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Thermal and Quench modelling for HTS and LTS magnet systems



Finite Element Simulation of Superconducting Magnets: Ramping, Magnetisation and Quench



•



How special are the simulation requirements of Superconducting systems?



•



Three specific areas where simulation has a strong role – Conductor (filament) magnetisation (Static) – Conductor & Cable magnetisation (Ramped) – Behaviour during Quench
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What is Filament magnetisation



•Type II superconductors show Meissner effect in very low fields – Act as diamagnets excluding applied field



•They continue to be superconducting at higher fields allowing flux(oid) penetration – Critical currents determined by measuring the magnetisation
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Simulating filament magnetisation Fields penetrating the filaments •By specifying a BH characteristic for the coil structure evaluated from magnetisation measurements for predicted from



4d M= J c ( B )λ 3π
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The effect of filament magnetisation



•Dipole Magnet ramped from 0.5T to 5T in 5 seconds



•Spider can conductor to reduce rate dependent losses



•Plot of the main error harmonic (sextupole) as a function of central field strength



•Difference between ramp up and down is due to filament magnetisation



•Completely predictable from measured magnetisation
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Rate dependent magnetisation •



Superconducting wires are twisted for stability, breaking long paths along filaments across matrix and back.



•



Too intensive to model every filament of superconductor in the cable – Macroscopic approximation



• •



•



Anisotropic magnetisation – field orientation compared to cable Magnetisation depends on B and dB/dt



Modelled using anisotropic functional material properties
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Microscopic model Analysing filaments in a conductor 2d – no twisting



3d – with twisting Cobham Technical Services – Vector Fields Software



Link to Quench analysis •



Losses in the conductor and cable during ramping (or charging of DC magnets) are important in the analysis of quench – (and maximum ramping rates in DC magnets) – (and AC field stability in HTS magnets)
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The Quench process •



Probably initiated by a micro movement in the coil – A small energy release raises the superconductor above its critical temperature (because at 4.2K specific heats are very small) and it becomes resistive (normal)



•



If the superconductor is not cryogenically stable – Heat from the resistive region conducts through the coil and spreads the quench – As the coil currents start to change, dB/dt losses in the conductor cause more heating



•



Magnets must be designed to survive a quench – Basic design parameters



• •



Conductor (Cu:Sc, size and current) Subdivide coil (add protection circuits to each)



– Quench detection



•



Turn off the power supply (if there is one)



– Protection circuit



•



Linked to heater pads



– Conducting formers



•



Quench back
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Quench Simulation



•



OPERA-3d QUENCH uses a finite element method to simulate the transient thermal behaviour of superconducting magnets.



•



Developed in collaboration with – Oxford Instruments & Siemens Magnet Technology



•



Model includes: – Superconducting coils – Associated structures (formers) – Protection circuit



•



Multi-Physics simulation – Transient thermal – Coupled EM analysis



• •



Supplied Coil inductance matrix OR Coupled to transient EM simulation (Elektra)



– Circuit Equations
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Formulation and Implementation



•



Transient Thermal



dT ρ C (T ) − ∇.κ (T )∇T = Q dt •



Transient EM



• •



Thermal and EM (+circuits) are closely decoupled Galerkin time integration method



r r  dA  r 1 ∇× ∇× A+σ  + ∇V  = J µ  dt 
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Formulation and Implementation •



Transient circuit (no ELEKTRA coupling) – Circuit equations are coupled to thermal equations – Inductance matrix provided by user



•



Transient circuit (TEMPO+ELEKTRA TR coupling) – Circuit equations are coupled to EM equations – Coil inductance calculation is part of the solution
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Features of QUENCH



Extreme Nonlinearity – Specific heat, thermal & electrical conductivity – Superconducting and Normal (Resistive) states – Newton-Raphson nonlinear iterations are implemented but very costly • Expensive computational costs because FE matrix is rebuilt every nonlinear iteration



– Most effective method: all nonlinearity handled within the adaptive time integration procedure by updating nonlinear materials at each time step.
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Features of QUENCH (cont) •



Thermal simulation is challenging – Anisotropic thermal conductivity • Along the winding direction, Cu dominates •



Transverse direction values strongly affected by resin & insulation



–



A Factor of 5 worse than expected (at 4.2K) • Heat conducted by phonons • Phonons reflected by material discontinuities • Measurements needed!



– Strong nonlinearity of specific heat



• •



•



Cu & SC: roughly cubic functions SC: discontinuity between states



Anisotropic mesh to match thermal conductivities
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Model required for Quench simulation



•



Coil geometry



•



Winding orientation



•



Turns density and wire data



•



Protection circuit



•



Material properties – Anisotropic non-linear thermal conductivity – Non-linear specific heat – Non-linear electrical conductivity – Critical current



Cobham Technical Services – Vector Fields Software



Coil specification •Automatic creation of the winding data from OPERA’s standard conductor set – Solenoids – Racetracks – Bedsteads – Constant perimeter end – Arcs and bars – Curvy bricks



•Then add materials, heat source, winding, circuit data…..
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Macroscopic Material Properties •



Can generate a macroscopic approximation to the material properties by using a convolution of the constituent materials – Thermal conductivity – Specific heat capacity – Critical Current – Electrical conductivity of wire in the normal conducting regime



•



(assumed to be zero when I 
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