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My Tasks
- STEAM
« LEDET
« SWAN

« MQY protection system
* Energy Extraction
*  Quench Heaters
. CLIQ
« MQY validation with LEDET

 Fraction of helium in the cable cross section

« New LEDET features (2D+1D model and quench velocity propagation)

* Interfilament coupling current
 Unknown parameters
* Conclusion

*  Future work
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My Tasks

My tasks are:
» Work on the LHC superconducting magnets circuit library
» Develop an electro-thermal model of the LHC superconducting magnets

> Fresca 2
> MQY
>

» Assist real time simulation at CERN magnet test facility

For each LHC circuit the following will be generated

o Magnet model in LEDET
o Electrical circuit in PSPICE netlist
o Co-simulation of circuit and magnet models using COSIM (usually

PSPICE+LEDET)

CE?W
\\_/ Section meeting 7/11/2019



Framework to simulate transient effects in the superconducting circuit

and magnet &

- Quench (training, beam-induced, triggered by QH/CLIQ, quench back) cern.ch/STEAM

- Fast Power Abort (converter switch-off and EE activation, voltage waves)

- Shorts (coil-to-ground, coil-to-heater, inter-turn, double short, arcing)
- ELQA tests (FTM, HiPotting, diode tests) General purpose (commercial) tools

External model generators

Quench Detection Pspice, LTSpice

H@W is it @@mp@g@@]_@ ' 7 ———

COSIM I
&
Tool adapters

= Variety of tools (both commercial and in-
house), each with i1ts own features and
advantages.

Specialized in-house tools

o ——— — — —

> Attractive possibility to co-simulate D ——— ‘
STEAM support
two or more tools.

» Tested, cross-checked, and validated.

Specialized external tools

T ——————————

CE?W
\\_/ Section meeting 7/11/2019



Lumped-Element Dynamic Electro-Thermal

Tool to simulate electro-magnetic and thermal transients in superconducting magnets.

Output as txt

Simulations files, figures,
are run animated
in a batch GlIFs, pdf

Semi- Input file is
automatic an excel file

model +
generation .exe file

Magnetic
model

(ROXIE)
report,...

Courtesy
E.Ravaioli

[1] E. Ravaioli, “CLIQ”, PhD thesis, 2015
[2] E. Ravaioli et al., Cryogenics 2016

c@
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https://mmm.cern.ch/owa/redir.aspx?C=wq3aYi_w4V-uNLtQPD5Wk8T_PBFGaF1LttC1uvnYOdteGsRp8zXXCA..&URL=https%3a%2f%2fcern.ch%2fSTEAM%2fLEDET

What is the frontend?

Field maps from ROXIE

SWAN
/N

In [&]:

1

1

@ Acquire data from ROXIE .mop2d file
fileNane = naneMagnet + '_A1l WithIron WithSelfField.map2d’
headerLines = 1

# Plot strand currents and magnetic field

f = plt.figure(figsizes(2d,4))
plt.subplot(l, 4, 1)

plt.scatter(s, y, s=2, c=I)

plt.xlabel('x [m]",**selectedFont)

plt.ylabel('y [m]",**selectedFont)

plt.title( 'From ROXIE: Strand currents’,**selectedFont)
plt.set_cmap(’jet’)

ehar = plt.colorbar(}

ehar.set_lahel{'Current par strand [A]°,**selectedFont )
plt.reParans . update({' font.size': 12})
pit.axis{'equal')

plt.subpletil, 4, 2)

plt.scatter(x, y, s=2, c=Bx)

plt.xlabel(*x [m]",**selectedFont)

plt.ylabel('y [m]",**selectedFont)

plt.vitlef 'From RONIE: Magnetic field X°, *4selectedFent)
plt.set_cmap('jet')

char = plt.colorbar()

char.set_label{'Magnetic field [T]",**selectedFont)
plt.rcParams update({ font.size': 12})
plt.axis('equal’)

plt.subpletil, 4, 3)

plt.scatter(x, vy, s=2, e=By)

plt.xlabel(*x [m]",**selectedFont)

plt.ylabel{'y [m]',**selectedFont)

plt.ritle{ 'From RONIE: Magnetic field V° *4selectedFent)
plt.set_cmap('jet')

char = plt.colorbar()

char.set_label('Magnetic field ¥ [T]',**selectedFont)
plt.reParans update({ font.size': 12})
plt.axis('equal’)

plt.subplotil, 4, 4)

plt.seatter(x, y, s=2, e=8)

plt.xlabel{'x [m]',**selectadFont)

plt.ylabel{'y [m]',**selectadFont)

plt.title( 'From RONIE: Magnetic field |B]',**selectedFont)
plt.set_cmap('Jet')

char = plt.colorbar()

char.set_lahel{'Magnetic field [T]",**selectedFont)
plt.reParams update({" font.size': 12})

plt.axis{'equal')

plt.right_layout()

Total number of strands in the field-map from ROXIE = 36812

generating LHC signal

From ROXIE: Strand currents From ROXIE: Magnetic field X Fram ROXIE: Magnetic field v

PSPICE and

=

From ROXIE: Magnetic field 8]
O tO o1o 00 E 01 4 _ 010 4 = 0104
monitoring o g B e m m (5 e e (b e m .
COSIM models S 9 I 8 T R -1 R T IS R il
B o B b B 1 £
a0 . ' -5 E _aas ‘: r 4% —0.05 , ' , ' -2 % —0.05 { m m
1 g a0 - —010 = 010}
~150
oa o —0.1 a0 o1 01 oo ol 01 0g [ 8
= [m] =[m] x[m] ® [m]

MY
Magnetic field [T]

o

https://indico.cern.ch/event/834069/contributions/3585134/

CERN
\
7
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https://indico.cern.ch/event/834069/contributions/3585134/

omposed?

Four main sheets
INPUT

O OPTION

O PLOTS

O VARIABLES

How is the LEDET input file

MQV_8Coils_214 - Excel =B o

File [ inset  Pagelayout  Formulas  Data View  Addins  Inquire Federica Murgia 3} Share

= = P —
EF Wrap Text General - B ’_:) &= Ex EI wosim - Ay p

X
0 B Calibri B

Pste L o1 oy Mergedi Center = |7+ 0 » | 48 93 | Conditional Formatas Cell | incert Delete Format | 1 Sort & Find &
- Formatting~ Table- Styles~ v -~ & Clear~ Filter ~ Select =
Clipboard Font w Alignment & Number 5 styles cells Editing
H ©- = B
DAS2 - £ | 90
A 8 c ) 3 F s
1 [Initial temperature (K] 00 13
2| Magneric length [m) |_magnet 34
3 | Initial current [4] 100 1000
4]
5 |Self mutual inductance matrix [H/m] M_m 0.00185891 0.000902523 0.00104371 0.000902494 280754
6 0.000902523 0.00185892 0.000902485 0.00104574 15142
7] 0.00104571 0.000902495 0.00185891 0.000902294 10170
8 0.000902494 000102374 0000902494 0.00185891 249234
9| 280754E-05. 151424605 101792605 249034605 [)
10] 6.24517E-05 270235€-05 24137305 5.64921E-05 0.00083
" 577227605 245981€-05 276773605 6.39G28E-05. 0.001
12] 256901E-05. 105433605 0000015311 285814605 000092
3
14 | Current levels at which the differential induciance is evaluated (4] ] 5
15 |Ratio between differential inductance at different current levels and nominal indufL_L 1128895381 1128895301 1125363959 1125331044 112529
1
17 | Define the coil section where each group of cables is located GroupToCoilsection 2 2 [ 4
18 |Polarity of the current in each group of strands polarities_inGroup 1 1 1 1
19 | Number of half-turns in each group T Y 7 15 6
20 | Number of strands in each cable belonging to a particular group nStrands_inGroup B £ B 2
21 | length of each half turn [m] (defauit=l_magnet) 1_mag_inGroup 34 34 34 34
22 |strand diameter [m] ds_inGroup 000028 0.00048 000048 [0
23 |fraction of superconductor in the strands 7_SC_strand_inGroup 0.442084420, 0.484480044 0488444084 0.363636364 03636
24| Effective transverse resistivity parameter (defauit=1] f_ro_eff_inGroup 2 2 2 2
25 | Filament twist-piteh [m] 0015 0015 0015 0015
26 | RRR of the conductor in each group of cables 183.4862385 183.4862385 183.4862385 183.4862385 183.48
27 |wpe of superconductor (1=Nb-Ti, 2=Nb3Sn, 3=BSCC02212) 1 1 1 f
28 |type of stabilizer (1=Cu, 2=Ag) STtype_inGroup 1 1 1 1
29Type of cable insulation (1=G10, 2-kapton) insulatienType_inGreup 2 2 2 2
30 |Type of filler of voids between adjacent strands (1=G10, 2=kaptan, 3=helium, 4=voicintemalVoidsType_inGroup 3 3 3 3
31 |Type of filler of voids between sands and insulation layesrs (1=G10, 2=kapton, 3= extemalVoidsType_inGroup 2
32 |bare cable width [m] wBare_inGroup 0.0082834 00082834 0.0082834 00082834 o
33 |bare average cable height [m] hBare_inGroup 0.0008433 00008433 0.0008433 000127245 0.0012
34 insulation thickness in the width direction [m] 0.0000798 00000798 0.0000798 [0
35 |insulation thickness in the height direction [m] hins_inGroup 0.0000738 0.0000798 0.0000738 0.0000738 [)
36 |Strand twist-pitch [m] Lp_s_inGroup 0.065 0085 0.065 0.065
37 |Cross-contact resistance [Onm] R_c_inGroup 100805 0.00001 000001 0.00001 o
TO_NBTI_ht_inGroup 22 o2 22 22
ht_inGroup 145 145 145 45
nGroup 253412 258412 253412 259104 a5¢
©_ic_NbTi_inGroup 20781 20781 20781 3680
Te0_Nb3sn_inGroup [} [] [} o
438c2_Nb3sn (1) 8c2_Nb3Sn_inGroup o [ [ [}
44 |Jc_Nb35n0 [A°T*0.5/m"2] Based on short-sample measurements Jc_Nb35n0_inGroup [ 0 [) o
45 |alpha Nb35n for Bordini's parametrization 2lpha_Nb3sn_inGroup ) ) ) )
6] e f_intemalVoids_inGroup X X 009975
7] overwrite_f_externalVoids_inGroup [} [} 0
48]
43| Electrical order of the half wrms el_order_haif_tums. £ 585 E 685
50
51 |Inclination of cables with respect to X axis (including transformations for mirrar ar alphasDEG [} 08978 17948 2602 3
52 |Rotate cable by a certain angle [deg] rotation_block [} [J [} )
53 |Mirror cable along the bisector of its quadrant (0=no, 1=yes] mirror_block ) ) ) )
54 | Mirror cable along the Y axis (0=no, 1=yes) mirrorY_block ) ) ) )
s
56 |Indiices of the cables exchanging heat with iContactAlongWidth_Ta along the cable iContactAlongWidth_From 1 2 3 4
57  Indices of the cables exchanging heat with iContactAlongWidth_From along the cal iContactlongWidth_To 2 3 4 s
58 Indices of the cables exchanging heat with iContactAlongHeight_To along the cabli iContactAlongHeight_from 1 2 s 4
59 | Ingices of the cables exchanging heat with iContactAlongHeight_From along the ca iContactAlongHeight_To 2a 2 F} F)
60
61 | Indices of the hal-turns that are set to quench at a given time istartQuench 100 ES) = Eid
62 | Time atwhich each selected half-turn quenches [s] tstarQuencn B 59998 ss989 59999
€3 |Initial length of the hot-spot [m] lengthHoSpor_iStamQuench 001 001 001 001
64 |Quench propagation velocity from the hot-spot [m] (2x higher velocity if it propagat vQ_iStartQuench 2 0 2 I
66  Resistance of the warm parts of the dircuit (hm] Rt 000
67 |Resistance of crowbar of the power supply [Onm] R_crowbar 000002
68 | Forward voltage drap of 3 diods or thyristor in the crowbar of the power sUppIy [V] Ud_crowbar 14
fa
Inputs | Options | Plots | variables | @& [« ] 0|
Ready il 0 ——————+ 8%

CERN
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Table 8 4: Main parameters of the MQY matching quadrupole

MQY are quadrupoles that in Nb-Ti operate in LHC at 4.5 K, and will be used in HL-LHC at 1.9 K.

Coil inner diameter 70 mm

Magnetic length 3i4m

Operating temperature 45K

Nomuinal gradient 160 T/m

Nominal current 3610 A

Cold bore diameter OD/ID 66.5/62.9 mm

Peak field 1n coul 61T

Quench field 75T

Stored energy 479 kJ -

Inductance 73.8 mH gai

. Quench heaters,

Quench protection two independent circuuts -

Cable width, cable 1,2 §.3/8.3 mm = 5.583

Mid-thickness, cable 1/2 1.285/0.845 mm o

Keystone angle, cable 1/2 2.16/1.05 deg. = 4606

No of strands, cable 1/2 22134 ;29:;

Strand diameter, cable ' 0.735/0.475 mm 3630

Cw/SC Ratio, cable 1/2 1.25/1.75 i j t. JJ#LAJ& NPT

Filament diameter, cable 1/2  6/6 pm 2653 S

je.cable 1/2, (42Kand5T)  2670/2800 A/mm’ P

Miass 4400 kg — ::;‘;
= 1:025
- 0.699
- 0373

0.048

ROXIE 1.

Section meeting 7/11/2019



Why is quench protection needed?

After a quench 1n a superconducting coil, the magnet current has to be

discharged to avoid damage

Passive

Active

Internal discharge

—
(
-
<
QH/CLQ

-  Lower hot-spot temperature

External discharge

 Lower peak voltage to ground

Section meeting 7/11/2019



Why is quench protection needed?

Active protection are usually required for high energy density magnets

Passive CLIQ
S
E 15
A @)
2| = — e
E (@4
E| L im Quench
J|b Heaters
AT
g T Re CS
2 BP

Extraction

c@
\\_/ Section meeting 7/11/2019 10



Energy
Extraction

Rw

T EE

(1 The magnet differential inductance

L
. and the coil resistance change in time.
Re ®
Courtesy
E.Ravaioli

Section meeting 7/11/2019 11



Quench heaters are pm-
thin strips glued to the coil,
which heat the turns by
thermal diffusion

Courtesy
E.Ravaioli

c@
\\_/ Section meeting 7/11/2019 12



CLIQ

PC /N Coupling-Loss Induced Quench
> Lo _Map, Ls I
\_/ faaaa a'a’a s
= ’I 1° R_capa c
15 h — |
CL1 Fe 5
—— v Due to CLIQ’s faster quench
— 1 K —1 e
S R_EE_triggered R_circuit Ud_crowbar ~ R_crowbar = 1n1t1 at]_o n y
C :E lUC ISFEleak inter-filament coupling loss per wnit U&Iumodurlngthotrans-?nt lower hOt-SpOt temperature and
CLIQ 53 o more homogeneous temperature
= o w3 distribution
el - §120 2 o . .
TH 3:2 0 = = == The oscillating current introduced
to i W M B -:  byCLIQrapidly change the local

LA Icl CL2 LB -50 E E 5 ?i magnetic field.

N (- 4 g
J‘-‘.ﬂ‘ﬁ ;‘:ACL -100 20 :__‘
Iy g :
Jsc‘iuu 150 -1000 <50 ] 50 100 150 2(IJ[: [1] E. Ravaioli, “CLIQ”, PhD thesis, 2015
¥ [mm]
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Validation of MQY=>Tests overview
I O T S R

Only EE
1 1 1.9 1000 v' (0.004s) - -
QH+ EE
14 2 1.9 3000 v' (0.054s) - v' (0.004s)
13 3 1.9 2000 v' (0.254s) - v" (0.004s)
4 4 1.9 1500 v' (0.504s) - v' (0.004s)
12 5 1.9 1000 v' (0.504s) - v' (0.004s)
CLIQ+EE
15 6 1.9 3000 v' (0.054s) v/ (0.0005s) CLIQ unitl (650V;8.8mF) -
9 7 1.9 2000 v' (0.254s) v' (0.0005s) CLIQ unitl (650V;8.8mF) -
8 8 1.9 1500 v' (0.504s) v (0.0005s) CLIQ unitl (650V;8.8mF) -
7 9 1.9 1000 v' (0.504s) v/ (0.0005s) CLIQ unitl (650V;8.8mF) -
3 10 1.9 1500 v' (0.504s) v" (0.0005s) CLIQ unit2 (500V;56.4mF) -
2 11 1.9 1000 v' (0.504s) v" (0.0005s) CLIQ unit2 (500V;56.4mF) -
10 12 1.9 1000 v' (0.504s) v (0.0005s) CLIQ unitl (500V;8.8mF) -
11 13 1.9 1000 v' (0.504s) v/ (0.0005s) CLIQ unit1 (400V;8.8mF) -

Section meeting 7/11/2019 14



Warm circuit
resistance

| Test 1 (Only delay

Nergy
IO

uxtraction)

Ly Map, Ls I
1000 0.504
R_circuit+R_crowbar=0.0023 Ohm and Ud_crowbar =0.7V 1
Current
1200 w — e
—— Meas R_circuit Ud_crowbar R_crowbar _—
——Sim 183
—— Sim 468
1000 ¢ Current
1005 ‘ :
Meas
Sim 183
800 oo | L i |‘.]|. Ui | sim 466
< _ l‘.\ [ 1”"HIM
I:‘ < \ \H \ :
5 600 = 7 | ) \‘
= ) ||\ |
:3 o I‘ I‘li\u” m i
O E 290 1 i IJHM ‘H‘lrlw
400 ) | t |.||\.|‘
985 |
200
980 ‘ ‘ ‘ : ‘ :
.0.05 0 0.05 0.1 0.15 02 0.25 03
| - Time [s]

1.5 2

Section meeting 7/11/2019
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Tests overview
“wisnet | e | oma | ua | Gkea) | e | aw

QH+ EE
14 2 1.9 3000 v (0.054s) - v (0.004s)
13 3 1.9 2000 v (0.254s) - v (0.004s)
4 4 1.9 1500 v' (0.504s) - v (0.004s)
12 5 1.9 1000 v' (0.504s) - v (0.004s)

Section meeting 7/11/2019 16



Test 2 (Quench Heaters + delay Energy Extraction)
N T T T T

3000 0.054 0.004 4*%7.05
Current
3100
3000 Kot isermsdeipl gt el
Current Resistance
3500 ‘ 2900 ¢ 500 ‘
~
3000 %2800 450 + ——Sim 521|
S e 400 - |
2500 2600
—350 - ]
Z2000 2500 - S 300 |
E 1500 005 0 0.05 0.1 8250 .
g Time [s] =
© 1000 ]
dl
500 . _1&
R_ Ures= mag Ldt
0r Im Im
-500 — : : L
0 0.5 1 1.5 2
Time [s] Time [s]

Section meeting 7/11/2019 17



- Test 2 (Quench

mmmm

3000 0.054 0.004 4*7.05

Quantity of infiltrated helium ~9.8% of the
total

522 0.098

523 0.045 0.054

v

72% strand
17% insulation

eaters + delay Energy Extraction)

gA\;\\

Y

Section meeting 7/11/2019 18



- Test 2 (Quench Heaters + delay Energy Extraction)

Al | el | avisl | oW QHimAl
e — | sim__| Hent | Hebxt

Current 522 0.098 0

3100
3500 Meas 523 0.045 0.054
3000 Sim 522 | |
Sim 523
3000 2500 Sim 524 | 524 0 0.098
—
2500 <,_, 2800 300 Resistance
b
8 2700
— 2000 g 250 -
< O 2600 |-
4=
g - —
= 1500 N\ 000
= =
S \ 2
1000 - 3150
1 1 q
<P
500 -0.05 0 0.05 0.1 2
i . &
Time [s] e 100
0F —M
507 —Siﬁfsszz i
——8im 523
‘ | ~——Sim 524
0~ :
LS 2 0 0.5 1 1.5 2
Time [s]
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- Test 2 (Quench Heaters + delay Energy Extraction)
B T T T T

3000 0.054 0.004 4%7.05
Resistance
500 :
——Meas
Current 450 - ——Sim 521
3500 w ——Sim 522
——Meas | ——Sim 541 |
30001 ~Sim 521 | 400
——Sim 522
Sim 541 350 L - mm
2500 ¢ 1 g 521 200
3300 |
<‘?2000 - e 522 225
= Q250 - 2
§ 1500 8 541 250
E 3200
1000 5
150
500
100
0 L
50
-500 :
0 0.5 1 1.5 2
Time [s] 0

Time [s]
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Test 2 (Quench Heaters + delay Energy Extraction)
N R T T T T

3000 0.054 0.004 900 4*7.05 225
Current
3100 :
3500 : 3000 WvBersmdoasidpletaliosmlnle bl co it iy g . 300 Resist;‘ince
2900 + ——DMeas
— ——Sim 522
3000 <
‘: 2800 | 1 L
2 - 20
2500 5 2700 |
2000 ~ oo g200¢
) o
g' 2500 | E‘
5 1500 8150 -
= 2400 ‘ - 3
=5 -0.05 0 0.05 0.1 8
~ 1000 Time [s] %
——Meas Y 100 -
——Sim 522
500 -
50 -
O [
‘ 0
1.5 2

Time [s]
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.. New LEDET’s features...

e Model 2D+1D

 Quench velocity propagation

Thanks
Emmanuele

c@
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New LEDET’s features
2D

3.4m

b

Entire length of the magnet

1
f length [-] -

0.8} 7 ¥
0.7 f T
y

i 2D

05 /

04} /
Length heating station

Lenght magnet
02}

- Quench velocity propagation |

- 21D41DD

0.97m — Length covered by the heating stations!

It 1s the initial longitudinal fraction of quenched
conductor[m]; from here the heat starts to spread
with a certain quench velocity propagation.

For each half-turn, f length(t) is the fraction of
quenched conductor in the longitudinal direction

The quench velocity propagation depends on the
magnetic field and the current.

LEDET defines the quench velocity propagation
turns by turns.

(—A—V
D i 'l '
0.5 0 t 0.5 1 1.5 2
quench Time [S]
CERN
\ . .
- ) Section meeting 7/11/2019 23



- Quench propagation velocity scaling factor due

to cooling effect

LEDET defines the quench velocity propagation turns by turns. It depends on the magnetic field,

the magnet current and the scaling factor, that depends on the cooling effect.

F_scaling [-]

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

500

Quench propagation velocity

scaling factor

1000 1500 2000

Current [A]

2500

3000

[3] Herman Ten
Kate,Superconducting magnet
quench propagation and
protection, 2013

Section meeting 7/11/2019
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Test 3 (Quench Heaters + delay Energy Extraction)

M AT O BTV mm urely 2D model
2000 0.254 0.004 900 4*7.05 b y
Resi
2500 Curr@t 300 es1st'f1nce |
——Meas ——Meas
——Sim 525 -~ Sim 525
2000 250
1500 2200 -
_ =
< E
£ 1000 | 2 150 ]
= £ /\
= 3
o 2
500 | & 100 - Km ]
0 50
_500 | | | | O | | |
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time [s] Time [s]
CE?W
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-T@Sft 3 (Quench Heaters + delay Energy Extraction)
e ] o | aw | aon |

2000 0.254 0.004 900 4*7.05 225

Current

2500
300 Resista‘lncc
2000 b —— Meas
e
250 ¢ - Sim 526/
Sim 530
1500 ——Sim 531 542 1
— _ - Sim 532
200  Sim 533
é. ,g - Sim 534 526 0.9
ch 1000 g ——Sim 569
& — 530 0.8
= 3150 -
© 2
500 7! 531 0.7
52 100r 532 0.5
0 50+ 533 0.3
534 0.1
-500 — ' ! ‘ 0
1.5 2 6o .

Time [s]
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Test 3 (Quench Heaters + delay

uxtraction)

Temperature QH
I N T T T T T peratur
2000 0.254 0.004 900 4%7.05 225 60 |
=
Current w 0
2020 T E
< 40
2010 2
__ 2000 t'-.“: il E 30
< b}
1990+ = 20
= s
o]
E 1980 O 10k
C U 1970
ent [
2500 L e 0 ‘ | ‘ |
1960 | 05 0 0.5 1 15 2
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-T‘@Sft 4/ (Quench Heaters + delay Energy Extra@tﬁ@n))
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Tests overview
T I I I T R T S IR

CLIQ+EE
15 6 1.9 3000 v (0.054s) v' (0.0005s) CLIQ unit1 (650V;8.8mF) -
9 7 1.9 2000 v (0.254s) v (0.0005s) CLIQ unit1 (650V;8.8mF) -
8 8 1.9 1500 v' (0.504s) v (0.0005s) CLIQ unit1 (650V;8.8mF) -
7 9 1.9 1000 v (0.504s) v' (0.0005s) CLIQ unit1 (650V;8.8mF) -
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Test 6 (CLIQ+ delay
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Interfilament coupling current

When a superconducting strand is subject to a changing magnetic field perpendicular to the transport
current, coupling currents are generated between the superconducting filaments.The currents paths
are closed across the normal conducting matrix and develop ohmic loss.

The interfilament coupling current develop with a characteristic time constant.

LK ( _lf_) 2 1 f. ¢ represents the effective transverse resistivity
IFCC— 2 \an) p, (T.B)feff parameter. It depends on the superconductor fraction in the
matrix, on the interface resistance between the filaments and
I is the intefilament twist beach the matrix, and the position of the filaments in the wire cross
f peach[m]

P, is the matrix resistivity [Qm]

I, the magnetic permeability of vacuum[TmA 1]
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- Test 6 (CLIQ+ delay Energy Extraction)
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Test 6 (CLIQ+ delay Energy Extraction)
BT 5 0 57 T 5 T

3000 0.054 0.0005
Current
3300
Meas .
Resistance
3500 500 :
——DMeas
L ——Sim 600/ |
3000 430
400 -
2500
— 350 [
2000 g
—_ O 300+
=, E
5 1500 8250
= b=
= B
© 1000 ‘ ‘ 2 200
— Meas -0.05 0 0.05 0.1 O
500 - .
100 -
0r 50|
_500 I ! ! ! 0 ! ! !
0 0.5 1 1.5 2 0 0.5 1 1.5
Time [s] Time [s]

Section meeting 7/11/2019 33



- Test 6 (CLIQ+ delay Energy Extraction)
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Test 6 (CLIQ+ delay
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Peak temperature distribution during the transient
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Test 7/8/9 (CLIQ+ delay
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Tests overview
T I T T T S R

CLIQ+EE
3 10 1.9 1500 v (0.504s) v" (0.0005s) CLIQ unit2 (500V;56.4mF) -
2 11 1.9 1000 v (0.504s) v' (0.0005s) CLIQ unit2 (500V;56.4mF) -
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CLIQ1 Test 1011 (CLIQ+ delay
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Tests overview
T S I T T R S TR

CLIQ+EE
10 12 1.9 1000 v (0.504s) v/ (0.0005s) CLIQ unit1 (500V:8.8mF) -
11 13 1.9 1000 v (0.504s) v" (0.0005s) CLIQ unit1 (400V;8.8mF) -
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CLIQ2 Test 1218 (CLIQ+ delay Energy Extraction)
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Unknown parameters

“+” represent how much each parameter influences the quench protection transients

Unknown parameters Energy Quench Heaters CLIQ
Extraction
Warm circuit resistance
Helium fraction n the cable N n iy
Cross section
Quench velocity propagation (at high current)
+ (at low current)
Residual Resistivity Ratio + + +
Effective transverse resistivity [ £ ro_eff ] 4 iy

parameter

cgﬁﬂl
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II.

Conclusion

The MQY model was realized using the SWAN notebook; the input were:
ROXIE file (map2d)
main parameters of the magnet (cable parameters, heat exchange connections, electrical connection, protection systems,
etce).
The use of SWAN, for the generation of LEDET input files, reduces the probability of mistake thanks to the visualizing of
the parameters and permit a rapid update in case of new features.
The new LEDET features for the quench velocity propagation (2D+1D model and quench velocity scaling factor) are tested
with the MQY magnet model.
The model of the MQY was validated using data for different type of transients generated by different quench protection
configurations. They have different impact depending on the type of transients.

The validation of the MQY magnet model in LEDET gave a good agreement with the experimental results.
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Future work

Include the inter-strand coupling current in the magnet model
Improve the LEDET quench heaters model

Assist, with real-time simulation at CERN magnet test facility (SM18), for the MQY test campaign that will be

performed this year
Continue the MQY validation during the test campaign

Test MQY in a wider range of operating parameters, including different temperature (1.9 K, 4.5 K) and

operating current (0.5-4.0 kA)

Section meeting 7/11/2019

43



Thanks for the
attention!

Any questions?

\\_/
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Annex
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Conventional electro-thermal model: LEDET electro-thermal model:

ELECTRICAL THERMAL ELECTRICAL THERMAL
- - sources  storage sinks sources storage  sinks
sources  storage sinks sources storage  sinks - ~
e ~
”LC o
r'y L>Pohm
PS g RC >Pohm
L/ PS P..
O
N
Pcc f
\_A_/ Mcc
A b sources  storage sinks
> - L ) COUPLING

Where is the energy é@
deposited as coupling loss
Courtesy

: 9 , :
coming from? LEDE’.I‘ 1mp1emen1.: this E.Ravaioli
coupling mechanism
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What 1s the effect of
coupling currents on
the electrical circuit?




LEDETs main
features:

* Inter-filament and inter-strand coupling currents are
included

 Turn-to-turn heat exchange, simplified helium cooling included

* Possibility to include Energy-extraction, quench heaters, CLIQ
transients simulated

 (Comes as a .exe file. A typical simulation runs in ~5 minutes

 In-house tool (FREE).

https://cern.ch/STEAM/LEDET

c@
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https://mmm.cern.ch/owa/redir.aspx?C=wq3aYi_w4V-uNLtQPD5Wk8T_PBFGaF1LttC1uvnYOdteGsRp8zXXCA..&URL=https%3a%2f%2fcern.ch%2fSTEAM%2fLEDET

When the magnetic field change, wires and cables are subject to a
transitory losses.

/o \

Inter-filament coupling loss in Inter-strand coupling loss in cables
wires/strands

Main effects during the magnet discharge

Generated loss 1s heat deposited in the i | & Generated currents change the local
conductor, which can induce a transition to magnetic field, hence influencing the

the normal state (quench-back) magnet differential inductance

The interaction between the superconducting magnet and the local
coupling currents is modeled with an array of RL dissipative loops
mutually coupled with the magnet self-inductance

cw
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Frontend advantages

* Develop input file quickly and easily

* Reduce the probability of mistake thanks to the visualization of the
parameters

« Same version of the model for different users with the same features

« Rapidly update on the reference model in case of new developed features

o Uniformity among different magnets models

cg?ql
\\_/ Section meeting 7/11/2019
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- Test 2 (Quench Heaters + delay Energy Extraction)
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If 1t 1s set to 1 the helium cooling is included in the simulation but with conductive transfer only.
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Effective transverse resistivity parameter

f ro_eff represent the effective transverse resistivity parameter

f ro_eff depending on the superconductor fraction in the matrix, on
the interface resistance between the filaments and the matrix, and on
the position of the filaments in the wire cross section.

1—aﬁl

]-1

Pm
Lro_eff= [a;, + p_(afil QAin )+

eff fil T+arqy

r. {2
ain=(f
S

T ..\2

apg =)
S

Perr ruriS the effective transverse resisiivity[(m]

P, is the matrix resisiivity [Qm]
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Quench Heaters + Energy Extraction
F_ro_eff effect
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Quench Heaters + Energy Extra@tﬁ@n
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Current [A]

Quench Heaters + Energy Extraction
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Quench Heaters + Energy Extraction
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The effects of this new LEDET’s feature is more visible at low
current
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Quench Heaters + Energy Extraction
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