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1. Introduction

Main parameters for the high-field Nb,Sn magnets for the LHC
luminosity upgrade.

Comparing to the Main Bending LHC dipoles:

« High stored energy density
(compact winding for cost reduction)
* Low stabilizer fraction

(to achieve the desired margins)

« Large temperature margin

(use Nb,Sn as superconductor)

LHC MB DS-11T MQXF
dipole dipole quadrupole
Field (T) /Gradient (T/m) 8.3 11.2 132.5
Peak field in the conductor at I, (B,), T 8.6 11.6 11.4
Engineering current density (J,,.,), A/mm? 500 790 730
Stored energy at I,,,, MJ/m3 60 130 110
Differential inductance at I,.,, mH/m 6.9 11.7 8.21
Magnetic length, m 14.3 2%5.3 4x4.2/2x7.15
erature margin, K 1.8-6.5 4.5-14.5 5.0-14.0
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1. Introduction

One can get a relationship between

the stored energy, current density L. Bottura
and hot spot temperature under
some assumptions: 10000
0K 1 6 Jimited
» The magnetic energy is completely | —100 K e
dissipated in the internal resistance h W
(self dump) 1000 | 150K}|
| 200K |
« The whole magnet is normal at ;:g seok |11 T/ MQXE
tyiscnarge (PETfECt heaters) = P
s 100 [|—300K | LHC o
« Thecurrentis constantuntil t, ..., g
then drops to zero o v 400K o
—500 K S _
* Wilson’s Gamma and the power 10 §
resistivity =3
o
Q
DS-11T| MQXF 1
dipole |quadrupole
@‘ Jops A/lmm?| 790 730 10 100 1000
| e, MIm3 | 130 110 Jop (A/mm?)
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2. Longitudinal propagation

Longitudinal quench propagation
. Important because it determines the time needed to detect a normal zone

. Needs an accurate modelling. Heat equation is solved implicitly in space (finite elements)

and time (multi-step finite differences) using an adaptive mesh algorithm to cope with the
large disparity of length scales.

Two principal length scale: hundreds of m
directions: ‘

1. Longitudinal o
Length scale is Longitudinal -
hundreds of m
2. Transverse |
Length scale is
tenths of mm

Model validation at different levels:

. Cable level: measurements on FRESCA
«  Magnet level:

R&D Magnets: measurements on the Short Model Racetrack Coil (SMC)
Magnet models: measurements on FNAL and CERN 11T magnets.

<l 7



2. Longitudinal propagation - CABLE STACK

Measurements on FRESCA cable test = loton (e g
station * Staton current lead + Heaters
Nb-Ti bus bar Ti-Al-V bar
« Quench provoked by a heater at different current/field levels e j S—
in a stack of two conductors Nb-Ti bus bar Ti-AL bar _ . )
* Relative good agreement between modelled and measured | it ot | Top joint Homogencous field Bottom joint
data (when considering the heat capacity of the insulation) 200 poo T o0 ma o
2
].D i 1 | _!____________: ___________ !_ __________ _
Model R S S S
*  Measurements [ 11111 1T3IIIIIIIIITT
=) ' : ' : ; M
E 1[:'1 .':::::::::::E:::::::::::'i""""""i """""" :""'---:::: ooooooood
= I e O S o R S
Current =12 kA [expe_rlmental data_l f_rom
0 : ' J. Fleiter, B. Bordini]

: 10 é i i | |
@ ‘ 0 7 4 5 5 10 12 3

Bp [T]



2. Longitudinal propagation - SMC

Measurements on Short Model Cond./Ins. Cond. + Ins.
Racetrack Coil (SMC)

» Coil wound using 11 T conductor.
 Natural quenches mostly in the high field region.
» Data is spread, when compared to the heater

provoked quench. 10° , . , |
* No systematic difference observed in betweenthe  [[——onlycond 19&  [1177F 7T
SMC coil wound using S2 glass insulation and | [p— Cond +Tns. 19F  beeeeee-- T SRRRNTYY
the coil wound using S2-Mica glass insulation. Onlycond 42F  f-------- omnnnnee e b
H - Cond +Ins 42K  |-------- o TR LIER
€ Measuremerts 19 E ... b i -]
*  Mfeasuremerts 4.2 E : ..-:_'::-"
= AR R EEEEEEEEE Ao e L--#_;L;‘-L%"-' --------
1 : Tooa #.f*"
E : ! 8. :'_,,-_Lc,f-f*“ﬁ’
7 S - Lo Ood ]
‘ . : ra o oo
L i ! : i
D 20 4i?1|‘;l:0 LH:OM“‘OD 120‘140‘1;0 180 200 220 240 2¢ E ‘ﬂ’==# :
1 ‘ﬂl‘t‘# . ' X
10 f----- T s R =
STV LLDEEEEED SR RLEITELEELEED PP PEPEEE e PRREEEES
""""""" A
10 11 12 13 14 15

I kA
[experimental data from H. Bajas] 9



2. Longitudinal propagation - FNAL

Measurementson FNAL 11T
mirror magnet (MBHSMO1)

| | | 3
_ Model ILpole 1 ____________________________ 1
""" Model OL-mid : :
0 Meas ILpole |a-eooooooid E"E:; --------- -
*  Meas ,OL-mid : |
e S ettt et STt St
i) N P SR PR .
OL mid-plane turn % ﬁﬁﬁﬁﬁﬁﬁﬁﬁ:ﬁﬁﬁfﬁﬁﬁﬁﬁﬁ:ﬁﬁﬁ::5::ﬁﬁﬁ'ﬁﬁﬁ__f:ﬁﬁ:::;&;-:f:::ﬁ::
Remarks: I S e i S S T
__________________________ e
For spot heater provoked | ; . ,
guenches, measuredand | A S S e ene e .
expected propagation velocities - | g |
" | i | [
are well in agreement. 4 6 & 10 12 14

For natural quenches, the data

[experimental data from G. Chlachidze]
cattered.
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2. Quench detection

@

An increased on the voltage threshold from 100 mV

to 400 mV has a dramatic impact on the magnet
protection at low current level as the longitudinal
guench propagation is very slow.

Important to have a good characterisation of the flux

jumps to define the safest way to detect the quench

at low magnet currents (longer validation delay

keeping a low detection threshold or keep the same

validation delay and increase the threshold).

0.2-

[G. Willering]

01-
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1
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AN

T
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. Quench heater design and performance
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3. Quench heater design

Both for FNAL and CERN, heaters are only present in the outer layer, and they are
glued on the outer coil surface after impregnation.
The main difference between CERN and FNAL is that heaters are copper plated to
reduce the overall strip resistance (max. voltage across the heaters +-450 V). CERN
design can be extended to a 5.5 m magnet.
The thickness of the Kapton insulation between heater and coil is also different:
 FNAL: 1x0.076 mm or 2x0.076 mm
 CERN: 0.050 mm + ~ 0.025 mm of glue




3. Quench heater design

* \Width of the heaters and distance between heater stations has been

150
----- High Field Heaters [
----- Low Field Heaters
l”
I”’

100
— ’
N ,/’
E Vd ,/
8 ,/' ,z’
2 -
[t} ,z' ’¢’

I ,/ ,’
(o3 ,,/' ffff

g e -~

50 T

/"’ ”””
R P
50 100 150
IoQH [A]

optimized to quench the coil in an uniform way.

£ I Copper SS Copper SS Copper
=
—rt—p
Coverage Distance between stations
Low field High field
heater strip heater strip

Coverage (mm) -

(Stainless steel part)

Distance Between Stations (mm)

) 90 130

(Copper plating)
Width (mm) 19 24
Stainless steel thickness (mm) 0.025
Copper plating thickness (mm) 0.005

14




3. Heater design

« The baseline design considers 4 heater circuits per aperture for
redundancy (could be increased up to 8 per aperture).

« To provide redundancy to the system, a extra circuit could be integrated
In the outer layer trace.

N N Ny

15




3. Heater design — Inter-Layer Heaters

Limitations:

B (T) turn 52
Voltage < 450 V
Current <150 A 12.
- = 11.36
Preferred power density 50-100W/cm? — R
= 9.4.73
_oour —
m .
0016 o
§ 0.015 \.\ i
= 0.014 T e
£ 0.013 e E 315
5 0.012 K‘\Q\. e
% 0 011 = 1.263
: B
oV - 8.631
001 . ROXIE 102
20 70 120

Pd (W/cm2)

18 turns 16
covered




3. Heater design — Inter-Layer Heaters

Techincal challenges for the Inter-Layer Quench heaters:
Electrical integrity
. Quench heaters integrated in coil 110 show a great electrical perfomance

After coil impregnation, up to 8 kV without failure. At 9 kV, failure at
the connection level (on the inter-layer assembly before installing it in
the coil the breakdown voltage about 1.5 kV)

o

For 5.5 m magnet:
. 5.5 m mica sheet?

How to reduce the overal strip resistance? With the copper plating
technigue we use in the outer layer heaters, we need a layer of Ni in
between stainless and copper, but during heat treatment the nickel diffuses
to the copper increasing the resistance ofthe copper plating section by a

@‘ factor 5 at room temperature.



3. Modelling quench heater delay

- 2D/1D FEM simulation using

« One turn at a time.
- Half of heater period is enough

i (kVT) =0

COMSOL,, solving the heat T Ryst
equation until first point in the SN\

Continuous
straight heater
strip reduces to
1D

cable reaches T

due to symmetry.

q = qoe "

Outer layer bare cable

Inner layer bare cable LA (KVT) =0

\

10



3. Quench heater delays - CERN

Key parameters for the heater delay:
- Power dissipated on the heaters.
- Thickness of the insulation from heater to coil.

Agreement ~ 20 % between measured and expected heater delays, although
discrepancy increases at low magnet current

B T —— R
: : : : _e_Iqh=8t}A 5 f*w. ; {| —— Coil 106 model 5
e} SN N < MO AOUUUUUE SOUUUUR USRI I =1004l N || —&— Coil 107&108 model |
: : . - gh 5 50 |- \‘7\4 —-4-Ideas. Coil 106
SN IO O N N N R | T Moo | = Mess. Coil 107
i Sl ‘.\ i - Deas Coil 108
: NN
1 s P 40 R
2 B .
_._:5' ' i i : : s + 100 pm offGlO betweer]
I i ik b Sl i~ R 1 T poToomoood ey heater and cdil : ;
: Z ’ : : : : 30 cTT T :
10 ) S S YRR ey . S AL - - S :
20y A i
MBHSM101 |
10 i l |
20 30 40 50 60 70 20 a0 50 60 70 80 a0
1, 4] L, [%4)
@\ Igh = 150 A
) [experimental data from G. Willering]




3. Quench heater delays - CERN

* Even if the agreement between measurements and model is reasonable good for the heater
delay in the high field area, the delay to quench the low field block is longer than
expected.

[t varies significantly from coil to coil to coil

« Coil manufacturing?

« Test data interpretation? e R e B bbbt it ety ;
E 40 —&— Coil 106, model |
Temperature margin (K) - ' : : B Coil 1':'6, ITeas. :
= ) S S S A, —e— Coil 107, model |
- M o ! ! ® Coil 107, meas. |:
[ R o 30 : : : | M
- 11:51 E
—E E 25 L
L 10:37 t
9.999 o
¢ 20
9.240 E
g % 15
e =
7.341 s
= 6.961 :}.‘ 1[:)
[ Poos o
— 5822 g 5
ROXIE 102 A
& 0
=
O 5
Quench heaters on the low field blocks 30

\



3. Quench heater delays - CERN

ton [ms]

At high magnet currents, a fast quench starts after quench heater firing. The conductor
where the quench starts is not bellow the heaters, so it is difficult to explain it through

thermal heat conduction from heater to coil.
The same effect was observed in coil 105, tested in single coil configuration.

50 S
45 N S
40 S >
\\\\ .'Q,‘ ......
35 .
30 -
25 ~~\‘~~~ . ....'
\NN’?
20 :
--- Coil 108 model “».
157 -4 Quenchintistion | e
==P- Quench initation bellow the heaters | . *
10 r r r
30 40 50 60 70 80
_[%]

ty, []

80 ‘ ‘
o1 .=80A
gh
70 —5—1,=100A]
—o—1 . =150A
60 = I
50 \B\S \&\
| |
40 BN
- N i
30 M\E\S\
\\\‘g\\\‘g\&\@
T
20
\ )
20 30 40 50 60 70 80 90
I [%]
21



3. Quench heater delay - comparison to FNAL

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 coil
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

—_

L Shorter delays

60
| 028 ms (MBHSMO1, 31 W/cm?2)
L} 0O m 55 ms (MBHSMO1, 31 W/cm2)
50 ¢ + 28 ms (MBHSMO01, 50 W/cm2)
- * 0 # 31 ms (MBHSPO02, 50 W/cm2)
40 T b |
E 5( -------- ‘ : l
- ¢, -
Re ¢
30 |, mBHSM101 1.9K P_ =32 Wicm? L 2 [
_ 2
o MBHSM1011.9KP_ =52 Wicm *
~«MBHSM101 1.9 KP_ =118 W/cm?2
20 -

@‘ 40 50 60 70 80 90
) Ig/ly; (%)

100

| Comparable delays

22
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4. Heat propagation within the coil

Two principal m T o
directions: vl o Y|
1. Longitudinal () ‘ ZA“kak x[zAkkk j

Length scale is

I
_|
I

_|

S —

+

]

_|_

;O-

_|_
7=

hundreds of m
2. Transverse . hanged External heat Transverse
i OWET €xthange Power exchange
Length scale is between components in perturbation
tenths of mm P between adjacent
the conductor Joule heating conductors
. N ) 2" order Thermal Coupling
- Heat propagation within the coil Conductor - Insulation
. Important because it determines the time needed to quench

order thermal network.
- Key parameters

. Degree of thermal coupling between conductors.
. Thermal properties of the insulation.

the whole magnet cross section E
. Longitudinal conductor model coupled explicitly with a 2nd

[Gav 1992]

‘ [ cu+sc [ Insulation O Heat capacity % Thermal resistance



4. Heat propagation with in the coll

Insulation scheme for CERN 11 T:

 Cable insulation: 80-pum-thick C-shaped Mica film
and a braided sleeve made of S2-glass fibers (total
thickness after reaction = 100-um)

* Inter layer insulation: 500 um of S2-Glass, cured
using ceramic CTD-1202X

The insulation follows the same reaction treatment as

the Nb3Sn (210 °C 48h, 400 °C 48h and 650 °C 50 h),

and then it is vacuum impregnated with the epoxy

resin CTD-101K.

200

160 ' ,XX 2 '
o Mica-Glass

g 120 P . .- .
5 L I : Big uncertainties in terms of geometry and
£ PR A - -
DU Lo 7” y mica material properties!
40 ' * ' L] - - - -
. e . The thermal properties of the insulation in the
o ) model are “G10”, although measurements are on-
4 6 8 10 2 14 16 18 2 going at CERN - Cyrolab to have experimental
P data on the thermal diffusivity for the specific 11T
GM L GMG d GMHT CGMG CGM G10 - -
magnet insulation.
@‘ Reference: Thermal Conductivity of Mica/glass Insulation for Impregnated Nb3Sn Windings in Accelerator Magnets” 25
..-) Andries den Ouden and Herman H.J. ten Kate

Applied Superconductivity Centre, University of Twente, POB 217, 7500 AE Enschede, The Netherlands



4. Measurements on coll thermal conductivity

- Measurements performed on the azimuthal and radial coil direction.

- Image analysis on coil cross-section to have an accurate measurement of the
actual thickness of insulation.

- The equivalent thermal conductivity of the insulation is ~ 2-3 times lower than
G10.

- Next steps:
- Measurements on heat capacity
- Measurements on a stack of mica-glass insulation and only glass insulation.




4. Thermal properties of the coll

Put a known heat flux Q through
the sample and measure the g
temperature difference AT.

0.7
Thermal conductance:
. 0.6
- W/K
C = AT [ ] 05
o < 0.4
Thermal conductivity: = 03
) kA ar k L [W/mK] .
= — _ = — Y4
¢ dx A 0.2
Thermal resistors behave as 0.1
electrical ones (R = 1/C). 0
G10
G10
glue cable 1interlayer
1 1 1

1
—=—+4+—+ ... +— parallel
R R, R, Ry P

G10 thermal conductivity

Measurements

50 100 150 200 250 300

T (K)
—NIST normal —CryoComp normal
—NIST parallel —CryoComp parallel

—e—radial 0% bubbles —e—radial 20% bubbles
—e—azimuthal



4. Measurements on thermal conductivity

Some observations...

Detached
material

After cool-down,
measurement, and warm-up,
some material peeled off from
the specimen surface:

Inter layer is full of
voids (about 20 %7?)

b5 ‘ 5 7 e S A | wi 84 Bm
ViR g é P b N |
z S it = 5 O o \
. I IR TAGE G s L . o e YO R \
Ao 0 S L 2 N . . - A
. 3 KK L - v =y | List >>
5 1Y) ' ey . S5 i~ - \
v i PSS i oA W z
| | " Wt 40T \ A ’
o' . v
= 8
[ ( |
f—— e 1 i
ala o aAlala ala’'ala aA’lala (J
Profile
132 1um 0] -
: ‘ S e
! ! 0 xg.




4. Layer to layer propagation

=H (T -T.) Gaoc=H;Ta-Ten)  Measurements on outer layer to inner layer
propagation delay can help to understand the level of
thermal coupling among conductors. Three cases are
explored:

1. Internal thermal conductance in the conductor H;; = 100 W/mK
(R;=0.01 mK/W), inter-layer insulation thickness t =0 mm

2. Internal thermal conductance in the conductor H; = 100 W/mK
(R=0.01 mK/W), inter-layer insulation thickness t = 0.5 mm

3. Internal thermal conductance in the conductor H;; = 1000 W/mK
(R=0.001 mK/W), inter-layer insulation thickness t= 0.5 mm

Outer layer to inner layer delay

M BHSMlOl Block 1 to Block 5 Block 2 to Block 6 Block 3 to Block 6
(CERN single coil assembly) 100 : 100 L 100 : h

// ‘»
t N

0 10 20 30 40 50 60 70 0 £ = 0 - - 0
@

80 - 80 \

60 60 F

[e2]
o
T

delay [ms]

40 40+

20 20

8 10 12 14 8 10 12 14 8 10 12 14

Data from [G. Willering] | kA kAl | [kA]
{ —O— Measured —=— H=100 W/mK, t =0 mm —%— H=100 W/mK, t = 0.5 mm H=1000 W/mK, t = 0.5mm

29




4. Layer to layer quench propagation

Measurements are consistent at CERN and FNAL

o
350 120 : : :
#HFUL2 45K O ¢ MBHSM101
7 300 *HFU1/2 19K — 100 m MBHSP102 |
E HFU2 45K 2 ==P---model t = 0.2 mm
2 . - -~€¢-- model t= 0.5 mm
g 20 AHFU2 19K z .
= MBHSP0] HFU1 4.5K 3 b
= J —
S 200 = P
= ) <.
F £ 60 N
g 150 - s T
=" £ ’ \‘\\
2 2 40 -
2100 20 e SRy
s 3 I S . g
2 M ¢ 20 R = —
I MR X -
4000 6000 8000 10000 12000 14000 % 45 50 55 60 65 70 75 80
Current (A) 1 [%]

\
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4. Fast Energy Extraction Tests

AC loss help to the quench propagation from
outer to inner layer. In order to asses the
contribution of AC losses:

Fast energy extraction tests using 60 mQ
Quench observed due to AC losses at
currents > 6 kA

Rc~5puQandt~5s.

Normalized power dissipated [%] in the coil

due to inter-strand coupling currents

12 : ! ! : ! 20
]t -- Expected in absence - - il i
‘ \t\ ' i il !
g
g
2 s =
= 5
S
4 ——1=3KkA ||
- | = 5kA
] I=7kA ||
T"“:--..“. o | = 9kA
SSssen T 1= 11KA
0 -108 ' i
-0.1 o 0.1 0.2 0.3 0.4 -0. 0 0.1 0.2 0.3 0.4
time [s] time [s]



4. Quench integral (Ql) studies

Test set up:
Manual trip of a quench using the protection heaters at different current levels
Dump resistor delayed by 1000 ms

QI from the moment the quench is detected is very close in FNAL (MBHSP02)
and CERN (MBHSP102) magnets.

Quench Integral from quench onset

15

--6-- MBHSP102
-~ MBHSP02

10 -

’f
-
’f
-

QI [MAs]

@‘ % 2 4 6 8 10 12 14
) | [KA] 32



4. Quench integral studies

Agreement better than 5 % between measured and
expected current decay at the different current levels.

10+

Measurements

time [s]
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5. Hot spot temperature

Case study:
« Quench heater provoked quench at 10 kA in MBHSP101 (first CERN 11T aperture)
*  Dump resistor = 80 mQ, delayed 90 ms

- Temperature compared to the one obtained based on the voltage measured during quench in
the different segments [H. Bajas]

T(r)=¢(pexp(r)— o m, B(r))

Quench file: HCMBHSP0001_101_ M1411280906 bl3 cctnt V17d

Temperature margin (K) Imax = 9.996 kA
Miits = 9.82 MA s

]

N
~
o

13.03
12.65

1227

11.89

11.51

11.13 :
10.75 Q
10.37

9.999

9.619

9.240

8.860

8.480 :
8.101 Q
7.721

7.341

6.961

6.582

6.202

5.822

ROXIE 102

t [kA
»

[

o
di/dt [KAVs]

Curren
NN
o —_
T
}
N
o

©
-
T

——didt smooth

-+ ——current

T +-100

O =~ N W s O ® N @
|
T

——t——t——t——f——t——t——F——1—+—F—— -125
-0.025 0 0.025 0.05 0075 0.1 0.125 0.15 0.175 0.2 0.225 0.25

[H. Bajas] time b
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5. Hot spot temperature

Measured and computed current decay and delays are in

good agreement.

Quench file: SPO001_101_ M1411280906_b13_cctn

Imax = 9.996 kA

| [-==EE6I14_EEEI15
= EE613_EEGI14

—=—EE6I11_EE6I12
- EE6I10_EEGI11
| |-a- EEBO8_EEBO10

Resistive voltage [V]

\\.-200 E
180

T
—_ s
oN B O
[sle N e Ne)

Resistive voltage

10

Measured
— H=100 W/m
— H=1000 W/m

0.2

T |-=-EE607_EE608 B |
E 3
-8.025 6 0025 0.:05 0.(;75 0.1
time [s]
4 5
1 Outer
& MIITs measured = 9.88 MA?s
21 MIITs modelled =9.75 MAZs
s Inner H
[H. Bajas] 0 : : :
0 0.05 0.1 0.15
Coil 106 Coil 107
Heater delays Model Measured Model Measured
(10 kA) (ms) (ms) (ms) (ms)
High Field Block 14 13 25 ~ 26
Low Field Block 18 16 31 XX 36




5. Hot spot temperature

Quench file: SPO001_101__M1411280906_b13_cctn Imax = 9.996 kA
g 250” =~ EESI14_EE6I15
£ 0] el Temperatures predicted by the model are pretty
® 175+ — EESMO_EESIN - . .
£ 150 oL HFblock | [~e=e=on| | ClOSE tO thoSe defined experimentally by [H. Bajas]
2 too] oLl hlock | T
T51 et etttk hiuubty
501
251
Bos o oos 01 o1 0f2t_ 025 T[K] Outer Layer- High Outer Layer-
: me (<] field block Low field block
(C_% e ; ) Measured 125 100
Model H =100 128 113
(wo G Inner 19 ] D
S [H. Bajas] Model H = 1000 121 107
250 250
—— OL HF conductor —— QL HF conductor
200 — OL LF conductor || 200 ——OL LF conductor ||
----- OL HF insulation ----- OL HF insulation
ol LZ OL LF insulation sol L OL LF insulation
100 100
50 50

@ ‘ % 50 100 150 200 9 50 100 150 200 37
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3. Sensitivity analysis

\

How different parameters affect the hot
spot temperature?

Conductor where quench starts
Conductor parameters

« Copper to superconductor ratio

« RRR

Time to detect and validate the quench
Insulation thickness from heater to coil
Numbers of heater failure

39



2.4 Hot spot temperature — Reference case

time [tms]

Reference case: N . o _
e —— H= 100 Wi ' S 100 Wim
. G e [N 10 O )
- Quench starting in the high field region ats}-———i-—> T i
nominal current (11.85 kA) z, - 2 B R
. 100 mV threshold, 10 ms validation ; 40" ----------
. 5ms heater firing delay 2 ) 20 __________
- Assumed 100 um G10 outer wrap o ]
between heaters and coil. Total insulation * I
from heater to coil (heater delay~20 ms): . | | L o
- 50 um of kapton § I
- 100 pm G10 outer wrap E i) — . «f‘f---45-----_-;;;—_—_Jf;—_—_—;-_—_—.—;—,L—.—;—.—.—;—.—;
100 pm G10 conductor insulation !*"’ J_,x'i"#
- Nominal conductor parameters, RRR=100 220 A A S N B I
- All quench heaters fired o — _— 1 ______________________ |
- Two different cases for transverse thermal E i
coupling: AEREL] i A e e i 1
+ Hij=100 W/Km 100 porerereeee e T 320,420 Kb
- Hij=1000W/Km i
59,3"*6 """""" ~—-H=100 Wim
i i i | H =1000 W/m
OE:" 5IC' 1lFI'JD 15|D Zl:j'C' 25IC'4O 300



Conductor where quench starts

Toex K] 3

(low field)

150

time [ms]

320 1 20 K
270 + 20 K
o~
----- High Field ||
_ Low Field _
200 250 300
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Copper to superconductor ratio

The amount of copper in the
strand is ~1/2 of the copper in the
MB-LHC dipoles:

MB MB DS-
LHC | LHC | 11T
inner | outer
layer | layer

Total cable area,

mm2 33.92 | 27.04 | 22.67

Cuarea, 1553 | 13.43 | 8.23
mm

[K]

x
SC area, 941 | 6.89 | 6.84
mm

ma

Further decrease of the amount of
copper implies a non-negligible
increase of the hot spot temperature

(~ 25K from Cu/Sc =1.1t0 1.0)

N,

Cw
.

450

400

350

300

250

Nominal

L

[~

0.8 0.9 1 1.1

Copper to superco

nductor ratio
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The net effect of the RRR on
the hot spot is small, as there is

a “double effect” that is
compensated:

N,

400;

Low RRR, higher hot spot

No

inal

for the same MIITs, but as 350
the coil resistance build up is —
faster, the decay is faster >
lower MIITs in case of
quench =

max [

300

High RRR, lower hot spot
for the same MIITs, but as
the coil resistance build up is
slower, the decay is slower 250"

- more MIITs in case of 40
quench

Cw
.

60

80

100

RRR

120

140
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Time to detect and validate the quench

AQ

uick detection of the

guench is a must!

AT

max~ 49 K for Atyg.~10 ms

Efforts needed to:

Confirm 100 mV threshold
and 10 ms validation is a
reasonable assumption for
LHC operation

Confirm that 5 ms for heater
firing delay is a reasonable
assumption for LHC
operation and that not further
reduction is possible by
improving the heater firing
units.

450

400

[K]

< 350

ma

—

300

250°
1

Nominal

>

15 20

25 30
Time to detect & validate [ms]
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Insulation thickness from heater to coll

Minimize the thermal insulation

between heater and coil is 450
Important:
AT o~ 45 K for Athg;~0.1 mm
400 /
For the current design, quench  — Nominal / L
heaters are glued on the coil after X, : P
impregnation, so a minimum é 350 1 -
layer of 0.1 mm glass is required. E/
|
Activities are on-going to 300 //.'
impregnate the heaters with the | :
coil to improve the quench :
heaters performance. 250t _ | | | _ _
0 0.05 0.1 0.15 0.2 0.25 0.3
Fiber Glass Thickness Heater-Coil [mm]
Heater
(i@ impregnated with 45

the coll



Numbers of heaters failure

« Baseline circuit configuration: 2
units of 5.5 m connected in series

and protected with an unique diode 450

{ Unit1, Ap. 1 Unit 2, Ap. 2 ‘ 400
Unit 1, Ap. 1 Unit 2, Ap. 2 /

 For this analysis, we consider x 350

that all the heaters in a coil fail

(very pessimistic scenario as the

baseline configuration considers

2 quench heater circuits per coil, 300 -+
and the possibility to have 4
quench heater circuits per coil is
being explored
g exp ) 250 L. ! . _
0 1 2 3

Numbers of coils with heater failure

&) 46

N,



\

FNAL and CERN measurements on quench protection are
comparable.
The baseline quench protection scheme based on outer layer heater
can protect the magnet, keeping the hot spot temperature below 350 K.
As regards LHC Operation:
Detailed study needed to define how to protect the magnet in case
of symmetric quench keeping a fast detection.

In all the heaters in two coils (out of eight) fail, the hot temperature
Increases above 350 K. In order to provide redundancy to the
system, different options are “available’:

Additional heater circuit on the outer layer
Inter layer heaters
CLIQ

a7



Additional slides
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Energy extraction tests

Measured dl/dt on MBHSP102
during the fast energy extraction
test using a 60 mQ dump resistor.

Measured di/dt on MBHSP102 for the
magnet protected only with quench
heaters.

20

Iy "
g 3
5 5
-E -
———1=3KA ||

| = 5kA

|=7kA |

| = 9KA

| = 11KA

1087 0 0.1 0.2 0.3 0.4

time [s]

time [s]

@ .
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Nominal conductor parameters

Comparison LHC-MB dipole and DS-

Strand diameter 0.7000 = 0.003 mm

11T dipole cable parameters
Nominal sub-element diameter ORI

(according to billet design) MB MB DS-11T

Copper to non-Copper volume |BEEAOMK0) inner layer_outer |ayer
ratio 33.52 27.04 22.67

Strand twist pitch 14 £2 mm

HIGEES 13.43 8.23

Strand twist direction right-handed screw
SC area, mm? 9.41 6.89 6.84

RRR (after recommended Heat 3JmEee;
Treatment) _ _
n-value ® 15 T and 4.2 K wap different field levels (12

Heat capacity of insulation|AdEEICCRUlIE 3.75 2.03 4.00

Insulation area, mm?2 4.83 4.70 3.25

300

250

200

150

100

/ ——MB-LHC L /
sof /. —— MB-LHC OL 50 / MB-LHC IL
) MB-LHC OL
ps11T / DS-11T
%5 10 15 20 25 30 35 40 %5 10 15 20 25 30 35 40
T“‘Cave(T) A 'CCM + A _CSC
MIITs = A P Cu “p s¢_Tr

ACu

tota dr cre (T) =
@‘ I 7, Pcu (T) P ACu + Asc 51
o )




ROXIE vs SUPERMAGNET

ROXIE QUENCH MODULE [Sch 2010]
Couples magnetic, electrical and thermal.

First order thermal network (2D (XSec) + 1 (z¥))

]
1- J)\urw‘ N

NN
=,
=

‘\&‘ \6““\@

*Requires small element size (<1mm) in the longitudinal
direction to converge in terms of longitudinal quench

propagation velocity

Under the same assumptions...very close
propagation velocity (not the case for T,.,!)

_ 2715

s, -e-THEA

5.~ °° | -e=ROXIE ,;

@) V)] Ud

© = 16.5 27

o £ e

° 5 11 &

1 8 _——’—"

S 8_ 55 /

= O 11T, 1=11850 A
S 0.

> 2 45 7 9.5 12.

SUPERMAGNET [Bot 2007]
Built by different blocks with an unified
interface for data exchange.

|
| THEA [Bot 2010]

I Thermal, Hydraulic and Electric analysis of
| superconducting cables

1 Adaptive mesh tracking

e

- Mesh
"t density

o4

i i

bl

/

Mesh density [1/m]

™M L B B I B (RLELELLE LR L
o F
% ;A:E.DDE—QZ s L f‘

...I....I...;":J||||||_1,"||||\-H\...I....I....

.
0.00 0.50 1.00 1.50
X [m]

 HEATER [Bot 2010]

| FE heat conduction
I

' POWER [Bot 2004]

52

2.00

Electric network simulation of magnetic systems



Coupling heat conduction domains

HEATER : Heat conduction in the insulation is solved in 2D cross sections
. Thermal and Electrical analysis of the superconductor cable

0l

P

2D quadrilateral elements with 4 nodes
and first order shape function

Explicit coupling = conditionally stable. Small heat capacity and large thermal
conductance requires small time steps for the stability of the coupling

Example: HEATER : Az=20 mm tsep=[10° 107] s
THEA  :Az=0.3mm-100mm  ty.,=[107 104 s
T LI 1 T tlhlelrmal l T T 1T ' T tlhle Irnaill ]I- T | T 1 1
- A= E A= 0.00E+0f \s Ej A= 0.00E+00| s ]
F p= * * | B= 1.00E-03|s :
— [ = — [ c= 1.00E-02(s ]
ol p- g 8 - D= 3.00E-02)s -
v F E St :
E < of |
I C E c o -
Sk O 3 o \B\k;@f/z; m
OE_I T T o B 5t o 1l " 5 B! j __I o b NP e b .
} 0.0 . . 0.0 1.0 2.0 'n.0 1.0 2.0
") X [m] X [m] X [m] 53

| Temperature in the SC Joule heating Heat flow from/to the insulation



Heater efficiency

2 times to look at:

* Quench heater onset (QO): start of : |
the quench :' -

* Quench heater efficient (QE):
time where slope of the resistive

AN
e
on
i
2 0 0
o 49
\
"
¢4
g8
g
. i

Illl}l

AR IIIIIIIgIIIIIIIIII
) gEEEEE EEEEEEERER

voltage cross the “time” axis S
nnnnnn 18 mszims 28 I’EISW3:5 ms
120 . , , -
o 32 W/em=, QO
Remarks: 1.9 K, MBHSM101 A
' 100| 32 Wiem?, QE |
At high current, the difference between QO- 52 W/em?, QO

80, « 52 W/cm2, QE |

> 118 W/cm2, QO
+ 118 W/cm2, QE

QE is very small, but at lower current there
IS an important offset to keep into account. 60|

o 4—Pr ¢—Pe
[
o L}

 The difference between quench onset and a0l :
guench efficient increases for low heater ; s B
power density. 01 s
% 40 50 60 70 80

Experimental data
from G. Willering

ol



Network model vs. hybrid model

= @=FE mesh
-+ 4--Thermal network R = 0.01

t=6ms

Adjacent conductor

S
@)
'}
(&)
-
©
c
@)
&)
ra)
c
(b)
&)
S
©
<

Quench Starts

& .



Thermal resistance

1
Rip = E[KmXW]

h = k/(tins/z)
K = 0.05 W/mK, tins = 0.1 mm
] + Ry, =0.03 mK/W
- _. | N ] k =0.05 W/mK, tins = 0.01 mm

mHSHIHH”"““'10"""""“Hml;”m”HHHHT ° Rth :OOOS mK/W

Temperature (K)

p=2(w+t) =30mm

& .



Temperature
profile & mesh
density H = 100,
coil 106

thermal 1

————— thermal 2
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Modelling: length scale

guum—

Longitudinal = length scale: hundreds of m

2 Principal directions: Cable 1s a continuum “relatively easy” to solve with

longitudi transverse accurate (high order) and adaptive (front tracking)
fi\ methods
)

=== Transverse - length scale: mm
u Heat diffusion across the insulation

%/2@

& - - .
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Network
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Material Properties

10
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QH temperature rise

200 175 ————————
175—: 150_:
150 - ]
] 125-_
1254 ]
. iy 100
X 100 X ]
3 ] 3 75
~ 75_: ~ ]
] 50
50 + . ] ]
: —— 10 ms, 100 W/em® i ] —— 10 ms, 100 W/em® T
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Training quench SMC — 11T

300.

225.

Current, | [kA]
=
o1
o

75.

—T, measured
------ T conductor, computed
— T insulation, computed

time (ms)
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