
The minimum energy required to quench a fully impregnated superconducting winding 
has been measured at a constant field of  5 T for various currents. Great care has been 
taken to match the experimental conditions with those presumed in the minimum propa- 
gating zone (MPZ) treatments of  the situation. In particular the winding has been 
designed so that the MPZ is smaller than the heat source thus satisfying the requirement 
for a point disturbance. The adiabatic requirement has been met with an inductive heating 
technique in place of  the usual resistive heating. As a consequence of  these features the 
minimum quench energies are much smaller than those obtained in previous experiments 
and agree well with Wilson's theoretical treatment for a point disturbance. 
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The degraded performance commonly found in supercon- 
ducting magnets is believed to be caused by the sudden 
conversion of mechanical energy stored in the windings 
into heat. 1 Recently, several experiments have been 
performed in which small pulses of heat have been applied 
to superconducting wires to investigate their stability. 2.s 
In these experiments the aim is to simulate the sudden 
appearance of a point source of heat. For isolated conduc- 
tors 2 the measured minimum energy to quench the super- 
conductor agrees well with that calculated from 
numerical simulation of the thermal response of the 
system. Similar agreement has also been obtained for the 
case of a superconducting winding well cooled by liquid 
helium within the winding. 3,6 However the most wide- 
spread type of winding in superconducting magnets is 
fully impregnated with epoxy resin and only cooled on its 
outer surfaces by liquid helium. Measurements on this type 
of winding 4,s have not been reconciled with theoretical 
results. 

The aim of this paper is to present experimental measure- 
ments of the minimum energy to quench a small fully 
impregnated winding and show that there is good agree- 
ment with a simple theoretical model developed by 
Wilson] The model is based on the steady state analysis of 
heat generation in a winding developed by Wipf. s An 
important feature of Wilson's model is that the minimum 
quench energy has a simple mathematical form. It is thus 
easy to see the influence of particular parameters on the 
stability of the winding. 

Minimum propagating zone model 

The starting point of the model v is the concept of a mini- 
mum propagating zone (MPZ) 8 in the winding. In the MPZ 
heat is generated by current flowing in the normal matrix 
of the composite conductor. The heat generated is in 
equilibrium with the heat conducted out of the zone. If 
heat is being generated in a region larger than the MPZ 
then the region inevitably grows and the magnet quenches. 
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Conversely a region smaller than the MPZ shrinks and 
vanishes. The energy required to create the MPZ is taken as 
the minimum energy to quench the winding. At a tempera- 
ture, 0, the current flowing in the matrix generates 
G(O) Wm -3 in the composite. For temperatures less than 
0g, the generation temperature, all the current is able to 
flow in the superconducting part of the composite and 
there is no heat generation. Between 0g anti the critical 
temperature, 0 o the current is divided between the matrix 
and the superconductor. This leads to a linear variation of 
generation with 0 as shown by Maddock, James and 
Norris. 9 Above 0 c all the current flows in the matrix. The 
behaviour of G(O) is illustrated in Fig. 1. In the linear 
region 

(0-0, t 
G(o)  : Cc J (1) 

where Gc = p j2/(1 -X) for matrix resistivity p, current 
density J averaged over the composite and a fraction (1 -X) 
of the composite occupied by the matrix. 

The heat conduction is modelled by taking the winding to 
be an anisotropic continuum with thermal conductivities, 
k z and k r parallel and perpendicular to the conductor. The 
steady state heat balance is represented by 

t r Or rkr ~ f  +-~z ~-  
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Fig. 1 Variation of  heat generation with temperature at constant 
f ield and total current 
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where Xw is the fraction of the winding volume occupied by 
conductor. A solution of this equation can be found if the 
variation of thermal conductivity with temperature is 
ignored. 7 The MPZ is an ellipsoid with its major axis 
parallel to the conductor and a ratio of minor to major 
axes given by a = (kr/kz) ~'~. The boundary of the MPZ is 
defined by the surface at temperature Og. This surface has 
a major radius, 

kz(O c - Og) 1 '/= R, = ] (3) 

The energy required to create the MPZ from a winding 
initially at Oo (the bath temperature) is calculated from the 
detailed temperature distribution found from the solution 
of (2). The energy has the form 

E = Eoe(Og , Oo) (4) 

where Eo = 4zra2R~Ho/3 and Ho is the average specific 
enthalpy of the winding at 0 o. Fig. 2 shows the form ofe  
as a function of the dimensionless parameter/~ = (0g - 0o)/0o. 
Assuming a linear variation of 0g with current, 1, leads to 

0g = o~ - (0~ - 0o )  (,r/Zc) (5) 

where I c is the critical current at 0o and field, B. Substituting 
this value of 0g into (3) gives Rg for a known winding, The 
minimum quench energy can then be calculated from Fig. 2 
and the energy normalising factor E o given by (4). The solid 
line in Fig. 3 shows the values calculated for a test coil with 
the parameters of Table l. 
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Fig. 3 Quench energy as a function of normalised current for a 
test coil at a constant field of 5 T. The solid line shows the calcu- 
lated values and the crosses show experimental points 

Table  1. Parameters of  the  test coil 

Conductor type 

Matrix/superconductor 
ratio (1-X)/X 

Critical current at 4.2 K in 
5 T field, / c 

Critical temperature, 0 c, at 
5 T  

Resistivity of matrix at 5 T 

Fraction of winding occupied 
by wire, X W 

Longitudinal thermal 
conductivity, k z 

Transverse thermal 
conductivity, k r 

Specif ic enthalpy of winding 
at 4.2 K, H o 

Wire diameter 

Heated length of wire 

Coil internal diameter 

Coil external diameter 

Coil length 

Coil impregnation 

IMI A61/25 (niobium titanium) 

1.35 

31 A 

6.9  K 

3.6 x 10-1°~m 

0 .49  

81 Wm -1 K -1 

0.2 Wm -1 K -1 

2825 Jm -3 

0.25 mm 

3.5 mm 

18 mm 

25 mm 

8.5 mm 

MY740 100 
HY906 80 parts by vvt 
DY062 0.5 

(Ciba-Geigy resins) 

i O - I 1 ~  I I 
IO -z IO - I  I 

P= (% -eo)/eo 
Fig,  2 Variation of normalised energy with generation temperature 
parameter 

M e a s u r e m e n t s  o f  m i n i m u m  q u e n c h  e n e r g y  

The measurements were made by heating a short length of 
wire in a test coil using an eddy current heating technique) ° 
Asfar  as possible the conditions were chosen to match 
those assumed in the theory. In particular the wire diameter 
and heated length were chosen to be smaller than the 
expected minor and major diameters of the MPZ. Table 1 
shows the parameters of  the test coil. For this coil the MPZ 
was calculated to have a length of 8.4 mm and a diameter of 
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0.42 mm at the quench current. At lower currents the MPZ 
was larger since from (3)and (5)Rg~ I-~ ~. Hen;e ta  7 
heated volume was about (8.4/3.5) x (0. 2/0.2 ) = times 
smaller than the smallest MPZ volume; a reasonable approxi- 
mation to a point source. 

The coil was bifilar wound so that its current made no contri- 
bution to the field within the winding. A field of 5 T 
transverse to the wire was provided by mounting the coil in 
the bore of a solenoid. Interlayer insulation was omitted 
from the winding in order to preserve the symmetry about 
the conductor assumed in the theoretical model. 

Initially heat pulses were generated in the test winding by 
passing current through a resistance wire wound round a 
short length of the superconductor. However the minimum 
quench energies were larger than expected and delays of 
several hundred microseconds were observed between the end 
of the heating pulse and the appearance of a voltage across 
the coil. This indicated a long thermal time constant between 
the heater and the superconductor, presumably because of 
poor thermal contact. The results presented here were all 
obtained with an eddy current heating techniqueJ ° A 
0.1 mm diameter copper wire was wound round a short 
length of the superconducting composite to form a close 
wound coil. The test winding was arranged so that this coil 
was embedded in the centre of the winding cross-section. A 
small inductor was connected in series with the heating coil 
and a decaying oscillatory current was generated by 
switching a charged capacitor into the circuit. An SCR 
(silicon controlled rectifier) was used for the switch. The 
capacitor and inductor were chosen to give an oscillation 
frequency of 250 kHz. At this frequency the skin depth in 
copper is 19 ~tm and is similar to the mean thickness of the 
copper shell on the outside of the composite (Fig. 4). 
Thus the circumferential eddy currents induced by the 
longitudinal field of the coil heated the outer shell of the 
superconducting composite. Typically the time constant 
of the oscillatory decay was about 10/~s. Measurements of 
the voltage across the test coil (Fig. 5) showed that the 
time-scale for the growth and decay of the disturbance 
within the coil was a few milliseconds. Hence the eddy 

Fig. 4 Cross-section of superconducting composite, diameter 
0.25 ram, IMI type A61/25 (copper matrix) 
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Fig. 5 Time dependence of voltage across test coil for pulses just 
greater and just smaller than the minimum quench energy. Vertical 
scale 1 mV/division, horizontal scale 1 ms/division, current 18 A 

current technique easily satisfied the adiabatic condition 
assumed in the theory. 

The experimental procedure was to set the current in the 
test coil and then gradually increase the initial voltage on 
the capacitor until the heat pulse quenched the coil. The 
energy in the pulse was calculated from the initial voltage 
on the capacitor and the decay time constant of the oscilla- 
tory current. ~° For currents up to 24 A it was possible to 
see a transient voltage in the winding tbr pulse energies 
below that which caused a quench (lower trace in Fig. 5). 
The minimum energies to quench the coil at a field of 5 T, 
a bath temperature of 4.2 K and a range of currents are 
shown as crosses in Fig. 3. 

Discuss ion  

The experimental quench energies show the same general 
fall with increasing current that the theory predicts and are 
of similar magnitude. The greatest discrepancy between 
theory and experiment is about a factor of two. This should 
be regarded as very reasonable agreement considering the 
approximations made in the theory and the difficulty in 
determining some of the parameters needed in the 
calculation. 

Two parameters are especially difficult. Firstly the critical 
current, Ic, is fundamental to the calculation. However real 
superconducting filamentary composites show a broad 
transition from apparently zero resistance to a finite 
resistance rather than the sharp transition to the current 
sharing regime assumed here. The experimental results 
have been interpreted by making the arbitrary assumption 
that the coil quench current is a reasonable approximation 
to I c. Secondly the theoretical minimum quench energy is 
directly proportional to the transverse thermal conductivity, 
k r. However k r is difficult to estimate reliably for a winding 
because it depends on the geometry of the small spaces 
between the wires. Ideally, k r should have been obtained 
from a measurement on a model winding rather than from a 
calculation based on the thermal conductivity of the resin. 

There is also a difficulty with the interpretation of the 
measurements. As well as the heat deposited on the surface 
of the conductor by the decaying eddy currents, there is 
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some heat generated in the small coil wrapped round the 
conductor. On a sufficiently long time-scale this should be 
included in the disturbance. However the observation of 
long time delays in the initial experiments mentioned 
earlier suggests that it is reasonable to ignore this contri- 
bution. 

Conclusions 

The experiment has shown that steady state theory provides 
an acceptably accurate description of the minimum point 
disturbance required to quench fully impregnated super- 
conducting magnets. Since the disturbance spectrum is 
unknown this result cannot be applied directly to predict 
the training performance of magnets. However the effects 
of  changes in the conductor design can be predicted in cases 
where the design change is not expected to alter the distur- 
bance spectrum. An example of  this is the substitution of 
aluminium for copper as stabilising material in the 
composite. 

I wish to express my thanks to F.J.V. Farmer of IMI 
Titanium for the supply of the conductor; V.W. Edwards 
for the SCR switch; J.A. Philpot and B.H. Swami for 
experimental assistance and M.N. Wilson and D.E. Baynham 
for many helpful discussions. 
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December 1 6-1 7 at UCLA 

This course is directed to 
engineers and scientists, 
managers, researchers, and 
teachers active in development 
projects involving cryocooling 
or those interested in a guided 
introduction to the field. Part I 
covers those reciprocating 
regenerative systems of 
miniature, small or intermediate 
capacity typically used for 
electronic and IR systems, 
superconductivity, cryopumping 
and modest gas liquefactions. 
Part II is concerned with 

potential alternative non- 
mechanical refrigerating 
systems and also those used to 
attain very low temperatures. 
Novel concepts and the present 
state of development of 
refrigeration systems having the 
potential to replace present 
mechanical systems with higher 
levels of reliability are reviewed. 
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Part I: Graham Walker. The 
University of Calgary 
Part I1: Ray Radebaugh, 
National Bureau of Standards 
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Hans Bozler, University of 
Southern California 

For a detailed brochure, contact 
Marc Rosenberg, UCLA 
Extension Short Courses, P.O. 
Box 24901, Dept. C, Los 
Angeles, CA 90024:(213) 
825-1047. 
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