Susana lzquierdo Bermudez. 27-01-2015

MBHSP101:
Quench Protection Studies
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Heater design

» Heaters are only present in the outer layer.

» Heaters are copper plated to reduce the overall
strip resistance (max. voltage across the
heaters +-450 V).

« Width of the heaters and distance between
heater stations has been optimized to quench
the coil in an uniform way.

* 4 heater circuits per aperture for redundancy
(could be increased up to 8 per aperture).
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QH test set up In SM18

“Standard” LHC Quench Heater Power Circuit 1

Supply: V = + 450 V, C=7.05 mF /
" e %
Voltage is fixed to a total of 900 V, additional % @

Maximum current = 150 A

resistance in series with the circuit is setting %: %%\
the current | | =

Three diff levels in the h
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Quench Heater Delay

2 times to look at: P

* Quench heater onset (QO): ! | |
start of the quench i,
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* Quench heater efficient (QE):
time where slope of the
resistive voltage cross the
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Heater delay — Insulation thickness

Minimizing the S2 glass between heater and

Heaters are glued on top of the coil 70 | _ 150 A
after impregnation Ssel Pheatef _145 Wiem?
) . s = cm
The amount of insulation between 60 oy, PdLF 90 W/crm?
heater and coil is the critical parameter “~ oy, TdHE T cm
7
50
E
T 40
[
°
S
2 30
=O
S~ glass (nominal = 0.2 mm) 5
20 A
QUENCH HEATERS
4x0.5 mm kapton (ground insulation)
Thickness S2 glass between heater and coil 10
Coil 105 0.2 mm [Coil 107: Preliminary data]
Coil 106 0.0 mm 0 . . . . . .
Coil 107 0.1 mm 20 30 40 50 60 70 80
l/lss (%)

= e = Coil 105 (0.1 + 0.2 mm G10, MBHSM101)
Coil 106 (0.1 mm G10 MBHSP101)

coil, expected heaters delays in nominal N

operation conditions ~ 12 ms .

Experimental Coil 105 °
Experimental Coil 107

@ = Coil 105 (0.1 + 0.1 mm G10, MBHSM101)
== = Coil 107 (0.1+0.1mm G10,MBHSP101)
Experimental Coil 106

Model [J. Rysti]
Experimental data [J. Feuvrier, G. Willering]
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Comparison to FNAL 11T dipoles

FNAL MBHSM% insulation between heater and coil:

0.125 mm of glass on the outer, impregnated with the coil
0.076 mm of kapton between heater and coill
CERN MBHSM101 insulation between heater and coil:
0.200-0.250 mm of glass on the outer, impregnated with the coil
0.050 mm of kapton between heater and coil + about 0.025 mm glue
CERN MBHSP101 insulation between heater and coil:
Coil 106: no glass on the outer during impregnation

0.050 mm of kapton between heater and coil + about 0.025 mm glue
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- Comparable delays

— Shorter delays

60
028 ms (MBHSIVIOl, 31 W/'cm2]
= 0 M55 ms (MBHSMO1, 31 W/cm2)
50 L 2 # 28 ms (MBHSMO01, 50 W/cm2)
- ’ L] *31ms {MBHSPOZ, 50 W,-"cmz}
=
& 40 N
= *
= L 2 ! u
R 4
2(} = MBHSM101 1.9 K Pave=32 W/cm2 ‘ .
¢ MBHSM101 1.9 K Pave:52 W/(:m2 ’
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40 50 60 70 80 90 100
lqr‘ISSL (%)
FNAL data from https://indico.cern.ch/event/311824/ 5

Slides from Guram Chlachidze
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Comparison to HQ

PH peak power = 50-55 W/cm?,

. . . = 40-45
- Significant longer delays in : m
MBHSM101 than in HQ for the
1 oor O HQO2a (19K
same quench heater power density | - HamG0
(~50 W/cm?). “F N\ =. Haoz A
0 | \:5 Km polyimide Sim., HQ02 (1.9 K)
— _ L Sil_n“HQ_Ol(jl.iK)
« MBHSP101 (coil 106, no additional ol S e meati
S2 glass between conductor and oo we S Hote 1)
O SNln 4 HQOle. C8 (45 K)
trace), heater delays are A R
comparable to HQ, although there L Haot, i
is no data for direct comparison 1 25umpolyimide . TG
(same heater power density). " ” - " o

Magnet current / SSL [%0]

— 2
HQ data data from e MBHSM101 4.3 K Pave—52 W/cm

https://indico.cern.ch/event/311824/

. e . _ 2
Slides from Tiina Slami “v-MBHSM101 1.9 K P, =118 W/cm
-e-MBHSP101 1.9K P_ =118 W/cm?

~=-MBHSM101 1.9 K P_ =52 W/cm?
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Quench propagation within the coll

- Measurements at FNAL and CERN show guench propagation from outer to

iInner layer in the order of 15 ms for 80 % Iss.

90 1000
g 80 1.9 K, MBHSM101 - AMBHSMO1 45K
z 70 - B5 to B1 ‘E’ +MBHSP01 45K
"% 60 === B6 to B2 E 100 . . EMBHSP02 4.5 K
g - <= B610B3 k- s
o 50 = A
2 £ 40 VG . -
SIS N = A
S 30 I/ ff y E_ 10 A
5 =g ‘ \ -
=l 20 21k - E
i 10 [N Experimental data from G. Willering S Experimental data from G. Chlachidze
1
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_.80
£ 70
: : ~ == MEASURED
- Agreement with the model is > 60
reasonable, given the 250 —=—Model (IL20L insulation
uncertainties in the thermal 8 4 thickness = 0.2 mm G10)
conductivity properties of the S —4—Model (IL20L insulation
material in the interlayer o thickness = 0.7mm G10)
s 20
= 10 1.9 K, MBHSM101
5 o
40 50 60 70 80
CEfW lss (%)
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Coill resistance growth

Quench heaters are covering ~ 1/3 of the magnet in the longitudinal
direction, but resistance growth is well reproduced by the model
assuming that the entire magnet length is covered my heaters

v

A decrease of the distance between the heater stations will
not significantly improve the quench heater performance.

Es
(@)
O 30 L y: 30 ——g> 30 g
o g%f R g% § ° Experimental

T . . % e + Model
7 25/ 1 25} 4 25f 8
g> g Experimental
£ 20 20 e | data corresponds
7 e = g to MBHSM101

S 15 5 1 | (CERN single coil

E | E assembly)

x o [G. Willering]

Heater pattern
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Coill resistance growth
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Agreement with the model is also reasonably good for MBHSP101

Refinement of the model required to account for AC-losses and
variation of inductance which might explain the difference between
experimental and modelled values

MBHSP101

s

° Experimental
+ Model

0.1 0.2 0.3
time, ms

200

MBHSP101
2@ © Experimentaly
* Model

0.1
time, ms

0.2 0.3

10
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Coill resistance growth

- According to the model, all the magnet is already
guenched before dumping the current through the resistor

MBHSP101 MBHSP101
10: L : 100 w : : :
° Experimental — b6kA
+ Model § 80+ + 8kA -
< % 60ﬁ 7
xh ,, ....................................... g_
_ = 40~
O \
o i
4 S 20 #
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0.4
time, ms time, ms
W) 11
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Quench Integral Studies

- QH provoked quenches delaying the protection, we were very conservative!

MBHSP101

10 :
° Experimental
- Model | %:Lzszgg‘ffgi%t\fés MIITs decay | TOTAL MIITs
[KA] (MAS] [MAZs] [MAZs]
<
% 6= 6.0 1.10 6.40 7.5
8.0 1.48 7.02 8.5
4 9.0 1.68 8.02 9.7
10.0 1.67 8.53 10.2
% 0.1 0.2 0.3
time, ms
- Most of the energy was already dissipated
due to the colil resistance growth before 300 — / V4
. . = (| (cond + ins) /
dumping the current through the resistor 250 +  B=12T,RRR=75
e Q] d
—>for th_e next aperture we should pre_form 200+ Qo s /
tests without extraction relaying only inthe ¢, / p
quench heaters " //
MIITs decay measured| Expected MIITs
| (KA) (QH+Dump) decay if only QH diff(%) 50
[MA2s] [MA2s] 0
6.0 6.40 7.23 86 0 5 10 15
CE/RW 8.0 7.02 8.07 87 MIITs [MA2s]
\ 9.0 8.02 8.75 92 12
NS
10.0 8.53 9.2 93
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Quench Back & Dynamic Effects

No specific tests were performed in MBHSP101. Next aperture
Fast energy extraction tests
AC loss measurements

Nevertheless, AC losses and reduction of b

. Measured Decay due to coil
apparent inductance due to the IFCC (MBHSM101) 11 - resisance grawth,
. moderate , Smal
does not seem to play an dominant role at  Model 10 impact of IFCC
the expected range of dl/dt: current decay = Z |
Is pretty well reproduced neglecting =, _
; Extraction (dump
1 greater impact

dynamic effects 6 i

5 . IFCC effect

4 T T T
For higher dl/dt, this effect can have an 0 0.05 01 0.5

time [ms]

important impact on the decay.

Experimental data from [G. Willering]

If present, it will help to spread the magnet stored energy, but as there is not clear
evidence of it, it is not being consider for the model
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Remarks/Conclusions

Efficient heat transfer from quench heaters to coil is a must, so
the insulation thickness between quench heaters and
Insulation should be minimized!

High MIITs tests should be done in the next aperture to
demonstrate if the magnet can be protected with only the
outer layer heaters in redundant configuration.

- EE discharges at different current level and with different
values of extraction and AC loss measurements will be also
done to further understand the contribution of the dynamic
effects.
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Heater delay — Heater power density

- The impact of the quench heater power density in the heater delay was studied in
the mirror assembly (MBHSM101)

- Atlow l/Iss level, the heater power density has a strong impact on the delay. The
Impact decreases when increasing the current and an increase of heater power
density beyond 120 W/cm? will not significantly reduce the heater delay.

- Even if the delays are much longer at low current, the high current region is the

critical point.
MBHSM101 MBHSM101
80 _ 6
° %
(7] 60 T
ET Ix o + .
> 50 g 4
2 + ° 3 X
=40 A X =03 +
o ™
@ 30 @ m . 23 X
o 22 o
Z20 o
10 g 1
O T T T T E O
30 S0 70 90 110 s 30 50 70 90 110
Pd [W/cm?2] Pd [W/cm2]
E1/1ss=73% A l/lss=67 % +1/1ss=56 % XI/Iss= 45 % @|/Iss = 34 % O1/1ss=73% Al/lss=67% +1/Iss=56% Xl/Iss=45 @1/1ss=34%
CE?W MBHSM101, | ,p=17.8 kA MBHSM101, | ,p=17.8 kA
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Trace manufacturing and characterization

* Resistance measurements at RT and 77 K
« Stainless steel stations: Measured resistance close to expected values

3% difference at RT Kapton (25 pm)
« 8 % difference at 77K Glue (50 um)
« Copper regions: Measured resistance higher Copper Gum)
than expected value Glue (25pm) oo
« 20% difference at RT Kapton (50 pm)
« 25 % difference at 77K “Trace stack for 11T

» High current test
* No degradation was observed in the bonding

¢ Temperatu re CyCIIng at 77 K 90 Resistance @ RT + HF_Copper
 NO degradation 80 L P ° ° PY I HF_Stainless Steel
é 70 A LF_Copper
—— % 60 [ = = = = @ LF_Stainless Steel
— g ig = HF_Copper Expected
§ 30 = | F_Copper Expected
é 20 HF_StajnIess Steel Expected
10 = | F_Stainless Steel Expected
0 === | F Copper Expected if 4 um
1 2 3 4 5 === HF_Copeer Expected if 4 um

Measurement #
Pes=7.3"107Qm, RRRgg=1.34  p,=1.8108Qm, RRRgs=30
17
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Before trace installation
 Resistance measurements at RT

- %ﬁ
e e S — ™) Eypected value: R1=R2=1.65 Q

::\:E- - - ﬁ - - =:> Measured value = 1.7 Q

I I I N N N = = =

« High voltage test to ground under 20-30 MPa pressure (2kV).
After trace installation, every step of the manufacturing process

* Resistance

* QH to ground and QH to coil (1 kV)

» Discharge test (pulse). Low thermal load to
the heaters (under adiabatic conditions and
assuming constant material properties, peak
current defined to limit the temperature
increase to 50 K) (only in the manufacturing
steps after collaring)
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AC loss

1. EE discharges at different current level and with different values of extraction
resistor; manually triggering the EE, without firing QH (quench protection is not
disabled, so in the case of a natural quench the magnet is protected by EE).

- measuring the voltage and current we'll be able to observe the presence of
guench back and assess the contribution of IFCC/ISCC dynamic effects

- R_EE=10 mOhm, 10= 3, 5 kA

- R_EE=20 mOhm, 10= 3, 5, 7 kA

- R_EE=40 mOhm, I0= 3, 5, 7, 9 KA

- R_EE=60 mOhm, I0= 3,5,7,9, 11 kKA

- R_EE=120 mOhm, 10=3, 5, 7, 9, 11 kKA

2. AC loss measurements. Trapezoidal cycles between 500 A and 6000 A at different ramp rate

The first trapezoidal cycle should be performed twice; during the first pre-cycle the AC loss due to
magnetization in the superconductor will be different from the others

ramp rates: 10, 20, 50, 100, 150 A/s (possible 200 A/s?)

Plateau of 30-60 seconds between each ramp.

Max current of 6 kA to avoid measuring the iron-saturation effects

From this measurements we can try to extrapolate the value of cross-contact resistance

@) 19
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Comparison to modelled delays

Model by Juho Rysti using the commercial software COMSOL
Basis of the model are the same as Tiina’s model
(https://indico.cern.ch/event/311824/)

and heaters. Nominal should be close to 0.3 mm.

R

N
\\l\{l\\\\\\\\\

Il

I

0.2 mm S2 glass

QUENCH HEATERS

4x0.125 mm kapton (ground insulation)

Detail A

Scale: 20:1 th.=0.075mm

§-2 Glass Braided Sleeve

th.=0.08mm

£
DY,

7 %

'
NN
NN NN N

N7,

C-shaped MICA foil (FIROX)

MBHSM101 1.9 K

Quench heater delays modelled for different thickness of S2 glass between coil

90 T T ‘ T T T 1 I
80 \0
o\ \‘
70 g \
O \. .
O T AN
60 - u ~ ) * 7
— S O~ N
2 o " O e *
E 5. ol E O . §
£ 50 O m ) *
GEJ . \Oil \&\ \.
= _ — O S S -
> 40 | D\\D'\\D o ks Q\Q .\ ]
= 204 —® 100 A, 0.3mm T e e ¢
- e ] \é'
a ]| ——150A, 0.3mm O g e Y
50 —® 100 A, 0.25mm TR
| —o—150 A, 0.25mm
104| —®— 100 A, 0.2mm :
1 —=—150 A, 0.2mm Juho Rysti
0 T T T T T T T T v T T T ' !
0 2 4 6 8 10 12 14
I (kA)

20
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Heater Delay [ms]

Heater Delay [ms]

arison to modelled delays

118 W/cm?, T= 1.9 K
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Can we further optimize the outer layer heaters?

€ aominant parameters IS the amount of Insulation between neater and Coll.
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Training quench analysis
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