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Motivations
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1. Growing body of literature on HTS quench, both 

experimental and modelling

2. Modelling becoming easier and more versatile

3. However our understanding has become more diffused 

rather than crystalized 

Complex set of thermal / electrical properties

Nonlinear over a much wider temperature range

4. Trying to rationalise the parameters through analysis and 

streamlined modelling

5. Aim to get some useful scaling for the MQE



Quench Equation in Effective Continuum
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Basic Equation:

Although numerical solutions can be performed with relative ease, elucidation of underlying 

correlations is not straightforward.
Compromises:

Loss of discrete details of windings

Not suitable for small coils

Restriction on the anisotropy

Advantages

Significant simplification for analysis

Hopefully without loss of generality



Non-dimensionalization of 

Quench Equation: Reduction of Parameters
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MQE for Critical State Superconductors

A simpler case revisited

Minimum Quench Energy of Power-law Superconductors 5

The current sharing voltage of critical state superconductors 

with a linear critical current density JC(T)

is a linear function of relative temperature rise

Leading to a quench equation without parameters:

So we have a dimensionless heat generation 

free of any parameters:

MQE expressed in real units: Energy/Temperature Length/volume



Stationary Normal Zone of the Critical State 

and the Existence of a Minimal Energy 

Minimum Quench Energy of Power-law Superconductors 6

Stationary Normal Zone: 



Stationary Normal Zone 

And Hot-spot Evolution
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MQE: From Stationary Normal Zone 

to Hot-spot Evolution by Numerical Experiments
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Though less than the stationary minimal energy 

due to self-heating, MQE is correlated to the 

stationary energy. Quench only happens when 

the normal zone evolves to just exceed it.



Current Sharing in Power-Law 

HTS Superconductors

Minimum Quench Energy of Power-law Superconductors 9

� No close-solution

� Additional parameters: 



Stationary Normal Zone of 

Power-Law Superconductors
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Power-Law MQE is Correlated to 

Stationary Minimum Energy
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Different Dynamics at High and Low Minima 
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Experimental Evidence of 

MQE not vanishing with (1-j)
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Power-Law Effect More Prominent 

at High Temperature, as Expected

Minimum Quench Energy of Power-law Superconductors 15

10

30

50
70

100

200

300

0.04 0.07 0.40.01 0.1
100

200

300

400

500
600

 

 

 79.0K
 77.5K
 72.5K
 67.5K
 66.0K
 65.0K
 62.0K
 58.0K

M
Q

E
 [

m
J]

(a) self-field

(b) 0.1 T

1-j

 

 62.0K
 58.0K
 47.0K
 46.0K
 44.0K
 42.5K

0.1

1

10

0.01 0.1
0.1

1

10

Wang et al [5]
 70K
 60K
 50K
 40K
 30K

 79.0K
 77.5K
 72.5K
 67.5K
 66.0K
 65.0K
 62.0K
 58.0K

 

1-j

(b)

(a) self-field

 62.0K
 58.0K
 47.0K
 46.0K
 44.0K
 42.5K

 

 CS

 PL approximated

 

 
M

Q
E

/M
Q

E
(j

=
90

%
Ic

)

0.1 T CS

 PL approximated

Iole Falorio et al (2015) on SuperPower 2G YBCO: Measurement into j > 0.9  

MQE scaling become more complicated at low temperatures due to a

increasing non-linearity of heat capacity and thermal conductivity.

See Falorio’s poster on Thursday for MQE at T<15K and Ic>900 (j>0.9)



Power-law is approximately 

a critical state with a higher 

current sharing 

temperature! 

Approximation of Power-law and explicit 

current scaling of MQE 
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Seems to work reasonably well 



Quench with Lateral Cooling
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1. Liquid cryogen cooling has been the norm for superconducting bus-bar/cables

2. Localised  disturbances do not pose a quench risk due to high heat transfer coefficient

3. Gas cooled cables/bus-bars are now seriously considered to take advantage of the 

wide temperature range found in HTS and MgB2

4. Heat transfer coefficient by gas cooling is much lower, local disturbance induced 

quench becomes a risk.

Novel twisted-pair cable concept optimized for tape conductors (MgB2, Y-123 and Bi-
2223). A. Ballarino “ Alternative design concepts for multi-circuit HTS link systems”. IEEE 

Trans. on Applied Supercond. 21 pp. 980-984, 2011



Account for lateral cooling (1)
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Account for lateral cooling (2)
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Critical State with lateral cooling
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� Approximate transformation to effective critical state



Power-law superconductors with lateral cooling
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� Approximate transformation to effective critical state



Conclusions
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Thanks for your attention!
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