
3 1 ——— Former 1, Strand 11
o :\\\-_\——— Former 2, Strand 12
= \ Former 1, Strand 13
£ 300 _\\—\\\ Former 2, Strand 14
5 | Former 1, Strand 15
> ] Former 2, Strand 16
\ Former 1, Strand 17
i Former 2, Strand 18
400 ——— Former 1, Strand 19
_\\ —— Former 2, Strand 20
L o e L

Temperature [K]

4 Former 1, Strand 1
4 Former 2, Strand 2
B Former 1, Strand 3
Former 2, Strand 4
Former 1, Strand 5
Former 2, Strand 6
Former 1, Strand 7
Former 2, Strand 8
Former 1, Strand 9
i Former 2, Strand 10
i Former 1, Strand 11
q Former 2, Strand 12
Former 1, Strand 13
Former 2, Strand 14
1 Former 1, Strand 15
Former 2, Strand 16
Former 1, Strand 17
Former 2, Strand 18
Former 1, Strand 19
] Former 2, Strand 20

:W

e i B e B e o e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Position along strand inside turn [m]

Strand temperature development
during simulation, t = 50 ms
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Summary

CCT caoils

Formers

ProteCCT “a
- Simulation tool for evaluating discharge of CCT-type
magnets (With quench-back from conductive
formers) Eddy currents in 1 5
- Very fast, standalone executable the formers b S, S
. User-interface: Input from Excel, output to Excel (plus T
optional plotting during execution) 7 MCBRDpL, 19 143 O EE -
. Available on STEAM website (cern.ch/steam) 00 X ge%ﬁggg |
- Compatible with co-simulation, which allows for more < == Simulaton !
exotic circuits £ ]
- Free to use, but please reference to ProteCCT ool |
manual when used for publications / presentations | ]
; . ]

T T T T A S R N AU ! Lo
0 0.2 04 0.6 0.8 1
Time after power supply deactivation [s]
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