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QUENCH PROPAGATION IN CONDUCTION COOLED HTS PANCAKE COILS 

By Adam Paul Johnstone 

The formation and propagation of normal zones in a conduction cooled (BiPb )2223 Ag 

alloy sheathed pancake coil has been investigated both experimentally and through 

simulation. To provide stable operating conditions for the coils a conduction cooling 

system, incorporating a single stage cryocooler, and current leads were designed and 

manufactured. The apparatus was tested up to a maximum operating current of 300A at 

which only a O.7K drift in the coldhead temperature was observed. A minimum operating 

temperature at the coil boundaries of 35K was achieved. 

Highly instrumented pancake coils were wound with a (BiPb)2223 tape conductor. The 

current-voltage characteristics were measured and the response to a steady overcurrent 

observed. The quench energy was measured as a function of operating temperature by 

applying transient disturbances of varying sizes to the coil. A similar dependence of the 

quench energy on operating temperature was obtained from a simplified finite element 

model. 

A method of determining the temperature profile of a minimum propagating zone \vas 

proposed. The size and shape of the MPZ was measured as a function of operating 

temperature. It was observed that the shape of the temperature profiles \vas significantly 

affected by the operating temperature. The normal zone propagation velocity \vas 

determined as a function of operating temperature by examining the propagating 

temperature profiles. The results obtained will be of use to the magnet designer when 

determining the stability of coils at various operating temperature and when designing 

protection systems for HTS magnets. 
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Chapter 1 : Fundamentals and applications of superconductivity 

1.1 Introduction and historical overview 

The field of superconductivity was initiated in 1911 when H. Kamer! ingh Onncs discovered 

that the electrical resistance of Mercury dropped to zero below 4.ISK [I]. This perfect 

conductivity is the first distinguishing characteristic of a superconductor 12]. The second 

distinguishing characteristic was identified in 1933 when Meissner and Ochsenfeld found 

that if a superconducting sphere is cooled below its transition temperature in a magnetic 

field it will exclude magnetic flux from its interior [3]. It was thc realisation that 

superconductivity was destroyed when low fields were applied that meant the technological 

applications of superconductivity, such as high field electromagnets, could not be exploited, 

It was the many years of work on superconductors during the 19S(rs by Hulm, Matthias 

and their co-workers that led to the discovery of magnet grade superconductors such as 

Nb3Sn and NbTi. These materials operate near to the temperature of liquid Helium and are 

therefore known as low temperature superconductors (L TS). Nb,Sn and NbTi becomc 

superconducting when cooled below 18.3K and 9.2K respectively [4]. 

The development of superconductors with high critical fields meant that high-field magnets 

could be constructed. Magnets manufactured from the early conductors were found to fail 

due to instabilities that resulted in a catastrophic loss of field known as a quench. Due to 

years of research L TS magnets are now designed firstly to prevent a quench from initiating, 

and secondly to quench safely if a quench occurs. L TS have been in usc in high field 

electromagnet applications for the past 30 years [4]. Nuclear magnetic resonance (NMR, 

magnetic resonance imaging (MRI) and fusion research are examples of only some of the 

fields in which LTS are utilised. However, L TS devices are cooled by liquid helium and 

therefore they require careful thermal design and construction as well as the need for 

expensive infrastructure in place to provide the coolant. 

In 1986 Bednorz and Muller reported superconductivity in La-Ba-Cu-O at 30K [5], this was 

followed by the discovery of superconductivity at 93K in the Y -8a-Cu-O compound 
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system by Wu, Ashburn and Torng [6]. These discoveries sparked off the development of 

the ceramic oxide superconductors which, because of their high critical temperatures, could 

be cooled with cheap and readily available liquid nitrogen. The development of oxide 

superconductors brought about the discovery of superconductivity below 11 OK in the Bi

Sr-Ca-Cu-O system by Maeda and co-workers at the Tsukuba laboratories in Japan [7]. 

Continued development of the high temperature superconductors (HTS) over the past 15 

years has lead to the production of prototype HTS devices as discussed in section 104. 

1.2 Superconductor fundamentals 

1.2.1 Critical surface 

A superconductor is a material that exhibits two characteristic properties, zero electrical 

resistance and perfect diamagnetism [2] below a critical transition temperature (Te). In 

addition to Te [K], the critical field He [T] and critical current density Jc [A.m-2
] are two 

other parameters that define a critical surface below which the superconducting phase can 

exist [4]. The abrupt change from normal conduction to the superconducting state occurs at 

a thermodynamic phase transition. 

1.2.2 Perfect diamagnetism 

There are two aspects to perfect diamagnetism in superconductors. These are flux exclusion 

and flux expulsion. When a superconductor is cooled in zero magnetic field to below Te 

and a magnetic field is applied the field will be excluded from the material. Flux expUlsion 

occurs when a superconductor is cooled in a magnetic field. The field will be expelled from 

the material at temperatures below T c, a phenomenon known as the Meissner effect. 

1.2.3 Type I and II superconductivity 

Type I superconductors, such as Mercury and Lead, were the first superconductors to be 

discovered. The critical field (He) of the Type I superconductors is very low, typically less 

than O.2T. This limitation means that Type I superconductors cannot be used in high field 

magnet applications. Type II superconductors are usually alloys or compounds [8] and can 

remain superconducting up to fields in excess of lOT. This means they can be used in high 
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field magnet applications. The effect of an external field on the internal field in a type I and 

type II bulk superconductor is shown in Figure 1.1 [9] . 
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Figure 1.1: Magnetization of Type I and Type II superconductors 

Up to a certain critical field, HC1 [T], type I and type II superconductors behave alike, they 

both exhibit perfect diamagnetism. At magnetic fields above H C1 type II superconductors 

are able to admit flux while still remaining in the superconducting state. This is 

accomplished by confining the field to an internal array of normal state flux tubes known as 

vortices [8]. In a homogeneous crystal these vortices are arranged in a triangular lattice 

known as a Abrikosov lattice after Alexei Abrikosov [10] who first proposed the theory. As 

the applied magnetic field increases, the density of the vortices increases and they begin to 

overlap [2]. At the upper critical field H C2 [T] , the normal cores overlap completely and the 

specimen becomes entirely normal [11]. When the superconductor is subjected to fields 

between HC1 and H C2 it is said to be in the mixed state. 

1.2.4 Pinning and flux flow 

If a transport current is applied to a superconductor the interaction between the transport 

current density, J [A.m-2
], and magnetic field confined in the vortices, B [T] , produces a 
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Lorentz force per unit volume, FL [N.m-3
], which acts on the vortices. The Lorentz force 

per unit volume is calculated as shown in Equation 1.1. 

FL = J x B [N.m-3
] Equation 1.1 

Very small currents will cause the vortices to move because they are only retarded by 

viscous damping. The movement of vortices causes a flux flow resistance to be developed 

that causes heat dissipation in the superconductor. To stop the movement of vortices a force 

equivalent to the lorentz force must be applied. This is accomplished by "pinning" the 

vortices to inhomogeneities in the superconducting material. These inhomogeneities can 

take the form of grain boundaries, precipitates, dislocations, and defects caused by radiation 

[12]. At a certain transport current the lorentz force will exceed the pinning force and nux 

flow will occur thus causing dissipation. 

1.2.5 Flux jumping 

Flux jumping is a phenomenon that can cause a quench due the interaction between flux 

motion and the temperature rise in a superconductor. Flux motion generates heat that 

subsequently causes a temperature rise therefore resulting in further flux motion. This cycle 

tends to reinforce itself leading to an unbounded temperature increase and resulting in a 

quench. Flux jumping can be eliminated by reducing the size of the superconductor below a 

critical value. In practice this means finely dividing the superconductor into a multi

filamentary conductor. When this is done the superconducting filaments must be twisted to 

decouple them so that the critical size is not exceeded. 

1.2.6 Critical state model 

The situation where pinning is strong enough to prevent any substantial vortex motion will 

be considered. Motion of individual vortices is largely prevented by their mutual repulsion 

and as a result flux tends to move in "bundles" when the lorentz force exceeds the pinning 

force [13]. It is therefore appropriate to adopt a more macroscopic view of the 

superconductor. Bean [14] proposed a model in which a hard superconductor is capable of 

sustaining lossless macroscopic current up to a critical current density, .!c. All regions of 

the superconductor are either carrying their critical current or zero current and therefore it 

can be said that the superconductor is in the "critical state". The Bean critical state model 
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assumes Jc to be independent of field although Jc decreases with field in real 

superconductors. Figure 1.2 shows a virgin slab of hard superconductor subject to an 

applied field. Although it has been proven that the magnetic flux enters the superconductor 

in normal state flux tubes it is convenient to visualise the magnetic flux penetration into the 

slab as a succession of lamina as proposed by Goodman [15]. As the field is increased 

screening currents will flow at the surface of the superconductor with J>Jc. The screening 

current will decay resistively and the field will penetrate the interior of the superconductor 

until J=Jc. The field profiles shown in Figure 1.2 are produced by applying an external 

field to a thin slab of width D [m]. The magnetic field is increased from zero, to the 

penetration field H* [T] and then to a value twice the penetration field [14]. It can be seen 

that the Jc distribution does not change when the slab is fully penetrated. 

H=2H· +Je 

J 

H=H· H 

H 

-Ie 
HI 

H=H·fl 

H=O 

D 

Figure 1.2: The Bean critical state model 

1.3 BSCCO superconductors 

1.3.1 Structure 

The BSCCO superconductors are highly anisotropic materials consisting of copper-oxygen 

planes separated by intermediate layers containing Bismuth, Strontium and Calcium. The 

anisotropic structure affects both the microscopic and macroscopic properties of the 

material. Supercurrents flow relatively freely within the separated copper-oxygen planes 

but with difficulty perpendicular to them [16]. The BSCCO superconductors have a 

pronounced grain growth anisotropy leading to plate-like grains with a large aspect ratio. 
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The dimensions perpendicular to the copper-oxygen planes (c-axis) are typically a few 

micrometers and the dimensions parallel to the copper-oxygen planes (a-b axis) are 

typically tens of micrometers [17]. 

1.3.2 Current flow 

Boundaries between the plate-like grains present barriers to the passage of current and act 

as weak links. Weak link behaviour is a term used to describe what happens to a 

supercurrent as it crosses a non-superconductor region [16]. The ability of the (BiPb)2223 

system to form grain boundaries with a relatively high current carrying capacity allows 

long length conductors to be produced starting with powder metallurgical methods [17]. 

Various theories of how the current flows through a BSCCO superconductor have been 

proposed [18,19]. In all theories the current percolates through the granular structure. The 

'railway switch' model states that the grains are connected by small angle grain boundaries 

[19]. Higher current density is achieved as the alignment, or texture, of the grains in the c

axis is increased because of improvements in the microstructure at the grain boundaries 

[17]. 

1.3.3 Magnetic field dependence 

The two-dimensionality of the copper-oxygen planes in (BiPb)2223 has a profound effect 

on flux pinning and hence the effect of magnetic field on the superconductor. When field is 

applied perpendicular to the copper-oxygen planes, the lorentz force is parallel to the planes 

where there is very little restraint for vortex motion; dissipation therefore occurs at 

relatively low currents. Field applied parallel to the copper-oxygen planes produces a 

lorentz force perpendicular to the planes where it is more difficult for the vortices to move 

and therefore dissipation occurs at higher currents. The situation in real tapes is more 

complex because the grains in the tape are not perfectly aligned with the tape axis; due to 

the grain misalignment a field applied parallel to the tape surface will generate a field 

component perpendicular to the copper-oxygen planes. Consequently, if (BiPb )2223 tapes 

are poorly textured the critical current will be severely affected by fields applied parallel to 

the tape surface. An example of the how the transport current of a (BiPb )2223 tape is 

affected by the magnitude and direction of the applied field is shown below in Figure 1.3. 

1.6 



Chapter 1: Fundamentals and applications of superconductivity 

As Hensel reported [19], the measured field dependence normal to the tape surface (Bllc 

[TJ) is characteristic of the material, while the field dependence parallel to the tape surface 

(Bllab [TJ) is determined by the microstructure of each sample. 

40 

, I 

, ! 
I 

0.001 0.01 0.1 

B (T) 

Figure 1.3: Dependence of the transport current on the magnitude and 
direction of the applied field on a Ag alloy sheathed (BiPb)2223 tape at 77K 

1.3.4 Thermal activation 

At finite temperatures thermal energy may allow vortices and bundles of vortices to jump 

from one pinning point to another in response to the driving force of the flux-density 

gradient. Vortices hop from one pinning site to another, and in some cases this can occur at 

a measurable rate [13]. This effect is known as flux creep. If flux is trapped in a hollow 

cylinder, or in a superconducting solenoid in the persistent current mode, there may be an 

observable decrease of this trapped field with time [13]. The low operating temperature and 

high pinning in L TS means that the effect of thermal activation is low. The field at which 

the flux vortices are no longer pinned at a certain temperature is known as the irreversibility 

field, Hirr [T]. For LTS because the effect of thermal activation is low Hirr is almost the 

same as HC2. In HTS the effect of thermal activation is much greater which leads to easier 

flux line motion at fields below He2 [16]. Above Him Jc is zero or very small. 
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The flux creep model may not be applicable to HTS because of the way in which the 

vortices form in these anisotropic superconductors. The vortices are similar to stacks of 

pancakes and thermal motion can shake the stacked pancake vortices and decouple vortices 

in adjacent copper-oxygen layers. This results in a complicated magnetic phase diagram, 

the details of which will not be further considered. This weak pinning along with generally 

higher operating temperatures mean that thermal activation is a problem in HTS leading to 

dissipation significantly below Jc. 

1.3.5 Practical conductors 

The powder-in-tube (PIT) technique applied on the (BiPb )2223 material has been by far the 

most successful technique for manufacturing HTS tapes [20]. Engineering current densities 

exceeding 15kA.cm-2 at 17K of lengths longer than 100m [21] have been demonstrated for 

tapes manufactured using the PIT process. The steps required to manufacture (BiPb )2223 

I 2: 5mg1e fiamenl d~ 

I 6: Heat 1realmenl I 5: R~ of wWe 

<-------,:> 
7. This 1henrKHnechanic 
~Ie can be repealed but 
rWiays ends with a heat 
1realmenl 

3: Bmdq of fiamenls 
no Ag/ Ag <*¥y tube 

I 4: M(jfj..fiament drawing 

Figure 1.4: Manufacture of multi-filamentary (BiPb)2223 tapes [20,21] . 

Graphic is copyright of American Superconductor Corporation. 
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multi-filamentary tapes are demonstrated in Figure 1.4. The details of the manufacturing 

process will differ between individual manufacturers depending on how their individual 

conductors are optimised. 

A micrograph of the 'Zerome Hercules' (BiPb)2223 conductor produced by Nordic 

Superconductor Technologies (NST) is shown in Figure 1.5. Ag and Ag alloys are used as 

sheath materials because Ag does not react with the precursor material and it allows oxygen 

release through the sheath during heat treatment. The low resistivity and high thermal 

conductivity of the Ag sheath also improves the thermal stability of the conductor. A 

O.lMgNi-Ag alloy is used for the outer sheath due to its superior mechanical properties 

over pure Ag. In applications where good mechanical properties are essential the tape 

conductor can be laminated with stainless steel. 

Outer Sheath: O.IMgNi-Ag alloy 

F~enm:OBilPb)2223 

Inter-:filamenm: Ag 

4.0mm 

Figure 1.5: Micrograph of a (BiPb)2223 tape manufactured by Nordic 

Superconductor technologies 

t! 
c5 

It can be observed that the (BiPb)2223 conductor has a multi-filamentary structure. 

Practically (BiPb)2223 conductors need to be multi-filamentary to obtain the best 

performance. One such reason for this is that during processing the multi-filamentary 

structure increases the area of the Ag-superconductor interface which is known to improve 

texture and phase development of the 2223 superconducting phase [22,23]. Additional 
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benefits arising from the multi-filamentary structure include improved heat transfer from 

the individual filaments resulting in an increase the thermal stability of the conductor. The 

mechanical properties of the conductor are also enhanced because bending induced 

cracking at the surface of the tape does not spread to the whole tape, but is kept within the 

outer filaments [20, 24]. 

1.4 HTS applications 

Table 1.1 summarises some of the applications of HTS technology and the benefits over 

existing technology. Examples and details of developed devices for each application are 

presented. The application and examples list is in no way exhaustive, there are many other 

companies and university laboratories that have produced working HTS devices. 

Application Benefits 

Motors! Lower mass and volume 

generator Higher efficiency 

Fault Current Faster switching times than 

Limiters (FCL) conventional breakers 

NMR insert Extends field strength beyond 

coils that produced by Nb3Sn 

Current leads Lower heat leak than non-

superconducting leads 

Transmission Higher transmission capacity 

cables 

*Oxford Instruments Superconducting Technology 

**National High Field Magnet Laboratory 

Developer and details 

American Superconductor 

Corporation [21]; 5MW1230rpm 

Siemens [25]; I MY A YBCO film 

OST*! NHFML **; Bi(2212) tape 

adds 5T to 20T background field [26] 

Pirellil University of Southampton 

600A-13kA, (BiPb )2223 tapes [27] 

InnoPower [28]; 30m, 35kY, 2kA 

Table 1.1: HTS applications 
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1.5 Material properties 

Superconducting coils are operated at temperatures at which the properties of the materials 

that constitute the coils are strongly affected by temperature. The stability and protection 

theories are dependent on knowledge of the coil material properties. A thorough 

understanding of the variation of the material properties with temperature, especially the 

stabilising sheath, is therefore essential. 

1.5.1 Specific heat 

Most of the thermal energy of a solid is associated with the vibrations of the atoms. This is 

known as the phonon or lattice specific heat. In metals that are electrical conductors the free 

electrons also contribute to the specific heat. At room temperature the electron specific heat 

is only around 1% of the lattice specific heat [29]. At low temperatures the electron 

contribution becomes important because it varies linearly with temperature where as the 

phonon contribution varies with the cube of temperature. The reduced values of specific 

heat at low temperatures mean that even very small additions of energy to a material can 

produce a large temperature rise. This is one of the underlying reasons for the poor stability 

of LTS. Specific heat is defined as the energy required to raise the temperature of a unit 

mass by 1 K, given in SI units by J kg-1K-1. Heat capacity is defined as the energy required 

to raise the temperature of a body by 1 K, given in SI units by J Kl. 

1.5.2 Electrical and thermal conductivity 

In metals both heat and charge is mainly transported by the conduction electrons [30]. 

Phonon conduction is suppressed because the phonons are scattered by the large number of 

free electrons. 

Thermal conductivity 

The thermal conductivity due to the electron contribution is made up of two parts, the 

thermal conductivity due to the scattering of electrons by impurities and dislocations, and 

the scattering of electrons by phonons. The balance between the scattering by 

impurities/dislocations and scattering by phonons gives an optimum thermal conductivity 
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that occurs at around 20-40K [29]. The thermal conductivity is sensitive to impurities in the 

metal lattice and to mechanical deformation that will produce dislocations in the metal 

lattice. In alloys the presence of even 1 % impurity atoms can decrease the electron mean 

free path, by a factor of 10 or more, below the value of the relatively pure metal [31]. The 

effect of the increased impurity scattering is a flattening of the peak in thermal conductivity. 

Care must also be taken not to produce dislocations in the metal during manufacturing 

operations. 

Resistivity 

Matthiessen's rule states that the electrical resistivity of a meta!, P [n.m], can be 

considered as the sum of the resistivities due to the lattice contribution, PL, and contribution 

from the impurities and dislocations, Pi, [17] as shown in Equation 2.1. PL is dependent on 

temperature where as Pi is a constant depending on the level of impurity or degree of work 

hardening. Below approximately 20K the electrical resistivity is dominated by Pi which is 

then the residual resistivity [17]. 

[n.m] Equation 1.2 

Wiedemann-Franz law 

The Wiedemann-Franz law states that the thermal conductivity, k [W.m-I.K- I], and 

electrical resistivity, P, are inversely related by Equation 2.2. 

k.p = Lo.T Equation 1.3 

Where Lo [w.n.K-2
] is the Lorentz number and T is the temperature. In current lead design, 

both the heat conduction due to the thermal conductivity, and the heat generation due to the 

resistivity must be minimised. However, due to the Wiedemann-Franz relationship there is 

a minimum heat leak for a given current [11]. This is obtained by calculating the optimum 

geometry of the current lead. 

1.5.3 Thermal and electrical properties of (BiPb)2223 conductors and coil composites 

The thermal and electrical properties of the stabilising matrix and the thermal properties of 

the entire coil winding influence the stability and protection of HTS coils. The conductor 
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that is used in subsequent chapters is the 'Zerome Hercules' (BiPb)2223 conductor 

produced by Nordic Superconductor Technologies (NST). This conductor has a O.lMgNi

Ag alloy outer sheath with Ag between the filaments. The thermal conductivity along the 

length of the conductor, Klongitudinab is shown in Figure 1.6. For temperatures over 20K this 

data was obtained from measured results for this specific conductor [20]. For temperatures 

below 20K the values of Ag with a residual resistivity ratio (RRR) of 100 were used [32]. 

this data was seen to match the measured data above 20K. Figure 1.6 also shows the radial 

thermal conductivity, Kradiab across a section of coil winding comprising of conductor. 

fibreglass and epoxy resin. This data was obtained from measurements as detailed in 

section 6.3. Figure 1.7 shows the data used for the combined resistivity of the Ag/ Ag alloy 

sheath and the specific heat of the coil winding. The data used for the resistivity is for Ag 

with a RRR of 100 [32] and the specific heat is obtained from measurements as detailed in 

section 6.3. 
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Figure 1.6: Thermal conductivities along the conductor and radially across a section 
of the coil winding 
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Chapter 2 : Thermal stability and protection of superconducting 
windings 

2.1 Introduction 

During operation superconducting windings are subject to disturbances that supply energy 

to the winding. The temperature rise associated with this energy input may cause a section 

of the superconductor in the winding to operate outside of its critical surface. When this 

occurs the resistivity of the superconductor will increase to that of its normal state; the 

volume of the winding that is in the normal state is called the normal zone. Joule heating in 

the superconductor will cause the normal zone temperature to rise and unless stabilised 

temperatures will increase without bound; this is known as a quench. During a quench 

energy is dissipated in the normal zone of the winding which is often a fraction of the 

winding volume. The high volumetric heat generation coupled with a reduced heat capacity 

at low temperatures can produce a large temperature increase. The high inductance of 

superconducting windings dictates that even when the transport current is removed the 

stored magnetic energy is dissipated in the normal zone causing the temperature to continue 

to rise. Quenching can cause overstressing, arcing and overheating in a winding. If this is 

not controlled it can lead to 'bum-out' or structural failure of the winding. Early magnets 

manufactured in the 1960's exhibited premature quenches at a fraction of their intended 

operating currents, a phenomenon known as degradation. The mechanisms behind the 

stability of L TS windings are now more fully understood but must be considered at every 

stage of the magnet design and manufacturing process to obtain a thermally stable magnet. 

One potential application of devices based on high temperature superconductors (HTS) is 

their use in many parts of the electrical power network from generators to power 

transmission lines. Benefits can be gained from low power loss, low environmental 

footprint [1] and device size reduction. Operational reliability is a huge boundary to the 

implementation of HTS technologies and therefore it is important to understand the factors 

that affect the quench characteristics of HTS windings. 
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2.2 Disturbances 

2.2.1 The disturbance spectrum 

Energy is introduced into superconducting windings by disturbances that produce a 

temperature rise in a section or all of the winding. Wipf [2] introduced the concept of a 

disturbance spectrum to class the types of disturbances to which a winding was subjected. 

Disturbances are classed as point or distributed disturbances relating to their spatial 

distribution and as continuous or transient disturbances relating to their temporal 

distribution. Both point and distributed continuous disturbances cause a constant heat input 

to the winding and examples include resistive joints in the winding, heat leak caused by 

poor insulation and excessive losses from operation with alternating current. These types of 

disturbances are well understood and are therefore avoided with good cryostat and winding 

design. 

Transient disturbances release a sudden pulse of energy into the winding that can initiate a 

quench. Examples of transient disturbances include flux jumping, eddy current heating and 

mechanical disturbances such as epoxy cracking events and local yielding of the conductor. 

As discussed in Chapter 1 flux jumping is well understood and can be eliminated by correct 

conductor design. Mechanical disturbances are more difficult to quantify and locate in a 

winding but it is thought they are strongly interlinked with the initiation of quench in coils. 

This has been demonstrated using voltage detection methods combined with acoustic 

emission techniques [3,4] and by using techniques that can locate the point of quench 

initiation by measuring the change in field produced by current sharing in the conductor 

[5]. The minimum energy of a transient point disturbance that is needed to initiate a quench 

in a winding is known as the minimum quench energy (MQE [J]). 

2.2.2 Reducing disturbances in a superconducting winding 

One method of fabricating coils is to wind them 'dry' whereby the winding tension and 

frictional forces between turns hold the winding together. If the Lorentz force on a turn in 

the winding is greater than the frictional force holding it in place then the turn will slip thus 

dissipating energy into the winding. To combat the problem of winding motion an 
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impregnate can be used to hold the turns of the winding in place. An impregnate must have 

sufficient strength to endure the stresses present in the winding, must be easily applicable 

and maintain tum-to-tum insulation properties. In modem high performance windings 

epoxy resin is mainly used due to its superior mechanical properties. Epoxy can however 

crack when stressed causing stored strain energy to be converted to a local heat pulse that 

can initiate a quench. 

2.3 Composite superconductors and current sharing 

To produce stable superconducting wires and tapes the superconducting filaments are 

processed with a stabilising matrix that has a high thermal conductivity and low resistivity. 

To demonstrate the purpose of the matrix a bath cooled composite conductor in which a 

normal zone has been created will be considered as shown in Figure 2.1. Current flowing in 

the superconductor, Isc [AJ, is shunted around the highly resistive normal zone through the 

low resistance matrix, 1M [AJ, therefore limiting the heat generated in the superconductor; a 

process known as current sharing. Joule heat generated in the stabilising matrix is removed 

by cooling at the surface of the conductor and if the cooling is adequate temperatures will 

fall to a level such that superconductivity is recovered. If the joule heat generated by the 

matrix exceeds the cooling then temperatures will rise and a quench will occur. 

Isc 

Normal zone 

Figure 2.1: Current sharing around a normal zone in a stabilised 
superconductor 
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2.4 Cryostability 

Stekly and Zar [6] demonstrated that a stabilised superconductor can be designed to be 

unconditionally stable against disturbances of all magnitudes by ensuring that the joule heat 

generated in the matrix is at all times lower than the cooling provided at the conductor 

surface by a cryogen. This principle is demonstrated diagrammatically in Figure 2.2 [9] for 

a NbTi conductor bath cooled in liquid helium. The solid line and dashed line are the heat 

generation per unit cooled surface [W.m-2
] and cooling per unit cooled surface [W.m-2

] 

respectively. It must be noted that there is no heat transfer from the ends of the resistive 

section only from the surface of the conductor. 
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Figure 2.2: Heat generation and cooling in a cryostable conductor 

The cooling curve is characteristic of boiling heat transfer from a surface. In the nucleate 

boiling region the liquid cryogen remains in contact with the surface and a high heat 

transfer coefficient is observed. In the film boiling region a vapour film coats the entire 
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surface resulting in a poor heat transfer coefficient. The boiling characteristic exhibits 

hysteresis as demonstrated by the arrows in Figure 2.2. If the critical heat flux (CHF) is 

exceeded the temperature jumps approximately 30K [8] to the point on the film boiling 

region at that heat flux. When the heat flux is reduced the temperature of the surface 

follows the film boiling region and then jumps to point A in the nucleate boiling regime. 

Below a certain temperature, shown as 4.5K in Figure 2.2, the superconductor carries all of 

the current and therefore no heat is generated in the conductor. Above this temperature the 

voltage of the superconductor starts to rise and current is shared with the stabilising matrix 

of the conductor. When the superconductor is fully normal the stabilising matrix carries all 

of the current and a constant heat generation is observed due to the constant resistivity of 

the sheath material below 20K. 

The ratio of the heat generated per unit cooled surface to the cooling per unit cooled surface 

is denoted as arT) [dimensionless] and given by Equation 2.1 [6]. Where G [W.m-3
] is the 

volumetric heat generation, A [m2
] is the cross sectional area of the conductor, L [m] is the 

conductor length, P [m] is the cooled perimeter, h [W.m-2.K] is the heat transfer coefficient, 

Tc [K] is the critical temperature of the superconductor, and T [K] is the coolant bath 

temperature. The Stekly and Zar criterion dictates that a(T)<1 for complete cryostability. 

The main disadvantage of ensuring complete cryostability is the need to reduce the current 

density of the conductor and include cooling channels between the windings resulting in 

thicker coil sections and hence an increase in the cost of the magnet. The cost increase is 

prohibitive on smaller bore magnets but becomes acceptable on larger bore magnets 

especially when the cost of a failed magnet is accounted for [8]. 

aCT) = (G.A·7P.L ) = G.A 

h.(Te -To) P.h.(Tc - T) 
[ dimensionless] Equation 2.1 
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2.5 'Equal area' criterion 

The equal area criterion is a form of cryostability that accounts for the heat transfer along 

the conductor. It was formulated by Maddock, James, and Norris [7] who showed that 

unconditional stability could be achieved at higher current densities than previously 

expected. This principle is demonstrated in Figure 2.3 for a NbTi conductor cooled in a 

liquid helium bath. It can be seen that steady states exist when the whole conductor is at 

4.2K and at 9K as shown by point 1 and point 3 respectively. An unstable equilibrium also 

exists when the whole conductor is at point 2, where any small perturbation will make the 

temperature of the entire conductor go to either 4.2K or 9K. Importantly it was shown that a 

solution exists where one end of the conductor is at Tl and another end at T3 with a 

stationary temperature profile between them. This occurs when area A is equal to area B. 

Excess heat generated in the warm section of the conductor, area B flows down the 

temperature gradient and balances the excess cooling towards the cool end, area A [7]. 
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Figure 2.3: Heat generation and cooling for a conductor obeying the 'equal 
area' criterion 
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The equal area criterion allows for operation at higher current densities than the Stekly and 

Zar criterion. However, the current densities achievable still make smaller bore magnets 

designed using this criterion prohibitively expensive. 

2.6 The Minimum Propagating Zone 

Consider a wire of unstabilised superconductor cooled only from its ends and carrying a 

current density, Jsc [A.m-2
], as shown in Figure 2.4. The wire is subjected to a disturbance 

that drives a length, I [m], of the conductor normal. Heat is generated in the normal zone by 

joule heating and removed from the normal zone by conduction along the length of the 

conductor. There is an initial disturbance length at which the heat generation in the normal 

zone is equal to the heat removed by conduction. This is not a stable equilibrium, if the size 

of the normal zone becomes slightly smaller then more heat will be conducted away from 

the normal zone than is generated causing the normal zone to shrink and vice versa [8]. The 

size of the disturbance that represents the boundary between stable recovery and unstable 

growth ofthe normal zone is called the Minimum Propagating Zone (MPZ) [2,9]. The MPZ 

concept provides an estimate of the geometrical size of disturbance that is needed to initiate 

a quench. 

Normal zone 

( Jsc- 'ifJ~i6 i 
Temr~:;:__ ..................... i----

Top I 

Conductor length 

Figure 2.4: Un stabilised superconductor, MPZ derivation 
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2.6.1 MPZ size estimation 

In the one dimensional case discussed above an expression for the MPZ length of an 

unstabilised conductor can be derived by equating the heat generation and cooling terms 

and rearranging to produce Equation 2.2. Where Ius [m] is the length of a unstabilised 

MPZ, ksc [W.m-I.K-I] and Psc [Q.m] are the thermal conductivity and electrical resistivity 

of the superconductor respectively, Tc is the critical temperature of the superconductor. and 

Top [K] is the operating temperature of the superconductor. Equation 2.2 is a very basic 

estimate of the MPZ size in one dimension but proves useful when examining the stability 

of stabilised and unstabilised conductors. 

[m] Equation 2.2 

Because of the high resistivity and low thermal conductivity of both L TS and HTS 

materials the MPZ of an unstabilised conductor is very small. For example a NbTi wire 

carrying 500A at 4.2K and a (BiPb )2223 bulk conductor at 4.2K carrying 300A both cooled 

from the ends will have a MPZ of approximately O.3)lm and 5)lm respectively. 

Disturbances that cause minute sections of the winding to go normal will therefore initiate a 

quench. If a composite conductor as described in section 2.3 is analysed the length of the 

MPZ is calculated as shown in Equation 2.3. 

[m] Equation 2.3 

Where Is [m] is the length of a stabilised MPZ and kM [W.m-I.K], PM [Q.m] and JM [A.m-2
] 

are the thermal conductivity, resistivity and current density of the stabilising matrix 

respectively. The MPZ length is increased drastically because of the high thermal 

conductivity and low resistivity of the stabilising matrix. For the above example the MPZ 

would be approximately 6mm and 20mm for the LTS and HTS conductors respectively. 

Consider an epoxy impregnated winding such that each conductor is in good thermal 

contact with the adjacent turns in the winding [8]. A MPZ formed in the winding will be 

ellipsoidally shaped due to the anisotropy of the thermal conductivities in the winding. The 
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MPZ will be longer in the direction of winding and shorter in the radial and axial 

directions. The radial and axial thermal conduction effectively increases the cooling and 

therefore an impregnated winding can sustain a larger hotter MPZ than a wire cooled at its 

ends. 

2.6.2 Estimating the MQE using the concept of a MPZ 

The MPZ concept can be used to estimate the tolerance of a winding to energy 

disturbances. If the energy needed to create the MPZ is taken as the energy needed to 

initiate a quenching normal zone then the energy needed to initiate a quench, L1E [J], can be 

estimated using Equation 2.4. 

Tc 

till = V MZ fCWD(T)dT [J] Equation 2.4 
Top 

Where VMZ [m3
] is the volume of the MPZ, CWD(T) [J.m-3.K1

] is the volumetric heat 

capacity of the winding at a given temperature, Top is the operating temperature of the 

superconductor and Tc is the critical temperature of the superconductor. The above analysis 

neglects the temperature profile away from the normal zone but this halo region around the 

normal zone can be accounted for if a more accurate prediction is needed [9]. The MQE of 

a coil wound with a stabilised NbTi conductor is of the order of micro-Joules where as the 

MQE of a coil wound with a stabilised (BiPb )2223 conductor is of the order of Joules. It is 

remarkable that these relatively small releases of energy can cause the dissipation of many 

mega-Joules of energy that can be stored in a superconducting magnet. 

The MPZ concept can provide a measure of the size and magnitude of the disturbance that 

will initiate a quench in windings in which cooling to the conductors is provided by 

conduction. It is therefore useful when designing impregnated coils which can be treated as 

adiabatic because the effect of the cooled boundary on the normal zone during propagation 

is minimal. 
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2.7 Heat generation in a superconducting composite 

2.7.1 Current sharing model 

A superconducting composite can be represented by two parallel resistors one representing 

the superconductor and the other the stabilising matrix as shown in Figure 2.5. 

Psc 

Figure 2.5: Current sharing model of a composite superconductor 

The superconductor has a non-linear current-voltage characteristic whilst the matrix 

exhibits an ohmic resistance. By equating the operating current flowing through the 

conductor, lop [A], with the sum of the current flowing through the superconductor, ise, and 

the stabilising matrix, 1M, the current-voltage characteristic of the composite can be 

estimated as shown in Equation 2.5 to 2.7. Where E [V.m- l
] is the electric field across the 

conductor, Ec [V.m- l
] is the electric field at the critical current (1 J.l V/cm), n(T) 

[dimensionless] is the n-value from the power law, PM(T) is the resistivity of the stabilising 

matrix and AM [m2
] is the area of the stabilising matrix. The temperature dependent 

properties must be considered when computing the current-voltage characteristics in HTS 

because of the highly temperature dependent material properties over the operating 

temperature range. 

1 

( 
E )n(T) 

1sc = Ec . Ie (T) [A] Equation 2.5 
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E 
I = ·A 
m Pm(T) m 

[A] Equation 2.6 

[A] Equation 2.7 

2.7.2 Prediction ofthe current-voltage characteristics 

Equation 2.7 was used to calculate the current-voltage characteristics of a HTS tape 

comprising (BiPb )2223 filaments and a Ag alloy stabilising matrix. The simulated 

characteristics are compared to measured values in Figure 2.6. The operating temperature 

was set at 77K to simulate cooling in a liquid nitrogen bath. Figure 2.6 is presented in the 

form of operating current density, Jop [A.m-2
], and electric field, E, to aid calculation of the 

heat generation as explained in section 2.7.3. There is good agreement between 

measurement and prediction when an n-value of 16 and a stabilising matrix resistivity of 

3.9 x 10-9 Q.m are used for the fitting. 
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Figure 2.6: Measured and predicted E-J curve at 77K 
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2.7.3 Prediction of the heat generation as a function of temperature 

The temperature dependent volumetric heat generation of a superconducting composite, 

G=E.J [W.m-3
], can be estimated by calculating Equation 2.7 at various temperature 

increments. The relevant temperature dependent material properties are applied at each 

temperature increment. The calculation was performed for a (BiPb )2223 conductor and a 

NbTi conductor, as shown in Figure 2.7 and Figure 2.8 respectively. The characteristics of 

the two conductors are detailed in Table 2.1. As can be seen the temperature range over 

which current sharing occurs for the NbTi conductor is narrow due to a low critical 

temperature and the electric field rises steeply due to a high n-value. The temperature 

dependent heat generation is therefore often approximated as a step function in many 

quench analyses. Conversely the (BiPb )2223 conductor exhibits a wide temperature range 

over which current sharing occurs and the n-values are low leading to a broad sloping 

temperature dependent heat generation. The NbTi conductor shows a constant heat 

generation when the superconductor has transitioned to the normal state. This is caused by 

the heat generation from the sheath which is governed by the constant resistivity of copper 

below approximately 20K. The (BiPb )2223 conductor exhibits a temperature dependent 

heat generation above the superconductor's critical temperature (110K) due to the 

temperature dependent resistivity of the Ag alloy stabilising matrix. 
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Figure 2.7: Volumetric heat generation as a function oftemperature for 
various currents for a (BiPb)2223 conductor 
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Figure 2.8: Volumetric heat generation as a function of temperature at 
various currents for a NbTi conductor 

(BiPb)2223 NbTi 
n-value 28-717 50 

Ic 60A, (self field, 17K, 940A (4T, 4.2K, 
l~V/cm) O.l~V/cm) 

Stabilising Ag/ Ag alloy Copper, 
matrix RRR=125 

Table 2.1: Conductor details for heat generation calculations 

It is difficult to equate the approximation of a step heat generation conventionally used for 

L TS conductors in calculations for MPZ size and NZP velocity to the broad sloping heat 

generation characteristics ofHTS. When the approximation of a step heat generation is 

used with HTS the results obtained must be treated merely as a guide to investigate trends. 

2.8 Protection and normal zone propagation 

The subject of 'protection' relates to how an initiated normal zone propagates through a 

superconducting winding and how the resulting quench can be safely controlled. A normal 

zone initiated in a superconducting winding will rapidly increase in temperature and grow 
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due to a process of joule heat generation and heat diffusion; this is known as normal zone 

propagation. The normal zone propagation is driven by the stored magnetic energy in the 

winding and the applied transport current. The maximum temperature of the normal zone 

will depend on the energy supplied to the normal zone and how fast heat diffuses from the 

normal zone. The normal zone propagation (NZP) velocity represents the rate at which the 

boundary between the normal zone and superconducting zone propagates. Superconducting 

windings have anisotropic thermal properties and therefore anisotropic NZP velocities. 

In windings operated in persistent current mode high NZP velocities ensure that the stored 

electromagnetic energy of the winding is spread over the winding volume quickly so that 

the maximum temperature ofthe normal zone is kept below a tolerable level. Magnets that 

have sufficiently high NZP velocities, so as not to become damaged when they quench, are 

referred to as self protecting. When a winding directly connected to a power supply 

undergoes a quench the winding will continue to be supplied with energy. Temperatures 

will therefore rise to intolerable levels unless the current is ramped down in sufficient time 

using a protection system. 

During a quench as well as a large temperature rise, large voltages are developed across the 

normal zone because of the high rate of current decay across this resistive zone. The large 

voltages can cause insulation breakdown and arcing between turns. A protection system 

limits the maximum temperature rise and ensures the voltages are kept below a safe level; 

methods of protecting magnets are detailed in Section 2.9. 

2.8.1 Longitudinal NZP velocity calculation 

Consider a superconductor composite in which a quench has been initiated. As shown in 

Figure 2.9, there is a propagating boundary between the normal and superconducting zones. 

Once initial transients have died away, the general approach to obtain the normal zone 

propagation velocity in the longitudinal direction is to assume that the velocity of the 

normal-superconducting boundary has reached a steady state and to use a travelling wave 

solution [3,10,11,12]. For NZP modelling, the coil can be considered adiabatic [13]. This 

assumption holds true for conduction cooled windings since a cryocooler delivers cooling 
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only through thermal conduction and thus the response of the cryocooler to a rapid 

temperature change within the coil is attenuated. 

Nannal Supercanducting 

x 
T 

Te 

• 

Tes 

Top 
x 

Figure 2.9: Propagating normal zone and temperature distribution along 
the conductor 

The power density equation for the normal zone and for the superconducting zone are 

solved and combined [3] to give the propagation velocity in the longitudinal direction as 

shown by Equation 2.11. The volumetric heat generation, G, is modelled as a step function 

as shown in Equation 2.8 to 2.10. 

, 2 
Above TT: G = PmJm 

Below TT': G = 0 

Where: T; = (Te + Tes) 
2 

[K] 
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Equation 2.8 

Equation 2.9 

Equation 2.10 
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Where UL [m.s-1
] is longitudinal normal zone propagation velocity, 1m is the current density 

of the stabilising matrix, CCd [W.m-3.K] is the average volumetric heat capacity of the 

conductor over the temperature range, Pm is the resistivity of the stabilising matrix, km is the 

thermal conductivity of the stabilising matrix, Tr' [K] is defined in Equation 2.10, Top is the 

operating temperature, Te is the critical temperature of the superconductor and Tes [K] is 

the temperature at which current sharing starts. The assumption of a step heat generation in 

the derivation of Equation 2.11 is accurate for L TS but it becomes more inaccurate to use 

when covering a wide temperature span [3], such as with HTS. This is because the 

characteristics of the propagating temperature front in HTS are greatly different from L TS 

mainly due to the differing heat generations as shown in Figure 2.7 and Figure 2.8. 

Equation 2.11 can however be used to approximate the longitudinal NZP velocity of a HTS 

tape. Considering an Ag sheathed (BiPb )2223 conductor at 77K, with an operating current 

of 60A, Equation 2.11 estimates a longitudinal NZP velocity of 21 mmls which is of the 

same order as measured values, see Table 2.3 in section 2.10. 

2.8.2 Transverse NZP velocity calculation 

Joshi [11] proposed a model for estimating the transverse NZP velocity. A thermal circuit, 

Figure 2.10, represents two adjacent turns of a coil separated by insulation, with thermal 

resistance Rj [K.W- l
] and the volumetric heat capacity Cj [W.m-3.K-l

]. The derivation of the 

Insulation 

R;l2 
T; 

R/2 

c, 

T 
HTS Tape 

Figure 2.10: Thermal model of a section of a HTS coil 
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transverse NZP velocity, UT [m.s-1
] is obtained by solving the equation for the normal zone 

transient time, 1t [s]. Iwasa [3] proposed a simplification in which it was assumed that 

normal zone transient time, 11, is much greater than the time constant of the insulation. 1j [s] 

, and this simplification is given by Equation 2.12. 

Equation 2.12 

Where Ur is the transverse NZP velocity, Jm, Ccd ' Pm, Yr' and Top have been defined for 

the longitudinal NZP velocity calculation, ki [W.m.K] is the thermal conductivity of the 

insulation, and OJ [m] and Oed [m] are the thicknesses of the insulation and conductor 

respectively. For a HTS coil wound with an Ag sheathed (BiPb)2223 conductor and 

insulated with epoxy and fibreglass, operating at 77K with a transport current of 60A, UT 

can be calculated as O.72mm/s. This is of the same order as values for UT measured in HTS 

coils experimentally, see Table 2.3 below in section 2.10. 

2.9 Protection systems 

The aim of the protection system is to keep the temperature and voltage rise of the normal 

zone within tolerable limits. If it is found that temperatures are above the tolerable level a 

protection system must be implemented to decrease the energy dissipated per unit volume 

of the normal zone. There are many types of protection systems but they generally operate 

using either or both of two methods (l) removing the stored energy from the winding (2) 

increasing the volume of the normal zone using an auxiliary method. 

Protection systems can also be classed as either passive or active systems. Passive 

protection techniques are usually cheaper, simpler and more reliable than active protection 

systems but dump all the energy stored in the winding into the cryostat [9] leading to 

excessive cryogen boil off. Active techniques such as the 'detect and dump' technique have 

the advantage of extracting most of the stored energy from the cryogenic environment 

reducing cryogen boil-off. However they rely on the reliable operation of detectors and 

switches and generate high voltages at the magnet terminals [9]. 
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2.9.1 Subdivision of the winding 

The superconducting winding is divided into sections and each section shunted with a 

resistor. When a section of the coil goes normal the shunt resistor provides an alternative 

path for the current to flow through, heat generation in the quenching section is therefore 

reduced and the normal zone temperature decreases. The inductance of each section of the 

winding can be chosen so that the maximum temperature of a hot spot that can form is 

below a set value [14]. When designing a protection system that utilises winding 

subdivision the mutual inductances between the coil sections must be considered. 

Subdivision of the winding can lead to complex quench behaviour because of inductive 

coupling between the sub-divided coils. 

2.9.2 'Detect and dump' 

The basic layout of a 'detect and dump' protection system is shown in Figure 2.11, it 

consists of a current supply connected to a superconducting magnet with inductance L, 

carrying a current lop, in which a normal zone of resistance r(t) has formed. A dump 

resistor, RD, and a switch, S, are connected across the magnet terminals and placed outside 

of the cryostat. When a quench is detected switch S is opened and a fraction of the energy 

WITHIN CRYOSTAT 
S 

lop 
) 

r(t) 

RD 
L 

1 ___________ _ 

Figure 2.11: 'Detect and dump' protection system [3] 
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stored in the winding is dissipated in the dump resistor whilst the remainder is dissipated in 

the normal zone. A high resistance dump resistor creates a fast current decay and hence a 

lower hot spot temperature. However if the value of the dump resistor is too high arcing 

may occur across the current leads due to the high voltages generated during current decay 

[3]. Diodes can be used as a passive method to dump energy instead of resistors. The diodes 

develop a resistance at a set voltage and hence do not rely on detection systems or 

switching mechanisms. 

2.9.3 Quench heaters 

Heaters, such as stainless steel shim, are mounted around the coil periphery in good thermal 

contact with the winding. When a quench is detected the quench heaters are energised 

therefore initiating a propagating normal zone away from the point at which the quench 

originated. The normal zone volume is increased and hence coil temperatures and voltages 

are kept to within a tolerable level. This protection system is especially useful when 

protecting magnets with multiple coils that are thermally isolated; the energy in the entire 

magnet is then distributed over all the coils rather than only one. Certain magnets such as 

those used in Magnet Resonance Imaging (MRI) machines can be de-energised rapidly in 

an emergency. This is accomplished by activating the quench heaters therefore rapidly 

destroying the field by quenching the magnet. 

2.9.4 Coupled secondary 

A shorted secondary winding is closely coupled to a primary superconducting winding. 

When a quench is initiated in the superconducting winding the rapid decrease of field 

induces current in the coupled secondary. This removes energy from the primary 

superconducting winding hence reducing the hotspot temperature and voltages. The 

temperature of the secondary coil increases during the quench because of heating due to 

induced eddy currents. If the secondary coil is placed in close thermal contact with the 

superconducting coil it will initiate further quenching away from the normal zone. This 

effectively assists the spreading of the normal zone over the coil volume and hence further 

reduces hot spots; a phenomenon referred to as thermal quench back [15]. This technique 

cannot however be used to protect windings in which alternating current flows. 
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2.10 Stability and protection issues related to HTS 

2.10.1 MQE values ofHTS conductors and coils 

The MQE of LTS and HTS single conductors and windings have been experimentally 

measured by various researchers and the results are displayed in Table 2.2. It can be seen 

that the MQE of the HTS coils and tapes are many orders of magnitude higher than that of 

the LTS. This is due to the increased temperature margin between operating temperature 

and critical temperature, the higher heat capacity because of a generally higher operating 

temperature and a lower achievable current density. It is therefore expected that mechanical 

disturbances will not induce quenching in HTS magnets. It must however be noted that 

HTS magnets still operate at low current densities compared to L TS magnets and therefore 

the stability of the HTS material has so far been accentuated. 

Conductor MQE (mJ) 
Nb3Sn with CuNb stabiliser [16] 0.S-2.0 

NbTi epoxy fibreglass solenoid [17] 0.1-1.0 
Bi-2223/Ag epoxy fibreglass pancake 2S00-S000 

coil @_ 6SK [18] 
Bi-2223/Agtape @ 77K [19] 7900 

Bi-2223 tape and Kapton insulation @ 2000-20000 
10K [20] 

Bi-2223, Ag-Mg-Au sheathed 11000 
Kapton insulated coil @ 4.2K [21] 

Table 2.2: Measured MQE of LTS and HTS conductors and windings 

2.10.2 NZP velocities in HTS conductors and coils 

The NZP velocities of an initiated normal zone in both L TS and HTS have been measured 

by various authors and are presented in Table 2.3. It can be seen that the longitudinal and 

transverse NZP velocities for HTS are many orders of magnitude slower than for LTS. The 

main reasons for the lower NZP velocities are the higher heat capacity at the generally 

higher operating temperature, a larger temperature difference between the operating 

temperature and the critical temperature, and generally lower operating current densities. 
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Conductor NZP longitudinal NZP radial velocity 
velocity (cm/s) (cm/s) 

Nb3Sn epoxy impregnated coil - 8 
[13] 

NbTi serpentine coil [11] 100-1000 -
Ag-coated YBCOlNi-alloy tape 0.2-0.8 -

[22] 
Bi-2223/ Epoxy fibreglass - 0.12 

pancake coil [18] 
Bi-2223 tape and Kapton 1.0-2.0 0.02-0.04 

insulation [20] 
Bi-2223, Ag-Mg-Au sheathed 0.1-0.9 

Kapton insulated coil @ 4.2K [21] 
Table 2.3: Experimental values for the NZP velocities 

During a quench hot spots may be generated in a HTS tape or coil due to the low NZP 

velocities, causing excessive heating of the conductor. Protection systems must be designed 

such that a localised quench can be detected and a method of protection activated to ensure 

the magnet quenches safely. 

2.10.3 The 'Thermal quench' phenomenon 

It has been observed that above a certain current a HTS winding cannot maintain thermal 

stability because the joule heat generated exceeds the heat removal. This current is denoted 

as the 'quench current' [23], 'thermal quench current' [24] or 'thermal runaway current' 

[25]. In this case the quench develops as a slow global increase in temperature caused by 

heat generation distributed over the whole coil [26] followed by a rapid thermal runaway. 

The coil can quench without distinctive normal zone propagation or large temperature 

gradients [27]. The quench current depends on the cooling geometry, heat generated by the 

conductor and thermal properties of the winding. Attempts have been made to predict the 

quench current [23,25]. Co-workers from Kyushu university and the Russian academy of 

sciences [24] have developed a 'Universal scaling law' for HTS devices that derives the 

quench current and the time until thermal runaway occurs. This scaling law was developed 

from the heat balance in the coil without any use of the idea of superconductivity and 

normal zone propagation. 
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Chapter 3 : Design, build and test of apparatus to investigate the 

quench behaviour of HTS pancake coils 

3.1 Introduction 

Cooling to the windings of conventional superconducting devices can be provided by 

immersing the windings in a liquid cryogen. The use of cryogens depends on a reliable 

delivery infrastructure and the availability of highly trained operatives, however well 

controlled cryogenic temperatures can be produced using closed cycle cryocoolers. 

Cryocoolers are powered by an electrical supply and operate by expanding compressed 

helium gas to produce a decrease in temperature at an interface known as the coldhead. A 

cryocooler can be used in a variety of ways to provide cooling to the windings of a coil. 

Some commercial devices operate the magnet in a cryogen bath but use a cryocooler to 

recondense boil-off helium gas thus creating a zero loss cryostat. Another method that can 

be used to minimise the coolant required involves using a cryocooler to remove heat from a 

cryogenic medium that is then used to cool the magnet coils through some form of heat 

exchanger. This can be accomplished using heat pipes [1] and thermosyphons, or by 

pumping the coolant through the cooling system [2]. 

It is possible to purely use conductive heat transfer to remove heat from the magnet coils to 

the coldhead of a cryocooler. Large temperature differences can occur across the thermal 

links and coil windings in such a system. This can cause poor stability of NbTi windings 

due to the small temperature margin between the operating temperature and critical 

temperature of the conductor. A O.2M] conduction cooled magnet used for superconducting 

magnetic energy storage (SMES) wound with a Nb3Sn conductor has been successfully 

tested [3]. The higher critical temperature of Nb3Sn (18.3K) compared to NbTi (9.2K) 

means that when the temperature difference between the coil and coldhead is accounted for 

Nb3Sn coils can still operate at a sufficiently high current density. HTS coils suffer less 

from temperature differences in the coil winding because they have the ability to operate 

over a wide temperature range and are therefore suited to conduction cooling. As discussed 
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m chapter 2 it is expected that the quench behaviour will vary greatly over the wide 

temperature range which HTS coils operate. 

Due to the tape-like geometry of (BiPb )2223 conductors it is easier to wind coils that are 

only one tum thick in the axial direction known as pancake coils. Magnets can be 

constructed by stacking multiple pancake coils and connecting the coils in series. It is also 

possible, though more difficult, to wind solenoids with tape conductors. The heat transfer in 

a section of a long potted solenoid can be simulated by a pancake coil cooled at its inner 

and outer boundaries. Thermal stability and quench propagation measurements performed 

on a boundary cooled pancake coil are therefore relevant to both solenoids and pancake 

coils. 

3.2 Objectives 

To enable the investigation of quenching in HTS pancake coils specialist apparatus had to 

be designed, manufactured and tested. The requirements for the apparatus were, firstly to 

provide stable operating conditions for a HTS coil over a wide temperature range and, 

secondly to initiate and measure the formation and propagation of a quench. To meet these 

objectives it was decided to use a single stage cryocooler with cooling to the coil provided 

solely by conduction. These choices were dictated partly by the desire to gain practical 

experience in the area of conduction cooling and partly by imposed economic constraints. 

An additional requirement was for the design of the conduction cooling system to be 

modular so that it could easily be transferred to another cryocooler in future work. 

3.3 Cryostat design and apparatus layout 

The conceptual design of the apparatus is shown in Figure 3.1. The pancake coil to be 

tested is cooled by conduction using a single stage cryocooler and current is applied to the 

coil using a combination of resistive and HTS current leads. Internal liquid nitrogen vessels 

provide cooling to the current leads, conduction cooled shield, and act as a constant 

temperature source for the reference junctions of the thermocouples that are used to 
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measure the temperatures in the coil. The entire apparatus is enclosed in a vacuum chamber 

necessitating vacuum leadthroughs for the current leads and instrumentation. In Figure 3.1 

only one current lead is shown for clarity but two are needed, one for current into the coi I 

and one for current out. 
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Figure 3.1: Conceptual design of the quench apparatus 

3.3.1 Cryogenic design 

Cryocooler 

The cryostat was designed to incorporate an existing single stage cryocooler (Leybold RGS 

30-T). The cryocooler must be operated in a vacuum below approximately 1 xl 0-5 mbar to 

minimise freezing of gases onto the coldhead and heat transfer through the vacuum space. 
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Both of these mechanisms add heat loads to the coldhead of the cryocooler thereby 

reducing the minimum temperature that can be obtained. To achieve the desired level of 

vacuum all seals and fittings used on the cryostat were checked for leaks before operation 

of the apparatus. A copper shield was placed around the coldhead to minimise heat leak due 

to radiation. The shield was conduction cooled by thermal links to internal liquid nitrogen 

vessels and wrapped with superinsulation to reduce radiated heat leak from the cryostat 

outer walls. The cooling power as a function of operating temperature, known as the load 

curve, of the cryocooler was measured with no coil or current leads attached. A constant 

heater power was applied to the coldhead using a thin film heater, the coldhead was left to 

thermally stabilise, and the coldhead temperature was measured with a silicon diode 

thermometer. The temperature of the conduction cooled shield was monitored with a thin 

film platinum resistance thermometer during the measurement of the load curve. To 

observe the effect of radiation heat leak on the coldhead temperature two load curve 

measurements were obtained, one with the shield at 130K and one with the shield at 280K. 

The two load curves are shown in Figure 3.2. It can be seen that the cooled shield intercepts 

approximately 2.5W of radiated heat and this reduces the coldhead temperature by a further 

2K. 
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Figure 3.2: Cryocooler load curves showing the effect of the radiation shield 
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Internal liquid nitrogen vessels 

Liquid nitrogen vessels operating at 77K are located between the resistive current leads and 

HTS leads. These vessels provide cooling for the resistive leads and conduction cooled 

radiation shield. They also maintain a stable temperature for the warm end of the HTS leads 

and sustain a stable reference temperature for differential thermocouple instrumentation. 

Coil cooling conditions 

The cooling and electrical connections to the pancake coil are combined in an attempt to 

simplify the coil design. This is possible because it is required that the coil is cooled from 

its inner and outer boundaries to simulate the heat transfer characteristics in a long potted 

solenoid [4]. 

3.3.2 Mechanical design 

Thermal contraction 

Differential thermal contraction produces stresses that can cause degradation of the 

transport properties of the HTS leads and mechanical failure of other parts of the apparatus. 

A flexible electrical and thermal link was incorporated between the liquid nitrogen vessels 

and the HTS lead to allow for differential thermal contraction. Flexibility in the design also 

aids assembly by allowing for a small amount of misalignment. 

Coil mounting 

The small mass of the coil meant it could be supported from the coldhead. In larger 

conduction cooled coils [3] low thermal conductivity supports are used to mount the coil 

directly from the cryostat. These supports are normally made of glass or carbon fibre. 

3.3.3 Electrical design 

The 'Zerome Hercules' (BiPb)2223 conductor produced by Nordic Superconductor 

technologies (NST) was used to wind the coil, the details of which are shown in Table 3.1. 

The maximum current that the apparatus was required to supply to the coil was calculated 
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using data from temperature dependent normalized critical current measurements for short 

conductor samples in self field [5], as shown in Figure 3.3. Also shown in Figure 3.3 are 

measurements taken 'in-house' [6] that correlate with the results from the literature. A coil 

operating temperature of 30K was designated to give an achievable temperature difference 

between the coldhead and the coil of approximately SK. The maximum current required 

was calculated as 300A by allowing for a large overcurrent margin. The decrease in critical 

current due to magnetic field and winding effects was not accounted for because of 

uncertainties in predicting these effects at the concept stage. 

Characteristic Specification 
Superconductor (BiPb)2223 

Number of filaments 37 
Stabilising matrix Interfilaments: Ag 

Outer sheath: O.lMgNi-Ag alloy 
SC fill factor ~27% 

Tape dimensions 4.1mm x O.25mm 
Ie 60A at 77K (l).lV/cm) self field 

Table 3.1: Conductor specification 
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Figure 3.3: Temperature dependent critical current characteristics 

of the NST 'Zerome Hercules' tape 
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3.4 Resistive current leads 

3.4.1 Optimisation 

The resistive current leads transfer current from outside of the cryostat to the internal liquid 

nitrogen vessels. The liquid nitrogen vessels ensure a stable operating temperature for both 

the cold end of the resistive leads and the warm end of the HTS leads. Each resistive 

current lead consists of a phosphorus deoxidised copper tube that is cooled both by 

conduction to the liquid nitrogen vessel and by convective cooling from the nitrogen boil

off gas. As discussed in Chapter I the Wiedemann-Franz law dictates that there is a 

minimum heat leak for a given current, this can be found by optimising the current lead 

geometry. Equation 3.1, a I-dimensional steady state heat balance equation, can be formed 

Parameter Desi~nation 

k Thermal conductivity of current lead 
material [W.m-I.K-I] 

A Current lead cross-sectional area [m-] 
x Distance from nitrogen bath [m] 

dx 
T ---- ---- ----x 

T+dT ----

T Temperature [K] 

m J Efficiency of heat transfer from boil 
off gas to lead [dimensionless] 

m Mass flow rate of boil 
off gas [kg.s- I] 1 

Cp Specific heat of 
nitrogen gas [J.kg-I.K-I] .... - ---- ---

] Operating current [A] 
p Resistivity of lead material [Q.m] I!!!I 

:11~11~1~1111~1~lililililil!i!!j!!lji!i!iiiiiiiIii~jl~l~~iii~iiiii Table 3.2: Nomenclature 

Figure 3.4: Model of current leads 

~(k(T).A. dT)_ J.m.Cp(T). dT + ]2.p(T) = 0 [J] 
dx dx dx A 

Equation 3.1 
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representing the heat flow to and from the unit cell of the gas cooled current lead as shown 

in Figure 3.4 [7]. The first term on the left hand side of Equation 3.1 represents the net 

conduction heat flow into the unit cell, the middle term represents the cooling of the unit 

cell due to nitrogen boil off gas, and the last term is the heat generation due to resistive 

losses. The nomenclature for Equation 3.1 is detailed in Table 3.2. 

Equation 3.1 was solved using a numerical solver that is part of the 'MathCad' software 

package. The solution was obtained by manually adjusting the temperature gradient at the 

nitrogen bath to obtain a temperature of 300K at the other end of the lead. A number of 

iterations were completed before a solution was converged upon; at each iteration the mass 

flow rate of the boil off gas was modified dependent on the heat leak to the nitrogen bath. 

For all calculations the current lead length was set at O.7m and the heat transfer efficiency, 

f, was set to 1. The calculated heat leak into the liquid nitrogen bath as a function of the 

cross-sectional area of the current leads is shown in Figure 3.5 for two cases, one at the 

maximum operating current of 300A and another at zero operating current. 
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Figure 3.5: Calculated heat leak into the nitrogen bath 
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It can be seen that the optimum cross-sectional area for the lead length of O.7m at 300A is 

80mm2
. The apparatus only has to sustain the operating current for a short period of time. 

However it will spend long periods at zero operating current, for example when the 

apparatus is thermally stabilising after cooldown. It was therefore decided to design the 

current leads with a non-optimum heat leak at maximum operating current but which 

provided a comparably lower heat leak at zero operating current. When operating the 

current leads at non-optimum conditions it is important to identify the maximum 

temperature of the leads, the temperature profiles of 3 non-optimum designs are compared 

to the optimum design in Figure 3.6. A peak in the temperature profile of the non-optimised 

current leads occurs O.5m from the liquid nitrogen bath, this temperature peak increases as 

the cross sectional area of the current leads is reduced. The maximum allowable 

temperature was set at 380K so as not to degrade the performance of glued support brackets 

attached to the leads; therefore the area of each current lead was set at 50mm2
. 
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Figure 3.6: Temperature profiles of different area current leads at 300A 
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3.4.2 Manufacture of the resistive section 

Electrical isolation and vacuum seal 

The resistive sections were manufactured from copper tube enabling the liquid nitrogen 

vessels to be filled. The resistive current leads had to pass through the top flange whilst 

retaining the vacuum in the cryostat and also be electrically isolated from the cryostat; the 

assembly designed for this is shown in Figure 3.7. Ceramic isolators provide electrical 

isolation and Tufnol spacers ensure no shorting occurs between the current leads and the 

cryostat. To ensure the ceramic isolators were not thermally shocked during cooldown they 

were thermally isolated from the copper current lead by a thin walled stainless steel tube. 

All joints are hard soldered or welded and then leak tested, stainless steel standoffs were 

used to aid assembly. 

,/ 

/ 

- CURRENT TERMINAL 

- THIN WALLED STAINLESS 
STEEL TUBE 

-- CERAMIC ISOLATOR 

STAINLESS STEEL 
STAND-OFF 

- CRYOSTAT FLANGE 

~ Id __ 0 CURRENT LEAD 
~-

Figure 3.7: Top flange current lead transition 
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Internal Liquid Nitrogen vessels 

The liquid nitrogen vessels that make up part of the resistive current lead assembly must 

each be electrically conductive but isolated from one another. The vessels were machined 

from copper bar with stainless steel assemblies hard soldered to the bottom of the vessels. 

To aid filling especially during cooldown the vessels were interlinked; the vessels could be 

filled through one lead and the boil off gas vented through the other. A ceramic isolator was 

placed in series with the interlinking tube to electrically isolate the two current carrying 

vessels but allow liquid nitrogen transfer. A drawing and photograph of the vessels and 

connecting leads are shown in Figure 3.8 and Figure 3.9 respectively. Conduction cooling 

links to the thermal shield are clamped around the periphery of the vessel and the 

thermocouple reference junction is shown as discussed in Section 3.8.2. 

_ ·- COPPER TUBE 

___ - HTS LEAD 

- FLEXIBLE LINK 

.. - VESSEL 

THERMOCOUPLE 
REFERENCE BLOCK 

".. CERAMIC ISOLATOR 
, , 

Figure 3.8 (left): Liquid nitrogen vessel and attached leads 

Figure 3.9 (right): Fabricated liquid nitrogen vessel and attached leads 
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3.5 HTS current leads 

3.5.1 Heat leak calculation 

HTS current leads were used to transfer the current from the resistive section at 77K to the 

current lead sections at the coldhead temperature. If copper leads were used the heat leak to 

the coldhead would have been prohibitively large. HTS leads also have the benefit of 

limiting fluctuations of the coldhead temperature when the operational current is varied due 

to the almost zero heat generation of the conductors. The HTS leads were constructed using 

a proven technique developed at Southampton University that involves soldering 

(BiPb )2223 tapes to a stainless steel backing board that provides mechanical strength to the 

leads. The heat leak due to a 1mm thick stainless steel backing board is O.03W per lead 

which is minimal compared to the heat leak associated with the HTS tapes. 

The majority of the heat leak associated with HTS leads is due to heat conducted through 

the sheath of the HTS tapes. It has been shown that alloying the silver in the sheath with 

gold [8] decreases the thermal conductivity of the sheath material. It must also be noted 

that using tapes with a higher critical current can reduce heat leak because less tapes are 

needed to carry the specified current. Table 3.3 compares the heat leak associated with 3 

different tape conductors. To ensure the leads did not quench they were designed so that 

each HTS tape carried 75% of its critical current at 77K. The conductive heat leak was 

calculated from 77K to 30K using an average thermal conductivity for the sheath material 

and a lead length of O.12m. Joule heating of the HTS leads was assumed to be negligible as 

they are designed to be operated under the critical current. It was found that the NST Ag

Au 4% sheathed tapes transfer the rated current of 300A with the minimum heat leak and 

therefore this conductor was used to construct the HTS leads. 
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Tape Ic* No. tapes Area of Average thermal Conduction 
(A) for sheath conductivity 77K heat leak 77K 

300A** (mm2
) to 30K (W/m.K) to 30K per lead 

NSTAg 60 7 0.7 400 [9] 0.80 
alloy 

sheath 
NST Ag- 40 10 0.7 100 [9] 0.27 

Au 4% 
ASC 115 4 0.7 400 0.46 

reinforced 

* At 77K in self field 
* * Rounded up to the nearest integer 

Table 3.3: Heat leak estimation for HTS leads 

3.5.2 HTS lead fabrication 

Each HTS lead consists of 10 lengths of 4%Au-Ag sheathed HTS tape soldered onto both 

sides of a pre-tinned stainless steel backing plate. This was done by first painting the tapes 

with Indalloy #5RA liquid soldering flux [10]. This flux becomes sticky on application and 

so the tapes can be stuck to the backing plate in the correct position. The flux is non

corrosive, non conductive and non-hydro scopic and therefore does not need to be cleaned 

off. The ends of the tapes were spot-soldered to the backing plate, the whole lead wrapped 

tightly with PTFE tape, and then placed in a furnace at 250°C for approximately 10minutes. 

The manufactured HTS lead can be seen in Figure 3.10, the 140mm length shown is to 

allow for current connections at each end. 

Figure 3.10: Manufactured HTS lead 
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3.6 Conduction cooling 

The aim of the conduction cooling system was to maintain the boundaries of the coil at a 

stable temperature and to minimise the temperature drop between the coil and coldhead. It 

is important to minimise all heat loads and also to apply the heat loads directly to the 

coldhead, any heat loads applied to the coil or thermal links will cause a temperature 

difference between the coil and coldhead. The HTS leads were thermally anchored to the 

coldhead so that heat leak from the 77K section is intercepted before it affects the coil 

boundaries. The conduction cooling system designed is shown in Figure 3.11 only the links 

to the inner coil are shown for clarity. A thermal circuit representation of the system is 

shown in Figure 3.12; the symbols used are defined in Table 3.4. The apparatus was 

designed to be modular so that each module can be fabricated separately and then bolted 

together. This approach avoided complicated in-situ soldering but added additional thermal 

and electrical contact resistances at the bolted joints. The heat leaks and calculated 

temperature differences associated with the system are analysed below. 

COLDFINGER 

THERMAL 
CLAMP 

THERMAL AND 
ELECTRICAL LINK 

COIL--__ 

FLEXffiLE LINK -

COLDHEAD 

-:- BOLTED 
JOINT 

- THERMAL 
STATION 

- HTS 
LEAD 

Coldhead 

Electrical 
RI ! insulation 

Coldfingor V 
R2 

Q3 

Q2 ~ R3 

QI 
R4 

Coil 

Figure 3.11 (left): Layout ofthe conduction cooling system 

Figure 3.12 (right): Thermal circuit representation of the conduction cooling system 
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Symbol Type Description 
R1 Thermal resistance Coldhead to coldfinger 
R2 Thermal resistance Across electrical insulation 
R3 Thermal resistance Across bolted joints 
R4 Thermal resistance Across thermal links to the coil 
Q1 Heat load Conduction from HTS leads 
Q2 Heat load Radiation onto coil 

Heat generation in coil 
Q3 Heat load =Q1+Q2 

Table 3.4: Thermal circuit symbol description 

3.6.1 Heat loads to the conduction cooling system 

The heat load on the coldhead due to conduction heat leak from the HTS leads (Q 1) was 

calculated in Section 3.5.1 and found to be 0.54 W for a pair of leads. The heat load into the 

coil during operation (Q2) comprises of the radiation heat leak onto the coil surface and the 

heat generated by the coil when operating near the critical current. The radiation heat leak 

onto the coil surface from the 135K shield with the coil operating at 30K is calculated as 

O.2W. This assumes an emissivity value for the coil surface of I, a reasonable assumption 

due to the coating of epoxy resin on the entire surface of the coil. The heat generated by the 

coil during operation was calculated by assuming the coil is operating at the maximum 

rated critical current of 300A. The calculated heat generation for the coil of length 9.8m is 

therefore 0.3W. When estimating the heat loads it is assumed that the power dissipation 

from the soldered and clamped joints is negligible compared to other heat leaks present, 

this assumption will be checked during testing. The calculated heat loads are shown 10 

Table 3.5 below. 

Symbol Description Value (W) 
Ql Conduction from HTS leads 0.54 
Q2 Radiation onto coil (135K to 30K) 0.2 

Generation in coil (300A at Ie) 0.3 
Q3 =Q1+Q2 1.04 

Table 3.5: Heat loads to the conduction cooling system 
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3.6.2 Temperature difference across the thermal link (R4) 

The links between the thermal station and the coil boundaries are used to provide both 

cooling and current to the coil. Two links are needed, one to the coil inner boundary and 

one to the coil outer boundary. The two links had to be routed around other parts of the 

apparatus, be easy to connect to the coil, and incorporate a flexible link to account for 

differential thermal contraction. Flexible braids were first considered as a suitable thermal 

link, however it was found that a 5mm by 0.7mm (3.5mm2
) braid only has an area for 

conduction of 2 mm2 [11] due to the woven construction. It was estimated that a total of 

100 braids would be required to give a temperature difference of 1K over the 200mm 

length required; an impractical proposition for assembly. A more practical option was to 

route a solid copper bar from each thermal station to near the inner and outer boundaries of 

the coil. The solid thermal links were annealed after cold working operations so as not to 

degrade the thermal conductivity of the material. A short braided section, consisting of 20 

braids 50mm long, connected the copper bar with the coil allowing for flexibility during 

assembly and operation. The temperature drop across both the thermal links is calculated in 

Table 3.6, and it can be seen that the braids contribute towards the majority of the 

temperature drop. The fabricated thermal links to the inner and outer boundaries are shown 

in Figure 3.13 and Figure 3.14 respectively. The braids are left long to aid mounting of the 

coil into the apparatus. 

Figure 3.13 (left): Inner connection to the coil 

Figure 3.14 (right): Outer connection to the coil 
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Item Total Area 
(mm2

) 

Q(W) Length (m) Kav (W/m.K) ~T(K) 

Solid links 250 0.5 0.15 600 0.5 
Flexible links 40 0.5 0.05 200 3.1 

TOTAL: 3.6K 

Table 3.6: Temperature drop across thermal links 

3.6.3 Temperature differences due to thermal contact resistances 

The unevenness of real surfaces is the basic cause of a thermal contact (or boundary) 

resistance at the interface between two surfaces [12]. Firstly, heat flow is restricted 

macroscopically to the areas of the surface that are in contact and it is therefore important 

to ensure contacting surfaces are flat. Secondly heat flow is restricted microscopically to 

the point contacts of the peaks characteristic of the surface roughness. The thermal contact 

resistance can therefore be reduced by polishing the surfaces to reduce their surface 

roughness and by adding a medium between the surfaces, such as Apezion-N grease, to fill 

the gaps caused by the surface roughness. Thick oxide layers on the contacting surfaces can 

significantly increase the thermal contact resistance due to the additional thermal barrier 

imposed at the interface, whilst even thin oxide layers can increase the electrical contact 

resistance of the joint appreciably. Each clamped joint is evaluated below and the 

temperature drop across the interface estimated. 

COLDFINGER LOCATES 
IN THIS HOLE - , 

BOLTS FOR 
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I 
I 

r KAPTON INSULATION 
I 

~ THERMAL STATION 

- BOLTED CONTACT 
FOR LINKS TO COIL 

HTS LEAD SLOT 

Figure 3.15: Conduction cooled clamp 
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Coldhead to coldfinger (Rl) 

A copper to copper interface filled with Apezion-N grease exists between the coldhead and 

coldfinger with the surfaces clamped together using stainless steel bolts. Invar washers are 

placed under the bolt heads to compensate for the differential contraction between the 

stainless steel bolts and copper flanges during cooldown. This is to ensure the bolts are 

always kept in tension and therefore the surfaces are clamped together at all operating 

temperatures. 

Electrically isolated thermal clamp (R2) 

To electrically isolate the cryocooler from the conduction cooling system a Kapton sheath 

is placed around the coldfinger. A clamp is then located over the coldfinger and tightened. 

The clamp incorporates a thermal 'station' into which the cold end of the HTS lead is 

soldered, and onto which a bolted contact provides a terminal for connecting both thermal 

and electrical links to the coil. A drawing of the clamp and attached thermal station is 

shown in Figure 3.15 and the assembled HTS lead and clamp module is shown in Figure 

3.16. The Kapton adds an additional thermal resistance across which heat must flow; this 

additional temperature drop is considered in the temperature drop calculation as shown in 

Table 3.7 below. Apezion-N grease is applied to all surfaces to decrease the thermal contact 

resistance at the interface. 

Figure 3.16: Assembled HTS current lead module 
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Bolted contact on the thermal station (R3) 

This interface consists of two contacting copper surfaces that connect both the thermal and 

electrical links. Apiezon-N grease was not used because this may have adversely affected 

the electrical resistivity of the joint by coating both surfaces with grease. The contact 

resistance was minimised by ensuring all joints were polished flat and free of an oxide layer 

before installation. It was difficult to remove the oxide layer on the surface of the thermal 

station after it was fabricated so the contact was plated with silver to reduce oxidisation. 

The thermal contact resistance of dry contacts may vary by a factor of 100 according to the 

surface preparation [12] and therefore care was taken to be consistent with the surface 

preparation of both sets of contacts. 

3.6.4 Estimated temperature drop due to thermal contact resistances 

The thermal boundary resistance RH per unit area of the contact [m2.K.W-1
] is defined as the 

ratio of the temperature discontinuity at the interface and the heat power per unit area 

flowing across the interface [12] as shown in Equation 3.2. Where L1T [K] is the 

discontinuous temperature difference at the interface of the two materials and Q [W] is the 

heat flow across the area Ac [m2] of the contacting interface. 

Equation 3.2 

The temperature difference across each interface was calculated using Equation 3.2 and 

reported values for RH [12] as shown in Table 3.7. Upper and lower limits for L1T are 

quoted to encompass the differences that can occur due to surface preparation. The 

maximum temperature difference was of interest and therefore the heat flow produced by 

the coil when operating at 300A, as shown in Table 3.5, was used in the calculations. The 

thermal contact resistance increases as temperature decreases and therefore to calculate the 

maximum temperature difference all interfaces are assumed to be at a minimum 

temperature of 30K. For the interface at the electrically insulating clamp (R2) a Cui 
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Apezion-NI Cu joint is considered with an additional thermal path in series consisting of a 

layer of 70llm Kapton. 

It can be seen that the total temperature drop across the joints is dominated by the 

temperature drop across the bolted contact and that a high degree of uncertainty exists over 

the temperature drop across this bolted interface. The maximum total estimated difference 

between the coldhead and coil is obtained by summing the temperature drops across the 

thermal links and the temperature drops due to the thermal contact resistances. A total 

temperature drop of between 4.6K and 12.2K was estimated. Accounting for heat loads in 

Table 3.5, and referring to the cryocooler load curve in Figure 3.2, the minimum estimated 

temperature of the coil boundaries is expected to be between 26K and 33K. 

Designation Interface RH [12] Ac (m2
) Q(W) ~T (K) 

(m2.KIW) 
Rl Cui Apezion-N/Cu 0.25e-3 to 4.4e-3 1.04 0.06-70.6 

Coldhead to 2.5e-3 
coldfinger 

R2 Cui Apezion-N/Cu 0.25e-3 to 1.6e-3 0.52 0.08-70.8 
Electrical + 2.5e-3 + 
insulation Kapton, 70llm thick 0.2 

R3 Cu/Ag plate/Cu 1.3e-3 to 4.4e-4 0.25 0.7 -77.0 
Bolted contact 12.5e-3 

Table 3.7: ~T calculation 

3.7 Final apparatus assembly 

The assembled apparatus is shown in Figure 3.17. For clarity the right hand current tube, 

the vacuum port, and the thermal links to the conduction cooled shield are not shown on the 

drawing. 
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14 

. 2 

19 

- 2 

1: Cryocooler 
2: Vacuum flanges/ wall 
3 : Superinsulation shield 
4: Conduction cooled shield 
5: Current terminal 
6: Ceramic isolators 
7: Current tube 
8: Liquid nitrogen vessel 
9: Clamped contact 
10: Flexible link 
11: HTS lead 
12: Coldfinger 
13: Thermal station 
14: Electrical and thermal links to coil 
15: HTS coil 
16: Coldhead 
17: Thermocouple reference block 
18: Shield structural supports 
19: Instrumentation leadthrough 

Figure 3.17: Apparatus final assembly 
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3.8 Instrumentation 

It was required that both voltages and temperatures were recorded to monitor the coil both 

during operation and during a quench. The ability to correlate voltage measurements with 

temperature measurements enables more detailed analysis of the coil behaviour. 

Instrumentation wiring was transferred through the cryostat flange whilst maintaining a 

vacuum tight seal using 4 hermetically sealed 'Fischer' leadthroughs each of 19 pins. All 

wiring was twisted to reduce signal noise, and thermally anchored to the coldhead before 

connecting to the coil to reduce heat leaks to the coil. 

3.8.1 Cryostat control instrumentation 

It was essential that the coil temperature could be varied to provide various operating 

temperatures at which to perform quench tests. The coil temperature was controlled by 

applying a heat load to the coldhead via a thin film heater that was wound around the 

coldhead. The coldhead temperature was monitored using a silicon diode thermometer, due 

to the fragility of the thermometer it was enclosed in a silver jacket and held in place with 

'Ecobond' before mounting on the coldhead with GE varnish. Current to the coil was 

monitored by placing a copper bar of known resistance in series with the connecting current 

leads. The voltage across the bar was measured and current calculated. 

3.8.2 Thermometry 

Thermocouples were used as temperature sensors mainly because of the minimal cost of 

each sensor compared to other sensors and because of their fast response to transient 

thermal effects. Thermocouples produce a differential voltage due to the Seebeck effect, 

one junction is placed at a known reference temperature and the other at the temperature to 

be measured. In the apparatus the reference temperature is achieved by soldering a copper 

block with multiple drilled holes to the liquid nitrogen vessels. One junction of each 

thermocouple is electrically insulated with Ecobond and it is then placed in a hole in the 

reference block that has been filled with Apezion-N grease to provide good thermal contact. 

The sensitivities and cost of thermocouples commonly used at cryogenic temperatures are 
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detailed in Table 3.8; two thermocouples of interest are Type E and Type T because of their 

low cost and adequate sensitivity. 

Thermocouple Materials Sensitivity at 30K Cost, £/m 
type (J.l V /K) [13] 

E Chrome I-Constantan 12.1 0.75 [14] 
T Copper-Constantan 8.0 0.75 [14] 
K Chromel-Alumel 6.4 0.75 [14] 
- Chromel-Au/Fe(0.07%) 16.6 27 [13] 

Table 3.8: Thermocouple options 

Care must be taken with the thermocouple output wiring because temperature gradients at 

dissimilar metal junctions produce an error voltage in the measurement signal. Large errors 

in the measured signal are produced when measuring cryogenic temperatures with a 

dissimilar metal junction at room temperature because the thermoelectric sensitivity at 

room temperature is many times higher than at cryogenic temperatures. All thermocouple 

wiring junctions must therefore be maintained at a constant temperature when two 

dissimilar metals are joined. Temperature gradients at the vacuum leadthroughs are difficult 

to minimise and therefore the material of the connecting wires and pins have to be matched. 

Leadthroughs with chrome I pins matching the type K thermocouple wires are available but 

are prohibitively expensive. It was therefore decided to use standard vacuum leadthroughs 

containing copper pins with Type T (Copper-Constantan) thermocouples to negate the need 

for any additional jointing inside the cryostat. 

Standard curves can be used to convert the thermocouple voltage signal to a temperature 

measurement however the voltage signal can be influenced by the lengths of the connecting 

wiring and also strain effects. To obtain accurate temperature readings all thermocouples 

used were fabricated with connecting wiring of the same length and one thermocouple was 

calibrated in-situ. One junction of the thermocouple was fixed with epoxy resin into a 

copper block mounted to the coldhead and the other junction fixed with epoxy resin into the 

reference block that was maintained at 17K. The measured thermocouple output voltage is 

shown in Figure 3.18. The sensitivity of the thermocouple derived from the output voltage 

is shown in Figure 3.19, also shown are sensitivity values quoted by Lake Shore 
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Cryotronics Inc [13], a leading cryogenic sensor manufacturer. It can be seen that the 

measured sensitivities are verified by the quoted values. 
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Figure 3.18: Type T output voltage as a function of temperature, 
reference junction maintained at 77K 
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Figure 3.19: Type T calculated sensitivity as a function of temperature, 
reference junction maintained at 77K 
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3.8.3 Measurement and acquisition system 

It was required that the transient voltage and temperature signals from the thermocouples 

and voltage taps were recorded. Thermocouples have low voltage sensitivity compared to 

other temperature sensors such as silicon diode thermometers and therefore to distinguish 

the input signal from background noise the thermocouple signals have to be conditioned by 

amplifying them before they are fed into a data acquisition device. A 32 channel amplifier 

and data acquisition system was purchased from 'National Instruments' . The system layout 

is shown in Figure 3.20 and is part of the Signal Conditioning eXtensions Instrumentation 

(SCXI) range [15]. The system has the capability to perform amplification on separate 

channels allowing each channel to be tuned to achieve maximum signal accuracy. Diode 

and quench voltages (magnitude of volts) can therefore be measured with the same device 

used to measure thermocouple voltages (magnitude of m V). The system provides 

acquisition speeds of up to 5000Hz on each of the 32 channels. To display and record the 

measured data a program was written using the 'Lab View 7' software package. The 

program was used to select the signals to be acquired, the gain for each channel and the 

acquisition speed. A filter was included in the program to reduce the 50Hz noise picked up 

by the HTS coil affecting the signal from the voltage taps. 

SCXI system 
-------- ----------------------------------------------------, 

Wiring 
terminal 
block 

Signal 
conditioning: 
Amplification 

Multiplexing 

Data acquisition 

Figure 3.20: Data acquisition system layout 
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3.9 Testing 

3.9.1 Apparatus cooldown 

With the liquid nitrogen vessels filled, the cryocooler was switched on and the temperature 

of the coldhead recorded. This test was completed with and without the coil and thermal 

links connected and the results shown in Figure 3.21. It can be seen that the additional 

thermal mass of the coil and thermal links increases the cooldown time from ~ I hour to 

~3hours. The cooldown time is short enough to cool the coil and perform a series of quench 

measurements in one day if needed. 
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Figure 3.21: Apparatus cooldown 

200 

3.9.2 Electrical characterisation of the current leads 

To electrically characterise each joint the current leads were shorted by connecting a copper 

link between each thermal station. Voltage taps were applied across each joint and also 

across a 50mm section of both HTS current leads, the voltage tap positioning is detailed in 

Figure 3.22 and the construction and designation of each joint listed in Table 3.9. The 

current-voltage (I-V) characteristics of each joint were measured up to 300A with zero heat 
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applied to the coldhead heater and the results shown in Figure 3.23. Particular care was 

taken with the HTS leads on the first test run to ensure an overcurrent quench of the leads 

was not initiated. The temperature of the coldhead during the I-V test is discussed in section 

3.9.3 below. 

Joint Construction Notes 
V FLEX to V HTS HT Cu-solder*-HTS lead Soldered 
V HTS LT to V ST A HTS lead-solder*-Ag plating-Cu Soldered 

V STA to VeLA Cu-Ag plate-Cu Bolted, torque=34Nm 
*Solder: 2% Ag, 62% Sn, 36% Pb 

Table 3.9: Joint construction details 

Lead 1 Lead 2 

Vcu.. 

VHI"SLT VHI"SLT 

VHI"Sm VHI"Sm 

Vl'lEX 

Figure 3.22: Voltage tap positions 
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It can be seen that all joints exhibit a linear current voltage characteristic. This is not at first 

obvious because a logarithmic scale is used to show the large differences between 

measured voltages. The resistance across each joint and the associated power dissipations 

calculated at an operating current of 300A are shown in Table 3.10. The resistances of the 

clamped joints (VHTS LT to V STA) on lead 1 and lead 2 differ by an order of magnitude 

demonstrating the significant effect that the joint surface conditions have on the resistance 

of the clamped joint. The difference in joint resistances occurred even though every effort 

was made to prepare the joints in a similar manner. Soldered joints at the same position on 

both lead 1 and lead 2 exhibit approximately the same resistance. The resistance of the 

soldered joints at the 17K end of the HTS leads (V FLEX to V HTS HT) is 14 times higher than 

the resistance of the soldered joints at the end of the HTS leads in contact with the coldhead 

(VHTS LT to V STA). It is thought this difference is due to the temperature dependent 

resistivity of the copper, silver and solder [7] that constitute the joint. No detectable voltage 

rise was measured across the HTS leads until an applied current of 200A. It was observed 

that even at 300A the HTS leads operate significantly below their critical current. Using the 

contact resistances of the joints from Table 3.7 it is estimated that the total heat dissipation 

from the joints of 164mW will further increase the temperature difference between the 

coldhead and the thermal station by a maximum of O.27K. 

~ 
> 

0.1 +-----~------,_----_.------_r------r_----~ 
o 50 100 150 200 250 300 
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Figure 3.23: I-V characteristics of current lead joints 
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Joint Rjoint (J..LQ) Q@300A(mW) 

Lead 1: V FLEX to V HTS HT 0.153 13.8 

Lead 2: V FLEX to V HTS HT 0.167 15.0 

Lead 1: V HTS LT to V STA 9.30e-3 0.8 

Lead 2: V HTS LTto V STA 8.70e-3 0.8 

Lead 1: V STA to VCLA 1.265 113.9 

Lead 2: V STA to VCLA 0.216 19.4 

Total: 164mW 

Table 3.10: Electrical contact resistances of current lead joints 

3.9.3 Coldhead temperature dependence on current 

The temperature of the co1dhead was measured during the I-V characterisation of the 

current leads and is shown as a function of the operating current in Figure 3.24. It is 

expected that as the current is increased the heat load produced from dissipation at the 

joints and across the electrical links will cause the temperature of the coldhead to rise. This 

behaviour is observed in Figure 3.24; it can be seen that as the coldhead temperature 
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Figure 3.24: Cold head temperature as a function of current 
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increases as the operating current is increased. The irregular shape of the graph is most 

probably due to the behaviour of the cryocooler. A maximum temperature rise of 0.7K is 

observed at the maximum current of 300A which shows that the current can be varied 

whilst keeping the coldhead temperature stable. 

3.10 Conclusion 

Apparatus has been designed and manufactured that can provide stable operating conditions 

for a HTS coil over a wide temperature range. The apparatus uses a cryocooler and 

conduction cooling system to provide cooling to the coil. A combination of gas cooled 

resistive current leads and HTS current leads supply current to the coil. HTS current leads 

were used to minimise the heat leak to the coldhead thereby limiting fluctuations of the 

coldhead temperature when the operational current is varied. The apparatus was tested up to 

a maximum operating current of 300A at which only a 0.7K drift in the coldhead 

temperature was observed. The electrical resistance of joints in the current lead assembly 

were measured up to 300A. It was found that the majority of heat dissipation from the 

joints was due to the bolted joints as expected. The temperature difference between the 

coldhead and coil was estimated by considering the temperature drop along thermal links 

and due to the thermal contact resistances across joints. The actual temperature difference 

was measured in section 4.8 when the coil was mounted into the apparatus. The 

commissioning of the apparatus provided invaluable experience in conduction cooling 

technology 

3.11 References 

[1]A. Korpela, Lehtonen, J., Mikkonen, R., Quench, Superconductor science and technology, 2003, vol. \6, 

pp.355-360 

[2] Al-Mosawi, M.K, Beduz, c., Goddard, K.F., Sykulski, J.K., Yang, Y., Xu, B., Ship, K.S., Stoll., R, 

Stephen, N.G, Physica C, 2002, vol. 372-376, p.l539-1542 

[3] Kalliohaka, T., Korpela, A., Lehtonen, J., Mikkonen, R., 2003, Superconductor Science and Technology 

vol. 16, pp.946-950 

3.30 



Chapter 3: Design, huild and test of apparatus to investigate the quench behaviour of HTS pancake coils 

[4]Penny, M., Beduz, c., Yang, Y., Manton, S., Wroe, R., Applied-Superconductivity-1997-Proceedillg.HJj

EUCAS-1997, 1997, vol.2, pp.l551-1554 

[5] Nordic Superconductor Technologies, Application note OOIOvOl 

[6] Dudley, R., Personal communication 

[7]Wilson, M.N., Superconducting magnets, Oxford University press, 1983 

[8] Fujishiro, R., Ikebe, M., Noto, K., Sasaoka, T., Nomura, K., IEEE transactions on Magnetics, 1994. vol. 

30,no.4,pp.1086-1090 

[9] Vase, P., Flukiger, R., Leghissa, M., Glowacki, B., Superconductor Science and Technology, 2000. vol. 

13, pp. 71-84 

[10] Indium Corporation of America, www.indium.com 

[11] Radio Spares, www.rswww.com 

[12] Gmelin, E., Assen-Palmer, M., Reuther, M., Villar, R., Journal of Applied Physics D, 1999, vo1.32, 

pp.19-43 

[13]Lake Shore Cryotronics Inc, www.lakesllOre.com 

[14] Omega, www.omega.co.uk 

[15]National Instruments, 2000, Part Number 320515F-OI 

3.31 



Chapter 4: Fabrication and characterisation of a (BiPb)2223 conduction cooled pancake coil 

Chapter 4 : Fabrication and characterisation of a (BiPb )2223 

conduction cooled pancake coil 

4.1 Introduction 

HTS tape conductors based on the (BiPb )2223 system and manufactured by the powder in 

tube method are currently being produced [1,2] in lengths of up to a kilometre with critical 

current densities above 20kAcm-2 at 77K [3]. The availability of long lengths of conductor 

with high critical current density allows the construction of HTS coils. Thin film 2nd 

generation conductors have not been considered because they have not reached the same 

state of commercial availability. 

In order to investigate the thermal stability and quench propagation characteristics of HTS 

coils a 38 tum pancake coil wound with (BiPb)2223 tape has been manufactured. It has 

been designed to integrate with the conduction cooling system detailed in chapter 3 so that 

tests can be performed over a range of operating temperatures. The various stages of coil 

design, manufacture, and testing are examined along with the challenges relating to 

conduction cooling the coil. The coil was characterised by measuring the critical current 

and quench current as a function of operating temperature. A procedure is presented to 

predict the critical current of a HTS coil over a range of operating temperatures. The 

transient temperature and voltage distributions across the coil were also measured when a 

quench was initiated due to an overcurrent. 

The work presented will be of use to the HTS magnet designer when developing 

cryocooled HTS magnets which is one of the main applications for HTS conductors. When 

generating concepts for HTS magnets the critical current and quench current can be 

predicted with relative ease before detailed design work commences. This work also 

provides a basis for investigations into transient stability as detailed in chapter 5. 
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4.2 Coil design 

4.2.1 Coil dimensions 

The maximum coil diameter is set by the spatial constraints of the test apparatus and IS 

approximately 90mm. The number of turns must be chosen so that the quench propagation 

can be studied without the influence of coil boundaries in the radial direction or artificial 

boundaries created by quench annihilation in the longitudinal direction. As shown in 

Chapter 2 the ratio of the quench propagation velocity in the longitudinal direction to that 

in the radial direction is approximately 10: 1. A coil thickness of lSmm, or approximately 

38 turns, was chosen so that when the quench front has reached the coil boundary it is 

estimated to have progressed 115 0 around the coil from the quench initiation point. 

4.2.2 Strain effects 

During coil winding tension must be applied to the conductor to ensure the turns are closely 

packed. The conductor must be tolerant against axial strains produced by the winding 

tension and strains caused by bending of the conductor. The irreversible strain limit tirr 

[ dimensionless] is defined as the strain beyond which the critical current decreases 

irreversibly [4]. (BiPb )2223 conductors are produced in tape form to obtain the best 

performance. A benefit of the tape geometry of the conductor is that it helps to reduce the 

tensile and compressive strains at the conductor surface during bending. One method of 

increasing the strain tolerance of HTS tapes is to use a sheath material that has sufficient 

strength so that during cooldown the sheath will induce a pre-compression in the tape 

caused by differential thermal contraction. When a tensile strain is applied the critical 

current will be almost constant until the thermally induced pre-compression is cancelled, 

therefore increasing the irreversible strain limit of the conductor. The irreversible strain 

limit of Ag alloy sheathed conductors subjected to bending strains is approximately 0.2%. 

This is increased to approximately 0.4% if stainless steel clad tapes are used. 

Due to the sufficiently high strain tolerance of HTS conductors that can now be produced 

conductors can be transported in their final form by the supplier and wound into coils by 
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the customer, this is known as the react and wind process. In contrast the Nb3Sn 

superconductors are extremely strain sensitive and the multifilamentary conductor must be 

wound and then heat treated in-situ, this is known as the wind and react process. The wind 

and react process has several disadvantages compared to the react and wind process 

including the need for high temperature inter-turn insulations and large furnaces for heat 

treating the coils. 

The bending strain to which a conductor is subjected when wound onto a former is given by 

Equation 4.1 [4]; where t [m] is the conductor thickness and R [m] the bending radius. 

Equation 4.1 assumes the change in thickness due to bending is negligible. Considering a 

minimum bend radius of 30mm and maximum bend radius of 45mm as dictated by the 

spatial constraints the calculated strain is 0.41 % at the inner radius and 0.28% at the outer 

radius. For the conductor of interest, the critical current in self field as a function of 

bending strain and operating temperature was measured by a colleague, the results are 

presented in Figure 4.1 [5] . It can be seen that the effect of the bending strain on the critical 

current is independent of temperature between 4.2K and 77K. The measurement does not 
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Figure 4.1: Bending strain dependence of the critical current 

for a NST 'Zerome Hercules' tape 
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have sufficient resolution to show evidence of thermally induced pre-compression. 

However, it can be seen that a reduction in the critical current to 85% and 91 % of its 

un strained value was expected at the inner coil radius and outer coil radius respectively. 

t 
&=---

2R+t 
[ dimensionless] Equation 4.1 

A winding tension of 3N was applied to the conductor during winding. It was observed [6] 

that this tension did not cause degradation in pure Ag sheath tapes whilst still ensuring a 

sufficient packing density. 

4.3 Coil winding 

An overview of the coil components and coil geometry are summarised in Table 4.1. The 

preparation of each component in the coil and the winding process are described below. 

Item Specification 
Former Phenolic cotton 

Tufnol 'Carp' brand 
Conductor structure NST 37-multifilamentary 

(BiPb)2223 tape 
Conductor sheath Outer: O.lMgNi-Ag alloy 

Inter-filaments: Ag 
Insulation Fibreglass cloth ribbon, 100)lm thick 

Inner/ Outer diameter 60/90mm 
Turns 38 

Table 4.1: Coil specifications 

4.3.1 Insulation 

The fibreglass cloth ribbon used as inter-turn insulation was produced from a sheet of 

fibreglass cloth. To enable cutting of the cloth without flaking of the fibres or warping of 

the weave the cloth is coated with a mix of GE varnish, Methanol, and Toluene. High 

concentrations of GE varnish make the cloth easier to cut and eliminate flaking of the 

individual fibres but make the cloth brittle and seal the weave of the cloth. This prevents 

the penetration of epoxy resin into the weave consequently adversely affecting the coil 

4.4 



Chapter 4: Fahrication and characterisation of a (BiPb)2223 conduction cooled pancake coil 

strength. The optimum ratio of the coating mix was determined by varying the GE varnish 

concentration and examining the wetting properties of epoxy, brittleness of the cloth, and 

both the warping and flaking of the weave. The optimum GE varnish: Methanol: Toluene 

ratio was found to be 7.5: 1: 1. The fibreglass cloth was drawn through parallel razor blades 

as shown in Figure 4.2 to produce lengths of cut fibreglass ribbon of the same width as the 

superconducting tape. Guides were needed after the cutting blades to ensure the weight of 

the cut tape did not distort the uncut cloth. 

CUTTING BLADES---, 

GUIDES-_ 
I 

Figure 4.2: Fibreglass cutting apparatus 

4.3.2 Coil Winding apparatus 

The machine used for coil winding consists of a conductor spool, insulation spool, brake to 

add tension to the conductor and a rotating guide plate made of PTFE as shown in Figure 

4.3. 5 copper sheets (grade C101) were screwed to the periphery of the former to create a 

thermal and electrical boundary. The former was attached to the guide plate which provides 

a flat surface to wind the coil against as shown in Figure 4.4. PTFE is used because of its 

low surface energy and hence non-stick properties, consequently after impregnation with 

epoxy resin the coil could be removed from the guide plate. 
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TAPE SPOOL-

, 

COIL ASSEMBLY-

- INSULATION SPOOL 

Figure 4.3: Coil winding apparatus 

HOLDING PLA TE ~ 
~ FORMER 

COIL -

WINDING GUIDE -

WINDING SHAFT---
- MOUNTING HUB 

Figure 4.4: Coil winding assembly 

4.3.3 Quench heater 

SUPPORTING 
FRAME 

A constantan ribbon heater (200mm x 2mm x O.lSmm) was co-wound with the coil. It was 

placed adjacent to the middle turn and the purpose of the heater is to initiate a quench in the 
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winding. Current leads are positioned to allow heated sections of 25mm, 60mm, 125mm, 

and 200mm to be energised representing distributed and localised heating. The various 

lengths of heated section are all centred about the middle of the heater to ensure the middle 

of the heat pulse is applied at the same point in the coil independent of heated section 

length. A coil with a heater insulated with paper soaked in GE varnish, was first wound and 

tested. When examining the radial temperature profiles during a quench a large temperature 

drop was observed in the vicinity of the heater indicating a poor bond between the 

insulation and epoxy impregnate. As shown in section 5.5.1 the thermal discontinuity 

limited quench propagation to only one half of the coil it was therefore necessary to 

fabricate another coil with a good bond between the heater assembly and the epoxy 

impregnate. The heater assembly applied to the second coil was electrically insulated from 

the conductor by a layer of 40)..!m fibreglass cloth impregnated with epoxy resin. The 

thickness of the entire heater assembly was kept below 340)..!m by flattening the current lead 

joints with a rolling machine as shown in Figure 4.5. This method of applying the heater 

produced a good thermal contact as observed from the temperature profiles measured in 

Chapter 5. 

Current lead 

Constantan heater 

Fibreglass and epoxy 

Figure 4.5: Disturbance heater, detail of current lead junction 
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4.3.4 Coil winding process 

Electrical and thermal links were applied to the inner boundary of the coil by so ldering the 

conductor to the entire periphery of the copper boundary of the former. The conductor was 

then co-wound with fibreg1ass insulation to form a 38 turn single layer pancake coil. A 

heater as described in section 4.3.3 was placed with its mid-plane at 180°. All current leads 

to the heater are symmetric about this mid-plane. Miniature copper cold fin gers (90mg, 

length=20mm) were soldered to the conductor during coil winding. Thermocouples could 

be soldered to the cold fingers after epoxy impregnation therefore simplifying coil 

fabrication and installation . The cold fingers were placed in such a way that the temperature 

profiles in the coil during a quench could be measured. The outer thermal and electrical 

links consisting of 10 copper links (SOmm x 7mm x O.Smm) were soldered equidistant 

around the periphery of the final turn to form the outer boundary. lnsulation was wound 

around the finished coil to hold the turns in place and produce a 2mm thick durable surface 

when vacuum impregnated. The coil design including the placement of the cold fingers is 

shown in Figure 4.6 and the cold finger positions listed in Table 4.2 . Quench propagation 

0° 

FORMER 

90° 

OUTER COPPER BOUNDARY 

INNER COPPER BOUNDARY 

• =COLDFINGER POSITION 

TURN 38 

FIBREGLASS 
OUTER 

Figure 4.6: Coil construction and cold finger positioning 
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symmetry was assumed meaning that instrumentation cold fingers were placed on only one 

half of the coil. 

Cold finger # Turn # Angle (") Cold finger # Turn # Angle (") 

1 38 180 13 5 180 
2 33 180 14 1 180 
3 29 180 15 19 165 
4 25 180 16 21 165 
5 23 180 17 ?~ _.:l 165 
6 21 180 18 19 140 
7 19 180 19 21 140 

Heater 
8 (19) 180 20 ?~ _.:l 140 
9 17 180 21 19 90 
10 15 180 22 19 lIS 

11 13 180 23 19 35 
12 9 180 24 19 0 

Table 4.2: Cold finger positions 

4.4 Impregnation 

4.4.1 Why use impregnation? 

Magnet windings are impregnated to eliminate turn movement and increase the mechanical 

properties of the winding. This is especially important for HTS windings in which the silver 

sheath has poor mechanical properties. A 'dry' wound HTS coil, though having the 

advantage of greater cooling if immersed in a cryogen bath, may not be able to withstand 

the stresses produced during operation. Various methods of impregnation are available 

including vacuum impregnation techniques, 'wet winding' techniques where the resin is 

applied directly to the coil, and 'pre-preg' techniques where the conductor is co-wound 

with pre-impregnated insulation that bonds the coil when heat treated. 

To minimise stresses in the winding due to differential thermal contraction the thermal 

expansion coefficients of the resin and the conductor must be matched. This can be 

accomplished by adding filler to the resin. A coil construction and vacuum impregnation 

technique has been developed at Southampton University that involves using fibreglass 
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tape as both electrical insulation between conductor windings and as a filler to match the 

thermal contraction ofthe resin to that of the conductor. Measurements from previous work 

[6] have indicated no degradation of the critical current due to the impregnation process or 

after 5 cooling cycles between room temperature and lOOK. 

4.4.2 The vacuum impregnation process 

The apparatus to perform the vacuum impregnation process is detailed in Figure 4.7. The 

epoxy resin used is Stycast 1266, a 2 part resin system from 'Emmerson and Cumming' 

that cures due to an exothermic reaction. The coil winding assembly was placed in a 

chamber that was evacuated and epoxy resin introduced into the winding. Vacuum 

conditions were maintained until all air pockets in the epoxy had collapsed and the chamber 

then brought to atmospheric pressure thus forcing the epoxy resin into all gaps in the 

winding. 

Vacuum pump 

Vacuum 
chamber 

Activated epoxy 

Figure 4.7: Vacuum impregnation apparatus 

The vacuum impregnation process is used to minimise voids and cracks in the coil structure 

that can reduce the mechanical properties of the coil winding and also degrade thermal 

conductivity leading to localised heating during a quench. Figure 4.8 shows a radial cross-
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section of a coil fabricated using the same method as described above. No voids, bubbles or 

cracks are observed indicating a successful impregnation technique. 

Stabilising 
matrix 

Figure 4.8: Impregnated coil cross section 

4.5 Mounting the coil into the conduction cooling apparatus 

The pancake coil to be tested, Figure 4.9, was mounted onto locating studs in the 

conduction cooling apparatus, as shown in Figure 4.10. Thermal and electrical connections 

were made to the coil by soldering connecting braids to the inner and outer coil boundaries 

with a low temperature Indium alloy solder [7]. Thermocouples were soldered to the copper 

cold fingers and connections made to the quench heater. 
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Figure 4.9: Fabricated pancake coil 

COLD FINGER --+'-++-+--

THERMAL AND ELECTRICAL 
LINKS TO THE COIL _ 

HTS LEAD _ 

PANCAKE COIL -

[ I[ 

. I· · COLDHEAD 

- COPPER RADIATION SHIELD 

KAPTON INSULATED 
THERM AL CLAMP 

VACUUM VESSEL 

COPPER CURRENT LEAD 

LIQUID NITROGEN VESSEL 

Figure 4.10: Mounting of the HTS coil into the conduction cooling 
apparatus 
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4.6 Measurement of the coil I-V characteristics 

4.6.1 Experimental 

Liquid nitrogen cooled 

Before mounting into the conduction cooling apparatus the normal operation of the coil was 

ensured. The coil was fully submerged in a liquid nitrogen bath at 77.4K and the current

voltage 0-V) characteristic of the coil was measured. The operating current was 

incrementally increased and the voltage across the entire length of the coil measured. The I

V characteristic measured is presented in Figure 4.12. 

Conduction cooled 

Connections were made to the test apparatus as per the experimental set-up, Figure 4.11. 

For each I-V measurement the coil boundaries were set at a given temperature between 35K 

and 74K. The operating current was successively increased to produce an electric field 

Data 
acquisition 

Cryostat system 
.-'-' -. - ._._ .. -. - _. _. _. _.-, 

Current 
source 

Vacuum 
pump 

Figure 4.11: I-V measurement experimental set-up 
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increase across the entire length of the coil of approximately O.2J..L V fcm at each increment. 

Temperature and voltage measurements were taken once the coil had reached a thermally 

steady state at each increment of current. 

4.6.2 Results 

The measured I-V characteristics across the entire length of the coil as a function of 

operating temperature are shown in Figure 4.12. The voltage has been converted to electric 

field, E [V.m-I ], to enable the identification of the coil critical current, Ie [A], using a 

1 J..L V fcm criterion. At the quench current, IQ [A], the coil becomes unstable and the 

temperatures and voltages start to increase without bound. The quench current is the 

maximum current shown on the I-V characteristics and is discussed in more depth below in 

section 4.9. The entire I-V characteristic of the coil in liquid nitrogen is not shown because 

a quench is not observed until 42A when an average electric field of 47 J..L V fcm is produced. 

2. Oe-6 """"---:-:-T:--r.-;-r-:-:-:-:-r:--:-:-:o~-:-r.-:~-:-:-:-:""""""-:-:-T:--:-:-:-r-:-:...,......:-:-:-r--:-:-:-,.....--,-:-c-r-:-:-:-:-r=-:l 
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Figure 4.12: Coil I-V characteristic 
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The I-V characteristics shown in Figure 4.12 exhibit a small baseline voltage that appears 

to increase linearly as the operating current is increased. It is thought this is because one of 

the voltage taps used in the measurement was soldered to a copper current lead 
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approximately 5mm from the end of the HTS tape. The voltage drop across a portion of the 

copper current lead can therefore be seen in the I-V characteristics. 

The determination of the coil critical current is an essential tool when examining the 

stability ofHTS coils because many stability analyses represent the quench current of a coil 

as a ratio of the critical current. The average critical current measured over the entire coil 

length as a function of operating temperature, Top [K], is shown in Figure 4.13. Also shown 

is the critical current as a function of operating temperature for a short tape sample [8]. The 

coil critical current is considerably lower than that of the short tape sample. The 

degradation may be due to strain effects, the effect of the generated magnetic field or a 

combination of the two. Section 4.7 below attempts to confirm that the critical current 

degradation observed is mainly due to the field generated by the coil. 

300 
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0 
200 0 

........ • 0 « 150 '-" 

_u • 
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• 0 
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• 0 

0 
0 

20 40 60 80 100 

Top(K) 

Figure 4.13: Temperature dependence of the coil critical current 
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4.7 Prediction of the coil critical current 

The analysis is conducted to confirm that the critical current degradation observed is due to 

the field generated by the coil. The field produced by the coil at each operating temperature 

when operating at the measured critical current was simulated using finite element analysis 

(FEA) software. The effect of the simulated field on the critical current of a short sample 

was calculated using a scaling function and the predicted critical current compared to the 

measured critical current. The steps of the analysis are presented in the following sections. 

4.7.1 Magnetic field calculation 

The ANSYS finite element analysis program was used to calculate the distribution and 

magnitude ofthe magnetic flux density generated by the coil at different operating currents. 

An axisymmetric 2-dimensional representation of the coil and surrounding vacuum space 

was constructed and the entire model was meshed with 4 node magnetic elements (PLANE 

13). At each operating temperature a current equal to the measured critical current of the 

coil was applied to the coil section and the steady state solution simulated. To account for 

the anisotropy of the (BiPb)2223 conductor the simulated field is shown as separate 

components. The field in the radial direction denoted as Br [T] is perpendicular to the 

surface of the tape and the field in the axial direction denoted as Bz [T] is parallel to surface 

of the tape. Figure 4.14 and Figure 4.16 show contour plots of the simulated Br and Bz 

distributions over the coil and surrounding vacuum space for an operating current of 

158.5A. It can be seen that both Br and Bz vary as a function of coil radius and axial 

distance along the coil. To further investigate the calculated field distribution Br and Bz 

were calculated at different axial distances through the coil as shown in Figure 4.15 and 

Figure 4.17 respectively. The axial distances shown are; on the top surface of the coil, Imm 

below the top surface and on the coil mid-plane. The field component perpendicular to the 

surface of the tape conductor causes the majority of critical current degradation. Therefore 

the point in the coil that will be subjected to the highest critical current degradation is 

generally the point that sees the maximum value of Br. In this coil that is the top and bottom 

surfaces, on approximately the middle tum. 
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Figure 4.14: Br field plot 1S8.SA 
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Figure 4.1S: Br as a function of radial distance from coil centre at varying axial planes 
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Figure 4.16: Bz field profile 
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Figure 4.17: Bz as a function of radial distance from the coil centre at 
varying axial planes 
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4.7.2 Scaling function 

The critical current degradation due to the applied magnetic field is intluenced by the coil 

operating temperature. A scaling function proposed by Kobayashi [9], given in Equation 

4.2 was used to account for the effect of both field and temperature on the critical current of 

a (BiPb)2223 tape. Where Jc(B,T) [A.m-2
] is the predicted critical current density, .fcoO) 

[A.m-2
] is the Jc of the conductor in zero external magnetic field, B(T) is the field 

perpendicular to the tape, BirlT) [T] is the irreversibility field [10], and Bse/IT) [T] is the 

calculated self field of a conductor generated by transport current in zero external tield 1111· 

Jc(B,T) = Jeo(T) 10g( B(T) J 
10g(!!sell (T2J Birr (T) 

Birr(T) 

Equation 4.2 

4.7.3 Prediction and comparison 

The Br component of the field causes the majority of the critical current degradation and 

therefore the effect of the Bz tield component was neglected. To allow for the variation or 
Br in the axial direction the mean Br profile at each operating temperature was examined. At 

each operating temperature the scaling function was used to predict the critical current from 

the simulated Br values at 6 equidistant points across the coil radius. The 6 values were 

averaged to give the predicted critical current at that operating temperature. The predicted 

critical current as a function of operating temperature are compared to the measured values 

in Figure 4.18. Relatively good agreement can be seen between the predicted and measured 

results indicating that the majority of the critical current degradation observed was clue to 

the magnetic field applied perpendicular to the broad face of the tape. The calculated 

reduction in Ie of between 85% and 91 % due to the bending strain, as shown in section 

4.2.2, has not been accounted for in this prediction. The difference between predicted and 

measured results can be attributed to both the degradation due to bending strain and due to 

the inaccuracy of the scaling function particularly at very low fields. If this analysis 

procedure were used as a design tool an iterative process could be used that started from a 

'guess' value for the critical current and converged upon the final predicted value. 
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Figure 4.18: Comparison of the measured and predicted Ic(T) 

4.8 Temperature differences across the conduction cooling system 

At varying coldhead operating temperatures the temperature difference between the coil 

boundaries and coldhead was measured, as shown in Figure 4.19. No current was applied to 

the coil during the measurement. The temperature difference between the coldhead and coil 

boundaries of between 9K and 18K was observed. This is higher than the temperature drop 

of between 4.6K and 12.2K predicted in section 3.6. However, as previously stated a high 

uncertainty exists in the prediction due to the large variation in thermal contact resistance 

values used. It can be seen that a temperature difference between the inner and outer coil 

boundaries of approximately 2K is exhibited that is constant over the operating temperature 

range. This is thought to be due to the differing thermal resistance across the electrically 

isolated thermal clamps. The temperature difference between the coldhead and coil 

increases as operating temperature increases, despite it having been reported that the 
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thermal contact resistance should decrease as temperature is increased [12]. It is therefore 

assumed that the increasing temperature difference is caused by the decrease in thermal 

conductivity of the copper thermal links as the operating temperature increases above 20K. 

One major component of the temperature drop could be the thermal links consisting of 

copper sheet attached to the coil boundaries that were not accounted for in previous 

estimations. 

With the coldhead at 23K the temperature difference across the electrically isolated clamps 

was measured and found to be 8K. The estimated temperature drop across the clamps was 

only 1K, indicating that the clamped surfaces only contact at a fraction of the available area. 

The temperature difference between the coldhead and coil, though larger than estimated, 

still allows the coil boundaries to reach a minimum temperature of 35K. At this temperature 

considerably different quench behaviour is expected than at the higher operating 

temperatures of over 70K. 
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Figure 4.19: Temperature difference between the coldhead and coil 
boundaries as a function of operating temperature 
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4.9 Overcurrent tests 

Due to the broad sloping current-voltage (1-V) characteristics of HTS conductors it is 

possible to balance the joule heat generation produced by an HTS tape in the current 

sharing regime with the cooling provided. Above the quench current joule heat generation 

exceeds the heat removed by cooling and the temperature of the coil will rise in an 

unbounded fashion resulting in a quench. The stability of a coil to a constant overcurrent, fQ 

[A], is often expressed as the ratio of the quench current to the critical current (lrJfc) , 

mainly because the critical current is a commonly defined parameter for all conductors. 

4.9.1 Quench current of the conduction cooled coil 

The quench current of the conduction cooled coil was measured at each operating 

temperature by incrementally increasing the operating current and allowing the coil to 

thermally stabilise at each current increment. At the quench current the coil did not 

thermally stabilise and therefore temperatures and voltages continued to increase resulting 

in a quench. To protect the coil the current supply was programmed to cut out once a set 

voltage across the quenched coil was reached corresponding to a maximum temperature of 

approximately lOOK. This set voltage was generally between 0.7V and 1.3V. Figure 4.20 

shows the measured folfc as a function of temperature. Error bars are included because of 

the difficulty in determining the exact current at which thermal runaway occurs. This is 

because, due to the sloping I-V characteristics of the (BiPb)2223 conductor, when a current 

slightly over the quench current is applied the time taken to quench can be many tens of 

minutes. A higher current is therefore applied to ensure the measurement can be acquired in 

less than approximately 5 minutes. It is observed that folfc is relatively constant as a 

function of operating temperature up to 60K. folfc has been shown [13] to be dependent on 

the ratio of the total conductor length to the cooling surface area. The drop in folfc above 

60K is thought to be due to the reduction in thermal conductivity of the solid thermal links 

leading to a reduction in the effective cooling surface area. The constant value of folIc 

below 60K is thought to be due to a combination of the increased thermal conductivity of 

the solid thermal links balancing an increase in the volumetric heat generation of the coil. 
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Figure 4.20: Ir/Ic as a function of operating temperature 

4.9.2 Quench current in liquid nitrogen 

As shown in section 4.6 the critical current and quench current of the coil were determined 

when operated in a liquid nitrogen bath at 77.4K. The critical current and quench current 

were 33A and 42A respectively hence the observed IrJlc was 1.27. The higher tolerance to 

overcurrents exhibited by the bath cooled coil compared to the conduction cooled coil is 

due to the increased surface area available for cooling. The coil submerged in liquid 

nitrogen is cooled at all external surfaces where as the conduction cooled coil has adiabatic 

boundaries imposed on the top and bottom surfaces and cooling is only provided at the 

inner and outer boundaries. The tolerance of the bath cooled coil to overcurrents is lower 

than a short tape sample which can be operated at IrJlc>2. Heat generated in the short tape 

sample is removed from all external surfaces ensuring a large cooling surface area 

compared to the conductor length. The bath cooled coil is impregnated and therefore only 

the edges of the tape are exposed to liquid nitrogen and hence the ratio of the cooling 

surface area to the conductor length is lower than a tape sample. 
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4.9.3 Evolution of a quench due to an overcurrent 

With the coil boundaries operating at 58K an overcurrent quench was initiated by 

increasing the current from a stable operating current of 91 A to 95A. The transient thermal 

and electrical responses of the coil were measured using thermocouples and voltage taps 

positioned as described in Table 4.2. Figure 4.21 shows the evolution of the temperature 

distribution in the radial direction at a constant angle of 180°, and Figure 4.22 demonstrates 

the evolution of the temperature profiles in the longitudinal direction along the middle turn. 

For both figures, plot (a) shows temperature profiles across the winding at selected times 

after the current is increased and plot (b) shows the complete evolution of the temperature 

distribution in the winding. Up to a time of 41 Os after the current is increased temperatures 

rise uniformly along the circumferential length of the middle turn and smooth temperature 

profiles are observed indicating heat distribution across the width of the coil. After a time 

of 41 Os a sharp temperature peak develops around the middle turn of the coil indicating 

heat localisation due to insufficient time for diffusion of heat away from this area. From the 

radial temperature profiles it can be seen that the maximum temperature point evolves from 

the middle turn of the coil towards the outer boundary. It is thought that this is because the 

outer boundary is 2K hotter than the inner boundary which shifts the maximum point of the 

temperature profile towards the outer boundary. 
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Figure 4.21 (a): Radial temperature distributions due to an 

overcurrent quench, at theta is 1800 
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Figure 4.21 (b): 3-D mesh of the radial temperature distributions due to 
an overcurrent quench, at theta is 1800 
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Figure 4.22 (a): Longitudinal temperature distributions due to an overcurrent 
quench, of the middle turn 
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Figure 4.22 (b): 3-D mesh of the longitudinal temperature distributions 
due to an overcurrent quench, of the middle turn 

It must be noted that an overcurrent quench is a case of a quasi-steady overheating and that 

distinctive normal zone propagation is not observed which agrees with other authors tests 

[13]. However a dangerous situation still exists as the temperature rise is rapid and 

localised after an initial gradual increase. The temperature localisation leads to large 

temperature differences that can cause large thermal stresses. A suitable protection system 

would ideally need to actively detect the gradual temperature increase and initiate coil 

rundown before the time at which temperatures rise rapidly. 

The measured voltages have been used to calculate the electric field across various points 

of the coil radius as a function of time and are shown in Figure 4.23. The voltage data 

supports the temperature data showing localization of the quench to an area between the 

middle turn and outer boundary. 
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4.10 Conclusion 

A conduction cooled pancake coil wound with a (BiPb )2223 tape conductor has been 

manufactured using a vacuum impregnation process. The highly instrumented coil has been 

characterised by measuring the current-voltage curves and the quench current as a function 

of operating temperature. The critical current across the entire length of the coil was 

determined from the measured current-voltage curves and a procedure presented to predict 

the critical current as a function of operating temperature. It was shown that the conduction 

cooled coil was less tolerant to a steady overcurrent than when cooled in a bath of liquid 

nitrogen. The temperature and voltage distributions were mapped during the evolution of a 

quench caused by an overcurrent. It was observed that the quench initially evolves due to a 

steady heating of the entire coil, although, localisation of the temperature distribution 

occurs as heating rates increase due to insufficient time for heat diffusion. 
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Chapter 5 : Formation and propagation of a normal zone in a 
(BiPb )2223 conduction cooled pancake coil 

5.1 Introduction 

The concept of a minimum propagating zone (MPZ), as discussed in Chapter 2, was first 

proposed by Wipf and Martenelli [1]. It is a measure of how sensitive a superconductor is 

to applied energy pulses [2] and has been successfully used to investigate the thermal 

stability of L TS magnets. If a disturbance in the coil winding causes a normal zone to form 

with a size that is everywhere greater than the MPZ then the normal zone will propagate 

and the coil will quench. The minimum quench energy (MQE) is the minimum energy 

needed to initiate a quench in a winding and therefore gives a measure of the stability of the 

winding to point disturbances. The MQE of HTS coils has been shown to be of the order of 

joules [3,4], Despite the high stability of these coils their response to transient thermal 

disturbances must be better understood so that the stability of magnet designs can be 

accurately evaluated and adequate protection systems designed. The analysis of the 

formation and propagation of a normal zone in a HTS coil is complex because a quench 

occurs over a wide temperature range where the properties of the coil composite are highly 

temperature dependent. This chapter investigates the formation and propagation of a normal 

zone in a conduction cooled 38 tum (BiPb)2223 pancake coil operating between 35K and 

74K. The detail of the design, manufacture, and steady state characterisation of the coil has 

previously been presented in chapter 4. 

5.2 Experimental 

5.2.1 Set-up 

The 38 tum (BiPb)2223 pancake coil was mounted into the test apparatus as described in 

Section 4.5. The experimental layout showing the test coil and connected auxiliaries is 

detailed in Figure 5.1. It is essential that a controlled energy pulse is applied to the 
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constantan heater (Rheater [QD embedded in the test coil so that the quench energy can be 

accurately determined. To accomplish this a 40Hz sinusoidal waveform from a frequency 

generator was modulated by a square wave pulse lasting about 1 s provided by a pulse 

generator. The power of the heat pulse could be varied by adjusting the gain of the audio 

amplifier. 

Vacuum 
pump 

Cryostat 

Current 
source 

Frequency 
generator 

Acquisition 
system 

Rload 

Amplifier 

Relay 

Pulse 
generator 

Figure 5.1: Experimental set-up 

The heater resistance is required to calculate the energy produced by the heater. The 

resistance of the 25mm, 60mm and 125mm heated sections were measured as a function of 

operating temperature using the 4 point resistance method. It was observed that the heater 

resistance of each length varied by a maximum of 0.36% in the 43K to 60K temperature 

range and therefore the resistance was assumed constant over the temperature range of 

interest. The heater resistance as a function of heater length can be seen in Figure 5.2. The 

resistance for the 200mm length was extrapolated using the fitted regression line. 
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Figure 5.2: Heater resistance as a function of heater length 

For each test the coil boundaries were set at a given temperature between 35K and 74K, 

and an appropriate transport current was applied that produced an average electric field of 

O.7J.!V/cm across the ends of the coil. This electric field was chosen because it allowed the 

coil to recover quickly after an energy pulse that failed to initiate a quench. Upon reaching 

the steady state for a given temperature and transport current, a transient heating pulse was 

applied to a defined heated segment (25mm, 60mm, 125mm and 200mm) of the constantan 

heater to simulate both local and distributed heating. The current leads for the different 

heated sections are positioned symmetrically about the middle of the heater. The balance 

between a quench and recovery is determined by incrementally increasing the energy of the 

heating pulses until a quench is initiated as shown in section 5.2.2 below. The coil is left to 

fully recover after each heat pulse is applied. The minimum energy required to initiate a 

quench is denoted as the quench energy, EQ [J]. Once a quench is initiated, to prevent 

overheating of parts of the coil, the current supply was programmed to cut out once a set 

voltage across the quenched coil was reached. This voltage was obtained by gradually 

increasing the voltage limit until a maximum temperature of between 130K and 150K was 

reached during a quench. 
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5.2.2 Determination of the quench energy 

To determine the quench energy a series of measurements using successively increasing 

values of heat pulse energy were acquired, an example of which is shown in Figure 5.3. For 

the example presented the coil boundaries were set at 35K and heat pulses were applied to a 

25mm heater section. The transient temperature response ofthe middle turn adjacent to the 

heater (turn 19) and a point 2 turns radially outwards (turn 21) are shown. From Figure 5.3 

it can be seen that the coil recovers when heat pulses of 14.5J and below are applied. A 

quench is initiated when a heat pulse of 14.9J is applied; the quench energy is therefore 

between 14.5J and 14.9J. The results show good repeatability between each test run 

indicating that the coil temperatures return to the same temperature after a quench and that 

reproducible heat pulses are applied to the coil. 
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Figure 5.3: Determination of the quench energy 
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5.2.3 Normal zone formation 

With the coil boundaries operating at 67K a quench was initiated by applying a 25.31 heat 

pulse to a heated section 25mm long. The previously applied heat pulse of 22.31 failed to 

initiate a quench indicating the applied energy approximates the quench energy. Figure 5.5 

and Figure 5.6 detail both the temperature and voltage response of the coil at various taps 

distributed across the coil radius and along the middle tum respectively. The time for which 

the heat pulse is applied has been indicated by the shaded section at the beginning of each 

measurement. The positions of the measurement taps are detailed in Figure 5.4 and inset 

into Figure 5.5 and Figure 5.6. To enable comparison between different sections of the coil 

the voltages have been converted to electric field values. This is achieved by dividing the 

measured voltages by the conductor length between voltage taps. 

~~ 140' 

-\ 25mm =161
0 

_ - - to 1990 

_ - - 1650 

Turn: -I~ 
19,21,23,25 .. 

--1 [II [II rll~11111 1 -
Figure 5.4: Positioning of temperature and voltage taps 
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Figure 5.5: Normal zone formation and development in the radial direction 
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Figure 5.6: Normal zone formation and development 
in the longitudinal direction 

For the measurements shown in Figure 5.5 and Figure 5.6 it is observed that the heat pulse 

initially generates a temperature profile that is radially localised to the middle turn and 

longitudinally localised to the length of the heater. The measurement taps adjacent to the 

heater (turn 19 at 1800 and 1650
) experience a rapid temperature and voltage rise correlated 

to the duration of the heat pulse. All other taps exhibit a gradual heating that continues after 
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the end of the heat pulse. After the heat pulse is removed the temperature of the 

measurement taps adjacent to the heater decrease. A corresponding temperature increase is 

observed at the taps spaced radially outwards from the heater (turns 21,23,25), and 

longitudinally distributed from the heater (at 140° and 90°). This indicates that heat is 

diffusing outwards from the area around the heater causing the localised temperature profile 

generated by the heater to collapse. All temperatures appear to rise or fall to a relatively 

constant plateau value before a rapid temperature increase is observed. For the 

measurement presented this plateau occurs between l2s and 15s. 

5.2.4 Determining the MPZ 

Examining the plateau observed in Figure 5.5 and Figure 5.6 it can be seen that all 

temperatures are approximately constant during the time over which the plateau exists 

indicating that heat generation is approximately equal to cooling. The temperature profile 

that is produced during this plateau therefore approximates the temperature profile of a 

MPZ where the heat generation in the normal zone is equal to the heat removed by 

conduction. The unstable nature of the MPZ is demonstrated in the above case in which the 

applied normal zone is slightly larger than the temperature profile of an MPZ and therefore 

the zone propagates. 

Figure 5.7 illustrates the anticipated effect of the magnitude of the applied heat pulse on the 

duration of the plateau, 't [s]. Considering a case in which a heat pulse with energy exactly 

equal to the quench energy was applied. The temperature at each point in the winding 

would stabilise and a steady state temperature profile would be created in which heat 

generation is equal to cooling. In 'real' quenches the energy of the applied heat pulse would 

be high enough over the quench energy such that no plateau is observed. Sufficient 

resolution of the applied heat pulse energy is required so that a temperature plateau is 

observed. It has been shown that the experimental set-up has a satisfactory resolution to 

observe the temperature plateau. 
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Figure 5.7: Effect of applied energy on plateau duration 

Figure 5.8 demonstrates the effect of operating temperature on the duration of the plateau. 

At each operating temperature the temperature response of the middle turn (turn 19) at the 

mid-plane of the heater (180°) to a disturbance 25mm long is shown. At each operating 

temperature the energy applied is slightly over the quench energy, Eo, therefore a quench is 

initiated. It can be seen that duration of the plateau is normally longer when the coil is 

operated at higher temperatures. This is because at higher operating temperatures the coil is 

less sensitive to differences between the applied energy and quench energy due to the lower 

operating current and higher heat capacity. 

5.2.5 Experimental limitations 

It can be seen from both Figure 5.5 and Figure 5.6 that the temperature and voltage 

measurements exhibit a similar response to the applied heat pulse. It is observed that the 

thermal measurements lag behind the voltage by approximately 1 second and the 
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temperature measurements exhibit less rapid transient behaviour than the voltage 

measurements. Part of this behaviour can be attributed to the non-linear relationship 

between voltage and temperature. However, the main cause of this behaviour was due to 

the method of temperature measurement in which miniature copper coldfingers were 

soldered to the conductor during coil winding. After epoxy impregnation thermocouples 

could be soldered to the coldfingers thereby simplifying coil fabrication and installation. 

The copper coldfingers introduce an additional thermal diffusion path between the 

conductor and point of measurement causing a slight delay in the dynamic response of the 

temperature measurement. 
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Figure 5.8: Effect of operating temperature on the plateau duration 

5.3 Normal zone temperature profiles 

The normal zone that approximates the MPZ was determined as a function of operating 

temperature and heated section length over which the disturbance was applied as described 

in section 5.2.4 above. The normal zone temperature profiles can aid the magnet designer 

when examining the effect of continuous and transient disturbances on a winding. For 
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example a heat load from a resistive joint will cause a temperature profile to form in the 

winding. If this profile is smaller than the MPZ then the coil will not quench. The 

temperature profiles also demonstrate the spatial size and maximum temperature of 

transient disturbances to which the winding is stable that can then, as shown in section 

5.4.2, be used to predict the stability of the windings. 

5.3.1 Effect of operating temperature on the normal zone temperature profiles 

Figure 5.9 and Figure 5.10 show the effect of operating temperature on the normal zone 

temperature profiles in the radial and longitudinal directions respectively. The results were 

produced when a disturbance was applied to a 60mm heated section. For all profiles 

presented the radial temperature profile is measured at the mid-plane (180°) of the heater 

and the longitudinal temperature profile is measured along the middle turn (turn 19). The 

positions of the measurement taps were detailed in Figure 5.4. 
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Figure 5.9: Radial normal zone temperature profiles created by a 

60mm long disturbance as a function of operating temperature 
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Figure 5.10: Longitudinal normal zone temperature profiles created by a 

60mm long disturbance as a function of operating temperature 

It can be seen from both Figure 5.9 and Figure 5.10 that as the operating temperature is 

decreased the temperature difference between the coil boundaries and the middle turns 

increases. It is thought the height of the temperature profile is dominated by the thermal 

conductivity in the longitudinal direction. The higher temperature difference observed at 

lower temperatures can be sustained because of the balance between an increasing 

volumetric heat generation and an increasing longitudinal thermal conductivity. The 

increase in the longitudinal thermal conductivity is evident in Figure 5.10 where a larger 

hotter normal zone with a higher temperature gradient is observed when operating at 35K 

compared to operation at 67K. From Figure 5.9 it can be seen that the width of the radial 

temperature profile decreases slightly at lower temperatures. It is thought this is due to the 

reduced radial thermal conductivity as the temperature decreases. 

5.3.2 Effect of disturbance length on the normal zone temperature profiles 

The effect of varying the disturbance length on the shape of the normal zone that 

approximates the MPZ was investigated. To obtain the temperature profiles of the normal 
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zone that approximates the MPZ then a heat pulse sufficiently close to the quench energy is 

applied. As expected the quench energy changes with operating temperature and the length 

over which the disturbance is applied, this is presented in section 5.4. The radial and 

longitudinal temperature profiles of the normal zone obtained at 45K and 67K for every 

heater length are presented below in Figure 5.11 and Figure 5.12 respectively. 
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Figure 5.11: Effect of the disturbance length on the radial normal 
zone temperature profile at 45K and 67K 

It can be seen that as the length of the heated section increases the size of the normal zone 

grows in both the radial and longitudinal directions. The heat removed at the end of the 

zone is therefore decreasing compared to the normal zone volume. To maintain a balance 

between heat generation and cooling the heat generation per unit volume must decrease. 

This is evidenced by the lower temperature difference between the middle turns and the coil 

boundaries when examining the longer heated lengths. At lower temperatures the effect of 

the disturbance length on the temperature profiles becomes more evident. The higher 

volumetric heat generations present at lower temperatures makes the coil more sensitive to 

changes in the disturbance length. 
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Figure 5.12: Effect of the disturbance length on the longitudinal normal 
zone temperature profile at 45K and 67K 
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Figure 5.13: Volumetric heat generation as a function of disturbance 
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The heat generated by the normal zone was measured to confirm that the volumetric heat 

generation increases as the disturbance length decreases. The heat generation was 

calculated as the mUltiple of the operating current and the voltage drop across the entire 

length of coil. It is assumed that the voltage drop across the normal zone accounts for the 

majority of the voltage drop across the coil. The volumetric heat generation was 

represented by dividing the heat generation by the length of the applied disturbance. This 

neglects the width of the normal zone but it is thought this assumption is valid due to the 

highly anisotropic normal zone. The volumetric heat generation can be seen in Figure 5.13. 

The results confirm that at every operating temperature the volumetric heat generation 

decreases as the length of the heated section increases. 

5.3.3 3-dimensional temperature profiles 

The large differences between the temperature profIles of an approximated MPZ obtained 

at 35K with a 25mm heater length and at 74K with a 200mm heater length are illustrated in 
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Figure 5.14: Difference in MPZ temperature profiles. EQ at 35K 
2.5cm is 14.9J, at 74K 20.0cm EQ is 45.6J 
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Figure 5.14 below. Measured temperatures are presented and to aid comparison a 3-

dimensional mesh is fitted to each set of experimental results. The localised temperature 

profile generated at 35K can be clearly seen compared to the distributed temperature profile 

produced at 74K. The results indicate that coils operating at lower temperatures can sustain 

small localised heat inputs because of the increase in thermal conductivity as temperature is 

decreased down to approximately 25K. 

5.4 Quench energy 

5.4.1 Effect of operating temperature and disturbance length 

The quench energy was determined as a function of operating temperature, Top [K], and as 

a function of the heated section length over which the disturbance was applied. Figure 5.15 

presents the quench energy as a function of operating temperature for various disturbance 

lengths. The experimental resolution is indicated by showing the maximum energy of a 

disturbance to which the winding is stable and the minimum energy that initiates a quench. 
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Figure 5.15: Effect of operating temperature and disturbance 
length on the measured quench energy 
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All measurements were obtained from the second coil that was wound, the details of which 

were discussed in section 4.3.3. Multiple cool downs were used to acquire the results over a 

period of approximately one month. The absence of a measurement at 74K for a 25mm 

heated section is due to the limited gain of the amplifier. 

lSJfJfectoJfter,nperature 

It is observed that the quench energy increases as the operating temperature is increased 

above 60K. This relationship is expected due to the increased heat capacity of the coil 

composite and lower operating current at higher temperatures. The experimental results 

indicate a minimum value of the quench energy between 35K and 60K at each heater length. 

This is attributed to a sharp increase in Ag thermal conductivity below 60K that counteracts 

the effect of a decreasing heat capacity. As the temperature is decreased below 

approximately 25K, at which the thermal conductivity is a maximum, it is anticipated that 

the quench energy will sharply decrease due to the combined effect of a decreasing thermal 

conductivity and a rapid reduction in heat capacity. The quench energy obtained when a 

200mm long disturbance is applied increases as the operating temperature is decreased 

below 50K. This increase is not observed at shorter heater lengths and is thought to be due 

to the effect that the heat capacity has on the quench energy. At longer heater lengths the 

temperature rise that is required to form a MPZ is significantly smaller than at shorter 

heater lengths. The quench energy is therefore affected more by the increasing thermal 

conductivities than by the heat capacity causing the rise in quench energy at lower 

temperatures. 

lSffect oJf disturbance length 

It can be seen from Figure 5.15 that the quench energy increases as the length of the 

disturbance increases. This can be seen more clearly in Figure 5.16 where the quench 

energy is re-plotted as a function of the disturbance length for various operating 

temperatures. As Wilson [5] reported the quench energy at disturbance lengths longer than 

the MPZ is determined by the energy per unit volume. The quench energy should therefore 

increase as the disturbance length increases beyond the MPZ length. From Figure 5.16 it 

can be seen that the measured quench energy increases as the disturbance length increases 
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Figure 5.16: Quench energy dependence on disturbance length 

as predicted. It is difficult to infer the MPZ size from Figure 5.16 and therefore it is best to 

examine the normal zone profiles as shown in section 5.3 . The MQE can be estimated by 

extrapolating the curves in Figure 5.16 to a disturbance length of Omm to represent a point 

disturbance. For all comparisons against predicted values the quench energy for the 25mm 

disturbance length will be used as the MQE. 

5.4.2 Analytical confirmation of the stability minimum point 

To confirm the trend of the experimental results the minimum quench energy was 

calculated by modifying a treatment reported by Iwasa [6]. Iwasa estimates the size of a 3-

dimensional ellipsoidal MPZ in an adiabatic winding, as shown in Figure 5.17, by 

balancing the heat generated in the normal zone by the heat removed through conduction. 

The treatment must be modified to account for the 2-dimensional shape of the normal zone 

that is produced in a pancake coil, as shown in Figure 5.18. 
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Figure 5.17: 3-dimesional MPZ [6] 
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Figure 5.18: 2-dimensional MPZ in a pancake coil 

Equations 5.1, 5.2, and 5.3 are used to calculate the length, radius and volume of the MPZ 

respectively. The thickness of the MPZ is taken as the width of the conductor which is 

4mm. The MQE is calculated as the energy needed to raise the entire MPZ volume to the 

critical temperature as shown in Equation 5.4. The nomenclature for symbols used in the 

MQE estimation is shown in Table 5.1. In the calculation it is assumed that the energy to 

form a MPZ is the minimum energy needed to initiate a quench. 

[m] Equation 5.1 

5.18 



Chapter 5: Formation and propagation of a normal zone in a (BiPh)2223 conduction cooled pancake coil 

RMZ2 = RMZl~k" 
km 

[m] Equation 5.2 

VMZ = JrRMZIRMZ2f [m] Equation 5.3 

Tc 

EQ = VMZ fCwddT [J] Equation 5.4 
Top 

~mbol Des!gnation 
km Thermal conductivity of stabilising matrix [W.m-I.K-I] 
ktr Coil radial thermal conductivity [W.m-I.K-I] 

pm Resistivi!y of the stabilising matrix [Q.m] 
Tc Critical temperature of (BiPb )2223 [K] 
Top Operating temperature [K] 
Jm Current density in stabilising matrix [A.m--] 

RMZI Longitudinal MPZ size [m] 
RMZ2 Radial MPZ size [m] 

t MPZ thickness [m] 
VMZ MPZ volume [mj] 
Cwd Volumetric heat capacity of the coil winding [J.m-3 .K-I] 
Eo Minimum Quench Energy [J] 

Table 5.1: Nomenclature for MQE derivation 

To represent the experimental coil the material properties required in the model were taken 

from measurements of the coil and published data for the conductor. This data is presented 

in section 1.5.3. The model accounts for the temperature dependence of the material 

properties. 

It was previously observed that a maximum normal zone temperature significantly lower 

than the critical temperature is required to initiate a quench. The broad temperature range 

over which current sharing occurs allows sufficient heat to be generated such that a normal 

zone can propagate with a maximum temperature below Tc. Measurements detailing the 

maximum normal zone temperature, T MAX [K], as a function of operating temperature are 

shown in Figure 5.19. The measurements were acquired when a quench was initiated with a 

25mm long disturbance as a function of operating temperature. The quench energy 
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estimation was further modified to use the value for T MAX in place of T c and the quench 

energy as a function of operating temperature estimated as shown in Figure 5.20. 
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Figure 5.19: Maximum temperature of the MPZ temperature 

profile, T MAX, as a function of operating temperature, Top 

Comparing the measured and predicted quench energies it can be seen that both show an 

increase in the quench energy above 60K and a minimum in the quench energy between 

35K and 60K. The predicted results show a sharp decrease in the quench energy below 

approximately 25K which is the temperature at which Ag thermal conductivity is highest. 

This indicates that the temperature dependence of the thermal conductivity significantly 

influences the coil stability. The magnitude of the predicted and measured quench energies 

differ by a maximum of approximately 50% in the 35K to 67K temperature range. The 

magnitude of the peak in the quench energy at approximately 25K was found to be very 

sensitive to the value used for the resistivity of the stabilising matrix. The data for the 

resistivity was obtained from published results for a similar sheath material to that used. 

The sensitivity of the quench energy estimation coupled with the slight differences in 

resistivity values may cause the differences between the predicted and measured quench 

energIes. 
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Figure 5.20: Predicted and measured EQ as a function of operating temperature 

MPZ radial width 

To confirm the predicted radial MPZ size, RMz2, follows the same trend as measured values 

the two results are compared. The radial width of the normal zone that approximates the 

MPZ was measured by examining the radial voltage profiles as shown in Figure 5.21. This 
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Figure 5.21: Determination of the MPZ width 
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profile is produced using a 25mm heater length with the coil boundaries set at 35K. The 

normal zone radial width was taken as any part of the coil above an arbitrary voltage 

criterion. The measured radial widths at voltage criterion of 20j. .. IV/cm, 50j.lV/cm, and 

lOOj.l V/cm are compared to the predicted radial width, from Equation 5.2, and presented in 

Figure 5.22. The normal zone lengths could not be measured in the longitudinal direction 

due to a lack of measured voltages in this direction. 
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Figure 5.22: Radial MPZ width, RMz2, as a function of operating temperature 

It can be seen from Figure 5.22 that the trend of the measured and predicted values is 

comparable. In both the measured and predicted values an increase in the measured radial 

width occurs above 60K. The magnitude of the measured width is highly dependent on the 

voltage criterion because of the sloping heat generation characteristics of HTS. Radial 

widths closer to the predicted values are obtained from measurements when 1 OOj.l V fcrn is 

taken as the voltage criterion 
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5.5 Quench propagation 

5.5.1 NZP anisotropy 

The first coil manufactured incorporated a heater that was insulated with paper and applied 

to the conductor using GE varnish. The radial temperature profiles produced at different 

times during the propagation of a normal zone were measured, as shown in Figure 5.23. 

The time is measured from the point at which the start of the heat pulse occurs. The results 

were obtained when a 25mm heated section was used to initiate a quench with the coil 

boundaries initially set at 35K. A large temperature drop is observed in the vicinity of the 

heater. The resolution of the temperature profile is insufficient to determine the magnitude 

of the temperature drop. The thermal discontinuity limits quench propagation to only one 

half of the coil indicating the radial heat transfer in the vicinity of the heater is extremely 

poor. Structural examinations revealed that the epoxy resin did not bond well to the GE 

varnish. 
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Figure 5.23: Anisotropy of the radial NZP exhibited by the first test coil with 

coil boundaries at 35K. The disturbance is applied over a 25mm section. 
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It was decided that the level of anisotropy in the NZP was unacceptable when calculating 

the NZP velocities and therefore a second coil was manufactured. The heater assembly 

applied to the second coil was electrically insulated from the conductor by a layer of 40llm 

fibreglass cloth impregnated with epoxy resin. The radial temperature profiles produced 

during the propagation of a normal zone in the second coil are shown in Figure 5.24. The 

results were obtained when a 25mm heated section was used to initiate a quench with the 

coil boundaries initially set at 35K. It can be seen that the normal zone propagates towards 

both the inner and outer boundary. A small thermal discontinuity in the vicinity of the 

heater still exists however it was decided that this level of anisotropy was acceptable when 

measuring the NZP velocities. 

140 .------------f----------------, 

120 
============C============_ - - FleateF-j30stti0fl- - - -I- - - - - - - - - - - - --

100+-----------~~~~----------~ 

g 80 +---------------------~:;;"''' -~ ... -\-... , ----------------1 

-.- 4.7s 
- 0- 5.7s 
~6. 1s 

" 6.5s 
_ 6.9s 
-0- 7.3s 
-+- 7.7s 

~ ----------- '---------' 

60+-----------------~~~--~~)~ ~~~----------4 

40~~~~~~~i,~-~-~~~~~~ 
---=========~============-

20+-----.----.-----._-~._----._----._----._~ 

30 32 34 36 38 

r (mm) 

40 42 44 

Figure 5.24 : Radial NZP exhibited by the second test coil with coil 
boundaries at 35K. The disturbance is applied over a 25mm section. 

5.5.2 Boundary effects 

At each combination of operating temperature and applied disturbance length a quench was 

initiated using an energy which was sufficiently close to but exceeded the quench energy. 

The temperature profiles in the radial and longitudinal directions were measured during 
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propagation. It was found that the coil boundaries significantly affect the temperature 

profiles during propagation. The boundary effects are investigated below by examining 

three cases of propagation, an unbounded propagation, a propagation constrained at the 

radial boundary, and a propagation that is constrained in both the radial and longitudinal 

directions. 

Unbounded NZP 

An example of the radial and longitudinal temperature profiles produced during an 

unbounded quench are shown in Figure 5.25 and Figure 5.26 respectively. The quench was 

initiated by a disturbance 60mm long with the radial boundaries maintained at 35K. It can 

be seen that a normal zone is initially formed that is smaller than the coil boundaries. 

During propagation the normal zone exhibits a constant temperature gradient in both the 

radial and longitudinal directions. It is observed that the normal zone propagates without 

influence from boundaries in either the radial or longitudinal directions. Unbounded 

propagation is observed at other operating temperatures and disturbance lengths when the 

initial normal zone temperature profile is smaller than the coil boundaries. This generally 

occurs at lower temperatures and shorter heater lengths as discussed in section 5.3. 
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Figure 5.25: Radial temperature profiles during propagation with coil 

boundaries at 35K. The disturbance is applied over a 60mm section. 
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Figure 5.26: Longitudinal temperature profiles during propagation with 

coil boundaries at 35K. The disturbance is applied over a 60mm section. 

Influence of a radial boundary 

An example of the radial and longitudinal temperature profiles produced during a quench 

that is bounded in the radial direction are shown in Figure 5.27 and Figure 5.28 respectively. 
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Figure 5.27: Radial temperature profiles during propagation with coil 

boundaries at 67K. The disturbance is applied over a 125mm section. 
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The quench was initiated by a 125mm long disturbance with the coil boundaries maintained 

at 67K. From Figure 5.27 it is observed that the initial normal zone temperature profile has 

reached the radial coil boundaries before propagation has begun. The quench evolves by an 

increase of the temperature profile that is fixed at the boundary. The temperature of the 

inner and outer boundaries do not change during the quench, indicating that, the thermal 

links remove all heat produced by the coil. It can be seen from Figure 5.28 that the 

longitudinal profile propagates with a temperature front that exhibits a constant temperature 

gradient and that is unbounded. 
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Figure 5.28: Longitudinal temperature profiles during propagation with 

coil boundaries at 67K. The disturbance is applied over a 125mm section. 

Influence of both a radial and longitudinal boundary 

The radial and longitudinal temperature profiles produced during a quench that is bounded 

in the radial and longitudinal direction are shown in Figure 5.29 and Figure 5.30 

respectively. The quench was initiated by a 125mm long disturbance with the coil 

boundaries maintained at 74K. It is observed that before propagation the normal zone is 

bounded in both directions. In the longitudinal direction the two ends of the normal zone 

meet creating an artificial boundary that impedes further propagation. A propagating 

temperature front is not observed in either the radial or longitudinal directions. Instead the 
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normal zone evolves by a global temperature increase in which the temperature along the 

middle tum is approximately constant. 
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Figure 5.29: Radial temperature profiles during propagation with coil boundaries at 

74K. The disturbance is applied over a 125mm section. 

120,----------------------------------------, 

110+---------------------------------------_4 

------------------=:-=--.~--~.,,-: 

100+----------------=-=--------------------_4 

g 
I-

90+-------------------~--------__ ~==~--~ 

80+---~~~~~--------------------------~ 

70+----r---.----.----,---.----.---~--_.--_4 

o 20 40 60 80 100 120 140 160 180 

Theta (degrees) 

___ 50s 

-<J- 655 
_ - 70s 
o 755 

---.6.- 80s 

Figure 5.30: Longitudinal temperature profiles during propagation with coil 

boundaries at 74K. The disturbance is applied over a 125mm section. 
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5.5.3 Measurement of the NZP velocities 

For cases in which normal zone propagation was observed the NZP velocities in the radial 

and longitudinal directions were calculated. The NZP velocity was calculated by examining 

the distance at which the propagating temperature front intersects a reference temperature. 

The average of 4 measured values was used to calculate the NZP velocity, the calculation is 

shown in Figure 5.31 for the case ofNZP in the radial direction. The reference temperature 

was defined as the maximum point of the normal zone temperature profile that 

approximates the MPZ. This reference temperature can be easily defined and is part of the 

temperature profile that represents the boundary between quench and recovery. The NZP 

velocities in the radial and longitudinal directions as a function of operating temperature are 

shown in Figure 5.32 and Figure 5.33. 
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Figure 5.31: Determination of the NZP velocity 

It can be seen that both the radial and longitudinal NZP velocities decrease linearly with 

temperature due to a decreasing operating current and increasing heat capacity. The 

propagation velocities measured are in the order of mmls and are therefore similar to those 

measured by other authors as detailed in section 2.10. 

5.29 



Chapter 5: Formation and propagation of a normal zone in a (BiPb)2223 conduction cooled pancake coil 

1.1 

1.0 

Iii' 0.9 -.. 
E .s 
~ 0.8 
'u 
0 
Q) 0.7 > 
c.. 
N 
Z 0.6 
ro 
'0 

CO 0.5 c::: 

0.4 

0.3 
30 35 40 45 50 55 

Top (K) 

• • 

60 

• 
• 

65 70 

Figure 5.32: Radial NZP velocity as a function of operating temperature 
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Figure 5.33: Longitudinal NZP velocity as a function of operating temperature 
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5.5.4 Prediction of the NZP velocities 

The NZP velocities in the radial and longitudinal directions are calculated using Equation 

2.l0 and 2.ll respectively. The formulation of these equations and nomenclature was 

detailed in section 2.7. The predicted and measured NZP velocities are compared in Figure 

5.34. It can be seen that the predicted NZP radial velocity is approximately 50% higher 

than measured and the predicted NZP longitudinal velocity is approximately 300% higher 

than measured. It is thought the larger difference in the longitudinal NZP velocity arises 

because the approximation of a step heat generation is less accurate to use because of the 

wide current sharing regime. The radial NZP velocity is governed by the thermal 

conductivity of the insulation rather than the heat generation characteristics. The 

approximation of a step heat generation has a smaller influence on the predicted radial 

velocity and therefore a more accurate prediction is obtained. The difference between the 

measured and predicted radial NZP velocity may be due to simplifications made in the 

formulation of Equation 2.11 and errors in modelling the resistivity of the stabilising sheath 

as discussed in 5.4.2. 
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Figure 5.34: Comparison of predicted and measured NZP velocities 
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5.6 Relevance to protection systems 

Quench heaters are often used as parts of a protection system to artificially propagate a 

quench detected in one coil to the other coils in a magnet. If quench heaters are to be 

implemented on a HTS magnet then localisation of the temperature distribution may occur 

around the heater leading to coil damage. It may be necessary to apply multiple quench 

heaters to each coil or to accurately control the power fed into the heaters to ensure the 

quench develops without temperature localisation. It has also been observed that the 

temperature localisation is highly dependent on the operating temperature and length of the 

heater. These parameters must be accounted for by the protection system to ensure safe 

operation of the magnet. 

5.7 Conclusion 

The formation and propagation of normal zones in a conduction cooled (BiPb)2223 Ag 

alloy sheathed pancake coil has been investigated. A method of determining the 

temperature profile of a MPZ was proposed. The temperature profiles of the normal zones 

that approximate the MPZ were measured as a function of both operating temperature and 

disturbance length. The temperature dependence of the heat generated by the conductor and 

the thermal properties of both the conductor and insulation were shown to affect the shape 

of the temperature profiles. The quench energy was measured as a function of operating 

temperature and disturbance length. It was observed that a minimum value of the quench 

energy exists between 35K and 60K and that above 60K the quench energy rapidly 

increases. This was attributed to a sharp increase in Ag thermal conductivity below 60K 

that counteracts the effect of a decreasing heat capacity. The effects of radial and 

longitudinal boundaries on the propagating temperature profiles were measured. The 

normal zone propagation velocity was measured for cases in which the boundaries did not 

interact with the propagating normal zone. When the normal zone was constrained in both 

radial and longitudinal directions it was observed that the quench progressed due to a 

process of general heating. 
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Chapter 6 : Finite Element Modelling of Thermal Stability and 

Quench Propagation in a (BiPb )2223 Pancake Coil 

6.1 Introduction 

The current sharing regime in HTS spans a wide temperature range over which the heat 

generated by the conductor has a highly non-linear variation with temperature. In addition 

the thermal properties of the conductor change significantly over the temperature range that 

current sharing occurs. Numerical methods are therefore required to accurately simulate the 

thermal stability and quench propagation in HTS. Various workers have successfully used 

both the finite difference method [1] and finite element method [2,3] to simulate quench 

propagation in HTS conductors and coils. This work is based around the ability of the 

ANSYS® finite element software to allocate a non-linear temperature dependent heat 

generation and thermal property values to model elements. An emphasis is placed on 

developing a basis for an analysis tool that could be used by HTS magnet engineers. The 

thermal stability of a pancake coil wound with (BiPb )2223 tape, as fabricated and tested in 

Chapter 4 and 5, was analysed. Simulated results are compared with experimental results 

by examining the normal zone temperature profiles and comparing the simulated and 

measured temperature dependence of the quench energy. 

6.2 Model construction 

6.2.1 Analysis approach 

A continuum modelling approach [3,4] was used to simplify the analysis by replacing the 

composite structure of the winding with a homogenized medium. The medium is allocated 

thermal property values that are averaged over the entire composite structure of the coil. 

This approach reduces the number of elements in the model and therefore leads to a 

reduction in solution time which is important when iteratively determining the minimum 

quench energy (MQE). In the temperature range of interest the continuum model has been 
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shown to produce similar results to a coil geometry in which the conductor and insulation 

are modelled separately [5]. The coil construction and conductor type to be modelled are 

shown in Table 6.1. So that simulation results can be compared to experimental results the 

coil construction represents the coil that was fabricated and tested in Chapters 4 and 5. All 

simulation operations were controlled with a parameter based macro using the ANSYS 

programming language. It is therefore simple to extend the analysis to different sized coils 

by changing the input parameters and running the simulation. 

Item Specifications 

Insulation Fibreglass cloth ~ 1 OOflm 
Number oftums 38 

Coil inner diameter 60mm 
Coil outer diameter 90mm 

Conductor type NST multifilamentary (BiPb)2223 tape 
Conductor sheath Outer O.IMgNi-Ag alloy 

Inter-filaments: Ag 
SC filling factor 27% 
Tape dimensions 4.1mm x O.25mm 

Ie 60A at 77K (lflV/cm) 
Heater Constantan tape, up to 200mm x 

2mm x O.15mm 

Table 6.1: Coil characteristics 

6.2.2 Coil geometry 

The coil geometry, as detailed in Table 6.1, is modelled as three concentric 2-dimensional 

annuli representing the inner turns, outer turns, and the middle tum at which a quench was 

initiated. A mesh was created using the 8 node element PLANE 77 by constraining the 

elements to every 10 around the inner and outer perimeters of the coil. A mesh with finer 

elements, as shown in Figure 6.1, was implemented around the middle tum to allow for 

accurate application of the heat pulse. All meshing operations were conducted using a 

cylindrical co-ordinate system to enable the use of anisotropic thermal conductivities in the 

longitudinal and radial directions. 
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HIS ceil 

AN 
wu. 21 20015 

10 : 5E: 21 Inner turns section 

Middle tum 

Outer turns section 

Figure 6.1: Detail of the meshed coil geometry 

6.3 Thermal property measurement and estimation 

6.3.1 Thermal property measurements 

Test samples were removed from a coil fabricated using the same winding parameters and 

materials as the coil under investigation. A cross-section of the coil was removed and two 

samples prepared for radial thermal conductivity and heat capacity measurements using a 

Physical Properties Measurement System (PPMS) supplied by Quantum Design. The 

thermal conductivity sample was 8mm long and had a cross-sectional area of 5mm2
. The 

sample for specific heat measurements had a mass of 30mg. The measured properties are 

presented below by comparing them to estimated property values. Thermal and electrical 

properties of the conductor and composite structure have been introduced in section 1.5.3. 

The same data was used to represent the homogeneous material properties of the model coil 

and will be further discussed in the following sections. 

6.3.2 Specific heat estimation 

The specific heat of the homogenized coil composite structure can be estimated from the 

specific heats of the individual components of the coil [6,3] as represented by Equation 6.1. 
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Where Cpav [J.kg-1.K-1] is the average specific heat ofthe composite, mi [dimensionless] is 

the mass fraction of material i, and C [J.kg-1.K-1] is the specific heat of material i. 

Equation 6.1 

The volume fractions and calculated mass fractions of individual coil components are 

detailed in Table 6.2. They are calculated from a measured winding fill factor of 63% 

conductor, a conductor fill factor of27% (BiPb)2223 and an estimated 1 part glass to 1 part 

epoxy resin. The main component of glass is Si02 and therefore these property values were 

used to represent the fibreglass. The estimated and measured temperature dependence of 

the specific heat is shown in Figure 6.2. It can be seen that the estimated values broadly 

agree with the measured values indicating that the specific heat could be predicted for coils 

wound with a different conductor or filling factor. 
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Component Volume fraction Mass fraction [7,81 
Fibreglass [9] 0.37 x 0.5 =0.185 0.12 

Epoxy resin [10] 0.37 x 0.5 =0.185 0.01 
Silver [11] 0.63 x 0.73 =0.46 0.76 

(BiPb)2223 [12] 0.63 x 0.27 = 0.17 0.11 

Table 6.2: Components of the coil composite 

6.3.3 Thermal conductivities 

The homogenized medium is allocated anisotropic thermal conductivities to represent the 

composite coil structure. The radial thermal conductivity is difficult to estimate in a 

composite material because it depends on accurately representing the thermal contact 

resistances and geometric distribution of the separate composite components [3,6]. It was 

therefore decided to rely solely on the measured radial thermal conductivity data, as shown 

in Figure 6.3. A typical value for the thermal conductivity of resin impregnated fibreglass is 

0.35 W Im.K at 77K [13]. Hence it can be seen that the radial thermal conductivity is 

governed by the poor thermal conductivity of the fibreglass and epoxy resin. The 

longitudinal thermal conductivity of the conductor was obtained from published 

measurements for the specific conductor used [14] as shown in Figure 6.4. 
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Figure 6.3: Measured radial thermal conductivity of the coil composite 
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Figure 6.4: Longitudinal thermal conductivity of the NST 

'Zerome Hercules' Ag-Mg-Ni sheathed conductor [14] 

6.4 Boundary conditions and loading 

6.4.1 Boundary conditions 

120 

The temperature variation across the conductor width is neglected and adiabatic boundaries 

are applied on the top and bottom surfaces of the model coil simulating heat transfer 

characteristics in the experimental coil. A constant temperature was applied to the inner and 

outer boundaries. It is thought this is a valid assumption because the temperature of the coil 

boundaries stayed relatively constant during a quench, as observed from experimental 

measurements in Chapter 5. 

6.4.2 Heat generation in a superconducting composite 

The heat generated by the conductor was calculated as a function of temperature using the 

power law approximation accounting for current sharing to the stabilising matrix as shown 
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in Equation 6.2. Where lop [A] is the operating current density, IdT) [A] is the temperature 

dependent critical current density of the superconductor, E [V.m-I] is the electric field 

across the conductor, Ee [V.m-I] is the electric field at the critical current (Ill V/cm). n(T) 

[dimensionless] is the temperature dependent n-value from the power law, Pm [n.m] is the 

resistivity of the stabilising matrix, and Am [m2
] is the area of the stabilising matrix. This 

heat generation formulation, Equation 6.2, is described in detail in section 2.7. The data for 

the resistivity of the stabilising matrix is presented in section 1.5.3. 

1 

( 
E In(T) E 

I = - . I (T) + . A 
op E C (T) m 

C Pm 
[A] Equation 6.2 

The n-value used in the calculations exhibited approximately linear temperature 

dependence from 16 at 17K to 28 at 20K [15]. The magnetic field generated by the coil was 

assumed to remain constant during a quench and therefore the IdT) dependence was 

obtained from measurements of the critical current between ends of the test coil as 

presented in Section 4.6. The measured critical current was observed to decrease linearly 

from 158.5A at 35K to 43.5A at 74K. The resistivity of the stabilising matrix was 

considered as Ag with a residual resistivity ratio (RRR) of 100 [11] as presented in section 

1.5.3. The resistivity rapidly increases from 3.5x 1 O-lOn.m at 30K to 2.5x 1 0-9n .m at 70K. 

For each simulation the current was set at a value near Ie that was found experimentally to 

give an average electric field across the coil of 0.7IlV/cm at that operating temperature. 

Equation 6.2 was solved to obtain the volumetric heat generation, as given by the product 

of E and the operational current density, Jop [A.m-2
]. Heat generation was averaged over 

the winding volume by multiplying the volumetric heat generation of the conductor by a 

winding fill factor, ~v=0.63. The calculated volumetric heat generations at varying 

operating temperatures is shown in Figure 6.5. For each separate simulation the heat 

generation as a function of temperature is automatically read into the analysis software and 

applied to individual model nodes. 
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Figure 6.5: Coil volumetric heat generation for various operating 

temperatures with I-Ic 

6.4.3 Solution 

The coil boundaries were set at a constant temperature and a quench was initiated by 

applying a pulse of Is duration to a set of elements 0.25mm wide representing the middle 

turn. The transient analysis was solved using the automatic time stepping method to aid 

convergence. A simulation 20s in length took approximately 300s to solve using a PC with 

a Pentium 4 2.4GHz processor. 

6.5 Normal zone formation and propagation 

6.5.1 Transient temperature response to a heat pulse 

Figure 6.6 and Figure 6.7 show two separate simulations in which the coil boundaries were 

set to 67K and 35K respectively and a quench initiated by applying a heat pulse to a 25mm 

long section of the middle turn. The energy applied was just sufficient to initiate a quench 

and therefore the coil recovered when a heat pulse of a smaller magnitude was applied. 
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Shown in both Figure 6.6 and Figure 6.7 are the experimental and simulated transient 

temperature response of 3 points in the coil. The points are located at the mid-plane of the 

heater on the middle tum (Tum 19), 2 turns radially distant (Tum 21) and 4 turns radially 

distant (Tum 23). At both operating temperatures the simulated results show an initial sharp 

temperature rise due to the applied heat pulse. The simulations show that, after the initial 

heat pulse, temperatures near to the middle tum (Tum 19 and 21) collapse and temperatures 

further from the middle tum (Tum 23) increase; a 'plateau' section is formed over which 

the temperatures are approximately constant. As detailed in chapter 5 when the balance 

between a quench and recovery is determined this temperature plateau represents the 

temperature profile of a MPZ in which heating is equal to cooling. 
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Figure 6.6: Measured and simulated transient temperature 

response of the coil to a 25mm disturbance when operating at 67K 

The experimental temperature traces show a similar trend to the simulated results with a 

temperature plateau being formed that then propagates. However, the initial sharp 

temperature rise is not observed in the measured results. As explained in Chapter 5, it is 

thought this 'damping' effect is caused by the method of temperature measurement. Small 
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copper cold fingers soldered to the coil to aid assembly introduce an additional thermal 

diffusion path between the tape and point of measurement causing the observed damping 

effect. The rate at which temperatures increase during propagation is greater for the 

simulated results than for the measured results indicating that the volumetric heat 

generation applied to the modelled coil is larger than that produced in the experimental coil. 
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Figure 6.7: Measured and simulated transient temperature 

response of the coil to a 25mm disturbance when operating at 35K 

6.5.2 Normal zone temperature profiles 

The accuracy of the simulation is further investigated by comparing the measured and 

simulated normal zone temperature profiles. The temperature profiles that approximate the 

MPZ temperature profiles produced during the plateau section are compared in Figure 6.8 

and Figure 6.9 for operating temperatures of 35K and 67K respectively. A section of the 

coil is presented to allow observation of the radial temperature profile. 
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It can be seen that at both operating temperatures the shape of the simulated normal zone 

temperature profile in the radial direction successfully represents the measured temperature 

profile. The measured results exhibit a steeper longitudinal temperature gradient than the 

simulated results and the maximum temperature evident in the measured profile is higher 

than the simulated profile. It is thought this is due to a larger longitudinal thermal 

conductivity value applied to the model than is exhibited in the experimental coil. The 

increased thermal conductivity leads to a reduction in the maximum temperature of the 

simulated results. 

6.5.3 Effect of operating temperature on the normal zone temperature profiles 

The normal zone temperature profiles obtained with a 25mm heated section at 35K and 

67K are compared in Figure 6.10. The simulated 35K temperature profile is more localised 

in the radial direction than the 67K temperature profile. This is probably due to the 

decreased radial thermal conductivity of the coil composite at lower temperatures. At 67K a 
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maximum temperature rise of 17K is obtained compared to a 36K temperature rise at 35K. 

A higher temperature can be maintained at 35K due to the increased cooling in the 

longitudinal direction balancing the higher volumetric heat generation. 

6.6 Stability simulations 

Separate quench events were simulated at a desired operating temperature to determine the 

quench energy, EQ. The magnitude of the applied disturbance was successively increased 

until the quench energy was reached and subsequently it was identified from the 

simulations that a quench had been initiated. The temperature dependence of the quench 

energy was determined and the results are compared to experimental measurements In 

Figure 6.11. All quenches were initiated using a 2.5cm long heated section. 
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Figure 6.11: Simulated and measured quench energy, EQ 

Both the simulated and experimental results show a similar dependence of quench energy 

on operating temperature. At operating temperatures above 55K the quench energy rapidly 

increases as the operating temperature is increased. Below 55K the quench energy appears 
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to reach a constant value as operating temperature decreases. As detailed in Chapter 5 this 

is attributed to a sharp increase in Ag thermal conductivity below approximately 60K. This 

leads to a relatively constant quench energy before the rapid reduction of heat capacity at 

lower temperatures becomes dominant. The magnitude of the quench energy predicted by 

the model is different to the experimental measurements by a factor of between 3.6 and 4.7 

over the entire temperature range. It is expected that the differences are due to inaccuracies 

in modelling the volumetric heat generation. The resistivity used in the calculations may be 

too high thereby increasing the heat generation and reducing the quench energy. In Figure 

6.8 and Figure 6.9 the measured and simulated temperature profiles were compared and the 

simulated temperatures were shown to be lower than the measured temperatures. It is 

thought that the lower temperatures are produced by a combination of an increased heat 

generation offset by an increased cooling due to the artificially high longitudinal thermal 

conductivity. 

6.7 Conclusion 

A finite element model based on the continuum modelling approach has been constructed 

to predict the thermal stability of a pancake coil wound with (BiPb)2223 conductor. 

Simulated transient temperature traces and temperature profiles appear to predict the 

quench behaviour reasonably successfully. To improve the accuracy of the predictions the 

parameters of the heat generation calculation, such as the resistivity of the stabilizing sheath 

and n-value of the superconductor, should be modelled more accurately. The model can be 

used as a base for future work involving more demanding simulations. Such simulations 

could involve 3-dimensional thermal stability studies and using the ability of the ANSYS® 

program to couple thermal and electromagnetic problems so that current decay in the coil 

during a quench can be accounted for. 
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Chapter 7 : Conclusions and further work 

The formation and propagation of normal zones in a conduction cooled (BiPb)2223 Ag 

alloy sheathed pancake coil has been investigated both experimentally and through 

simulation. The work has relevance for the magnet designer when examining the thermal 

stability of HTS magnets and when designing the protection systems that should be 

implemented for safe operation of such magnets. 

Apparatus was designed and manufactured to provide stable operating conditions for a IITS 

pancake coil over a wide temperature range. Both resistive and HTS current leads were 

used to supply current to the coil. To maintain the temperature of the pancake coil heat is 

removed from the coil boundaries to the coldhead of a cryocooler through conduction along 

thennal links. The apparatus was tested up to a maximum operating current of 300A at 

which only a O.7K drift in the coldhead temperature was observed. A large temperature 

difference of between 11 K and 18K was observed between the coil boundaries and 

coldhead dependent on operating temperature. It is thought that the bolted joints and the 

electrically isolated clamp caused the majority of the temperature drop. The minimum 

temperature achievable of 35K still allowed successful operation of the HTS pancake coil. 

This is because HTS can operate over a wide operating range and therefore conductioll 

cooled HTS magnets exhibit a high tolerance to temperature differences that can occur 

across thermal I inks. 

A conduction cooled pancake coil wound with a (BiPb)2223 tape conductor was 

manufactured using a vacuum impregnation process. Miniature copper cold fingers were 

soldered to the conductor during coil winding. Thermocouples could be soldered to the cold 

fingers after epoxy impregnation therefore simplifying coil fabrication and installation. The 

copper coldfingers introduce an additional thermal diffusion path between the conductor 

and point of measurement causing a slight delay in the dynamic response of the temperature 

measurement. Further work could build on the results already obtained and examine 

soldering the thermocouples directly to the coil to improve the dynamic response of the 

temperature measurement. 
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The highly instrumented coil was characterised by measuring the current-voltage curves 

and the overcurrent at which a quench occurs as a function of operating temperature. The 

critical current of the coil was determined from the measured current-voltage curves and a 

procedure presented to predict the critical current as a function of operating temperature. 

The work presented is of use to the HTS magnet designer when developing conduction 

cooled HTS magnets. When generating concepts for HTS magnets the critical current and 

quench current can be estimated before detailed design work commences. 

One example of where a HTS coil may be subjected to an overcurrent is when used as a 

high field insert in a LTS magnet. When the less stable LTS sections quench the magnetic 

coupling between coils can induce overcurrents in both the L TS and HTS sections. The 

temperature and voltage distributions in the pancake coil were mapped during the evolution 

of a quench caused by an overcurrent. It was observed that the quench initially evolves due 

to a steady heating of the entire coil, although, localisation of the temperature distribution 

occurs as heating rates increase due to insufficient time for heat diffusion. A protection 

system for such an HTS coil would ideally detect the slow general voltage rise, perhaps 

using an active voltage detection system, and reduce the current in the coil before the rapid 

temperature rise occurred. 

The quench energy of the pancake coil was measured as a function of operating 

temperature by applying transient disturbances of various lengths. It was observed that the 

quench energy remains relatively constant between 35K and 60K and that above 60K the 

quench energy rapidly increases. This was attributed to a sharp increase in Ag thermal 

conductivity below 60K that counteracts the effect of a decreasing heat capacity. In 

practical terms this means that the stability to transient disturbances is not affected by 

varying the temperature between 35K and 60K. It was predicted that at temperatures below 

60K the maximum quench energy occurs at the temperature where the thermal conductivity 

is maximum. This occurs at approximately 25K for the coil tested. To verify the predictions 

further work should concentrate on measuring the quench energy of a similar coil at lower 

temperatures. This could be achieved by replacing the single stage cryocooler with a two 

stage cryocooler that can provide a minimum temperature of approximately 4K. Further 
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work could also examine using conductors with sheaths of various thermal conductivities to 

wind separate pancake coils. The temperature dependent quench energy of each coil could 

be determined and related to the thermal conductivity of the sheath material. 

The large number of thermocouples and voltage taps applied to the coil allowed the 

temperature and voltage profiles to be mapped during the evolution of a quench. The 

temperature profiles of the normal zones that approximate the MPZ were measured as a 

function of both operating temperature and disturbance length. The temperature profiles 

demonstrate the spatial size and maximum temperature of disturbances to which the 

winding is stable which can then be used to predict the stability of the coil. 

The effects of radial and longitudinal boundaries on the temperature profiles of a 

propagating normal zone were measured. When the normal zone was constrained in both 

radial and longitudinal directions it was observed that the quench progressed due to a global 

temperature rise. The NZP velocity was measured for cases in which the boundaries did not 

interact with the propagating normal zone. The slow NZP velocities measured, in the order 

of mm/s, present challenges when designing protection systems for HTS magnets. Due to 

the slowly propagating normal zone the voltages generated can be low and theret'ore 

sensitive detection circuits are needed for quench detection. If quench heaters are used to 

artificially propagate a quench the number of heaters, placement of heaters and heater input 

power must be carefully chosen so as not to produce temperature localisation around the 

quench heaters. 

A finite element model based on the continuum modelling approach has been constructed 

to predict the thermal stability of a pancake coil wound with (BiPb)2223 conductor. 

Simulated transient temperature traces and temperature profiles appear to predict the 

experimentally measured quench behaviour reasonably successfully. To improve the 

accuracy of the predictions the resistivity of the stabilizing sheath should be modelled more 

accurately. Further work could extend the basic model by using the ability of the ANSYSCJiJ 

program to couple thermal and electromagnetic problems to model current decay in the coil. 

7.3 


