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Overview

=  Motivation

= Thermal aspects

= Internal circuit / Co-simulation

= User interface

= Complexities + correction factors:

= Qversimplified 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 Why STEAM-ProteCCT?
Rooloc Nb-Ti/Cu strand - Canted Cosine Theta Magnets:
DOROOR ‘“\ Aluminum = Concentric superconducting coils held in place
former by conductive aluminum formers

= Cost-effective and may be used for any higher-

Canted-Cosine-Theta (CCT) magnets: superconducting , _
order field (dipole, quadrupole, etc.)

strand inside slots in conductive former [1]

CCT coils = Quench protection of MCBRD Twin Aperture Orbit
R\ ™ Formers Correctors for HL-LHC upgrade

= 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)

= Complex three-dimensional geometry

Eddy 1
currents in o
the formers

Eddy currents in formers surrounding CCT
coils during discharge

- 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 Three-dimensional thermal propagation in simplified
Kapitza / film boiling cooling (1.9 K LHe) g eom et ry [1]
A = Longitudinal heat propagation along length of
Outer cylinder strands, insulation, and formers
thickness: .
15 mm = Transverse heat propagation
2Elements at ? Elements at )Elements at ? . -
s, ) et et o) | o = Individual thermal elements for strands,
p 02om insulation, formers, former insulation
b Eommer thicknece = Heat flow to the bath: Kapitza + film boiling
Polyimide o0 mm cooling for 1.9 K, Nuclear + film boiling for
(80 pm) v  Insulation 45 K
epoxy A (polyimide): _ _
02 mm = Since each turn sees the same magnetic
Former thickness: field and eddy currents (neglecting edges of
H o oo mm the magnet): Periodic boundary condition
t Y
A e A A Al = Non-linear magnetic-field- and temperature-
Kapitza / film boiling cooling (1.9 K LHe) dependent properties taken from STEAM library and
Thermal layout [1] LEDET material database

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

= |nternal circuit;
» At each iteration: Calculation of internal

Eddy current heating resistance, considering superconducting
3 J::m{i ntwo formers ?nd properties, temperature magneto-
outer suppor .
X 1 Vitmacs cylinder resistivity, etcetera
Superconducting = Coupling matrix for coupling between
* coil . .
’ colls, formers, and outer cylinder
Power supply, l L=970 mH _ _ - y |
deactivated at t = 0 S NbTi/CU = Adaptive time-stepping (constraints on
<v+ strands, R(t) maximum dT/dt, maximum dl/dt in
Energy extractor, formers, user-specified dt)
r 1.4 Q / Metrosil, . . .
Crowbar i |_o activated after 10 ms = Co-simulation:
R =0.055Q = = Tested with STEAM co-simulation

framework (ProteCCTToolAdapter)

= Accepting external current waveform, and
return resistance + inductive voltage
waveforms

= Adaptive time-stepping in between co-
sim-requested steps

Internal circuit
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» & < o €
1 Proteccrvie

2

3 magnetidantifiar “MCRDP1_L430Km

1

5 Magnet properties

6 totaiCanductortength a0
7 | oumTumsperstrandTotal

8 |CuFraction P
9 ARRStrand

1D BMtaxathiominal 21
11 aMtimatNominal i
12 iorninal an
1 teicPerogicity 2
14| magnaticengtn L2
13 inFormerinsul 330804
18 whib Prr
17 wtrancsiot 1o0e-03
18 stiana [E
18 numRowstrands 2
2 numcolumastrands s
21 weractor o0
22 polymideTozporyAatia

2 windingOrser [6161117172128183139194 1410205 15]
2

25 Farmer relate properties

M sosem fr 55360 saTEM
F Free 7amE0r 633607 41607
Y 530 30z ramar ssse0r
= 170 sa1£07 5.99E.07 BI6E07
»

31 innerRadiusFormers 550602 520602
32 formerThicknessUndemeathColl 160803
33 innerRadiusOuterCylinder 650602
34 thicknessOuterCylinder 10602
35 RRRFormer [
36 ARROtEICylinder 50
E

38 extra s

35 coslingToHelumasth 1
4 heaxstopCondition 1
41 temphasstapCandition 350
42 i0practionstopCandition oo
5

F

&5 fLooplength 20
4 10p 13
47 10piniial o0
8 Rerowbar 550602
49 Roumppreconstant 28
50 RDumpPower o
51 adoedneCprrac 0.008
52 addednacoolingFrac °
53 tswicnDatay 100E.02
54 coolingTomeliumath 1
s

56 Solver configuration options

57 fracCurmentChangeMax 002
58 resultzAtTimestep 200603
5 deltaTMaxaliowed [X3
0 minTimestep 100606
61 tumtengthelements »
62 Graphics options

84 withpiots )
65 plotPauseTime 01
&

47 postprocessing

68 withvoltageEvalustion 1
6 voltageToGroundOutputselection 16101420)

o

71 Options used for co-simulation

72 extematviavetorm °
73 savestateaténd °
74 restorestateatstart o
75 slenthun 0

Model input: Excel file

User interface

Mognet ientier, Here  should be ploced n front of the name.

Tatol strand length in {m], for both inner and outer former
Tatol number of windings an @ single former

Copper frustion

"RRR of the copper, Note that the considered reference temperafure s 295 X,
Peak fiekd on conductor at neminafcurrent i [T]

Lowest fietd on conductor at nominal current in 1]

mogneti; the condh

Fietd periouicity (2 for o dipote, 4 for o quodrupole, etc)

Mogaetic Length

Insulation {m]. This insulation bas the peciy of polyh
infm]

|
Size of the strand st in [m]
Strand diometer i (m]

The aumber of rows of strands
The number of calumns of strands
e multiaer, to alow for heot-treatment- mauced degrodation of ic

o Imsuiation. for ore ossumed
A the turrs 1osthe
uits of {H/m]. Must |
Imner rodlus of the farmers in {m]

Thickness of the farmer undeneath the siot holding the strans In fm]
Inner rodius of the auter cplider in [m]
thickness of the auter cylnder in {m]

RRR of the formes, ot 295
RRRof Note
pport ey
tme i stopped
n ix1 i isstopped
“thei thesim
Both temperature i (K]
Intiol operating current in [A]
Crowbor resstance n Ohm
addedto This

Fraction 9 for

Consider Xapitza + K cooling to helum bath in general?

for y %
nfs]
n Il
Absolte minimam tme step size i 5]
Amount of elements for gien turn
If withPlots s set to 1 then for 3 d
v L then arophs. Furt foro

e { P )
Saves the workspoce ot the end of the simulation, 0 =no save, 1= save to ‘workspoce, 10 = Xias
Loods the workspace ot the start of the simulation, 0 = 10 1bad, 1 =Aood from ‘workspoce, 0=

[3] M. Mentink, “STEAM-ProteCCT User manual”, EDMS nr. 2160020, (2019)

ProteCCT user manual [3]
User input:

= |nternal circuit: Similar to LEDET, all user
input is taken from a single Excel file

= Co-simulation: Single Excel file + txt file
for external current waveform

For the most part, easy-to-understand parameters
(Conductor RRR, Operating current, etc.)
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Complexity & correction factor #1: fLoopFactor

MCBRDp1, 100 A, 1.9 K, 1.43 Ohm
120

——Measurement
- - ISim, fLoopFactor=1
- - ISim, fLoopFactor=1.5
ISim, fLoopFactor=2.0
- - 1Sim, fLoopFactor=2.5

Current [A]

20

-0.1 0.1 0.3 0.5
. : . Time [s] |
Coupling-matrix calculated in Comsol, Determination of fLoopFactor by
assuming simplified 2D geometry with matching to experimentally observed low-
cos-0 current distribution current discharge (no quench-back)

= Coupling matrix: Calculated in Comsol, assuming simplified 2D geometry with cos-0 current distribution in the
coils, formers, and outer cylinder [3]

= Assumption: Eddy current flows axially through formers

= Reality: Eddy current model is oversimplified, so global correction factor fLoopFactor needed that augments
the effective path lengths of the eddy currents

= fLoopFactor determined by matching discharge to experimental result at low current without quench-back

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

Liquid helium between formers
Sarapec vl duheemld g .

Sliding and deformation of formers during

powering (Courtesy Martin Novak)

500 T T

100+ 3 F
50 1T

-

2019k, 1430 119K, 1290 1 45K, 1290
10 I IR ST T I I BT S R o b by
5ob00 200 300 400 100 200 300 400 _ 100 200 300 400
L L L B L B L B L B B R
200/ 11 1F . y
100 ¢ el 1F 5
o v it
2011 9K, Var2 1 45K, Var2 1 T19K, Varl+0.15Q 7

L

[ P P
100 200 300 400
L [A]

100 200 300 400
I [A]

100 200 300 400
I [A]

Simulated vs. Observed onset of Quench back
(Measurement data: Courtesy F. Mangiarotti)

= In addition to helium to bath cooling: Additional liquid helium present between non-bonded formers and outer

cylinder - Slows down quench-back onset

= Extra helium heat capacity: 0.13 MPa liquid + gas, with inclusion helium gas enthalpy
= Added as global correction factor addedHeCpFrac - Additional heat capacity in formers (~0.8%)

= Determination of correction factor by matching quench back onset tyg at I, = 400 A, 1.9 K, 1.43 Q - Used as
a global parameter
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Simulation vs. Experimental observation

U 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 o 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 - rot + Measurement, 200 A
_ i _*__ lg{leasilr§:ment, 100A 1 _ r T ——- Simulation T — 300k \ +  Measurement, [00 A -
< imulation < \ =, -j 4 > Measurement, 50 A
k= ] = - = [ 4 ——- Simulation
g 200 I E 200 4 E l‘ 4
S 3 g 200
100+ [ ] [
: 100} 100 -
0 I P R R S EN R R RIS = 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

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

= Two identical global correction parameters fLoopFactor and addedHeCpFrac for all cases
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Running the simulation

t =OU.05[)D s, TMax = 22.0 K, I0p = 325.4 A, iteration # = 1247, VEETotal = 482.60 V

04

-200 f\

Voltage to ground [V]
L L

Temperature

2300 —\

-400 —

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

1 10 e e e e e e e e e |
0 50 100 150 200 250
Position along strand [m]

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

= Very fast: Typical run-time on the order of a minute
= Free-to-use standalone executable, no license required
= 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

22 7

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

0 0.1 0.2 0.3 0.4 0.5 0.6

Position along strand inside turn [m]

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

>, P/5219

MCBRDp1_1.430hm,. TOp =

= 1.43.

RDumpPower = B.08A0, addedHeCpFrac = A.AA8,. addedHeCoolingFrac = @A.008,.

lay = 8.818
TMax.

1.9,

UGndMax,. VEETotal. VU
4808 . 88A .
399.29A.
399.87A.
398.98A.
398.73A.
398.58A.
381.78A .
376.25A.
371.98A.
367.97A.
364.32A.
3608.21A.
357.72A.
354_72A,
351.98A.
349 _25A.
346._75A .
344_39A.
342_16A.
3408_@5A .
3372.91A.
335.33n.
332.85A.
33\@.3%a.
327.85A.
325_41n.

486 .20,
482 _6U .

33.951810 szeconds.

486.2U.,
482 .6U.

-a.

-8.

-a.

-a.

-a.

U, -8,

- ~566.3U.
-558.20,
-551.8U,
—546 .20,
-548.50,
-535.30,
-538.50,
-526 .20,
-522.80,
-518.80U,
—514.6U,
—511.70,
-587.6U,
-584.40,
-511.8V,
—528.70,
-53%.3U,
-54%.6U,
-561.3U,

Baohm .
Ba0hm .
Ba0hm .
Ba0hm .
@a0hm .
B@0hm .

—-@.880hm, 1

—@.880hm .
—@.880hm .
—@.880hm .
—@.880hm .
—@.880hm ..
—@.880hm ..
—A.880hm .
—A.880hm .
—A.880hm .
—@.880hm .
—@.880hm .
—@.880hm .
—@.880hm .
A.830hm.,
A.890hm,
@.140hm,
B.180hm,
B.230hm.,
B.280hm,.

Demonstration

f= ]

ProteCCT vl ._A, developed at CERN TE-MPE-PE by Hatthias Mentink {mmentinkBcern.chj
I0OpInitial = 488, RCrowhar = B_B6. RDumpPreconstant

m

tSwitchDe

= Demonstration

Temperature [K]

18

14

_W

T———
0 0.1 0.2 0.3 0.4 0.5
Position along strand inside turn [m]

0.6

0.7

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

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

Summary

- Simulation tool for evaluating discharge of CCT-type
magnets (With quench-back from conductive formers)

- Very fast, standalone executable, free to use
- User-interface: Input from Excel, output to Excel (plus

optional plotting during execution)

- Available on STEAM website (cern.ch/steam)

CCT caoils

Formers

o :
§ 20 %
N

Eddy currents in .
the formers x-axis [mm — o

T T T T T T I T T T I T T T T T T T I

400 == MCBRDpl, 1.9K, 1.43 QE
r ° Measurement, 400 A
* Measurement, 300 A |

300 -m‘ 4+ Measurement, 200 A |
i ' »  Measurement, 100 A
Simulation

100 »

I I I | I L I | I I L | I I I | L I |
0 0.2 0.4 0.6 0.8 1
Time after power supply deactivation [s]
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