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MotivationMotivation

Quench is Quench is transition of the superconductor from transition of the superconductor from 
the superconducting to the normal state. Such a the superconducting to the normal state. Such a 
transition invariably occurs if one of the three transition invariably occurs if one of the three 
parameters: temperature, magnetic field or parameters: temperature, magnetic field or 
current density, exceeds a critical value.current density, exceeds a critical value.
QuenchQuench limitlimit calculation in terms of external calculation in terms of external 
energy deposition  is vital energy deposition  is vital for accelerators making for accelerators making 
use of superconducting magnetsuse of superconducting magnets
ThTheessee studies are studies are importantimportant forfor thethe LHC LHC operation operation 
and efficiency of magnet protectionand efficiency of magnet protection systemsystem
BLMBLM calibrationcalibration
Design and operation of collimatorsDesign and operation of collimators
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Thermodynamics of magnet structureThermodynamics of magnet structure

Magnet characteristicMagnet characteristic
Heat transport in the magnets
Characteristic of cables and coils

Free volume calculation
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Magnets chracteristicMagnets chracteristic
LHC dipole magnets cross sectionLHC dipole magnets cross section
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Thermodynamics of magnet structureThermodynamics of magnet structure

Magnet characteristicMagnet characteristic
HeatHeat transporttransport in the magnetsin the magnets
Characteristic of cables and coils

Free volume calculation



CERN, July 17,  2006 D. Bocian / 8LCWG meeting

Steady state Steady state hheat transport eat transport inin thethe magnetmagnet
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Steady state Steady state hheat transport eat transport inin thethe magnetmagnet

A heat transfer in the main dipole. Arrows indicate the radial path of the heat transfer in the magnet.

3Cold bore

First layer Second layer 
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Heat transferHeat transfer in the magnetsin the magnets

Heat transfer from the conductorHeat transfer from the conductor
to the cold source define theto the cold source define the
temperature margintemperature margin
Electrical insulation is the largestElectrical insulation is the largest
thermal barrier thermal barrier atat 1.9 K 1.9 K against coolingagainst cooling
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Heat transferHeat transfer in the magnetsin the magnets

A simple sketch of the heat transfer in the A simple sketch of the heat transfer in the quadrupolequadrupole

at T=1.9 K (left) at T=1.9 K (left) andand T=4.5K(right). T=4.5K(right). 
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Thermodynamics of magnet structureThermodynamics of magnet structure

Magnet characteristic
Heat transport in the magnets
Characteristic of cables and coilsCharacteristic of cables and coils

Free volume calculation
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Superconducting cableSuperconducting cable

SC filament
Φ ~ 6μm
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SC cables characteristicSC cables characteristic

1.250.4300.7406
1.750.1810.4805
1.950.5350.8252
1.650.8911.0651

r=Cu/ScA-strand(mm2)diameter (mm)Strand type

0.500.801.30corr-4

0.260.420.69corr-3

0.040.170.21corr-2

0.020.090.11corr-1

4.205.269.462266

2.243.916.153455

2.374.156.513654 & 7

6.5212.7219.243622 & 3

9.4115.5324.942811

NbTi (mm2)Cu (mm2)A-cable (mm2)#strandsStrand typeCable type
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CCable characteristicable characteristic

710

1.5620

1.3080

1.435

8.46

0.08

0.08

66.00

1.3996

1.1504

1.275

8.3

1.72

1.25

22

0.74

Cable 6

740

1.8610

1.6190

1.74

15.4

0.13

0.15

100.00

1.5986

1.3614

1.48

15.1

0.9

1.95

36

0.825

Cable 2

540775740740460mCable length

1.07121.07141.07121.82062.3080mmCable outer thickness (ins.)

0.92880.93860.92881.57941.9720mmCable inner thickness (ins.)

1.001.0051.001.702.14mmCable thickness (ins.)

8.968.468.9615.3615.4mmCable width (ins.) 

0.080.080.080.110.12mmAzimuthal  insulation thickness

0.080.080.080.130.15mmRadial insulation thickness

66.0066.0066.00100.00115.00mmTransposition pitch

0.90990.91020.90991.59862.0647mmCable outer thickness (bare)

0.77010.77980.77011.36141.7353mmCable inner thickness (bare)

0.840.8450.841.481.9mmCable mid-thickness (bare)

8.88.38.815.115.1mmCable width (bare) 

0.910.90.910.91.25degKeystone angle

1.751.751.751.951.65Average r=Cu/NbTi

3634363628Number of strands 

0.480.480.480.8251.065mmStrand diameter

Cable 7Cable 5Cable 4Cable 3Cable 1Units
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MQYMQY coilcoil

MQY magnetic field distribution

Photo of the MQY magnet cross-section

MQY magnet drawing
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MQMMQM coilcoil

MQM magnetic field distribution

MQM magnet drawing
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Thermodynamics of magnet structureThermodynamics of magnet structure

Magnet characteristic
Heat transport in the magnets
Characteristic of cables and coils

Free volume calculationFree volume calculation
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FreeFree volumevolume calculationscalculations

Free volume is a space inside insulated superconducting cable which can be penetrated by the helium. 

Superconducting cable sketch

The calculation of free volume is based on the difference 
of the volume calculated from the cable dimensions 
and volume calculated from the mass and density

( ) dlbaV ⋅⋅⋅
+

= 2cos
2 11

α

where a – is the cable inner thickness,
b – is the cable outer thickness,
l – is the cable width,
a – is the keystone angle,
d – is the cable (sample) length, 

Cu

Cu

NbTi

NbTi mm
V

ρρ
+=2

where mNbTi – is the NbTi alloy mass,
mCu – is the Cu mass,
rNbTi - is the NbTi alloy density,
rCu - is the Cu density. Including insulation

ins

ins

Cu

Cu

NbTi

NbTi mmm
V

ρρρ
++=2
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Free volume calculation Free volume calculation -- DATADATA

0.001420.0061380.00893g/mm3Density

ρApicalρNbTiρCuUnits

0.1620.1570.1840.5090.537gmApical=ρApical*VApical

2.84512.21262.60227.93499.8214gmCu=mtot-mNbTi

1.56440.86901.02202.79694.0914gmNbTi=mtot/(r*ρCu/ρNbTi+1)

4.40953.08163.624210.731813.9128gSample weight

60.861.968.967.369.3mmSample length

Cable6Cable5Cable4 & 7Cable2 & 3Cable1Units

0.056

0.025

0.025

Cable 7

0.056

0.025

0.025

Cable 6

0.0558

0.0375

0.0508

Cable 3

0.0560.0560.06860.0686mmInsulation thickness layer 3

0.0250.0250.05080.0508mmInsulation thickness layer 2

0.0250.0250.05080.0508mmInsulation thickness layer 1

Cable 5Cable 4Cable 2Cable 1Units
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Free volume: RESULTSFree volume: RESULTS

* - Normalized Free Volume = Volume is divided by length of the sample

10.86010.31310.09010.62111.152%Free Volume (bare)

1.1490.7230.7462.3733.199mm2Free Volume* (bare)

10.5817.0137.39222.34728.688mm2Volume2* (α,h,l) (bare)

9.4326.2906.64619.97425.489mm2Volume1* (m,ρ) (bare)

9.7576.3446.74220.10325.789mm2Volume0* (strand) (bare)

Cable6Cable5Cable4 & Cable7Cable2 & Cable3Cable1Units

6.873±0.184.966±0.294.789±0.186.231±0.165.576±0.156.085±0.2%Free Volume (insulation)

1.494

26.795

25.301

Cable2

0.8340.4220.4291.4942.005mm2Free Volume (insulation)

12.1398.5028.96026.79532.954mm2Volume2 *(α,h,l) (insulation)

11.3048.0808.53125.30130.949mm2Volume1 *(m,ρ) (insulation)

Cable6Cable5Cable4 & 7Cable3Cable1Units
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NetworkNetwork ModelModel

Electrical equivalentElectrical equivalent
Model of the superconducting cable and coils

Results of the simulations with PSpice
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Electrical equivalentElectrical equivalent

iRVqRT =Δ⇔=Δ Θ

t
VRCV

t
TCRT

∂
∂

=∇⇔
∂
∂

=∇ ΘΘ 22

The analogy of the equivalent thermal circuit

Capacitance[C/V]CThermal Capacitance[J/K]CΘ

Resistance[V/A]RThermal Resistance[K/W]RΘ

Electrical Conductivity[1/Ωm]σThermal Conductivity[W/Km]κ

Current[A]iHeat transfer rate[W]q

Charge[C]QHeat[J]Q

Voltage[V]VTemperature[K]T

Electrical CircuitThermal circuit

The analogy between electrical and thermal circuit can be expressed as:
-steady-state condition Temperature rise     ⇔ Voltage difference

-transient condition               Heat diffusion      ⇔ RC transmission line
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NetworkNetwork ModelModel

Electrical equivalentElectrical equivalent
Model of the superconducting cable and coils

Results of the simulations with PSpice
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““WETWET”” superconducting cablesuperconducting cable modelingmodeling

μ-channel
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Cable modelingCable modeling

5 block discretization
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CableCable model model –– 3636 strandsstrands
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Coil modelingCoil modeling

Stainless steel entalpy: 55.23 mJ/cm3
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NetworkNetwork ModelModel

Electrical equivalentElectrical equivalent
Model of the superconducting cable and coils

Results of the simulations with PSpice
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Quench heaterQuench heater as aas a heat sourceheat source

130/1900.025213528MQY - inner

100/2500.025153528MQY - outer

140/3500.025214916MQML

125/1000.025212506MQMC

120/1700.025213511MQM

Stainless Steel / Copper ratio [mm/mm]Thickness [mm]Width [mm]Length [mm]Magnet type
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NetworkNetwork model model -- simulationsimulation
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Results of the simulationsResults of the simulations

MQY at 4.535 K
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MQY 609 inner Calculated
MQY 609 outer Calculated
MQY 659 inner Calculated
MQY 659 outer Calculated

Nominal current 
at 4.5 K

Ultimate current 
at 4.5 K

Iqh = -0,0007136543*Imag + 4,1216963261
Iqh = -0,0005011954*Imag + 3,6961492747
Iqh = -0,0007868305*Imag + 4,3876457784
Iqh = -0,0004748257*Imag + 3,4758483271

Rquench heater MQY 609  inner=13.14 Ω
Rquench heater MQY 609  outer=12.67 Ω
Rquench heater MQY 659  inner=12.96 Ω
Rquench heater MQY 659  outer=14.47 Ω
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Results of the simulationResults of the simulation

MQM at 4.535 K
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MQM 627

MQM 677

MQMC 677
MQML 649

Nominal current 
at 4.5 K

Ultimate current 
at 4.5 K

Iqh = -0,0007324984*Imag + 5,1132805619
Iqh = -0,0006581408*Imag + 4,6879264945
Iqh = -0,0006560278*Imag + 4,5975809623
Iqh = -0,0005931332*Imag + 4,2773405778

Rquench heater MQM 627=13.2 Ω
Rquench heater MQM 677=15.2 Ω
Rquench heater MQMC 677=13.1 Ω
Rquench heater MQML 649=13.6 Ω

3 families of MQM magnets including real parameters of their quench heaters
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Heat flow distribution 
in the last layer of the strands of MQY magnet
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Average temperature distribution
in the last layer of cables of MQY magnet
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Validation of theValidation of the modelmodel

Measurements in SM18

Evaluation of the network model quality
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Measurements inMeasurements in SM 18SM 18

TwoTwo methods of measurementmethods of measurement
Icoil =const, increase of IQH with a step of 0.1 A
IQH =const, wait 300 second for staeady state, then ramp of Icoil

Second method is betterSecond method is better forfor steady steady state heat state heat 
transporttransport
33 MQMMQM’’s ands and 22 MQYMQY’’s ats at 4.535K4.535K have been testedhave been tested
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Measurements inMeasurements in SM18SM18

MQY magnets
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MQY 609 layer 2/3
MQY 609 - layer 4
MQY 659 layer 2/3
MQY 659 layer4

 T=4.353 K
Rquench heater MQY 609  inner=13.14 Ω
Rquench heater MQY 609  outer=12.67 Ω
Rquench heater MQY 659  inner=12.96 Ω
Rquench heater MQY 659  outer=14.47 Ω
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Resluts of the measurementsResluts of the measurements

MQM type magnets
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 T=4.353 K
 Rquench heater MQM 627=13.2 Ω
 Rquench heater MQM 677=15.2 Ω
Rquench heater MQMC 677=13.1 Ω

Icoil =const, 
increase of IQH

with a step of
0.1 A
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Validation of theValidation of the modelmodel

Measurements in SM18

Evaluation of the network model quality
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Evaluation of theEvaluation of the modelmodel qualityquality

MQM at 4.535 K
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with a step of
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Evaluation of theEvaluation of the modelmodel qualityquality

6,922943952424621,35

3,83168422343911,91,219

2,69122440645281,91,094

3,16147450846551,70,976

MQMC 677

-0,58-223842382021,725

-0,60-24403740131,91,557

0,6728416641941,81,397

1,4463429843611,71,246

2,1396442145171,61,104

1,8787457446611,50,9704

MQM 677

1,5269447245411,71,082

-5,64-2304310408021,498

-1,18-52445043981,81,213

-0,89-41465046091,651,019

MQM 627

measuredcalculated ΔT [K]Magnet type

ΔI magnet
[%]ΔI magnet

[A]

I magnet [A]
I quench heater

[A]
Temperature 

margin
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Evaluation of theEvaluation of the modelmodel qualityquality

MQY at 4.535 K
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MQY 609 inner QH measurements
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MQY 659 inner QH measurements
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at 4.5 K

Ultimate current 
at 4.5 K
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Evaluation of theEvaluation of the modelmodel qualityquality

-7,79-245339131461,91,3273

-6,07-200349332931,81,2098

-4,70-161359034291,71,0966

-3,52-125368135561,60,989

-2,61-96376836721,50,8848

-1,69-64384437801,40,7926

MQY 659 
inner

14,06465284233071,92,4468

11,52434333237661,71,9913

14,94660375744171,51,5645
MQY 659 

outer

-7,35-2183184296621,5612

-2,61-89350234131,71,1994

-0,68-25368636611,50,983
MQY 609 

inner

10,013383040337822,279

9,00342345737991,81,8803

7,93323375040731,651,571
MQY 609 

outer

measuredcalculated ΔT [K]Magnet type

ΔI magnet
[%]

ΔI magnet
[A]

I magnet [A]I quench heater
[A]

Temperature 
margin
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„„Beam Beam lossloss”” simulationssimulations
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„„Beam lossBeam loss”” simulationssimulations

Quench limit for the Quench limit for the „„realreal”” beam loss depends on beam loss depends on 
the beam loss profiles the beam loss profiles 
heat flow distribution in the coil will be different heat flow distribution in the coil will be different 
compare to the compare to the „„quench heaterquench heater”” simulationssimulations
A simple simulation of beam loss are presented in A simple simulation of beam loss are presented in 
the next slidesthe next slides
The first result for typical The first result for typical „„beam loss profilebeam loss profile”” in in 
MQM magnetMQM magnet
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„„Beam lossBeam loss”” simulationsimulation
MQM magnetMQM magnet
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„„Beam lossBeam loss”” simulationsimulation
MQM magnetMQM magnet

Simulation settings: Simulation settings: 
- heat source in the middle of the cable
- heating 5 cables with a one source of 0.6 W
- temperature margin ΔT = 0.8 K

MQM quenchMQM quench limit forlimit for nominal currentnominal current (4310 A) (4310 A) ~ 8 [mW/cm~ 8 [mW/cm33]]
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„„Beam lossBeam loss”” simulationsimulation
MQM magnetMQM magnet

Simulation settings: Simulation settings: 
- heat source in the middle of the cable
- heating 5 cables with a 10 sources of 0.6 W each
- temperature margin ΔT = 0.8 K

MQM quenchMQM quench limit forlimit for nominal currentnominal current (4310 A) (4310 A) ~ 15 [mW/cm~ 15 [mW/cm33]]



CERN, July 17,  2006 D. Bocian / 49LCWG meeting

„„Beam lossBeam loss”” profileprofile in MQM magnetin MQM magnet

Beam loss profile with 5 region of heat deposition scalled (weigBeam loss profile with 5 region of heat deposition scalled (weighted) as follow:hted) as follow:
1.1. 1.01.0
2.2. 1.0/3.01.0/3.0
3.3. 0.4/3.00.4/3.0
4.4. 0.1/3.00.1/3.0
5.5. 0.03/3.00.03/3.0
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„„Beam lossBeam loss”” simulationsimulation

MQM quenchMQM quench limit forlimit for nominal currentnominal current (4310 A) (4310 A) ⇒⇒ 6 [mW/cm6 [mW/cm33]]
MQM quench limit for ultimate current (4650 A) MQM quench limit for ultimate current (4650 A) ⇒⇒ 4 [mW/cm4 [mW/cm33]]

MQM quench limit for nominal current (4310 A) and naive MQM quench limit for nominal current (4310 A) and naive 
homogeneous heat deposit homogeneous heat deposit in profile 3, 4 and 5 in profile 3, 4 and 5  ⇒ ⇒ 3 [mW/cm3 [mW/cm33]]

MQY quench limit for nominal current (3610 A) MQY quench limit for nominal current (3610 A) 
and only and only ““first layer heat depositfirst layer heat deposit”” ⇒⇒ 10 [mW/cm10 [mW/cm33]]



CERN, July 17,  2006 D. Bocian / 51LCWG meeting

ConclusionsConclusions

TheThe network network model model has been presentedhas been presented
All All vitalvital parameters have been parameters have been collected or calculatedcollected or calculated
Model Model is validated with measurements at is validated with measurements at 4.5 K4.5 K
First results from model are promisingFirst results from model are promising
Beam loss simulations with GEANT 4Beam loss simulations with GEANT 4 are on goingare on going
It is necessary validate It is necessary validate model model at at 1.9 1.9 KK
Model developement Model developement –– transient losses simulationstransient losses simulations
NonNon--linear object in the model linear object in the model –– outer layer of MQY magnetouter layer of MQY magnet
Now starting work on model of MQTL magnetNow starting work on model of MQTL magnet
WeWe areare openopen to to discussiondiscussion


