The Henryk Niewodniczanski
Institute of Nuclear Physics
Polish Academy of Sciences

ifs

Towards to Quench Limit Determination
of Superconducting Magnet
with use of Thermal-Electrical Analogy

Dariusz Bocian

CHATS on Applied Superconductivity 2019
Szczecin, 9% July, 2019



ifs

Introduction

* Motivation

Thermal-electrical analogy

* Magnet model

Implementation

« Comparison with measurements
« Comparison with ANSYS model

Outlook

11.07.2019 CHATS on Applied Superconductivity2019, Szczecin, Poland



‘i'? Accelerator operation scheme
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—  Current LHC: 10W/m —  Thermodynamic shocs

— LHC upgrade: 50W/m — Reduced discovery potential of LHC
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Particles from proton-proton collision debris
Interaction of lost protons with collimators
Physics processes — BFPP (ion beam case)

Accidental beam losses

* Transient losses ~ns to ~ms

* Enthalpy of the cable (metal only) (~ns)
* Heat transfer to helium volume inside the cable (~us)
* Enthalpy of the cable (metal + He) (~m:s)
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*Transfer of the heat from cable to the heat reservoir (~s)
*Magnet structure and geometry of cooling channels

Numbers: Introduction
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GOAL:

= NUMBERS for accelerator
protection system (BLM’s, etc)
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‘EE Superconducting magnets characteristics

= Three parameters characterizing superconductor: Critical surface

- Critical current density

PAER10 24 6 8610 2@ 331 00ZD (&0 040 RO RN 00D (K) (@B (T)

- Critical magnetic field T (A/mnn’)

- Critical temperature

operating point of the magnet beyond critical surface
= QUENCH

TLHe T

>

Accelerators: conductor temperature rise due to
beam induced heat load = QUENCH
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Heat load in the LHC magnets

A heat transfer in the magnet

3
100 x10
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Motivation

L

e Energy deposits in the accelerator magnets

e Heat load calculations for LHC IR magnets show:

—  Current LHC: 10W/m

—  LHC upgrade: 50W/m

e Thermal study objectives:

— Optimise Beam Loss Monitors threshold settings
(gain the time and money)

— Integrated luminosity
(increase discovery potential of LHC)

— Reduce of quench number
(reduce the number of thermodynamic shocks)

— Optimise magnet cooling scheme in future accelerator magnets

o LARP NbSSn quadrupole design

—  impregnated coil = no helium link between the bath and the cable
o New CERN N-Ti quadrupole design

— enhanced insulation scheme - open helium paths between the bath and the cable
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Thermal Model: coil cross section
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ql? Thermal model: construction

Detailed
magnet
geometry
(Technical
drawings)

OTHER
(non-beam induced
heat sources)

N i

Temperature

margin AT(B) /

Jc parametrization

HEAT FLOW
MODEL

Heat load profile

TEMPERATURE MAP
(MAGNET
QUENCH LIMIT)

Material properties
at cryogenic

MEASUREMENTS
temperature

Model validation
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‘iE Thermal Model: cable modeling

Cable

o)
\ 2~
Adhesive polyimide

Polyimide tapes
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Model parameters: Helium

large channel

Superfluid
"4 Helium

narrow channel

0”—o Nucleate boiling

FIRST RUN
Helium temperature/ Normal fluid , matching
T=19/45 K[ \ Fetium phase ™ Helum [ L —>& algorithm
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o=@ Conductivity

0"—O0 Convection

T>T. Gaseous
C {
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Kapitza resistance: A resistance to the flow of heat
across the interface between liquid helium and a solid.

_ Ve e
K (y
A

TS — solid temperature

R

T — helium temperature
He P

% — heat flow per unit area

e Fiberglass epoxy - Baudouy&Polinski

Kapitza Resistance

e Kapton HN - Baudouy

0,003
== == Polyimide Nacher - CryoSoft
e (U - He - Granieri 200
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Model parameters: Kapitza resistance

Copper - Hell
Ry =Vo (TZ+T7)-(T, + T, ) [Km*’W™] [4-6]

POLYIMIDE - Hell

Theorerical: Rg~T25" Km?W1,04=65.51 Wm-2K-3-57

R«=10.54E-3T3 Km2W-1,0=47.43 Wm2K* [1]
R=0.7E-3*T3 Km2W- 2]

G10 - Hell

R«=1462E-6T18 Km?W-1,h,=239 Wm-2K-28 [3]
Bibliography:
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3. B. Baudouy, J. Polinski, ,Thermal conductivity and Kapitza
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temperature”, Cryogenics 49(2009),

4. A. Kashani and S.w.Van Sciver, ,High heat flux Kapitza
conductance of technical copper with several different
surface preparations”, Cryogenics 25 (1985),

5. P.P. Granieri et al, ,, Stability analysis of the LHC cables for
transient heat depositions”, IEEE Trans. Appl. Supercond.,
vol. 18, No. 2 (2008).

6. D. Camacho et al.,”Thermal characterization of the Hell LHC
heat exchanger tube”, LHC Project Report 232, 1998.
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Model parameters: material properties

L

Material ties at low t { 10
® aterial properties at low temperatures g,ig a———
— Coil insulation (Polyimide, G10) 0’16 NIST 10-300K
. . ’ o = = Saclay 1.55-2.5K
>experimental data available < 0,14
0,12
: : : €010
Material data implemented in Network Model i
. <
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Bibliography:
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Magnet thermal model

Interlayer
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‘iﬁ Thermal - electrical analogy

Kirchhoff stated as early as 1845 that:

“Two different forms of energy behave identically when the basic differential equations which describe them
have the same form and the initial and boundary conditions are identical”.

The analogy of the equivalent thermal circuit

Thermal circuit Electrical Circuit
T [K] Temperature Vv [V] \oltage
Q [J] Heat Q [C] Charge
q [W] Heat transfer rate i [A] Current
K [W/Km] Thermal Conductivity o [1/Qm] Electrical Conductivity
Re® [K/W] Thermal Resistance R [VIA] Resistance
ce [J/K] Thermal Capacitance C [C/V] Capacitance

The analogy between electrical and thermal circuit can be expressed as:

-steady-state condition Temperature rise < \oltage difference
AT = qR® N AV =IR
-transient condition Heat diffusion N RC transmission line
T \Y
veT =Rece oL = v/ =rc ¥
ot ot
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LHC Project Note 44

1 - cold bore - factor = 50
2 - inner layer - factor = 6
3 - outer layer - factor =1

Quench limit simulations

T ¥ T ¥ T Y T
dE/dr 107 Beam screen
Bl &«

[GeV/em3] 3 Vacuum chamber

100 £ / }716#1'

outer layer
101k

10-2 ' 1 s 1 1 s : L

0 10 20 30 40

The maximum radial energy density along the most exposed azimuth

Quench limit at 11850A
12 mW/cm3

Quench limit at 12840A
10 mW/cm3
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Temperature margin (K)
Il o0 6214
I 5805 6040
Bl 5572 5806
Bl 5338 ssm2
B st0a- 533 O
4870 5104
I ae37- 4870
4403. 4637
4169 4403 e
3935 4169
3 3701- 3935
3467 3701
3.234. 3467
I so00. 3234
B 2765 3000
- B 2532 2766
- B 2205 2532
B 2064 2298
B 831 208
- - Temperature margin distriution, AT
Concentric beam loss profile ’
50 r[mm]
AT (K)
Bl sscs- 6104
AT (K) Bl 5542 5868
B crs0- 4400 = 5216 - 5.542
4.890 - 5216
3.937- 4.169
= 3705 - 3.937 Bl asse- 4890
Bl 3474- 3705 Bl a2 - ases
Bl s2a2- 3474 3912- 4.238
Bl son1- 3202 3586 - 3.912
2779 - 3011 3.260 - 3.586
2547 - 2779 2934 - 3.260
2316~ 2547 2608 - 2.934
2084 - 2316 B 2282- 2608
1.852 - 2.084 B 1956 - 2282
B 1621- 1852 1.630 - 1.956
B 1389- 1621 1.304 - 1.630
1158 - 1.389 B o975 1304
0.926 - 1.158 B oss1- o978
Bl osos- 0926 Bl o:325- o651
B o.4s3- 0694 Bl o - o3
B o231- o463
Bl o - o2
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Quench limit simulations

FLUKA simulations

1- factor=1

2 - factor=1.0/3.0
3 - factor = 0.4/3.0
4 - factor =0.1/3.0
5 - factor = 0.03/3.0

ssian beam loss profile L
Gau P Temperature margin distriution, AT

AT (K)
AT(K) Bl ssss- 619
Bl ¢169- 4400 B 5502 5:868
Bl 3937 4169 Bl s26- 5542
B 3705- 3937 Bl <s%0- 5216
Bl 347- 3705 B 4564- 4890
. i Bl s2s2- 3474 B 238 ases
Quench limit at 11850A - .
17 mW/cm3 e o~ i
2.084- 2316 2608 - 2934
1.852 - 2.084 I 2282- 2608
== - 5
o — —=
Quench limit at 12840A g — s
B o0694- 0926 .651 - 0.
14 mW/Cm3 Bl o0.463- 0694 = ::z;- Z.::
B o231- o463 Bl o - o3
Bl o - o023
Quench temperature map
Temperature in the coil, AT yation AT-ATg utation
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Quench limit simulations

«  Beam loss profile with homogenous heat deposition

. no heat load to the cold bore

- 10500 A — Quench Limit ~ 150 mW/cm3
- 11850 A — Quench Limit ~ 100 mW/cm?3
- 12100 A — Quench Limit ~ 72 mW/cm?3

with heat load to the cold bore

10500 A — Quench Limit ~ 20 mW/cm?3
11850 A — Quench Limit ~ 14 mW/cm?3
12840 A — Quench Limit ~ 9 mW/cm?3

This is effect of Helium channel blocking,
which is between cold bore and coil

Very important information for future design of accelerator superconducting magnets:

A better cooling of the cold bore is needed to increase quench level

CHATS on Applied Superconductivity2019, Szczecin, Poland

11.07.2019




MODEL

HELIUM

Stainless Steel

Kapton
Kapton
G10
Kapton

cable

Kapton

G10

cable

G10

HELIUM
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NM and COMSOL comparison

COMSOL NETWORK MODEL
V.V. Kashikhin

Min: 4.50

X107

0.066

NM & COMSOL comparison

A 10
° 10 +——
[ 9 i < 1.6%
° 9
2 — 8
[=1 él 8
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m =g cable (4.5K) - NM
. &, 6
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547 12m [l547.12ma)

0.05

0.048

0.046

0.044
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gﬁ,\ Network Model - Validation
-

(EXPERIMEN”D
Heat source neart COIL W measured
- quench heaters t empera ture
-inner heating apparatus

K -Resistive heating

U U

4 )

HEAT |peae [ COIL ) predicted
SOURCE MODEL

J temperature
MODEL/

VALIDATION
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gﬁ,\ Network Model - Validation
-

2 2) 2 4 Quench heaters
DC “Intercon” | Conection Printed ek L L VW ‘
generator Bench #1/#2 bench/magnet Circuit AN
selection Board
N B tainiess —|  copperplating |— thickness
. 4 b
detection 4
crate/Trigger width
‘ DAQ
™
FAST POWER ABORT }'— heater strip length ——|
Safety P.C.
matrix ‘ ‘ MAGNET PROTECTION copper heater strip insulation
QHPS i S
superconducting
cable

« Two methods of measurement
I..i =const, increase of Io, with astepof 0.1 A
— Iqn =const, wait 300 second for steady state, then ramp of I

« Second method is better for steady state heat transport
« 3 MQM, 2 MQY, MQ and MB have been tested at 4.5 K
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Network Model - Validation

MQ at4.5K
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2
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MQY inner quench heater 4200 | MQY - outer quench heater
4000 - Ultimate current 3900 A 4100 -
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900 11,00 1300 1500 17,00 19,00 21,00 23,00 2600 30,00 %00 2000 . 50,00
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Network Model - Validation

8 -
6 15 7 R
“ 10 e
— ‘\\~k
\o 2 b ~
= 5
g 01 -
g S 01
£
MQM 627 ) =
-4 ——MQY 609 - outer layer \.
-=— MQM 677 -=— MQY 609 - inner layer o
61 -+ MQMC677 -10 | -+ MQVY 659 - outer layer
—+MQY 659 - inner layer
'8 T T T T T T 1 -15 T T T
14 1,5 1,6 iy 18 %9 2 21 1,3 14 15 1,6 1,7 1,8 19 2 2,1
I uench heater [A]
a Iquench heater [A]

The relative difference between measured and calculated quench values are ranging
from 0.6 to 15 % for all measured types of superconducting magnets at 4.5 K.
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Network Model - Validation

T T T T T - .
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The maximum radial energy density along the most exposed azimuth

11.07.2019 CHATS on Applied Superconductivity2019, Szczecin, Poland



Network Model - Validation
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Network Model - Validation
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Network Model - Validation

MB magnet - inner heating apparatus
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4
Iheater [A]

MQ magnet at 1.9 K
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gﬁ,\ Network Model - Validation
-

What next?
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Enhanced cable insulation
Can we still exploit NbTi?

Strand diameter = 1.065 mm, cable width (bare)= 15.1 mm

El 1st layer 2nd layer 3rd layer
type (polyimide) (polyimide) (polyimide with adhesive coating)
El #1 9 mm wide,1 mm gap 4 x(2.5 mm wide, 1.5 mm gap) 9 mm wide, 1 mm gap
R — 25.4 pum thick 75 um thick, 55 um thick,
\ \‘\ \ \ \ \ El #1 wrap angle o, =71.68 deg cross wrapped with 50% overlap with 1% layer
1t and 3" layers wrap angle a; =71.90 deg

wrap angle a; =62.16 deg

9 mm wide, 1 mm gap 1 x(3.0 mm wide, 1.5 mm gap) 9 mm wide, 1 mm gap
El #4 50um thick 75 um thick, 69 um thick,
E% \ \ \ \ \ \ \ \ El #4 wrap angle a; =71.68 deg cross wrapped with 50% overlap with 15t layer
g 1t and 3" layers wrap angle a; =72.0 deg

wrap angle a; =81.6 deg

Bibliography:

1. M. La China, D. Tommasini, “Cable insulation scheme to improve heat transfer to superfluid helium in Nb-Ti accelerator magnets”,
I[EEE Trans.Appl.Supercond., Vol. 18, 2, (2008).

2. D. Tommasini, D. Richter, “A new cable insulation scheme improving heat transfer to superfluid helium in Nb-Ti superconducting accelerator magnets”,
proceedings of EPAC08, pp2467-2469, (2008).

3. P.P. Granieri, P. Fessia, D. Richter, D. Tommasini, “Heat transfer in an enhanced cable insulation scheme for the superconducting magnets of the LHC luminosity upgrade”,
I[EEE Trans.Appl.Supercond., Vol. 20, 3, pp168-171, (2010).

Cable

\ow >

Adhesive polyimide

M M ﬁliF__\ beam Il %H%& ATLAS i 1 =|v|= A 0
HHH JE(———-':.M. s = a H

o ™
| 23]

200m

A Polyimide tapes
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‘EE‘ Enhanced cable insulation

Heat is transferred to helium bath through:

Superconducting cable - superfluid helium

- cable insulation

Heat transfer to helium in insulation layer 1 T

Heat transfer to helium in insulation layer 2

Heat transfer to helium in insulation layer 3 Kapitza resistance
and further to helium bath

11.07.2019 CHATS on Applied Superconductivity2019, Szczecin, Poland



Enhanced cable insulation

Narrow

2.0647mm‘1 3 13 1 3 1 3 1 3 1 cable side
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Thermal resistances equivalent ->
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«— along cable —
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Network Model construction

Simulations
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Experimental setup

cable stack immersed in superfluid helium

+ Sample cured according LHC cycle (80 Mpa, 190 °C)

Measurements performed under pressure

v N

+ 150 mm active part long t 1
r 5

. L. . Heating

28 resistive CuNiyq ¢, Strands ¢ scheme:

>
(with the same geometry as the LHC cable 1) > 1 cable

+ Insulated according to El#1 or El#4 ( 3 cables
> 5 cables
%
>
.,;_
>

A A A\ A d\ A J\ A I\ A 4

30 MPa for El#1 and 5 — 100 MPa for El#4

0525 '___'I___T__—[___I___I___I___T__—I'__—I_—_I 300 ;l'j.‘ _’ Order of applied pressure. L
| | | | | | | | [ | 1 N
; ; L 3 ; I I I 2501 L 3 NlB o 5MP
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| | ¢ | | | m ! | 13 B0 | um
— | | | ’LHC T e | | | | 9 200k ‘. # ‘, - A —h— 50 MPa
1015 - ——+——dgr - el By
— | # | | | | | ] | | G a:° 9 - 5MPs i
| | | | | | | | | £ 150 g /
I_ 0,10 & __ W] g ) ” Enhanced insulation El#4
< | & | | [ | | ml | [ | & g ¢ /
& | | | | . | | | | AN W T A e
E 1
0,05 -l 1 el 1l _l I I 0 % o LHC MB insulation ,r'/ 3 cables heated
.’ | | | - | | | | | | Fosl gt o o ] |
R LN L
0 00 '“ T T T T T T T 1 M'
) 0 1 1 1
0 100 200 300 400 500 600 700 800 900 1000 ¢ 100 a0 =0 Ll 50
Power per 156 mm of cable length (mW)
P [mW/m]
D. Tommasini, D. Richter, A new cable insulation scheme improving P. P. Granieri et al., “Heat transfer in an enhanced cable insulation

heat transfer to superfluid helium in Nb-Ti superconducting accelerator magnets”,
proceedings of EPAC08, pp2467-2469, (2008)

scheme for the superconducting magnets of the LHC luminosity upgrade,
IEEE Trans. Appl. Supercond., vol. 20, Issue 3, 2010
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Enhanced cable insulation
Numerical calculations results

L S ——

B |
| |
| |
| |
| |
| |
0,20 +—————-F4———— o N |
| |
| |
|
|
T = i
b —o K=550, 150%S
|_
<010 f——* o E_ - —o_K=900 150%S
—co_K=1200, 150%S
005 S = Enhanced
¢ LHC Type
0,00 i T T T T T I
0 300 600 900 1200 1500 1800

Cable should demonstrate better performance than measured!
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Enhanced cable insulation

B Measurements El #1

------ He only, 50% He channel cross-section, 0_K=900

------ He only, 100% He channel cross-section, a_K=900
0125 T T T T T T T T T T T T T T T T T [ [ 1
| ;= | |
| 5 | | |
| na | |
= 020 g e .
- - im i
~ | ‘'m | 3 |
<015 - [ . M
' e o |
L | |
| : | | |
0,10 B L & S .
. | | |
| R | | |
. | | |
0,05 4———————————- . e e .
- | | |
I ; ; i
0,00 g --co i | | |

0 500 1000 1500 2000
P [mW/m]
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Enhanced cable insulation

B Measurements El #1

He+ Kapton, 50% He channel cross-section, 0_K=900
------ He only, 50% He channel cross-section, a_K=900
------ He only, 100% He channel cross-section, o_K=900

e He+ Kapton, 100% He channel cross-section, 0_K=900
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250

200

50

Enhanced cable insulation

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''

———————————————————————————————————————————————————————————————————————————————————————————————————————————

+ EI#4 measurements at 25 MPa

= El#4 measurements at 50 MPa

« EI#4 measurements at 100 MPa
—28% reduction; He + polyimide
—>56% reduction; He + polyimide

—66% reduction; He + polyimide

___________________________________________________

—No reduction; He + polyimide

0 100 200 300 400 500 600 700 800 900 1000
P [mW/cable]
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Enhanced cable insulation
ANSYS model (C. Lorin)

Microchannel Upper layer
Lower layer

2

Half copper wires

The ANSYS model shows that the cross-section
of the channels is strongly reduced, i.e.,
by 20 to 60% depending on the applied pressure,

Insulation El#1 El#4

Load (MPa) 30 60| 100 25 50| 100
Average 22% | 33% | 42% | 20% | 39% | 54%
Maximum 30% | 61% | 62% | 25% | 52% | 61%
Network Model | 50% | - - 28% | 56% | 66%
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Summary

025 7777777777777777 | L e I T LU 7T L E R r=-—=-"="7-" """~ -~~~ r--°-° r--=--=-1
] I . I I I 1
] B | | | :
| | ' ] | | |
0.20 F----—-—F-——i 4~ e ﬂ:f’ 77777 R A= - B e s | sl Sl Aottt S Bt SEE el e
} }I ‘ } } } A El#4 measurements at 25 MPa
015 &t % 7777777 i./ 77777 43 7777777 ﬁi‘ 7777777 43 g 180 oot :_ B El#4 measurements at 50 MPa
v | o Em ts at 100 MP.
< | /l ® EI#1 measurements § essrement TR
Z " | /. . PPN T I S ¥ A7 Y AN IR | 28% reduction; He + polyimide
010 - | =+ 50%reduction; Heonly
| / | i L. 56% reduction; He + polyimide
A 4 | | ===50% reduction; He + polyimide
Y } } [ Y, U AU . ./’ QU AN 66% reduction; He + polyimide
0.05 - *""7/*""7* = =Noreduction; Heonly
} } : e N0 reduction; He + polyimide
/ | | = No reduction; He + polyimide 1 e —
| | - - - t t t t t t t t i
0.00 ‘ ‘ ‘ ‘ ‘ ‘ 0 100 200 300 400 500 600 700 800 900 1000
0 500 1000 1500 2000 2500 3000 P [mWicable]
Power [MW/m]

» Enhanced insulation studies completed

= Model validation performed
— One fitting parameter (channel geometry and cross-section)
— Agreement with measurements when He channel sizes reduce by 50%

— Model checked with ANSYS simulatons
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gﬁ,\ Network Model - Validation
-

What next?
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Model validation - TQ magnet

HELIUM

11. Yoke
10. Collar
9. Collaring shoe Stainless Steel
5b. Ground insulation: Kapton
5a. Ground insulation: Kapton
4b. Outer layer: S-2 glass + epoxy
4a. Quench heater: SS+Kapton

MP 10-12
RE- mp10-12

7b.Heater: Kapton shimm

cable

2. Interlayer: S-2 glass + epoxy

6b.Midplane insulation: Kapton
6a.Midplane insulation: Kapton
5b. Ground insulation: Kapton

cable
(0e]

)
[
=
(%]
n
7]
2
=
©
+—
(%]
I
2
©
[<5]
L
©
N~

3a. Quench heater: SS+Kapton
3b. Inner layer: S-2 glass + epoxy

HELIUM

MP 17-19 MP 1718

LE + RE -
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Model validation - TQ magnet

HELIUM

11. Yoke

10. Collar

Data from measurements

9. Collaring shoe Stainless Steel

7b.Heater: Kapton shimm

6b.Midplane insulation: Kapton
6a.Midplane insulation: Kapton

7a.Heater: Stainless Steel

5b. Ground insulation: Kapton

11.07.2019

TQCO02a parameters
5b. Ground insulation: Kapton
5a. Ground insulation: Kapton layer material MJR RRP
4b. Outer layer: S-2 glass + epoxy [mil]/[mm] [mil]/[mm]
4a. Quench heater: SS+Kapton
1 S-2+epoxy 3.9/0.099 3.75/0.095
2 S-2+epoxy 12.9/0.327 6.5/ 0.165
= 3a Kapton 1.7/0.043 0
o)
S 3b S-2+epoxy 11.8/0.299 8.2/0.208
4a Kapton 1.7/0.043 1.7/0.043
4b S-2 +epoxy 10.7710.273 6.5/ 0.165
2. Interlayer: S-2 glass + epoxy = Kapton = OA o GA
5b Kapton 5/0.127 5/0.127
O 6a Kapton 3/0.0762 3/0.0762
‘% 1 8 6b Kapton 2/0.0508 2/0.0508
o
7a Stainless steel 1/0.0254 1/0.0254
(9.5 mm width) (9.5 mm width)
7b Kapton 1/0.0254 1/0.0254
3a. Quench heater: SS+Kapton 8 S-2+epoxy 3/0.0762 3/0.0762
3b. Inner layer: S-2 glass + epoxy
HELIUM 9 Stainless steel 31/0.7874 31/0.7874
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Model parameters - Material properties

L

Material ties at low t { 10
e aterial properties at low temperatures gig . Coocompraok T oo .
— Coil insulation (Polyimide, G10) 0’16 NIST 10-300K 5 T
. . ’ o = = Saclay 1.55-2.5K ! !
>experimental data available < 0,14 - ! ,
012 -
. . . £ 0,10 f--mmmmmmmmm ot s e
Material data implemented in Network Model 2008 d oo
o < :
Polyimide & G10 e A <ol e A A
0,04 +---- L o) smntbl SRR L b e e L L Es EE e L bl
0,20 ¢ G10-CRYOCOMP data SR | 002 deef ]
o188+ e R EEEETEEE TR i : :
016 | =——POLYIMIDE-CRYOCOMP data : | 0,00 :
0,14 | | | g 0 >
X 0,12 | ;
E 0,10 L
= 0,08 .L Polyimide
< 0,06 s 0,08 + Smmmmmemmmeeooe- Tommmmsmm-o- 4
0’04 : ’ Cryocomp 1-833K ! ! !
0.02 t ] Ay NIST 4-300K B
0’00 ] . . . 0,06 + oo saclay142k B R k
0 5 10 15 20 MIOSRSE - . -Lawrer.nce 0.5-5K ""i """"""""""""""
T [K] L I -
- I :
Bibliography: |
1. B. Baudouy, ,Kapitza resistance and thermal conductivity of Kapton in superfluid 0,02 - S !
helium”, Cryogenics 43(2003), 667-672, 0,01 +------=-< - I g
2. Lawrenceetal., , The thermal conductivity of Kapton HN between 0.5 and 5 K”, | | | |
Cryogenics 40 (2000), 203-207, 0,00 = = = =
3. B.Baudouy, J. Polinski, , Thermal conductivity and Kapitza resistance of epoxy resin 0 5 10 15 20
fiberglass tape at superfluid helium temperature”, Cryogenics 49(2009), 138-143 T[K]
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Model parameters - Critical current
parametrization

TQ09-10

& 5000 \ fffffffff " MIR coil

—— Ic Calculated at 4.2K

@® extr. 940R SSV-14.2

\

B[T]

012 3 456 7 8 910111213141516

TQ16-17

| @ extr. 940R SS V-14.2

— ¢ Calculated at 4.2K

11.07.2019

B[T]

01 2 3 456 7 8 9 10111213141516

Critical current parametrization:
Bref=12T, Tref=4.2K

MJR:

Jeref=1954 A/mm?2
TcO=17.6 K
Bc20=26.6T
C0=31848 A/mm?2 T1/2

RRP:

Jeref=2404 A/mm?2
Tc0=17.2 K
Bc20=26.3 T
C0=40558 A/mm?2 T1/2

L.T. Summers, M.W. Guinan, J.R. Miller, P.A. Hahn,
A model for the prediction of Nb3Sn critical current
as a function of field, temperature, strain and radiation
damage, IEEE Trans. Magn., 27 (2): 2041-2044, 1991.
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Thermal model of LARP TQ magnets

o Polyimide & G10
TQCO02 model validation 0,25 ~ = Polyimide - Cryocomp = ~~-~---—7——--,
12’0 B L i B mTT T = r———=—==-7=°7 T-~-~~-=°° i D r-TT-T-T°— % L a Glo B Cryocomp

10,0

5 10 15 20 25 30 35 40
TI[K]

—————————————————————————————————————————————————————————————————————————

©o
(@)

________ ________ ________ - Citical current parametrization:
' ' ' ' ' ' ' ' ' Bref=12T
Tref=4.2K

Iquench [KA]
o
o

RRP:

Jeref=2404 A/mm2
Tc0=17.2

# RRP measurements (1.9K) Bc20=26.3

20 | I N\ SR I C0=40558
1 B MJR measurements (1.9K) i i ' | |

>
(@)
l

MJR:

——RRP simulations (1.9K) Cryocomp ! : : : Jeref=1954 A/mm2
0,0 : : : ; ; ; ; ; ; Tc0=17.6

Bc20= 26.6
0 5 10 15 20 25 30 35 40 45 C0=31848

= MJR simulations (1.9K) Cryocomp
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ifs

12,0

10,0

oo
o

Iquench [KA]
o
o

4,0

2,0

0,0

11.07.2019

TQCO02 model validation

B MJR measurements (4.2K)

= MJR simulations (4.5K) Cryocomp

———————————————————————————————————————————

—————————————————————————————————

—————————————————————————————————

0 5 10 15 20 25

Thermal model of LARP TQ magnets

Polyimide & G10

= Polyimide - Cryocomp

o

N

(6]
]

AT T TTTT T
| |

G10 - Cryocomp

5 10 15 20 25 30 35 40
TI[K]

Citical current parametrization:
Bref=12T
Tref=4.2K

RRP:

Jeref=2404 A/mm2
Tc0=17.2
Bc20=26.3
C0=40558

MJR:

Jeref=1954 A/mm2
Tc0=17.6

Bc20= 26.6
C0=31848
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gﬁ,\ Network Model - Validation
-

What next?
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‘iﬁ Nb;Sn HQ magnets modeling

» LARP Nb,Sn thermal modeling objectives:

— HQ coil insulation study - feedback to coil design
— size of the He channels in the HQ magnets
. around cold bore

= in the poles

— Magnets quench limit calculation

. MARS/FLUKA input needed Beam pipe also is a source of heat!

MARS simulations for L=2.5*10734 (N. Mokhov)

x 10
mwW/m

100

» Heat load simulations with MARS ’

(3 mm segmented tungsten absorber 60
Details: V.V. Kashikhin et al., ,,Performance of Nb;Sn quadrupole |
magnet under localized thermal load”Fermilab-Conf-09-316-TD)2U

0k--

— Heat load interpolation algorithm implement A
(agree heat load map with conductor map) 40

-60

-80

-100
-100
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Nb;Sn HQ magnet modeling - results

LARP Nb,;Sn thermal modeling :
— Heat load (HL) = 2*MARS simulations (L=5*%10/34)

— HQ inner coil insulation impact

Temperature increase in HQ coil

e Nominal: cable,Kapton 1.7 mils,G10-5mils — size of the He channels in the HQ magnets

* cable + 5 mils G10 . around cold bore € set 1.29 mm
® Only cable insulation . in the poles & set d=5 mm every 10 cm
1,6 T " ~"~~777°7°% I | T~ ~=====77 r-=======-- A . . .
! ! ! ! ! ! — HLin the beam pipe = HL inner cable layer
/I SRR EES—. EEESSEUSEE RESS——
| : 1%, | | : x10°
12 b L. e % mW/m
1 1 . 1 . 1 1 ]
| A °,! | |
i i i ® i 1
T T T e S
: ¢° Lo te, % : ] |
< : od o**’ e 1 % : B, ;
08 e S :
< 1 (] 1 .. 1 I.. o | 1
1 . I. 1 1 .. .I :
| A c o o . 100g- - ——— ool 0, _ & _________ g 12
016 |.. e® ' 00 ..... 1 1 @ |
& Lot ! S I °, | |
R P A %, %! ]
04 t--------- ‘,;"""".';o‘ """" T i"'r.';;"'?‘-' """" 15
YT Lo : ] | ]
02 £ e . bmmmmmmmees R b O ;
’ o : : | : :
0,0 ; ; ; ; : !
-30 -20 -10 0 10 20 30
# cable
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Nb;Sn HQ modeling - results

Temperature increase in HQ coil - inner layer Temperature increase in HQ coil - outer laye
e o I Nominal: G10-5mils, Kapton 1.7 mils | e P P P o o i
SE R ~ *G10-5mils i 18 p=mm-mm- R . . . . :
G R hecoooooe +- ®No ID HQ insulation | I S——— Fommmm e Fommm e ' ...---L ........ S ]
: : : : . : : : 000, O : :
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gﬁ,\ Network Model - Validation
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What next?
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beam
distance
194 mm

MCBC MCBC MCBY MCBX MCBX
E E @ D2 D1 g5 a2 far afaz s D1
beam Il ATLAS
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- _—-_y_‘_ A ____,_fd‘
L—H = =11
beam |
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| ™23 ]
= 200 m

Quench limit calculation
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TI2 TI8
peak energy deposition on triplet inner coil
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Quench limit calculation

MCBC MCBC MCBY MCBX MCBX MCBY MCBC MCBC
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o temperature margin a nominal heat load  quench heat load © temperature margin 4 nominal heat load ¢ quench heat load
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Beam Energy Calculated Heat Load Quench Limit

(TeV) (mW/cm3) (mW/cm3)
3.5 0.35 24%*
7.0 3.5 9.1
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‘i';" Summary

® Reliable thermal models of superconducting magnets have been developed
®m  Model was validated with measurements performed at CERN and FNAL

= Model was cross checked with COMSOL

®m  Model calculated LHC magnets quench limits at steady state conditions

®m  Model wass used to study the impact of new magnets design parameters on magnet

thermal performance D. Bocian, ,,Heat Transfer in High Field Superconducting

Accelerator Magnets ”, monography: ISBN 978-83-63542-13-9

What next?

B Model to be implemented to transient cases?
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Heat load in the LHC magnets

* Transient losses ~ns to ~ms

* Enthalpy of the cable (metal only) (~ns)
* Heat transfer to helium volume inside the cable (~us)
* Enthalpy of the cable (metal + He) (~ms)

A

metal+He enthalpy

>
>

“ slow losses

s
’
ik
0
=
i
¢
o’

|
.
.

metal enthalpy - |,

>
L

fast losses

Stability margin [m]/cm’]

\ 4

T T
perturbation time [s]

« Steady-state losses

*Transfer of the heat from cable to the heat reservoir (~S)
*Magnet structure and geometry of cooling channels
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‘i‘? LHC beam structure

b — bunch; e — ,empty” bunch

{[(72b+8e)x3 + 30e] x 2 + [(72b+8e)x4 + 31e]} x 3 + {[(72b+8e)x3 + 30e] x 3 + 81le]}

i
334 334 333

Carriage: 72 bunches #carriages: 39 #time between bunches: 25 ns
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What next?

Transient model!
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