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IntroductionIntroduction

We are modeling steadyWe are modeling steady--state heat transfer from SC Rutherford state heat transfer from SC Rutherford 
cable to an isothermal He II bath (1.9 K).cable to an isothermal He II bath (1.9 K).

We consider different insulations from all polyimide to epoxy We consider different insulations from all polyimide to epoxy 
impregnated.impregnated.

We profit of previous measurements done at CEAWe profit of previous measurements done at CEA--SaclaySaclay [1] on [1] on 
different insulation schemes.different insulation schemes.

We consider electrical SC properties (We consider electrical SC properties (NbNb--Ti, NbTi, Nb33Sn) to evaluate Sn) to evaluate 
the temperature margin the temperature margin ΔΔT to find the maximum heat drainable in T to find the maximum heat drainable in 
different working conditions.different working conditions.
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Heat Transfer Model Heat Transfer Model (1/2)(1/2)

No He II reaches the strands No He II reaches the strands 
Heat goes through solid conduction first, Heat goes through solid conduction first, 
then to He II then to He II 
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He II is in direct contact with the strandsHe II is in direct contact with the strands
Heat flux is shared by two parallel paths (Heat flux is shared by two parallel paths (aa & & bb). ). 
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Heat Transfer Model Heat Transfer Model (2/2)(2/2)

Porous insulation details: Porous insulation details: 
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Assumptions:Assumptions:
Negligible thermal boundary resistance at Negligible thermal boundary resistance at 
the strandthe strand--insulation interface insulation interface [2,3]
Parallel paths are decoupledParallel paths are decoupled
Conductor and He II bath are isothermalConductor and He II bath are isothermal
He II heat transfer regime is He II heat transfer regime is GorterGorter--
MellinkMellink [4] (may lead to under(may lead to under--estimate).estimate).
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••RRa1a1: : KaptonKapton conductionconduction
••RRa2a2: : KapitzaKapitza KaptonKapton--He IIHe II
•Tew=T external wall

••RRb1b1: : KapitzaKapitza CuCu--He II He II 
••RRb2b2: : He II conductionHe II conduction
•Tib=T internal bath
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Porous insulations:Porous insulations: --Large heat flux for small Large heat flux for small ΔΔT but limited by T but limited by 
He II channel saturations (determined by channel dimensions)He II channel saturations (determined by channel dimensions)
--Limited heat flux forLimited heat flux for
large large ΔΔT (bad T (bad KaptonKapton
conduction)conduction)
Sealed insulations:Sealed insulations:
--Small heat flux forSmall heat flux for
small small ΔΔT. T. 
--Large heat flux forLarge heat flux for
large large ΔΔT (no T (no chanchan--
nelnel saturations)saturations)
Model:Model:
Isothermal bathIsothermal bath
& conductor& conductor
(may result in an(may result in an
overestimation ofoverestimation of
heat flux respect to heat flux respect to 
non isothermal model)non isothermal model)
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Sealed Ep.+F.Glass (Model)
Enhanced insulation (Model)
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Comparison for Operating Conditions:Comparison for Operating Conditions:
SameSame or or SpecificSpecific

1.1. We consider two coils in a He II bath (We consider two coils in a He II bath (TTbb=1.9=1.9) :) :
1.1. NbNb33Sn with Sn with sealed sealed insulationinsulation
2.2. NbNb--Ti with Ti with porous porous insulationinsulation

2.2. We impose the We impose the samesame engeng--
ineeringineering current density current density JJengeng
and operative peak field and operative peak field BB
……not a realistic casenot a realistic case……

3.3. We get the temperature margin We get the temperature margin ΔΔT=T=TTcc--TTbb we combine it with we combine it with 
the heat transfer correlations and we obtain the corresponding the heat transfer correlations and we obtain the corresponding 
heat fluxheat flux

2.2. We impose We impose JJ and and BBultult specificspecific
of two alternative designs for of two alternative designs for 
triplet upgrade (E. triplet upgrade (E. TodescoTodesco))
……a realistic casea realistic case……
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Maximum Heat Flux for Maximum Heat Flux for 
Same B (9T) and Same B (9T) and JJengeng

The asymptotic The asymptotic 
limit of a bare limit of a bare 
conductor shows a conductor shows a 
great margin of great margin of 
improvement improvement 
available for porous available for porous 
insulationinsulation

Bare conductor is Bare conductor is 
not Rutherford not Rutherford 
cable cable ……measuremmeasurem--
entsents of a bare of a bare 
Rutherford cable Rutherford cable 
are desirableare desirable……
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For J=0.8 For J=0.8 JcJc
NbNb33Sn coil can Sn coil can 
evacuate ~3 evacuate ~3 
times the heat of times the heat of 
LHC LHC NbNb--Ti coilsTi coils

Comparative study :Comparative study :

Maximum Heat Flux for Maximum Heat Flux for SpecificSpecific
Conditions Conditions (Large (Large ApAp. High G Quads . High G Quads [11][11]))
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Enhanced Insulation DetailsEnhanced Insulation Details

3 layers with gaps3 layers with gaps
Overlap between 1Overlap between 1stst and 3and 3rdrd

All polyimide insulation All polyimide insulation 
No special manufacturing or No special manufacturing or 
additional costadditional cost

1st layer
with gap

3rd layer
with gap

2nd layer
with gap

Dedicated He II channels of finite sizeDedicated He II channels of finite size

ExampleExample

22111137.537.533rdrd

2.52.522676722ndnd

22111137.537.511stst

GapGap
[mm][mm]

Width Width 
[mm][mm]

ThicknessThickness
[[μμm]m]
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SummarySummary

For same For same BB and and JJengeng, Nb, Nb33Sn coils made by Rutherford cables Sn coils made by Rutherford cables 
can draw one order of magnitude more heat than can draw one order of magnitude more heat than NbNb--Ti coils Ti coils 
thanks to :thanks to :

Greater temperature marginGreater temperature margin
Thermal conductivity of Thermal conductivity of epoxy+fiberglassepoxy+fiberglass higher than higher than KaptonKapton

For the same margin to critical surface (specific operating For the same margin to critical surface (specific operating 
conditions), Nbconditions), Nb33Sn coils made by Rutherford cables can draw Sn coils made by Rutherford cables can draw 
three times more heat than three times more heat than NbNb--Ti coils Ti coils 

……howeverhowever……
……there is still a large potential to increase the dimension of ththere is still a large potential to increase the dimension of the e 

cooling channels thus moving their saturation at higher heat flucooling channels thus moving their saturation at higher heat fluxes: xes: 
this makes this makes NbNb--Ti solution still interesting.Ti solution still interesting.
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Desirable InitiativesDesirable Initiatives

The heat transfer experimental data supporting this study have The heat transfer experimental data supporting this study have 
been collected from literature.been collected from literature.

There is a lack of experimental data on heat transfer to Helium There is a lack of experimental data on heat transfer to Helium II II 
from complex structures as Rutherford cables and Nbfrom complex structures as Rutherford cables and Nb33Sn coils.Sn coils.

Experimental activities to fill this void, validate more complexExperimental activities to fill this void, validate more complex
predictive models (FEM 2D,3D) and alternative insulation predictive models (FEM 2D,3D) and alternative insulation 
schemes are needed.schemes are needed.
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Thermal Resistances Review Thermal Resistances Review 

Thermal boundary resistance at interfaces between different Thermal boundary resistance at interfaces between different 
materials (materials (KapitzaKapitza): ): 
We use empirical fits We use empirical fits q [W/m2] ,,T [K],

CuCu--He II: He II: q = 460(TCu
3.46 –THe

3.46),  [7][7]
KaptonKapton--He II: He II: q = 47.43(TKap

4 –THe
4), [8] verified for small [8] verified for small ΔΔT, we use it also for T, we use it also for 

epoxyepoxy
CuCu--epoxy: epoxy: q = 13002K÷36006K(TCu –TEp), [2] consistent with [3][2] consistent with [3]

Conduction in solids:Conduction in solids:
KaptonKapton: : K=4.638e-3*T.^0.5678 [8] verified for 0.5<T<5K [8] verified for 0.5<T<5K 
Epoxy+fiberglassEpoxy+fiberglass: : K = 0.6*KEp+0.4*KG10, (KEp & KG10 from [9] consistent withfrom [9] consistent with [3] [3] 
and [10])and [10])

He II thermal conductivityHe II thermal conductivity
We consider a fully developed We consider a fully developed GorterGorter--MellinkMellink regime [4] (conservative hypotheses regime [4] (conservative hypotheses 

[5])[5])
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Comparison of Equivalent Thermal Comparison of Equivalent Thermal 
Resistances in an Insulated CableResistances in an Insulated Cable

Bulk resistance of 0.1 mm Bulk resistance of 0.1 mm 
thick thick KaptonKapton ~2 times ~2 times 
larger than 0.2 mm thick larger than 0.2 mm thick 
epoxy+fiberglassepoxy+fiberglass
Boundary resistanceBoundary resistance
((KapitzaKapitza):):
KaptonKapton (& (& Ep.+FEp.+F.) ~6.) ~6
times larger than Cutimes larger than Cu

HE II channel resistance:  HE II channel resistance:  
--depends on insulationdepends on insulation
porosity (channel lengthsporosity (channel lengths
and crossand cross--areas)areas)
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--is always smaller than is always smaller than KaptonKapton and and 
epoxy+fiberglassepoxy+fiberglass but is limited by but is limited by 
saturationsaturation


