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Abstract

Investigation of Superconductors Thermal Stability -
Using Different Macroscopic Heat Conduction Models
By
Mohammed Q. Odat

Supervisor
Professor Mohammed Hamdan

Co-Supervisor
Dr. Moh’d Al-Nimr

Superconducting magnets are subjected to athermal instability, leading to the
loss of superconductivity, known as "quench," in which the critical values of field,
temperature, and current density are exceeded and fail to recover. This phenomenon
generally begins by external localized disturbances, which create a normal (resistive)
zone. The normal zone may grow or collapse depending on the balance between the
resulting Joule heating in the wire and the heat losses from the wire. If the heat is not
conducted away from the normal zone faster than it is generated, the normal zone will
grow and the temperature will increase and the superconductor is said to be unstable.
Thermal stability, i.e., the possibility of self-recovery of a superconductor after a
quench, is one of the most important issues of superconductor devices design. The
thermal stability of a superconductor is determined quantitatively by some limiting
parameters, called stability indicators or parameters, which delimit the stable opera.tion
region of the superconductor. The parameters of stability are used in the design and
operation of superconducting devices.

This thesis presents a numerical investigation for calculating the stability
parameters; which include the superconductor maximum terﬁperature and the critical
energy. The calculation of these parameters is conducted based on different

macroscopic heat conduction models, which are the classical diffusion model, the wave
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model, and the dual-lag-phase model. The essential part of this work is the usage of the

wave and dual phase lag models, which can be used for the description of fast-changing

or high heating rate heat processes in the superconductors. These models take into *

account the finite speed of heat flux propagation and the precedence of temperature
gradient-heat flux.

Thermal stability is simulated by a numerical code using finite-difference
method for the diffusion model, and FlexPDE finite-element ‘code for the wave and
dual-phase-lag models. The numerical methods for calculation the stability parameters
of the uncooled and cooled superconductor takes into account fransient heat transfer in
the conductor and coolant, and the finite duration and finite lengt!h of heat disturbances.

The present study indicates that the use of the wave aﬁd dual phase-lag-model
have a dominant effect on the prediction of superconductor thermfal stability. Also, the
simulation demonstrates that there is a critical Joule heating for each disturbance
intensity, and the stabillity region estimated based on dual-phase-lag model seems to be
overestimated. For small values of disturbances the wave model predicts a narrower
thermal stability region compared to the stability region obtained using the diffusion
model, and the situation is reversed at disturbance of higher intensity.

Also, the results of this investigation indicate that lateral cooling has a
significant influence on the improvement of superconductor thermal stability, and the
disturbance length and duration time have a negative effect on the thermal stability,
which are physically justified.

Using the elaborated numerical methods, the basic variables characterizing the
superconductor stability parameters have been carried out. On the basis of this
investigation, a number of general conclusions are drawn. The comparison of the
calculated values of the stability parameters with calculated ones taken from the

literature is made as well. The comparison shows a reasonable agreement.
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1-Introduction

-
Y

This chapter provides an introduction to the thermal stability of superconducting

wires, the concept of superconductivity, superconductor types, and superconductor

current and fiture applications. Superconducting materials can carry current without

electrical resistivity, when they are cooled below a critical temperature. Application in

power engineering became much more feasible when materials with relatively high

critical temperature of 90-120 K were discovered.

1.1 Superconductivity

Superconductivity is the name given to the phenomenon observed when an

electric current passes through a material cooled to a temperature below its "critical

temperature (Te)". This observation is that the material conducts electricity without any

resistance’ that is, it conducts without losing any of its electric energy. When electricity

flows through a normal wire, it loses a lot of its energy, usually in the form of heat.

How much energy is lost depends on the ‘resistance' of the circuit. The more the

- resistance, the more heat is lost.

Toaster ovens, for example, are specifically designed to have a high resistance.

. In the case of the toaster, however, resistance is the desired effect: if there was no
- resistance in a toaster, your bread would never become toasted. The energy from the

 electricity is converted into heat by passing through a section of wires that have a lot of

 resistance, However, toasters are an exception. Most of the time, one needs to save

rather than converting it to heat. This is accomplished by using a

- superconducting wire. Superconducting wires are those that do not loose any energy to
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heat. In other words, they have zero resistance. The problem with superconductors is
that they need to be cooled to extremely low temperatures before they will have zero

resistance.

1.1.1 Discovery of Superconductivity

The electrical resistivity of some materials becomes zero at low temperatures,
defining a state known as superconductivity. In 1911, a Dutch physicist, Karmerlingh
Onnes, discovered this condition when he cooled mercury to 4.2 K (the boiling point of
liquid helium at atmospheric pressure) and detected no measurable resistance. He later
discovered that s;.eve-ral other metals, such as lead and tin, also éxhibite the same change
of state. He designed an experiment to show that energy was not lost when flowing as
electricity through a superconductor. He took a ring of wire and placed it in a bath of
liquid helium. Next, he started a flow of electricity through the wire, then removed the
source of the electricity. Normally, the wire would have almost immediately lost the
electric curreﬁt, but over a year later, still in the bath of liquid helium, he found that the
wire still had 2 current flowing in it that was the same strength as when he first started
the current flowing. However, the early superconductors did not prlomise any practical
advantage because they could not carry significant current densities while maintaining
their superconducting state. Superconducting material with critical current densities
high enough to permit design improvement over the use of normal conductive metals,
such as copper, were not discovered for several decades.

The electrical resistivity of all metals and alloys decreases when they are cooled.
To understand why this occurs, we must consider what causes a conductor to have a
resistance. The current in a conductor is carried by conduction electrons, which are free

to move through materials. Electrons have; of course, a wave-like nature, and an
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electron travelling through a metal can be represented by a p]z:me wave m_oving in the
same direction. A metal has a cfystalline structure with the atoms lying on a regular
repetitive lattice, and it is a property of a plane wave that it can pass through a perfectly
periodic structure without being scattered into other directions. Hence an electron is
able to pass tﬁrough a perfect crystal without any loss of momentum in its original
direction. In other words, if in a perfect crystal we start a current flowing (which is
equivalent to giving the conduction electrons a net momentum in the direction of the
current) the current will experience no resistance. However, any fault in the periodicity
of the crystal will scatter the electron wave and introduce some resistance. There are
two effects, which can spoil the perfect periodicity of a crystal lattice and so introduce
resistance. At temperature above absolute zero the atoms are vibrating and will be
displaced by various amounts from their equilibrium positions; furthermore, foreign
atoms or other defects randomly distributed can interrupt the prefect perioditity. Both
the thermal vibration and any impurities or imperfections scatter the moving conduction
electrons and give rise to electtical réblstance.

One can now see why the electrical resistivity decreases when a metal or alloy is
cooled. When the temperature is lowered, the thermal vibrations of atom decreases and
the conduction electrons are less frequently scattered.

Certain materials, however, show a very remarkable behavior. When they are
cooled their electrical resistance decreases in the usual way, but upon reaching a
temperature a few degrees above absolute zero they suddenly loose all trace of electrical
resistance (Fig. 1.1). They are then said to have passed into the superconducting state.
The transformation to the superconducting state may occur even if the metal is so

impure that it would otherwise have had a large residual resistivity. The temperature at

»
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. which a superconductor looses resistance is called its superconducting transition or

' critical; this temperature, written T, is different for each material.

- 1.1.2 Type I- Superconductors

The Type I category of superconductors is comprised mainly of pure metals that
'E normally show some conductivity at room temperature. They require incredible cooling
to slow down molecular vibrations sufficiently to facilitate unimpeded electron flow in
accordance with what is known as BCS theory. BCS theory suggests that electrons team
up in "Cooper pairé" in order to help each other overcome molecular obstacles much
like race cars on a track drafling each other in order to go faster. Type I superconductors
- also known as the "soft" superconductors were discovered first and require the coldest
temperatures to become superconductive. They are characterized by a very sharp
transition to a superconducting state (see Fig. (1.1)). In normal conducting materials
such as copper, the electrical resistance depends linearly on the temperature, (see dash
line in Fig. (1.1)). Table (1.1) shows a list of known as Type I superconductors along
with the critical (transition) temperature, below which each superconductor wiil be
shifted to the normal state. Copper, silver and gold, are three of the best metallic
conductors that do not rank among the superconductive elements. Table (2.2) shows the

normal resistivity of various materials,
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Fig (1.1); Dependence of Electrical resistivity
on temperature for type Esuperconductor

Table (1.1): Critical temperatures of some type E superconductors.

Material Critical Material Critical
temperature (K) temperature (K)
Aluminum 1.175 Hafnium 0.128
Beryllium 0.026 Tungsten 0.0154
Indium 3.40 Americium 0.6
Lanthanum 4.9 Molybdenum 0.915
Lead 72 Gallium 1.10
Mercury 4.15 Osmium 0.66
Platinum 0.0019 Rhodium 0.000325
i’rotactinium 1.4 Titanium 0.40
Tantalum 4.47 Zinc 0.85
Thorium 1.38 Uranium 0.20
Tin 3.72 Zirconium 0.61
*First superconductor discovered (1911)
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 1.1.3 Type 1I -High Temperature Superconductors (HTS)

In the early 1960s, Nb3Sn and NbTi were found to exhibit superior current-
. carrying performance even at high magnetic fields. Their critical current densities are
~ greater than those of copper conductor in well-designed water-cooled copper magnets.
These superconductors are classified, as type IL TypelI and type II superconductors
differ in their response to external magnetic fields. Below a critical ﬂeld, Hg.1, a body
of either type will completely exclude the field from its interior while it is
superconducting. This behavior is known as the Meissner gffect. This effect was
discovered in 1933. When a magnetic field surrounds a si.;perconductor it cannot
penetrate it, unless the field is strong enough to remove it from its superconductive
state. The magnitude of Hp. varies with material and temperature. Above Hper type I
superconductors becomes non-superconducting; Type II materials allow field
penetration throughout the body while reaming superconducting until the field reaches
Hp.,, which is several orders of magnitude greater than Hg.i. Type II superconductors
are chatercterised by two critical fields. Magnetic fields weaker than the lower critical
field Hpy are completely excluded from the bulk of the material by superconducting
screening currents flowing in a very thin layer at the surface. Magnetic fields between
Hpe and Hpe penetrate the material in the form of “flux lines’, each carrying the flux
quantum of 2 X 10”"° Weber. Both fields depend on temperature and they are zero at the
critical temperature. Also,.The transient thermal behavior of high-T. materials differs
from that of low- T. superconductors. Type I and type II will be completely
superconducting at operating temperature below a critical temperature Ter (which is
called current sharing temperature in the case of type II and critical or transition

temperature in the case of type I). Above Tq type 1 superconductor becomes non-
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superconducting while, type II remains superconducting until the temperature reaches
Te, which is considerably greater than T,

High témperature superconducting (HTS) materials are ceramic and therefort:
brittle in nature. The production of long lengths of wires or tapes suitable for winding
magnets has lrimited the application of high-temperature superconductors. The solutions
used in manufacturing high performance superconductors (such as Nb3Sn) are being
pursued in the fabrication of HTS wires. Using this approa'ch, filamentary wires (of
BSSCO materials) and thin tapes (of YBCO compounds) have been manufactured with
properties that approach ideal limit (highly textured or nearly single crystal). BSCCO-
2212 shows good inter-grain current transfer even though the inter- grain current density
is substantially smaller than that for the YBCO compound and for BSCCO 2223,
Although the properties of BSSCO (2212 and 2223 compounds) are exceptional when

compared to low temperature superconductors, the properﬁes of YBCO are even better.
Indeed, if the magnetic field direction is nearly parallel to the YBCO then the current
density of YBCO at high fields (> 10T) and at 77 K approaches that of Nb3Sn at4K
and 0 T. BSSCO wires also require a large silver fraction, increasing the cost of the
wires and decre#sing the emerging current density.
The critical current density of type II superconductors varies with temperature
and magnetic field, There is a maximum temperature, T, as there is a maximum field
He: and with these limits, the materials are in superconducting state. F igure (1.3) shows

three-dimensional plots defining the critical surfaces for NbTi and BSCCO-2223 (High

- temperature superconductors compound of bismuth (Bi). lead (Pb), strontium (Sr),

- calcium (Ca), copper (Cu) and oxygen (0). —BiPbSrCaCuO- ofien known by BSCCO-

2223, (Mukai H. et al, 1993).
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Except for the elements Vanadium, Technetium and Niobium, the type 1T

category of superconductors is comprised of metallic compounds and alloys. The
recently discovered superconducting "Perovskites" (metal-oxide ceramics that normally
have a ratio of 2 metal atoms to every 3 oxygen atoms) belong to this type II group.
They achieve higl;ler Te's than type I superconductors by a mechanism that is still not
completely understood. Conventional wisdom holds that it relates to the planar layering
within the crystalline structure. Although, other recent research suggests the holes of
hypocharged oxygen in the charge reservoirs arc responsible. (Holes are positively
charged vacancies within the lattice.) The superconducting cuprates (Copper-Oxides)
have achieved astonishingly high T.'s when you consider that by 1985 known Tc's had
only reached 23 K. To date, the highest T, attained at ambient pressure has been 138 K.
One theory ( Kresin, er ak, 1998) predicts an upper limit of about 200 K for the
layered cuprates. Others assert there is no limit. Either way, 1t is almost certain that
other, more synergistic compounds still wait discovery

. Type 1l superconductors - also known as the “hard" superconductors differ
from Type 1 in that their transition from a normal to 2 superconducting state is gradual
across 2 region of "mixed state” behavior called the current sharing region. A type 11
will also allow some penetration by an external magretic field into its surface, and type
I will not. While there are far too many to list in totaltty, some of the more interesting
Type II superconductors are listed below by similarity and with descending T.'s. Table

(1.2) shows the resistivity coefTicient of some high temperature superconductor,
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Fig (1.2): Dependence of Electrical resistivity
on temperature for typeIEsuperconductor
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Fig (1.3): Critical surfaces for NbTi and BSCCO-2223
{Mukazi et al. 1993)
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Table (1.3): Critical temperatures for various high temperature

superconductors
Critical current
Material ICritical Temperature (K)
Alem®
HgB32CazCU3Og 133-135 , 27227
T1,Ba;Ca:CusOr2 99 | 271.96
Bi,Sr;CaCu,0g 110 | 269.43
{Bi2Sr2CaCu,0s 80 9 69_ 00
[Ca1xSrCu0; 110 265.97
INb_Ti 9.8 500000
Nb;Sn 18.05 255.10
\ Nb;Ge ‘ 232 ' 200000
YBa;Cu;0; %0 183.15
{Bi-Sr-Ca-Cu-0 105 168.15
T1-Ba-Ca-Cu-O 125 148.15

The occurrence of superconductivity in high-T. materials is not yet fully
understood. It is not completely explained by the BCS theory, which satisfactorily
describes the low-temperature superconductors. Nevertheless the high-T. materials are

known to be type-II superconductors. A magnetic field penetrates a type-II material in

M
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| the form of flux lines. Transport current causes a Lorentz force that tends to move the

flux lines through the material in a direction perpendicular to the current. This motion is

~ called flux flow and it is a dissipative process. The motion of flux lines correspondstoa

~ change of the internal magnetic field, which causes an electﬁc field according to
Faraday’s law.. The electric field (£) increases linearly v;rith the transport—(.;u'rrent
density. The flux-flow resistivity is usually higher than the resistivity of a good normal
conductor. Flux ﬂé)w is therefore undesirable. The flux lines in high-temperature
supercondullctors are pinned at defects in the crystal structure. At high current densities
the flux lines are de-pinned and flux flow is observed. The critical-current density is
determined by the density of the pinning centers and by the strength of the pinning

forces.

R Y

CBi2201 . Bi-2212 . Bi2223. - - -

Figure (1.4) Unit cells of three different Bi-compounds.
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1.1.4 Applications of Superconductivity

With the discovery of higher temperature superconductors, a wide variety of
uses have been devised to use this new technology. Most of this technology is still being
worked on, but a few uses are in effect today. The superconductor applications may be
classified as current uses and future uses. The current uses of superconductivity are:

a) (Magnetic Resonance Imaging) MRI: The MRI is i;,ommonly found in hospitals,
where it is used to obtain detailed images of the insides of patients. With the advent of
superconductors, this can be done without exposing the patient to X-rays or having to
inject them with some kind of dye. Because MRls use low temperatur;e
superconductors, this process is very expensive. When ﬁigher temperature
superconductors take their place in the MRI, this process will become more affordable
and may some day do away with X-rays. As of now, the MRI.is considered the most
successful use of superconductors.

b) Josephson Junctions: This is a device made up of two superconductors with a thin
oxide barrier between. This device is extremely sensitive to magnetic fields and may
soon be used in a variety of devices.

¢) (Superconducting Quantum Interference Device) SQUIDs: This device usestwo
Josephson Junctions to create a device that is very sensitive in measuring magnetic
fields. SQUIDs are used to monitor electromagnetic signals generated by the brain. The

U.S Navy uses these SQUIDs to detect submarines and mines in the ocean.

The expected future uses of superconductivity may be summarized as:

a) Computers: The miniaturization and increased speed of computer chips are limited by
the generation of heat and the charging time of capacitors du:e to the resistance of the
interconnecting metal films. The use of new superconductive films and Josephson

Junctions may result in more densely packed chips, which could transmit information

-
Y
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- more rapidly. The Josephson junction is capable of switching 100 times faster than a

" transistor.

b)Nuclear Fusion: Scientists hope that in the future, powerful superconducting magnets *
will allow the use of Fusion as a primary power source across the wortld. Fusion
reactions are so violent that as of now, they cannot be contained. Physicists hope that
future superconducting magnets will be capable of generating magnetic fields that can
contain fusion reactions.

c)Generators: One benefit of superconductors might be in power systems. Generators
wound with superconductors rather than conventional copper wire could generate the
same amount of electricity with smaller devices and less wofk_ i

d) Maglev trains: While these are not in common use today, ﬁmajor railway system is
being built in Japan that will allow the train to hover off of the ground because of
superconductors, fhus doing away with some of the friction.

e) Transmission Cables: Transmission cables may be created that could carry a current
without energy loss. This will increase the capacity of the transmission system, saving
money, space, and energy.

f) Superconducting Super Collider: This consisted of an oval ring 52 miles around,
precise in all of its dimensions with in a thousandth of an inch. Two beams of protons,
guided by magnets would race around the giant ring in opposite directions at very
nearly the speed of light, then steered to a head-on colliston. This would possibley
recreate the state of the universe just after the Big Bang. This plan was interrupted part
way through because the U.S. decided to stop funding. Many scientist hope that in the

future, the Superconducting Super Collider will be finished.
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Of course there are many other ways in which superconductors will be able to
benefit society. Once superconductors with higher critical temperature have been found,

' many of today's ideas will turn into reality.

1.2 Thermal Stability of Superconductors

Thermal stability denotes the case of self-recovery of a superconducting state
after a quench. Therefore, superconductors must operate at a low enough temperature so
that the critical current (which is also determined by the operating field) is larger than
the operating current. Operating under the critical current does not guarantee stable
operation in the superconducting state. There are inevitably random points of localized
heat dissipation throughout a superconductor when it is carrying current. These may
heat small regions into the normal state. Heat dissipated by normal region will spread
and drive adjacent conductor to normal state. In essence, the normal regioﬁ grows. This
event is called as normal zone propagation (NZP), or quench propagation. It is the main
thermal behavior of superconducting magnets driven normal. We can protect against
random disturbances by embedding the superconductor in a conductive metallic matrix,
referred to as .' a stabilizer, this allows the current to flow around a small normal region
with only a small increase in voltage. Also, the high thermal conductivity of the metal
matrix will conduct heat away from a normal zone and bring it back into
superconducting state. However, the stabilizer can not prevent magnets from quenching
from all sources of heat dissipation. For example, mechanical disturbances, such as
epoxy cracking under changing stress, can cause a large enough thermal power input to
propagate a quench in a superconductor with stabilizer. We require a theoretical basis
for designing .superconducting magnets that will ensure stable éperaﬁon. Stekly (1968)

first proposed the concept of cryostability, where the normal state Joule heating is

"
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balanced by convective cooling by a liquid cryogen, making the normal zone
propagation impossible. However, cryostability criterion is thg extreme of conservative
design. All superconducting magnets may be operated in a stably manner with higher
cﬁrrent densities. In this study we will use the history of superconductor maximum
temperature as a stability criterion

In this thesis, we study the thermal stability of type I and type H
superconducting wires operating dry. Dry operation means there is no cryogen in
contact with the conductor and the wire operation is adiaba‘tic. Also, consider the
laterally cooled wire is considered. The study will be bésed on three different
macroscopic conduction model, which are: the diffusion model (classical Fourier’s
law), the wave model and the dual-phase-lag-model. If we were to use cryostability as a
stability criterion, the adiabatic superconducting wire will be unstable because the
cooling term is zero. In practice, adiabatic superconductors may opefate in a sable state
even with higher stability compared to cryostable one dueto the z_lbsence of cooling

channels within the wire.

1.2.1 Initiation of Normal Zones

There are many postulates for the mechanism by which a normal zone is created
in superconducting wires. Since the superconducting state is defined in terms of the
temperature, magnetic field and the current density, a variation that cause any of these
parameters to exceed the critical value could cause a normal zone to develop. Another
equally important source of disturbances is the Lorentz force (IxHpg) on the conductor
which cause brittle fracturing of the epoxy and conductor notion. These disturbances
can occur anywhere in the winding or encompass the entire coil. In all cases a

disturbance can be thought of as being a sudden release of energy which heats the
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conductor. Not all disturbances, though, cause a quench. Critical energy density is
required to create a normal zone, which will grow with time. The initiation of the
normal zone is, however, of secondary importance to the problem of quench to lead to a’

quench of the magnet system.

1.3 Goals of This Thesis

The specific goals of this thesis are:

® Investigate the behavior and the thermal stability of a wire type superconductor
based on one-dimensional, transient heat diffusfon equation (i.e. the parabolic one
step model). The transverse heét loss will be taken into account by introducing the
convective term in the energy equation, while the temperature will be assumed to be
radically lumped. In this thesis we will consider superconductor wire subjected to a
centrally located, finite, and linear disturbance heat source. The centrally located
-heat source is considered because such a heat source results in the largest possible

+ normal zone, as heat needs to diffuse the maximum distance in order to dissipate

through convection on the surface.

® The entire work in item one above will be repeated based on the hyperbolic one-

step model and its extension dual phase lag model.

® The stability criterion will be derived numerically based on the ébove analysis.
“This criterion determines the maximum allowable Joule heating (from which we can
calculate the critical current density for a certain superconductor), and the critical
disturbance strength that ensure stability. This criterion will be based on the time
behavior of the maximum temperature of the superconductor. If the maximum

temperature of the superconductor drops below the critical value, then the normal

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



18

zone will collapse and the superconductor is stable. Whereas, when the normal zone

grows with time, the superconductor will not be stable.

e Investigate the effect of several designs and operating parameters on the
superconductor thermal stability. These parameters include the Joule heating, the
lateral cooling, the current sharing temperature and the disturbance characteristics

such as intensity, length, and duration time.

1.4 Organization of Thesis

This thesis covers the theoretical investigation of superconductor thermal
stability based on the three different macroscopic heat conduction models. Chapter 1
introduces the principles of superconductivity and the different types of
superconductors. Chapter 2 is a literature review, which covers much of the history of
superconductor thermal stability research. The conclusions from these literatures are
pointed out.

In chapter 3 formulation of the governing equations for the superconductor
thermal stability based on the different three models is presented. Also, the
superconductor thermal stability criterion is derived based on the time histroy of
conductor maximum temperature.

In chapter 4 the investigation results obtained based on the former macroscopic
heat conduction models are presented and discussed.

Chapter 5 presents a brief summary on the main conclusion of this thesis and
recommendation for further works. Then at the end of the thesis the references and the

program listing are presented.
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2-Theoretical Background

'y

2.1 Introduction

Thermal stability is one of the major issues in the design of superconducting
devices, which may be used in electronic applications and in electric power
transmission cables. These devices must be designed in such a way that they are stable
against thermal disturbances. Thermal stability denotes a situation where a
superconductor can carry the operating current without resistance at all times even if 2
localized thermal disturbance has been released.

A supefconductor is considered stable if it does not quench when it is exposed to
a disturbance; i.e. performs an undesirable phase transmission from superconducting to
normal conducting state. For example, a tiny conductor motion of only a few
micrometers can initiate a quench in high current density magnet. Other examples of
disturbances are: absorption of particulate or infrared radiation or short-term failures of
cooling. Disturbances immediately transfer into heat pulses that increase the

temperature of the superconductor, which in turn reduces its critical current density. As
a result, the transport current can become greater than the critical current, locally or over
the whole superconductor cross-section, which would send the superconductor into the
resistive state. The absence of thermal stability increases the superconductor
temperature, and creates a state of Ohmic resistance within the superconductor
Quenching may thus cause damage to the superconductor by Joule heating.

The electrical resistivity of a superconductor vanishes below its critical
temperature, T.. At temperature immediately above T., the resisﬁvity jumps to a finite
level, so the superconductor returns to its normal (i.e. resistive) state. At subcritical

temperatures (T < T.) the superconductor can carry very large current without any
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resistive heating (Joule heating), while at supercritical temperatures (T > To), this
current causes Joule heating which may damage the superconductivity of the wire.

Unfortunately, the disturbances can locally raise the .Eemperature to supercriticai
levels (T > T.). This possibility leads to the importance of the superconductor’s
stability. Superconductor thermal stability implies that the superconductor temperature
must drop below its critical temperature if a thermal disturbance of any kind raised its
temperature. This can be achieved by cooling the superconductor by axial or transverse
conduction through the cold superconducting surrounding material. Other mechanisms
of superconducfor cooling are to convect heat to the surrounding fluid or to use heat
sink within the superconductor domain.

It is an engineering discipline emerging from the need for design of
superconducting devices that operate safely under practical conditions. The problem of
thermal stability of superconductors has its roots in the monotonic decrease of critical

current density with temperature. The theory of thermal stability is concé_rned with the

predictions of consequences of thermal disturbances and their effects on the

performance and safety of superconductors.

Using superconductors of very small sizes leads to unique electrical and thermal
phenomena. The presence of high electrical fields energizes the electrons and throws
them far from equilibrium with lattice. This makes heat generation a non-equilibrium
process; this process is treated in the literature using different models. These models
will be discussed later. In heavy-duty applications (such as power transmission),
the disturbance may lead to a very high heating rate, which indeed increases the
significance of the wave behavior of the heat conduction. In this work, the wave
behavior model of the heat conduction (i.e. the classical hyperbolic one-step model) and

the dual-phase-lag model will be considered to investigate the thermal stability of the
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superconductor. All reported similar analysis has been based on the diffusion behavior

(Fourier’s law) of the heat conduction. Thus, the problem that will be considered in this

-
=

study is the effect of applying the wave and the dual-phase-lag model to the

superconductor thermal stability.

The present analysis considers a bare superconductor wire subjected to a

- centrally located thermal disturbance of finite width, and a finite duration time as shown

in Figs. (3.2) and (3.5).

2.2 Literature Review

This thesis involved theoretical analysis of a superconductor wire thermal
stability based on different macroscopic conduction models, Therefore, an extensive
review of the literature was performed focusing on many different case studies. The
references are organized at the end of this thesis. Following is a summary of some of the
more interesting and/lor germane results found relative to this investigation.

Low-temperature and high temperature superconducting magnet degign is a field
that has matured, partially through the process of having some spectacular failures,
(Buckel, 1991) and (Wilson, 1983). Although the science of high temperature
superconducting (HTSC) coil design is still in its infancy, there have been several
| attempts  to build prototype of HTSC coils to determine how close to design limits these
-~ coils may be operated. A literature review was performed prior to the thermal analysis
of superconductor wires in order to determine the state-of-the-art, and, more
importantly, to gain understanding of some analysis shortage that have been made
previously.

The papers reviewed focus on many unique features of HTSC wires as

compared to their low temperature superconducting (LTSC) counterparts, are included:
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The current state-of-the art for HTSC is a silver-sheathed tape form. Therefore, standard
coil winding techniques, which rely on wires of round or Square cross section, may not

hi)e used. Nb-Ti low temperature superconductor is available in round wire geometry,‘
and standard coil geometry may be used.

While all superconductors critical current densities (Jc) are degraded by applied
magnetic field, HTSC is anisotropic in that regard. The Je is degraded more by an
applied field perpendicular to the wide tape surface than a field parallel to the tape. The
degradation may be anisotropic by a factor of 10 to ] or more. The effect is more
pronounced at higher temperature than lower temperature, (Bellis and Iwasa, 1993).

HTSC tape is much less prone to degradation in critical current density Jc due to
flux jumping because of the higher heat capacity of the material, (Wipf, 1978)

While low temperature superconducting magnets may'be made self-protecting
(that is, if the magnet quenches, the normal zone propagates quickly and the magnet
energy is dissipated through the whole magnet volume) the slow thermal time constant
in HTSC coils precludes self-protection. Therefore, active normal-zone detection and
protection is warranted for large coils. Sensing voltage taps may be placed inside the
magnet winding to sense normal regions, (Zhao and Iwasa, 1991).

The critical current density J. is more affected by tensile and compressive

| strain in HTSC than in LTSC. While Nb-Ti wire may be strained up to 1% with no
- significant affect on Je, strains in HTSC must be kept e <0.2-0.4% or so, (Deviatkin,
- 1997) or significant degradation occurs. Furthermore, HTSC wire may be irreversibly
- damaged by strains in excess of a few tenths of a percent. This means that practical
" HTSC coils must be designed with a minimum bend radius of a few centimeters. If

- higher strains are necessary, the wind-and-react method may be used where the coil is
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wound with ﬁnreacted superconductor, and heat-treated after winding, (Nakagawa and
Umeda, 1996).

The thermal behavior of superconductors is treated in the literature based on“
diffusion heat conduction model, A summary of these works will be presented below. In
the literature, there are basically four models that describe the mechanism of heat
conduction in very thin films or during short-pulse laser heating. So far, the only
application that involves very fast heating is found in laser heating applications, (Al-
Nimr and Arpaci, 1999 &2000). The first model js the parabolic one-step model, which
is based on the classical Fourier conduction law. This model assumes that the solid
lattice and electron gas are in local thermal equilibrium an& that heat flux merges
instantaneously when temperature gradient exist. The expression electron gas is a
terminology to describe the thermal behavior of the electrons. The se;:ond model used is
the hyperbolic one-step model, (Al-Huniti and Al-Nimr, 2000), and (Al-Nimr et al.
2000) Basically, the hyperbolic one-step heat conduction model consists of two -models:
the classical hyperbolic heat conduction model and the dual-phése—lag model, (Al-Nimr
and Al-Huniti,. 2000). The classical hyperbolic one-step was first postulated for gases
by Maxwell in 1867, and developed for electron gas by other workers (Kim et. al 1990)
and (Chen ef al. 1994). In this model, it is assumed that both lattice and electron gasin
- local thermal equilibrium, while the heat flux (the effect), and the temperature gradients
| (the cause) across a material volume occur at different instant of time. The time delay,

' between the heat flux and the temperature gradient is the relaxation time (0.1 ~ 1 ps).
l The dual-phase-lag model was propased by (Tzou, 1995 ato c). The dual-phase-lag

model allows either the temperature gradient (the cause) to precede the heat flux vector

- (the effect) by time Tg, or the heat flux vector to precede the temperature gradient by

time 7T, in the transient process. For the case of T¢> Tr, the temperature gradient
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established across a material volume is a result of the heat flow, implying that the heat

flux vector is the cause and the temperature gradient is the effect. For Ty<Tr, on the

-

other hand, heat flow is induced by the temperature gradient established at an earlier
time, implying that the temperature gradient is the cause, while the heat flux is the
effect. The third and the fourth models are the parabolic and the hyperbolic two-step
models (Al-Nimr. and Arpaci, 1999 & 2000), (Al-Nimr et al, 1999), (Qui and Tien,
1992), (Tzuo et al 1994). In these models, it is assumed that solid lattice has different
temperature than electror; gas and the difference between these two temperatures
depends on the coupling factor between both domains. The coupling factor represents a
sort of heat transfer coefficient between the electron gas and the solid lattice. However,
in the parabolic two-step model, it is assumed that both heat flux and temperature
gradients are local in time. This means that heat flux in eIVectron gas merges
instantaneously as the temperature gradient in the electron gas exist, While the
hyperbolic two-step model, which has been proposed by (Qui and Tien, 1998), assumes
that the flux and the temperature gradient are non-local in time, i.e. the heat flux lags the
temperature gradient by a thermal relaxation time. Microscopic analysis is carried out
when the temperature of the electron gas and the solid lattice are not ‘equal, then two
encrgy equations one for the electron gas and the other for the solid Iattice must be
derived. While the macroscopic model is adopted, when both electron gas and solid
i lattice has the same temperature. The microscopic mechanisms of energy deposition

become important when the material thickness is very small or the heating process is
: relatively fast.
Most previous analytical works of superconductors thermal stability considered
. the one-dimension heat diffusion equation (i.e. the parabolic one-step model) in the

" longitudinal direction based on the assumption of uniform temperature in the transverse
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direction (Bejan and Tien, 1978). Stability concerned with normal zone behavior in
transverse direction has seldom been studied. Stekly and Zar, (1965) presented a
criterion for cryogenics stability of a one-dimensional composite superconductor. Thc;
performed a balance between generation of heat by Joule heating and the heat transfer to
the cryogenic coolant. If the latter exceeds the former, the cornﬁosite superconductor is
completely stable. Maddock ef al. (1969) proposed a criterion that includes the effect of
axial conduction and the temperature dependence of cryogenic heat transfer coefficient.
Both of these studies considered the long-time behavior of normal zone employing
steady state analysis. Bejan and Tien, (1978) removed this constraint and investigate
cryogenic  stability accounting for small-time transient behavior of the normal zone. All
of these three stability criteria assume the existence of a normal zone that produces
Joule heating within the compoﬁite superconductor. Then they examine'the conditions
under which this normal zon.e grows or collapse. The cryogenic stability criteria
* developed for this case predicts whether this normal zone grows or collapses. In
superconducting composite superconductor filament are embedded in a metal matrix of
copper or aluminum. When the filaments become normally resistive due to the thermal
disturbance, the current is shared the filaments and the matrix, The electrical
conductivity of the matrix greatly reduce the Joule heating and have a strong stabilizing
effect.

In constract, intrinsic thermal stability refers toasituation where the thermal
enérgy initially deposited diffuse to the boundary of the superconductor without the
occurrence of Joule heating at any time (Flik and Tien, 1990). The superconductor is
able to carry the operating current without resistance at all times, although its
superconducting capacity is reduced due to temperature field developed as a

consequence of heat diffusion. There is no negative effect if a composite
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superconductor is not intrinsically stable, as long as it is cryogenically stable. On the

contrary, if a thin-film pure superconductor is not intrinsically stable, the ensuing Joule

heating is likely to destroy the film due to the resulting high temperatures. The
comparatively strong Joule heating is due to the high normal-state resistivity of the
superconductors, in particular for the ceramic material. They pointed out that the
stability criterion should be based on the consideration of intrinsic stability. They
considered the criterion of intrinsic stability of a thin-film superconductor subjected to a
heat. release from a centrally located line heat source. Their analysis was based on the
parabolic one-step model, and they did not include the heat transfer in the transverse
direction. They presented a numerical analysis for the maximum operating current
density that ensures intrinsic stability.

Unal et al (1993) investigated thermal stability of an infinite length film
superconductor by considering the influence of thermal distﬁrbance from centrally
located line heat source. They solved the heat diffusion equation, in the axial direction,
| analytically through separation of variables. They also addressed the issue of
~ recoverability of a quench superconductor, and studied the recovery mechanism based
on the instability parameter, cryogenic cooling rate and Joule heating rate. Their
analysis was conducted based on one-dimensional heat diffusion equation (i.e. parabolic
one-step model).-

Soel and Chyu, (1994) investigated the formation of normal cross-section
- subsequent current sharing with the stabilizer and the possible recovery of
superconductivity for a composite superconductor. They studied the stability of the
.superconductor by considering the transverse normal behavior subjected to an

instantaneous thermal disturbance. They developed a stability criterion based on heat
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diffusion anélysis. They found that quenching is less likely with smaller current density
or a thicker stabilizer.

Ito et al. (1992) introduced a numerical analysis of the thermal stability of :;
superconductor cooled by forced-flow helium. Their analytical model was consists of
simultaneous two-dimensional coolant flow equations and one-dimensional heat
diffusion equation for the superconductor. They found that the stability limit increase
with an increase in the Reynolds number and the diameter of the coolant passage, and
with a decrease in the helium temperature and transport current.

Unal and M. -Chyu (1995) investigated the behavior of a wire type
superconductor subjected to an instantaneous thermal disturbance, characterized bya
linear heat source of finite length. Their analysis was based on the two-dimensional
one-step heat conduction model with or wi}hout volumetric heéting. They presented
numerical results for NbTi superconductor, and developed a stability criterion with
regard to different modes. They found that the critical current decreases with both the

heat source strength and length, and increase with the conductor diameter,

Wetzko et al. (1995) presented a full three-dimensional, numerical analysis of
transient fields of Bi-2223/Ag high temperature superconductor. Their analysis was
based on the oﬁe-step heat conduction model, and they‘considered a single (point-like)
or-extended thermal disturbance of finite duration. They concluded that the anisotropy
of thermal conductivity has an influence on the intrinsic stability. The higher the
anisotropy, the lower the critical current density.

Buznikove et al. (1995) Studied the quench process in a superconductor carrying
a varying transport current. They obtained an analytical results of the quench process.
Their analysis was based on the one-step heat conduction model, ignoring the

~ connective heat to the surrounding medium in the transverse direction. They concluded
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that when the current is diminishing at very low rate, the normal zone does not appear

so the wire remains stable.

-

Takehiro and hiromi (1996) investigated numerically the thermal stability of‘
pool-cooled superconductor based on the one-step heat conduction model. They
considered a disturbance, which take a space-wise and a time-wise rectangular shape.
Their main conclusion of their study was the importance of taking into account the
space-wise and the time-wise of the disturbance distribution.

Malinowski (1993) presented a numerical analysis of evolution of normal zones
in a composite superconductor based on one dimensional heat conduction equation
which take into account the finite speed of thermal wave propagation (i.e. the classical
hyperbolic one-step model). In this analysis, the transverse conduction and the
convection loss to the surrounding were ignored. He concluded that the temperature
profiles obtained from parabolic model and relaxation model of the normal zone could
differ considerably particularly with a temperature dependent heat sour;:e‘ He did not
address the thermal stability issue. His study was concentrate on the difference between
the temperature profile obtained based on diffusion and hyperboli.c models.

Romanovskii (1998) investigated the thermal stability of superconducting wire
for a finite the;'mal disturbance at various external magnetic field inductions and
intrinsic  critical temperatures of superconductor. He found that the cooled
superconductor can have no region of full stability over the whole magnetic field
 various (from zero to critical field).

Malinowski (1999) presented an analytical method for calculation of eritical
energies of uncooled composite conductor, based on the transient diffusion model. In
| his model, the dependence of ohmic heat generation on temperature as well as the finite

:‘ duration and the finite length of thermal disturbances are taken into account while the
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thermo-physical parameters of the conductor are assumed to constant. Critical energies
. determined on the basis of analysis of the time-dependent maximum temperature in the

™

normal zone.

Lehtonen et al. (1998) studied thermal stability of Ei-2223/Ag multifilamentary
composite conductor against transport current ramps. Their model was based on the
two-dimensional; magnetic diffusion and the parabolic heat conduction equations. They
obtained a numerical solution for the temperature using thePDEZD software, which is a
part of FlexPDE software used in this thesis to solve the hyperbolic wave and dual
phase-lag equation.

Abeln et al. (1991) studied the stability consideration for design of high-
temperature su;laercoi'xductors. Their results demonstrate that the calculation of transient
temperature history of superconductor after a thermal disturbance as will as knowledge
of the magnitude of this disturbance is necessary when designingqconductor fora
particular application. Their analysis shows that the application of simple stability
criterion is not sufficient for conductor design.

All previous studies of superconductors thermal stability ignored the wave
behavior of the heat conduction (i.e. they used the classical hyperbolic one-step model),
and they ignored relaxation time between the temperature ‘gradient. Also they
considered the one-dimension heat diffusion equation (i.e. the parabolic one-step
model) in the longitudinal direction based on the assumption of uniform temperature in
the transverse direction. So this work will concentrate on the wave behavior using the

classical hyperbolic one-step model, and dual-phase-lag model.
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3-Theoretical Analysis and Governing Equations

3.1 Normal Zone Propagation

The design of superconductor wires has undergone a dramatic progress in the
last three decades. Since the discovery of high field superconductors, the desire to create
magnets, which generate higher and higher fields, has lead to larger stored energies in
the systems and increased concern for the protection of the system from catastrophic
release of energy. If a coil with a large stored energy suddenly went to normal state, the
consequent release of energy could result in the destruction of the coil and its
surroundings. Several design steps have been taken to increase the stability of the
magnets and also to control the effect of a quench. One of the important steps is the use
of acomposite conductor consisting of superconductor surrounded by conductive metal
matrix (such as .copper or silver) (Stekly and Hoag, 1968). The matfix serves multiple
purposes: It provides a conductive path when superconductor operating in‘ normal state,
helps maintain a uniform temperature across the conductor crdss-section, and promotes
thermal diffusion along its length. This is because in the normal state, the resistivity of
superconductors is about 1000 times higher than the copper. Since 1966; the use of
superconductiﬁg wires in a copper matrix has become a standard practice. Further
refinement in conductor technology has lead to a composite superconductor with
hundreds or thousands of fine filaments of superconductor in a copper or copper alloy
matrix. Typical cfoss section of superconducting wire is shown in Fig. (3.1).

When a superconducting magnet operates below its critical temperature, T, the
transport current flows entirely through the superconducting filaments, creating minimal
heat dissipation. However, if an external energy source causes additional heat

dissipation in a localized region, the temperature in that region will rise and the critical
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current decreases. Given a large enough heat input, the temperature will enter the
current sharing region (a region in which the current flows in both of the
superconducting material and metal matrix) at T, where the operating current is Jess *
than the critical current. At this point, the operating current ;edistﬁbutes itself. The
current in excess of the critical current flows through the matrix. Virtually all the
current shifts from the superconductor into the metal matrix within the normal zone.
This limits the Joule heating and thus reduces the temperature rise within the section, -
Current flow through the matrix causes Joule heating which may continue to increase
the temperature, and decrease the critical current if the heat is not conducted away by
the matnx fast enougﬁ. If the region is recooled, the quench “recovered”. If the
temperature of the heated region climbs indefinitely, a normal zone propagates into the
superconducting zone of the wire. Whether the quench recovers or propagates depends
;)n the size of the heated region, the initial heat input, thermal properties of the
conductor and the insulation, and the operating conditions such as transport current,
temperature and field. If the normal zone propagates, the conductor temperature can
continue to rise unless the current is shut-off. Therefore, we require an accurate model
on the normal zone propagation for designing the protection of superconducting
systems. Normal zone propagation is a thermal event that may be modeled using the
transient heat conduction equations. Thorough works have been performed over the last
three decades to model the normal zone propagation in low-T. superconductors. For
these superconductors, the operating temperature To, are typically only few Kelvins
below the critical temperature, T.. Since the transition zone between the fully
superconducting and fully normal zone is small, the normal zone propagation may be
represented by the propagation of a boundary between superconducting and normal

zones, as shown in Fig. (3.2).
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Superconducting Strands
(Filaments)

Figure (3.1): Cross section of composite superconductor
wire shows filaments of superconductor surrounded by
metal matrix.
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Figure (3.2): Model for typeEsuperconductor. (a) The different
zones of the wire, (b) The initial temperature in the conductor
(——) stepwise disturbance and (- - ) Gaussian Disturbance (c)
The dependence of electrical resistivity on temperature. d) The
dependence of Joule heating on temperature.
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3.2 Current Sharing and Composite Generation

An important complication introduced into the thermal stability analysis because
of the compoéite nature of magnet conductors is the existence of current sharing
between the fully superconducting and fully normal states. Since the conductor transport
current cannot shift abruptly from the superconductor to matrix during a quench, there
exists a finite length of conductor where current flowing in both regions, as shown in
Figs. (3.3), (3.4) and (3.5). This region is referred to as current sharing region. The
length of this region is dependent on two factors: 1) the temperature gradient along the
conductor, and 2) the absolute temperature range over which current sharing is possible
for that particular superconductor. This second factor is in turn dependent on the slope
of current versus temperature curve for a given superconductor. It is worth to know that,
since the slope of current versus temperature curve is always ;iegative, regardless of
particular superconductor, all composite conductor undergoing a quench will experience
current sharing over at least a small length of conductor.

It is shown in Fig. (3.3) that as long as the conductor temperature is below T,
the current sharing temperature, the conductor will be fully superconducting and there
will be no heat generation since non-of the transport current is flowing in the ﬁ1atrix.' At
T, is exactly equal to the conductor critical current correspdnding to T, the current
sharing temperature, the conductor will be fully superconducting and there will be no
heat generation since non-of the transport cutrent is flowing in the matrix. Above Tq),
the superconductor carries L(T), which is less than I, and decreases with temperature.
The excess current flows through the matrix I, Thus as T is increased above T, the

superconducting current I, must decrease and the matrix current, I, must

Y
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Figure (3.3): a) Upper plot shows a critical current versus
temperature curve approximated by a straight line. b) Lower plots
show I ( ) and I, (—..—) as conductor temperature

increased from T to a temperature above T..

increase. At the critical temperature and beyond, virtually all the transport current flows

in the matrix because the matrix resistivity is much smaller than the superconductor
resistivity at normal state. Thus, for temperatures above Te, In = I, and I~ 0.

The effect of current sharing is most prominent on the generation term. In non-
composite conductors, as soon as the temperature rises past the transition temperature,
T, the Joule heating will jump to a constant value Ge=po 2. Where G.depends only on
the transport current, which is assumed to be constant. This is shown in solid line of Fig.
(3.4). Note that for the non-composite conductor there is no current sharing temperature

and the transition from superconducting to normal zone occurs at Tes.
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The derivation of equation (3.1) will be presented at the end of this section.
By the phenomenon of current sharing, instead of one critical temperature T,

there are two critical levels Tc;, and T, the resistivity increasing linearly from 0 at Ty to

Po at Tc. Thus, for composite superconductor the source term varies linearly with

temperature, in the current sharing region.
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Figure (3.4): For same I(T) given in figure
(3.3), power generation (Lower plots) for non-
composite(. ) and composite

(mm e ).
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The generation term is not nearly simple in composite case because of current sharing.

A better understanding may by obtained by looking at the origin of the generation term

Joule heating is the result of transport flowing down a voltage gradient, ? On the
‘ x

simplest level, the generation power density is simply the transport current density J=

I/A multiplied by the electrical field E
v (T) ,

T JeE= 3.2

g(T) = ( A) P (.2)

Where I, is the total current, J is the overall current density defined as the transport
current divided by the cross-sectional area of the conductor A, and V(T) is the
temperature dependent voltage. When the critical current is larger or equal to the
operating current, there is theoretically no voltage gradient and g(T) is zero. This
corresponds to the case when the operating temperature is less than the transition
temperature. During current sharing, the voltage gradient equals to the product of
current flowing in the stabilizer matrix and the matrix resistance per length. The voltage

V (T) may be computed by multiplying I, (T) by the matrix resistance:

D)=t ”szj’ — (=22 | (3.3)

where A is the matrix cross-sectional area of the composite superconductor, f is the
volume fraction of the normal metal, A,, is the cross-section of the metal matrix, Pm is
the matrix electrical resistivity, and I, is the current flowing through the metal matrix.
Combining equation (3.2) with equation (3.3) gives

In(T)
Am

8= p, )2 =) p, ) 0n(7) (3.4)
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wr’

Equation (3.4) is the most general form of the generation term for composite
conductors. Equation (3.4) may be simplified somewhat by introducing a linear

Y

approximation for the L; versus T curve, as done in Fig. (3.3). '
Io
Ic(T)=—?T+ IO (3.5)

Where I is the critical current at zero temperature. This approximation may then be
used to obtain an expression for the matrix current I,

0 for T<Ta
I{T)=41x I-7 for Ta<T<T: (3.6)

ce—Lcl

y/ Jor T2I:

The value of T, is dependent on the transport current . Incorporating this
approximation into equation (3.4); the generation term may be expressed as

0 for T<TIa

gD= gmxT—_T; for Ta<T<T: (37)
T.—Ta
Era for T=I:

Where, gmex 15 the Joule heating source with the whole current flowing in the stabilizer

and gmax is given by:

,J' G |
gm=pfp =7p (3:8)

This linear approximation of g(T) is shown by the dashed line in the lower plot of Fig.

(3.4).

To drive equation (3.1), as we know that In is the difference between the

transport (total) current and the critical current, I~ I. Thus the voltage gradient will be

-1y L (3.9)

ox A

Substitute equation (3.9) into equation (3.2), to get:
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(T [P
g(T) =L (I Ic)fA (3.10)

In normal state, all the current sharing flows through the metal matrix, and since -
the resistivity of superconducting material resistivity in normal zone is much higher
than the resistivity of metal matrix then L;is much lower than Iy, so in normal state the

Joule heating is given by:
2
g(T)y=1* Lo = p, I (3.11)

In equation (3.11) the current sharing region is neglected which corresponds to low T.
superconductors. In this case the conductor is divided into two distinct regions in x, one
superconducting and the other is normal as shown in Fig. (3.2). Introducing the current

density J, equation (3.11) may be written as:

]
...

C(Ba12)

; P Jz Gc
T. =1 e =
g(T) 7 - p

In superconducting zone g (T) equals zero, so the heat source term in the case on

non-composite or type I-superconductor may be written as:

0 Jor T <Ta
8(1)=1G- for T 2Ta (3.13)
P

In summary, because the thermal behavior of superconductors is controlied by
the heat generation term, the thermal behaviors of type I and type II are quite different.
The generation term for typel is given by equation (3.1) and for type II by equation

X))
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3.3 Macroscopic Heat Conduction Models

It is stated in the previous chapter that there are basically three different

macroscopic heat conduction models that describe the mechanism of heat conduction

process. These models will be used to investigate the thermal stability of -

superconductors.

The first model is the classical diffusion model which employs Fourier’s law of
heat conduction. In the classical diffusion model, the heat‘ flux vector q and the
temperature gradient across the material volume are assumed to occur atthe same
instant of time. Thus, the Fourier’s law may be written as

q(r,t) =-kVI(r,rt) (3.14)

Where 1 is the position vector of the material volume, t is the physical time, q is the heat
flux vector, and k is the thermal conductivity. This model results in an infinite speed of
heat propagation, implying that the thermal distribution applied to a certain location in a
solid medium can be sensed immediately anywhere in the medium. In other words, 2
local change in temperature causes an instantaneous response at each point inthe
medium. Because the heat flux and the temperature gradient are simultaneous, there is
no time difference Between the cause (temperature gradient) and the effect (heat flow).

The second model is the wave (hyperbolic) model, which assumes the heat flux
vector and tﬁe temperature gradient to occur at different instants of time. This model
results in a finite propagation of the thermal wave. To account for the phenomenon
involving the finite propagation velocity of thermal wave, the classical diffusion model

should be modified. Cattaneo (1958) and Vemotte (1961) suggested independently a
modified model for the heat flux in the form

q(r,t+7,)=—kVI(r,1) (3.15)
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Where T, is the time delay between the temperature gradient and the heat flux vector,

and is usually called relaxation time. The relaxation time, indeed, relates to the thermal

-
-

wave speed by ’rq=i2 where o 1s the therma! diffusivity and o the thermal wave
, ®

speed. Generally, the value of T, depends on temperature. As it is evaluated by Vedararz

et al. (1994), the value of t4is of order of 10" to 10 s at cryogenic temperatures and
q yog P

10" to 10" at room temperature. In the case of © approaching infinity, the relaxation
time decreases to zero, the wave mode! reduces to the diffusion model.

The constitution law of equation (3.15) assumes that the heat flux vector (the
effect) and the temperature gradient (the cause) across a matérial volume occur at
different instants of time, and the time delay between the heat flux and the temperature
gradient is the relaxation time Tq The first-order Taylor expansién of q in equation
(3.15) with respect to t bridges all physical quantities at the same time. This expansion

results in
q(r,t)+rqi‘l(§ﬂ=-kvr(r,r) (3.16)

In equation (3.16) it is assumed that T, is small enough so that the first-order Taylor
expansion of q(r,t+Tq is an accurate representation for the heat conduction heat flux

vector.

The third model is the dual-phase-lag model. The dual-phase-lag-model, states
fhat the heat flux and the temperature gradient occurr at different instants of time during
the heat transfer process. If the temperature gradient leads the heat flux in the time
history, the temperature gradient is the cause and the heat flux is the effect. Whereas, if
the heat flux leads the temperature gradient, the heat flux becomes the cause and the

temperature gradient becomes the effect. This concept of dual lagging does not exist
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neither in the diffusion model nor in the wave model. The diffusion model assumes that
the heat flux and the temperature gradient occur at the same instant of time, and the
wave model assumes that the temperature gradient is always the cause for the heat"

transfer and the heat flux is always the effect.

The dual-phase allows either the temperature gradient (cause) to precede the
heat flux (effect) or the heat flux (cause) to precede the temperature gradient (effect) in
transient heat conduction processes. This was represented by Tzou (1995 a-c):

q(r,t+1,)=—kVI(r,i+1;) , 3.17)
Where 1T is the phase lag of the temperature gradient and T is the phase lag for the heat
flux. For the case of Tr > Tq The temperature gradient established across a material

volume is a result of heat flow, implying that the heat flux is the cause and the
temperature gradient is the effect. On the other-hand, for Tt < Tqheat flow is induced by
temperature gradient established at an earlier time, implying tHat the temperature
gradient is the cause and heat flux is the effect. Assuming the tirﬁe delays Trand Tqare

much shorter than the response time in a transient process t, the first-order Taylor senies

expansion can be applied to equation (3.17), rendering:

q(r,0)+ Tq aqé:") = k{VT(r.t) + Tr%[VT(r,r)] } (3.18)

3.4 Thermal Stability Governing Equations

3.4.1 Introduction

The theoretical analysis of the superconductor thermal stability will be

performed based on the former three macroscopic heat conduction models (the
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diffusion, wave, and dual-phase-lag-model). For each model the governipg equations
with their associated boundary and initial conditions will be derived. Then, these
~ equations will be solved numerically. Different factors will be taken into consideration °
| for each model. These factors include the Joule heating, lateral cooling, current sharing,

~ disturbances length duration time, and nature.

3.4.2 Analysis Based on Diffusion Model

Here, thermal stability of composite superconductor will be studied according to
Fourier’s heat conduction model, which is a parabolic partial differential equation. Two
cases will be considered in this thesis. The first is the laterally cooled superconducting
wire and the second is uncooled one. Furthermore, we will consider two cases with
respect to the disturbance duration time, one withand the other without disturbance
duration time. In this analysis we consider a cylindrical type superconductor wire
subjected to heat disturbance which will create a normal zone (Figs 3.2 and 3.3). The
temperature field in the normal zone and the quenching process are governed by the
transient heat conduction equation. Consider the one-dimensional heat conduction with
the assumption of lumped behavior in the transverse radial direction and the constant

thermal properties, the transient heat conduction may be written as:

or o’T hP
C—=k ————T-To)+ 3.19
7~k g TreD) G192

Where T is temperature, t is time, x is the spatial coordinate, C is the volumetrically
averaged total heat capacity, k is the volumetrically averaged thermal conductivity, h is
the heat transfer coefficient, P is the perimeter of the superconductor exposed to

coolant, Ty is the ambient temperature, and g(T) represents the internal Joule heating
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density, which depends on operating temperature. When the conductor is
superconducting, this term is zero.

The heat capacity and thermal conductivity are volumetrically averaged as
follows because of the composite nature of all practical co.nductors:

C=fCnt(1—f)Ce (3.20
k=fkn+(1—f) ka f (3.21)

Where the subscripts m, and sc are for matrix, and superconductor, respectively. f is a
void fraction defined as Aw/A, where Ap, is the cross section of matrix. Note that fisa
volume ratio. In this case, however, it may be written as an area ratio since it is assumed
that the matrix-to-superconductor ratio is independent of length. In practical, k may be
approximated as k ~f km, since ks <<kpm. For non-composite conductor f=0.0 and k=kic
and C=Cse.

Most of previous works on superconductor thermal stability consider an
adiabatic superconductor wire, this means that the superconductor is thermally insulated
. (see for example MalinowskiL. (1991) and Jorma et al (1998)) But, this thesis studies
the effect of lateral heat on the superconductor thermal stability. In terms of thermal

diffusivity, equation (3.19) may be written as:

1or _OT P p_py, 80D (322)

adx ox Ak k
where o is the thermal diffusivity. The left hand-side term is the rate of change in
thermal energy density. The first term in the right hand side represents the local
longitudinal heat conduction density and the second term represents the lateral cooling,

and the last term is the Joule heating (internal heat generation).
Disturbances (mechanical or magnetic) represent external heat sources such as

conductor motion or epoxy cracking. Disturbances locally raise the temperature above
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' the critical value. These disturbances may be modeled as an initial condi?ion (T;) that
depends on spatial coordinate of the normal zone. The disturbancgs are characterized by

| three parameters, its intensity (value of T;), length (21}, and duration time (t;). For, the *
case of no disturbance duration time, the disturbance may be written as an initial
condition only:

Ti=cons. for =Il<x<l

T(x,0) Z{T

0

(3.23)
outside this region

Where, T; is the disturbance intensity.

Referring to Fig. (3.6) and due to the symmetry of the normal zone analysis are

limited to the half of the zone (i.e. to the domain x>0 only), in which the problem is

stated as follows:

2
1or_ of_ P 7 _ 1o+ B ‘ (3.24)
adt 0ox° Ak k
with the following boundary conditions:
— or _
at x=0, i (325)
as X——® T—>1
and the initial condition at t=0 is:
T 0 <l
T (x,0)= for  D<x (3.26)
T, Jfor x>1

For more convenience of subsequent analysis, equation (3.24) with its associated
boundary and initial condition will be written in dimensionless form by introducing the

following dimensionless parameters:

T-To 2x 4at
O=vg » a7 P (327a)

_ 2
B= i1, ’ Q: d g(T) , Lzz_l, }'{:E (327b)
T 4k(T. - T) d k
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r
A
Normal zone  Superconducting zone
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!
Figure (3.6): The superconductor with the

origin in the center of the heat disturbance at
x=0

Then problem statement (3.24)-(3.26) becomes:
20 _ 20
op o0&

The dimensionless generation term for type I and typell-superconductor will be given in

HO+Q (3.28)

equation (3.29) and (3.30), respectively.

0 for 0 < Ga
Q=_dGe _ for 6204 (3:29)
APK(T:—1T5)
0 for G<0a
d’g 6-1 |
=< max & 33
0 Wdc-T X o Jor Ba<8<l ( @
A Grun
W To) Jor 621
The boundary conditions will be:
06
at  g=0 =0 (3.32)
as &——> 6——0

and, the initial condittons are:

for 0<&<L

B
| a =0, 6= {0 Jor EsL (3.33a)
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Equation (3.33) represents a step disturbance. To study the effect of disturbance nature,
we will consider the normal (Gaussian) disturbance, which may be written as
'9 =Bexp[-£7 In(B)] _ (3.338)

The results of superconductor subjected to step and Gaussian initial condition will be
compared. Also, note that the term source is present only if fhe temperature is greater
than critical value.

Now, we will study the effect of disturbance duration time, therefore equation
(3.19) should be modified by addition of a new term, which represents the disturbance
duration |

2
or _, 0T _hp

C - 2
ot ox A

(T =To)+ g(T) +dis(x,£) (3.34)

where dis(x,t) is the external disturbance which may be a result of conductor motion or

epoxy cracking. The disturbance has the form of a rectangular heat pulse

E ,
— for —l<x<landO<t<t: (335)

dis(x,t)=42 411,
0 outside this region

here E represents the energy of heat disturbance.
Introducing the same dimensionless parameters‘u‘sed in equation (3.27) in

addition to the following dimensionless parameters

2
d°E ﬁ=4an (336)

g£=———"", 3
8Alk tr'(Tc - To) d

where € is the dimensionless energy of heat disturbance and T;is the dimensionless

disturbance duration time. Equation (3.34) may be written in dimensionless form as

30 _ 2%
op oL

where Ds is the dimensionless heat disturbance, in the domain £>0, is given by

~HO+D:+Q (3.37)
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(3.38)

D.ol? for 0<&(<Lland 0<r<m
o _ outsidethis region

The initial and boundary conditions associated with equation (3.37) are the same a5

equations (3.32) and (3.33).

3.4.3 Investigation of Superconductor Thermal Stability Based
on Wave Conduction Model

The classical parabolic heat conduction model breaks down when the time
required by the transient process is comparable with the relaxation time. Since, the
relaxation time of heat flux increases as the temperature decreases; the wave model is
particularly useful for the analysis at very low temperature (cryogenics application). The
heat wave propagation speed is usually approximated by the velocity of a free electron
gas inthe cése of metal, and the speed of sound in crystals in the case of non-metals. At
room temperature, these speeds are of the order of 9 x10* ms and 5 x10°
ms™!, respectively (Malinowski, 1993).

This section present a numerical analysis of a composite and non-composite
supérconductor thermal stability with regard to the thermal relaxation processes in the
conductor (ie. based on wave heat conduction equation, which takes into account the
finite speed of thermal wave). Here, we will consider a thin, superconductor wire
carrying an electrical current. A conductor length of 21is instantly heated by the heat
disturbance source up to temperature T; exceeding the critical superconductdr
temperafure at a given current. The heat disturbance will initiate a normal zone that will
propagate along the conductor. Because of their low tﬁermal conductivity, the

superconducting filaments play almost no role in heat transfer along the conductor. In
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\ flux vector introduces an apparent heat source,(r%)(ag 61)’ and apparent lateral

cooling factor, (Tq%)(a%) , in addition to the real heat source, and the real lateral=

cooling applied to the conductor.

Qur analysis will conducting for the one-dimensional case, with the assumption of
constant physical properties As a result, equation (3.42) reduced to:

107 107 o7 1 dp. ), 1 o8
+——= - L4 l+—| g—+ 343
0ol adt ox k(r" ot q”] k(r"a; g| (34)

At the initial time t=0, the temperature field within the conductor is uniform and

stationary at a value of Ti. Thus the initial conditions associated with equation (3.43)

are:
Ti O<x</ .
T= i for X (3‘4461)
T for x>1
and
a 1=0, L =0 (3.44p)
ot

and the boundary conditions are:

ol
& (3435
as X—>0 T—1

The steady state capacity of Joule heating for the non-composite superconductor is
given by equation (3.1) and for the composite superconductor is given by equation (3.7).

It is more convenient to introduce the following dimensionless parameters:
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= =_’ gx-—--—, L= 3.460

5 2an 27 , Te—Te 2“'afq ( )

0=208l) () , =2 LICA (3.465)
CT:-To) CA

Rewrite equation (3.43) and the associated initial and boundary condition in

dimensionless form to obtain:

EYEEY ap X

The dimensionless initial conditions associated with equation (3.47) are:

¢ p=0 9 B Jor 0<E<L (348)
a ={), = .
0 for E>L
and
oo
B 5 )
and, the dimensionless boundary conditions are:
o0
a  &=0, a? (3.49)
as E—— o 6——0 '

The dimensionless generation term for type I and type II superconductor is the

same as equation (3.29) and (3.30).

To study the effect of disturbance duration time on superconductor thermal

] stability based on the wave model, we will use the same corresponding approach used in

the case of diffusion model. Equation (3.43) will be modified to be as

CAL +99-=v29-H[9+%?—6—']+( Q+l@) (3.47)
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18°T 18T 9T 1{_op 1( og 1(_ odis
= | gt | w2+ g |+ m—+dis |(3.50
. wdt* adt 8x’ k[rq ot (Dj k(fq PYRLS M ST (3:50)

) ) Tadis j .
Also, the delay of heat flux results inan apparent dlsturbance,( A )(ad'%t), in=

addition to the real one.

Equation (3.50) may be written in dimensionless form using the dimensionless -

parameters shown in equation (3.46) and the following dimensionless parameters:

d*E t ’
e E __ =X (3.51)
8A4 fflk(Tc— To) 21

The dimensionless form of equation (3.50) is

2
0 92 29 _vo_n 9+L99), Q+l-‘£ | ps+ L9Ds (3.52)
EYEREY: 268 2 38 2 8p

The dimensionless disturbance is given in equation (3.38). The initial and the boundary

conditions associated with equation (3.52) are the same as equations (3.48) and (3.49).

3.4.4 Investigation of Superconductor thermal Stability Based

on Dual-Phase-Lag Model

This section presents a theoretical investigation of superconductor thermal
stability based on the dual-phase-lag model. Applying the dual-phase-lag model to
investigate the thermal stability of a superconductor wire will be conducted in this thesis
for the first time -up to my knowledge-. As mentioned previously, the dual-phase-lag

model allows the temperature gradient to precede the heat flux or the heat fluxto
precede the temperature gradient, depending on the relative values of time lags (Trand
T

To derive the goveming equation based on dual-phase-lag model we start from
equation (3.18). Assuming constant thermal properties, the divergence of equation

(3.18) gives:
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Vq+Tq—(Vq)——kV2T— o (V T) (3.53)

" Substituting the expression V.q from the energy conservation equation (3.40)into -

| equation (3.53) and introducing the thermal diffusivity gives:

10T . G&T 2 ) o] 1 g
——t———"=V T+z' —(V')+—-| g+ ——|p+m—| \3.54
ad  aor ( ) [g w77 e | O

Equation (3.54) describes the temperature response with lagging in the -

" linearized framework accommodating the first order effect of Tr and T, It captures
several representative models in heat transfer as special cases. In the absence of two

phase lags, Tr = Tq =0, equation (3.54) reduces to the diffusion equation employing

Fouries’s law (equation 3.19). In the absence of phase lag of temperature gradient, T=0,

equation (3.52) reduces to the wave model equation (3.42). Thus, the two popular
models used for describing the macroscopic heat conduction are captured in the

framework of dual-phase-lag model under special cases. The phase of heat flux vector

introduces an apparent heat source,(r%)(a%) , and apparent lateral cooling factor,

(r%IE)%), in addition to the real heat source, and lateral cooling applied to the

conductor. 5 3 8 3 9 6

The superconductor wire considered here will be the same as the one previously

described. Equation (3.54) will be written for one-dimensional case as

10T , md*T 0T T 1 og 1[ agp]
e Bl = + 13 + =2 —-—| @+ — 3.55
adt adt? o T(ax ot )+k[g w 6:] il ? "o (3.55)

The initial and boundary conditions associated with equation (3.55) are the same as

equation (3.44) and equation (3. 45).
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The lagging response of temperature is characteriz-ed by three parameters: the
thermal diffusivity, the phase lag of temperature gradient, and t_he phase lag of the heat
flux vector. The dual-phase-lag model introduces a new type of energy equation in*
conductive heat transfer. As shown in equation (3.55), the mixed-derivative term,
containing the first-order derivative with respect to time and the second derivative with
respect to apace, appears as the highest order differential in the equation, which will
dramatically alter the fundamental characteristics of the soiution for temperature. A
wave term, the second derivative with respect to time, still exists on the right-hand side
of the energy equation, but the mixed-derivative term completely destroys the wave
structure.

It is more convenient to write equation (3.55) in dimensionless form by

introducing the following dimensionless parameters:

X t T-Ts
= =——— 8= 3.56a
5 2.Jor 2T Te~To ( )
. T
Qz_"‘_fiﬂ, ps < Aadis(et) - ATRP o (3.56b)
C(Tc- Tn) C(Tc—To) CA 2Tq

Thus, the dimensionless form of equation (3.55) takes the form:

az€+2aezazfz+R QL +[Q+lj‘2J_H(g+lgj (3.57)
op* “op o£*  or'op 2

The dimensionless initial and boundary conditions associated with equation (3.57), are

the same as equation (3.48) and (3.49).

The dimensionless analysis clearly shows that the lagging response is indeed
characterized by a single parameter R, the ratio between the phase lags. In the case of tr

=0, implying R=0, equation (3.57) reduces to the wave model, and the remaining phase
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lag T, reduces to the conventional relaxation time. Furthermore, If Tr = Tq, not

necessarily equal to zero, and ignoring the generation, and lateral cooling terms,

-
™

equation (3.55) can be rearranged into the following form:

2 2
O°T 10T\, 0 (T 101 4 (3s5)
ax2 a ot ot ox* a ot

For a homogeneous initial temperature, it has a general solution

2
fod%iif‘T: 0 (3.59)
Which is the classical diffusion equation. When the two-phase lags are equal, the dual-
phase-lag model reduces to the diffusion model employing Fourie’slaw. This becomes
obvious in view of equation (3.18) because equal phase lags imply a trivial shift in time
scale, while an instantaneous response between the heat flux vector and the temperature
gradient still exists. The dimensionless form of equation (3.56) reduces to:
,06 _2%
op 90&?

To study the effect of disturbance duration time on superconductor thermal

(3.60)

stability based on the dual-phase-lag model, we will use the same corresponding
approach used in the case of diffusion and wave model. Equation (3.55) will be

modified to bé as

L /OO T PAOE. PR
ca g a2 adar k[mf’ a‘]+k[Q+ﬁ a +k[d’s+ﬁ ar](m)

Also, the lagging between the temperature gradient and the heat flux resultsinan

apparent disturbance, (&d'%)(ad’At), in addition to the real one.
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Equation (3.61) may be written in dimensionless form using the dimensionless

parameters shown in equation (3.56) and the dimensionless parameters that described by

N

equation (3.51). The dimensionless form of equation (3.61) is -

i€+2?g=azg+8 829 - 9+19) +(Q+1Q};[Ds+1§95] (362
op* op ot  o&op 2 20p 2 0B

The dimensionless disturbance Ds is given in equation (3.38). The initial and boundary

conditions associated with equation (3.62) are the same as those shown in equation

(3.47) and (3.48).

3.4.5 Rate Effect

Although the wave structure in the dual-phase-lag model is deserted by the
microstructural interaction effect, the presence of the wave term in equation (3.56) or
(4.58) allows two initial conditions to specify the lagging response of temperature
evolution. One example is the specification of the initial time-rate of change of

temperature along with the initial temperature
or .
T(x,0)=T: and —é—(x,O) =T for x €[0,w) (3.63)
t

The existence of the initial time-rate of change of temperature corresponds to a non-
uniform initial heating. The boundary conditions remain the same as in equation (3.49).
The goveming equations for the lagging response are given by equation (3.57), but the

initial conditions in equation (3.48) are replaced by

'_21;;1.":

6(2,0)=B and %;;éi with 6= 2 (3.64)

In this section the emphasis, obviously, is placed on the effect of initial
temperature rate on the lagging behavior. In the case of a zero rate, the solution of the

equation reduced to the same as that of equation (4.57).
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3.5 Thermal Stability Criterion

The solution of the transient heat conduction based on the three macroscopic

heat conduction models has the general form of :
0=0(,B,B,0,H,1,Ds,£,1) | (3.65)

Since the problem is symmetric about the £ =0.0 plane, at all times the maximum

conductor temperature (81) is at £ =0.0, (ie. residesrin tﬁe original center of the
disturbance).

61=6(0,5,B,0,H,Ds,1,7,£) | (3.66)

On a 61-p plane, equation (3.66) represents a family of curves, one curve for

each combination of Bs, Q, H, B, L, Ds, ¢, and T;. For example, in the absence of Joule

heating, Q tends to zero, most temperature-time curves will eventually drop below the
critical level 8.~1. In other words, for most combination of H, and B the normal zone
will collapse and the superconductor is thermally stable. However, as Joule heating
increases, one crosses a critical threshold distinguishes between stable and unstable
operation. For very large values of Joule heating ,Q tendes to infinity, 61 will generally
rise, always bieng greater than unity, which means that the normal zone will grow and
the superconductor is thermally unstable

To check the superconductor thermal stability, the transient behavior of 81 is
plotted for different values of B,H,Q, L., T, and Ds. Two behaviors can be featured
out; a) 61 drops below 1, meaning that the normal zone shrinks to zero, and the
superconductor is stable, and b) 01 does not drop below 1, indicating that the normal
zone grows and the superconductor is unstable. For any B, there exists a critical
parameter QJ(B), below which the superconductor is stable.

We are particularly interested in the marginal case, when the conditions
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f1=1 (3.67)
261 :
=0 3.68

Occur simultaneously. Eliminating § between (3.67) and (3 ;68) yields a relationship for
the critical combination (Q,H,B)., separating the range of possibilities for collapse
(recovery) from separating the range of possibilities causing perpetual normal zone

growth, The resulting critical combination can also be expressed as:

Q.= QH;B) (69

The stability criterion is then

Q <Qc forcollapse (Stable) 3 71)
Q >Qc for growth (Unstable) ‘

where Q. is the result of combining conditions (3.67) and (3.68) with the solution for
the conductor maximum temperature (3.66). In orderto arrive at (3.71) we must first

solve the transient heat conduction problem.

3.6 Numerical Model

For low-T. (type I or non-composite) superconductor analytical methods may be
used, but numerical modeling of normal zone propagation shows significant advantages
over analytical methods, as demonstrated by Kadambi and Dorri (1986) and Eckart et.al
(1981). For the case of high-T. (typell or composite) superconductors, the wide
temperature span of current sharing makes numerical methods essential. One-
dimensional numerical analysis has been performed for high-T. and lbw Te
superconductor using finite difference method. Here, we develop a one-dimensional
code for the investigation of superconductor thermal stability based on diffusion model.

The program listing is presented in the appendix. The numerical solution for the thermal
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stability problem based on the wave and dual-phase-lag models have been obtained

using the FlexPDE finite element code.

*

3.6.1 Finite Difference Method

Modeling the spatial vartation of an implicit property across an object involves
representing the object by a nodal mesh. Each node, corresponding to a small slice of
the object, has relevant properfies and at least one control variable associated with it. In
our study, the control variable is temperature. The simulation proceeds through
sufficiently small time steps. For each time step, the value of the control variable at each
node is calculated for the next time step based on property and control values of the
surrounding nodes. Various finite difference algorithms are available. However, when
used properly, each should yield identical results. The algorithms are classified into two
categories. The implicit method (backward-difference) uses the control variable values
at both the present and next time steps to calculate the value for the next time step. The
explicit method (forward-differences) requires only the present property and control
values to calculate the value for the next step. The implicit method requires much more
computation per iteration, causing it to be time consuming, but it is unconditionally
stable. The explicit method requires a special attention to the mesh size and the time
step, to maintain numerical stability and prevent faulty results when the mesh size or
time steps is too large. Therefore, we will use the implicit method to avoid numerical
stability issue. There are many implicit schemes, we will use the most common scheme |
which known as Crank-Nicolson implicit method.

The basic idea behind the simulation code is to solve a discretized version of
equation (3.28) for one-dimensional temperature profiles at discrete instants in
dimensionless time. The numerical method is adapted from the methods presented by

patanker (1980). To begin, the wire is discretized into approximately 1000 differential

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



61

I; elements dx (slices). Within each element, the temperature assumed to be function of
time only. Thus at any given instant of time, the temperature of the element is constant.
Hence, equation (3.28) reduces a set of algebraic equations, which may be solved using*
the tri-diagonal matrix algorithm (Thomas algorithm). By simultaneously solving for
temperature of each element, a temperature profile for that given instant of time may be
obtained, 8(¢,3).

The basic algorithm is as follows. First, an initial constant. témperature profile is
assumed. Using this profile, the amount of heat generationis evaluated within each
discrete element along the wire. Second, based upon this heat generation, the
interconnected  discrete equation for each location long the wire are solved
simultaneously using the tri-diagonal matrix algorithm (Thomas algorithm), resulting a
new temperature profile for the next time step. This new profile is used to update the
generation in each element. The loop then repeats itself, marching out the temperature

~ profile in time.

3.7 Method of Solution for the Wave and Dual-Phase Model

The wave model described by equations (4.49) to (4.51) and the dual-phase-lag
models described by equations (4.58), (3.50) and (4.51), have been solved numerically
by means of FlexPDE program. This section presents a brief explanation about this
program.

FlexPDE is a software tool for the solution of systems of partial differential

equations. It offers an integrated solution environment, including problem description

language, numerical modeling and graphical output of solutions. FlexPDE is developed -

by the staff that originally developed PDEase2, FlexPDE is aunique, flexible, and

powerful general purpose software system for obtaining numerical solutions to the
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coupled sets of partial differential equations frequently found in engineering, physics,
chemistry, biology, geology, mathematics and other scientific fields.

FlexPDE uses the powerful finite element method to obtain | its numerical®
solutions. FlexPDE does not, however, require its users to have any knowledge of the
intricacies of the finite element method or mesh generation.: ‘Users who can express
their problems as initial value/boundary value problems can use FlexPDE immediately.
Problems are posed to FlexPDE by first preparing a simple problem descriptor file using
an easy-to-learn natural language originally developed by Nelson and described by
Backstrom (1999). While in some ways similar to a computér prbgramming language,
the natural language used in FlexPDE descriptor files is not a programming language
but rather a natural English-like scripting language and is mﬁch simpler to learn. The
language of FlexPDE problem descriptors is relational, not procedural. The user
describes how the various components of the system relate to oﬁe another; he does not
describe a sequence of steps to be followed in forming the solution. Based on the
relations between problem elements, FlexPDE decides on the sequence of steps needed
in finding the solution.

Problem descriptor files may be prepared using either FlexPDE's built-in editor
or any other convenient ASCII text editor such as WINDOWS NOTEPAD. Once the
problem descriptor file has been prepared, FlexPDE will take over from the user and use

_ its powerful finite element engine to numerically solve the problem. During the process
of obtaining the numerical solutions, FlexPDE continuously displays its progress and
any intermediate results requested in the descriptor file. While by default all of these
"monitors" are displayed on one screen as "thumbnails", any one or more of the

thumbnails can be expanded to full screen at any time for detailed viewing and, if
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desired, can be sent to the system printer. Upon completion of a problem, FlexPDE

displays as many views of the final results as requested in the problem descriptor file.

n

Equation-Systems

FlexPDE can treat boundary value and eigenvalue problems in one, two, and three space
dimensions, as well as initial/boundary value problems in one, two, and three space
dimensions plus time. The equations are assumed to be of first or second order in space
and first order in time. Equations of higher order must be: rewritten as systems of
equations of lower order. Equations may be linear or nonlinear, and FlexPDE will
automatically apply a solution method, which is appropriate to the system. Only the
resources of the computer limit the number of simultaneous equations.
Boundary-Conditions

Boundary conditions may be specified as arbitrary combinations of "value", "natural”,
"Neumann", "periodic” and "antiperiodic” conditions. "Value" boundary conditions
specify the value of a given dependent variable as a function of constants, spatial
coordinates, and values or derivatives of dependent variables.

"Natural” boundary conditions depend for their meaning on the way the equations are
written, but in the usual case refer to the specification of aboundary flux. Natural
boundary conditions are given as functions of constants, spatial coordinates, and values
or derivatives of dependent variables. Consider for example the heat equation div(-
K*grad(T))=H. Application of the divergence theorem to the left side reduces it to the
surface integral of (-K*grad(T)), which is the meaning of the natural boundary
condition, ie. the surface flux. "Neumann" boundary conditions specify the outward

normal derivative of the variable.

"Periodic” and "antiperiodic” boundary conditions force the values of points on one

boundary to replicate or negate values on another boundary, identified by an arbitrary
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coordinate transformation expression. Linear extension, azimuthal rotation and other

shape periodicities may be specified.

ru

Finite-Element-Model

FlexPDE uses a Galerkinn or Cranck-Nicolson or backward implicit finite element
models, with quadratic or @bic basis functions involviﬂg nodal values of system
variables only. This model assumes that the dependent variables are con.tinuous over the
problem domain, but does not require or impose continuity of derivatives of the
dependent variables. Second-order terms in the equations will give rise to various forms
of flux continuity (through surface integrals generated by integration by parts), and
these conditions will be imposed in an integral sense over the cell faces.
Problem-Domains

Problem domains can be arbitrarily complex in one or two space dimensions, but
contiguity is assumed. Two-dimensional domains may be ‘made up of an arbitrary
number of regions, with differing parameter definitions in all or any region. Three
dimensional domains are constructed as layered extrusions of two-dimensional domains,
and so are more restricted. Any number of layers may be specified, and material
parameters may be different in any layer of any region. Layer interfaces may be non-
planar, specified by arbitrary functions of 2D spatial coordinates, but must not intersect.
Adaptive-Meshes

FlexPDE automatically generates an unstructured computational mesh of triangles or
tetrahedra, which fill the domain and match region boundaries. The initial mesh is
adaptively refined during solution until a user-specified accuracy tolerance is met. In
time dependent problems, meshes will be refined where necessary, and un-refined

where no longer required, so that mesh density will follow moving fronts.
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Problem-Descriptors
FlexPDE uses a sophisticated grammar-based input format, which allows problem
descriptions to be written in a compact and readable form, following very closely the*
mathematical description of the equations and parametei's. The problem domain is
specified by walking the region boundaries, attaching boundary conditions as
appropriate.

Graphical-Output

Graphical output can be requested for any function of indepéndent and dependent
variables and constants. Available graphic formats include contour plots, surface plots,
elevations (line-outs), vector fields, and displaced meshes. Arbitrary function values,
including area and surface integrals, can be reported on any plot, and a summary page
can be written with reports of arbitrary function values.

System Requirements

FlexPDE requires the following computer specifications:

Personal computer with a 486 or higher processor (Pentium-class recommended)
Microsoft Windows 95 or Windows NT (version 4.0 or later)

16 Mbytes of memory (32 Mbytes for 3D)

10 Mbytes of free disk space

VGA or higher resolution monitor

Mouse or trackball pointing device.
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4-Discussion of Results

; 4.1 Superconductor Thermal Stability Based on Diffusion
. Model

The numerical results for superconductor thermal stability based on diffusion
 heat conduction model are shown in F igs (4.1-4.24). |

Figure (4.1) shows the effect of dimensionless Joule heating on type II-
! superconductor maximum temperature-time history (which is adopted as a criterion
for superconductor thermal stability). It is obvious that as the dimensionless Joule

heating increases the evolution of temperature with time increases. When the

maximum temperature 0] collapses below the critical temperature 0.=1, ie. for

1Q<0.29, the superconductor is said to be thermally stable and has the self ability to

Tecover its superconducting state after a quench has been occurred. While, at Q=0.29

‘the maximum temperature drops to the critical temperature within a certain time T,

':and then it becomes fixed at a value equal to O This value of dimensionless Joule

heating is known as the critical Joule heating, which indeed determines the critical

current density for a specific superconducting wire operating at a certain conditions.

For a value of dimensionless Joule heating greater than the critical one, the maximum
I

| . o .
temperature will grow with time, and the superconductor is said to be thermally
unstable. In this case the normal zone will propagate until it covers the whole

Superconductor and eventually the superconductivity will be completely destroyed.

i Figures (4.2a, b, and ¢) illustrate the dependence of temperature profile, 9, (the
§
|

temperature distribution along the conductor axis) on dimensionless Joule heating at

different dimensionless time for type I. By comparing the three curves, it is clear that
| I

{
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!

%lwhen the value of Q is higher than the critical one, the maximum temperature will
Zgrow with time, whereas when Q is less than critical value the maximum temperature
I!Will collapse. Also, the heat penetration depth, conductor Iength affected by the
i:disturbance, increases with time. The physical justification of the above behavior is
‘;clear.

| The effect of dimensionless Joule heating Q on type I-superconductor thermal
j stability is shown in Fig. (4.3) and (4.4). The behavior here is similar to that of type II,

but the value of critical Joule heating is much less. The reason for this behavior is that

'the transition temperature of type I, O, is lower than the transition (critical)

. temperature Oc of type II, thereby increasing the Joule heating dissipation within the
“type I conductor. So, much more energy is required to raise the temperature of type I1
- superconductors. Thus one can say that type II has a better thermal stability

- characteristics compared to type I counterparts. Figures (4.4a, b and c) show the

temperature disturbution along the axis of type I superconductor wire at different

" times and for different values of Joule heating. It can be seen that, the higher the Q the

higher the maximum temperature, while the thermal penetration depth is independent

of Q at the same instance of time. As time elapses the maximum temperature value

may increases or decreases depending upon the Joule heating. 1f The Joule heating is
higher than the critical values the maximum temperature increases and vice versa..
Further more, the thermal penetration depth increases steadily with time regardless the
Joule heating

The effect of lateral cooling on type II -superconductor thermal stability is
shown in Figs. (4.5) and (4.6). It is clear, as shown in Fig. (4.5), that the lateral
cooling has a significant effect on superconductor thermal stability. While the

superconductor is unstable for H<0.5, it will enter the critical stability region at

»
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|= imensionless lateral cooling H=0.5, which refereed as critical dimensionless lateral
Looling H,. For H greater than H. the superconductor transfers to dperate in a safe and
‘;.stable region. The temperature profiles become shallow as H increases (Fig. 4.6).

The effect of lateral cooling on type I-superconductor thermal stability is
similar to type I, but the value of H.is much larger, which means that type I requires
‘more cooling compared to type 1 counterparts (Fig. (4.7)). Also, this behavior results
‘from the lower transition temperature of type I which indeed required an excessive
cooling to maintain the operating temperature below the transition one. |

Each value of dimensionless Joule heating Q requires a specified value of
f dimensionless lateral cooling H to force the superconductor to operate within the
 thermal stability region. These values are shown in Fig. (4.8) for type IL at different
" values of disturbance intensity. At small values of Q and B, the lateral cooling is of
| minor importance and therefore the superconductor may be operated adiabatically
* within the stability region. While, at larger values of Q and B the importance of lateral
cooling increases dramaticaily. Also, it can be seen from Fig. (4.8) that 2 small
increase in Q requires a small increase in H, While a small increase in B requires
higher increase in H. Thus, the disturbance intensity plays a major role in
superconductor thermal stability.

The required H corresponding to Q at different value of disturbance intensity
for type I superconductor is shown in Fig. (4.9). The thermal stability is more
sensitive to disturbance intensity compared to Q. The increase of the required H at
higher value of disturbance intensity is somewhat sharp, while at low values of Q the
increase of the required H is weakly dependent on the disturbance intensity.

The stability curve Q«(B) separates the field of operating conditions into a

region of stable operation, which is of interest to the designer, and a region of

ry
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;unstablc operation conditions, which must be avoided. Figure (4.10) is the relation
};between the step disturbance intensity B and the critical Joule heating (heat
dissipation) at different value of lateral cooling. For H=0.0, Q decreases sharply with
I: the increasing disturbance strength B. The stability margin increases dramatically
' with the cooling magnitude. The maximum rate ofincrease in the stability margin
_occurs at the first step of lateral cooling, and then the rate of increase reduces as the
 lateral cooling increases. Thus the importance of lateral cooling is c]aﬁﬂed. For
example, at a disturbance intensity of 5, the critical Joule heating will increase by
' 50% as the amount of lateral heat cooling increases by 100%. Also, it can be seen that
' the stability region becomes narrower as the disturbance intensity increases, and the
rate at which the stability region shrinks is inversely proportional to lateral cooling
value. The stability criterion obtained here, from the numerical solu_'tion, matches the
analytical results obtained by Bejan and Tien (1978) for B>4. Toward small
disturbances, B<4, the numerical results of this study lie with 5% under the analytical
predictions (see Fig. 4.11). In conclusion, the analytical results verify the results
obtained in this work.

Figure (4.12) shows the effect of heat generation ontype II superconductor
thermal stability subjected to Gaussian disturbance. It canbe seen that, the critical
heat generation is less than that in the case of step disturbance, which means that step
disturbance, has a significant effect on superconductor thermal stability. The effect of
disturbance nature on superconductor thermal stability is shown in Figs. (4.13) and
(4.14). The stepwise disturbance has a greater influence on superconductor thermal
stability compared to the Gaussian counterpart.

Figure (4.15) shows the stability criterion curve (Qc-B) for a superconductor

subjected to Gaussian disturbance at different values of lateral cooling. It is clear that

It
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|
the stability has been improved by increasing the lateral cooling. The increase in

stability region becomes greater as the disturbance intensity increases. For example, at
X
|

B=2 an increase of H from O to 1 results in increase in the stability region by a bout

emphasizes the importance of lateral cooling at larger disturbance intensities.

2.5%, while the same increase in H results in about 1022% at B=10. This

Figure (4.16) shows the influence disturbance initial length (i.e. the normal
zone initial length) on type II superconductor thermal stability. For a point
‘disturbance 1L=0, the maximum temperature (stability criterion) falls sharply to zero
!

?a point disturbance will not lead to normal zone propagation. Itis clear that as L
‘increases (wider initial normal zone) the temperature evolution inc;reases with time
and eventually brings the superconductor to unstable ope_ratioﬁ.

‘ As the disturbance length increases the type I superconductor thermal stability
becomes worse; this is clear from Fig. (4.17).

The maximum temperature evolution with time increases as the duration time
| increases (Fig. 4.18). At Q=0.25thetype i -superconductor is stable for T; less than

0.4, while it shifted to unstable operation at higher dimensionless time (Fig. 4.18a).
While for Q=1.0 the type II-superconductor is thermally unstable regardless the
duration time (Fig. 4.18b).

The effect of disturbance duration time on type I-superconductor thermal
stability is shown in Figs. (4.19) and (4.20). It is obvious that as the duration time
decreases the thermal stability will be improved. In this case _the superconductor is
thermally stable for dimensionless duration time less than 035 which less than the
corresponding value for type II-superconductor. As the duratlion time increases the

temperature profile becomes sharper, with higher values at the disturbance center.

‘and reaches its steady state value in about 2.5 dimensionless time. So, we can say that -

'
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3
i

The type II has better thermal stability characteristics compared totypel
'counterpart, this result from the two critical temperature for type 11, while type I has

\
only one critical temperature (see Figs. 4.21 and 4. 22)

Figures (4.232 and b) shows the effect of current sharing temperature on type
'II -superconductor thermal stability. It can be seen, from Fig. (4.23), the evolution of
temperature with time increases as the current sharing temperature decreases, which
| means that the superconductor thermal stability tends to fail. This behavior can be
explained or justified by the fact that the Joule heating increases as the current sharing
: temperature decreases.

The effect stabilizer to superconductor ratio f on superconductor thermal
 stability is shown in Fig. (4.24a and b). Itis clear that the superconductor thermal
stability has been improved as the value f increases. The interoperation of this

behavior is that when a normal zone Iinitiates, the current shifts from the
superconducting material to the stabilizer (normal metal) material. And, since the
resistivity of superconducting material at normal state is much hﬁ'gher than the
resistivity of the stabilizer, (1000 times the resistivity of the stabilizer at normal sate}).

This will lead to a significant decrease in the resuiting Joule heating, which mean an

improvement in thermal stability.

4.2 Superconductor Thermal Stability Based on Wave Model

model are shown in Figures (4.25-4.36).

The numerical results for superconductor thermal stability based on wave
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‘different shapes. In the case of hyperbolic model more energy is concentrated at the
‘f )

jedge of the conductor which results in a higher temperature at this region. The higher
:temperature causes greater growth of heat generation as the capacity of heat sources
increases with temperature, and so on.

In the case of a conductor with an internal heat source whose capacity depends
on temperature, the differences between temperature profiles obtained from wave and
diffusion models do not disappear as the time increases to infinity (Fig. 4.30). Here.
. For B=15 the temperature profiles obtained from the two models vary a lot (Fig.
430c). Long time solutions are shown in F ig. (4.31). It can be seen that the
" differences between the models increase steadily with time.

As the disturbance length increases the maximum temperature evolution of
type II -superconductor increases (Figs. 3.32a and b). Also, It can be noticed that the
wave structure decreases as the length increases. In the presence of duration time the
wave behavior is more clarified (Fig. 4.32b).

As the disturbance length decreases the type I-superconductor thermal stability
improved. Also, it can be seen that the wave structure of the maximum temperature
history curve destroyed as the disturbance length increases (Fig. 4.33).

The results in Fig. (4.34) show that the duration time of the disturbance length
has a destructive role in thermal stability of type II-superconductor. The
superconductor is stable for duration times less than 0.4 and unstable for larger times.

The disturbance duration time has a critical role in superconductor thermal
stability, such as the thermal stability is significantly improved as the disturbance

duration time decreases. Here, for type I-superconductor the critical duration time

equals 0.75 (Fig. 4.35).
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| The effect of current sharing temperature on type Il-superconductor thermal
§tabi1ity is shown in Fig. (4.36). Itis clear that the current sharing temperature has a
minor effect on thermal stability. Even that the maximum temperature decreases

Slightly as the current sharing temperature increases.

4.3 Superconductor Thermal Stability Based on Dual-Phase-

Lag Model

The numerical results for superconductor thermal stability based on dual-
‘ phase-lag model with R=5.0 (i.e. Tr =2.5T,), will be shown in Figs. (4.37-4.52).

The results of Fig. (4.37) and Fig. (4.38) show the effect of Joule heating for
type II and type I-superconductor respectively. Itis clear that the increase in Joule
heating forced the superconductor of both types to operate outside the stability region.
The influences of lateral cooling on type II -superconductor and type I-
~ superconductor are shown in Figs. (4.39) and (4.40) respectively. A similar effect has
been noticed for both types, with much higher values of H required to stabilize type I-

superconductor compared with type If counterparts.

The effect of disturbance length on type Il-superconductor and type I-
superconductor are shown in Figs. (4.41) and (4.42) respectively. It can be stated that
as the disturbance length increases the thermal stability region shrinks.

The effect of disturbance duration time on type I1-superconductor and type I-
superconductor are shown in Figs. (4.43) and (4.44) respectively. It is clear that as the
duration time increases the maximum temperature increasing, eventually the
superconductor will shift to operate in unstable region.

Comparison between the stability criterion for type II-superconductor and type

I based on the three previous conduction models is shown in Fig. (4.45) and (4.46) for
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1éwo values of lateral cooling parameter. For type II-superconductor, at H=0.0, and for
i . !

:ow values of B <4, the wave model should be used to determine the thermal stability
é)f type Il-superconductor, to ensure a safe and stable operation of the
?uperconducting wires. While, for high values of disturbanc;:‘ intensity B>4 the
ﬁiffusion model should be used. For, H=1.0, and for very low values of B the wave
:model should be used, and the diffusion model should be used for the remaining
values of B. It seems that the dual-phase-lag model is overestimating the stability
5region, and thus, it is non-recommended to use in the analysis of superconductor
%thermal stability. For type I-superconductor (Fig. 4.46) a similar behavior has been
' seen, with narrower stability region.

Figure (4.47) presents a comparison between maximum temperature history,
:therma] stability, of type Il-superconductor based on three previously mentioned
models. The difference between wave and diffusion behaviors is very clear. Also, it
| can be seen that as R increases the predicted maximum temperature ciecreases.

A comparison between temperature profiles for typel superconductor with
wide disturbance =1 obtained based on the three macroscopic heat conduction model
is shown in Fig. (4.48) at different dimensionless times. At very short time the
} difference between the profiles is insignificant and the heat penetration in the case of
| diffusion model is the largest one (Fig. 4.48a). As time passes, the difference between
F the dual-phase-lag model and diffusion model increases, with increase in the heat
penetration distance (Fig. 4.48b and c). At much higher times the shapes of
temperature profile obtained based on dual-phase-lag model approach those obtained
by the other two models, but the predicted temperature based on dual-phase-lag-
r model still lower than that predicted by the other two models. Also, the heat

penetration distance remains higher. At the same time the thermal penetration depth

»”
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| .
into the conductor increases with the ratio R. This is also the effect of microstructural

lpteraction because the ratio R is proportional to temperature gradient lag time.

The effect of current sharing temperature on superconductor thérmal stability
is illustrated in Fig. (4.49). The minor role played by the current sharing in thermal
;stability is clarified. The thermal stability improves as the current sharing temperature
increases, this refer to the reduction of Joule heating associated the higher values of
1:current sharing temperature.

Based on the wave model, Fig. (4.50) shows the type 1I-superconductor
perature at various values of initial rates ©". The curves without a rate

' maximum tem

| effect, rate-0.0, is the similar to that shown in Fig. (4.25). The initial time-rate of

change of temperature reflects a uniform heating applied at t=0, resulting in a

particularly the center of

' the disturbance 61. when the initial temperature rate increases the maximum value of

91 increases and the time at which the maximum occurs is also increases. This is the
temperature overshootimg phenomenon that canot be depicted by diffusion model.

Based on dual-phase-lag model with R=5, Fig. (4.51) shows that as the intial
temperature rate increases the type II superconductor maximﬁm temperature
increases. But, here the nonunifomity in maximum temperature history doesnot
vanish. For initial rate less than 1 the superconductor may considered to be stable,
since the maximum temperature drops below .

For type I-superconductor the maximum temperature is somewhat differ from

that of type II -superconductor (Fig. 4.52). The difference mainly is in temperature

overshooting, for type I the overshooting is reduced this may be due to the gradual

increases in the electrical resistivity, compared to abrupt change in resistivity for type
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superconductor. As in the previous two curves the initial temperature rate plays an

important role to the superconductor thermal stability issue.

»
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Figure (4.1): Effect of dimensionless Joule heating on typelF
superconductor thermal stability based on diffusion model. (For

L=1.0, B=2, H=0.0, 0.0, and 7=0.0).
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Figure (4.2a): Dependence of temperature profiles  on
dimensionless Joule heating for typeILsuperconductor based on
diffusion model. (For L=1.0, B=2.0, £=0.0, H=0.0, and 1=0.0).
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Figure (4.2b): Dependence of temperature profiles on dimensionless
Joule heating on typeILsuperconductor based on diffusion model.

(For L=1.0, H=0.0, B=2.0, £0.0, and 17:=0.0).
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Figure (4.2c): Dependence of temperature profiles on
dimensionless Joule heating on typelEsuperconductor based on

diffusion model. (For L=1.0, 11=0.0, B=2.0, £0.0, and 7=0.0).
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Figure (4.3): Effect of dimensionless Joule heating on typek
superconductor based on diffusion model (For L=1.0, 0.0,

7=0.0, and 0.,=0.1).
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Figure (4.4a): Dependence of temperature profiles on dimensionless
Joule heating for typeLsuperconductor thermal stability based on

diffusion model. (For L=1.0, 7=0.0, 0.+=0.1, £=0. 0, and H=0.0)
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Figure (4.4b): Dependence of temperature profiles on dimensionless Joule
heating for typeLsuperconductor thermal stability based on diffusion

model. (For 6./=0.1, B=2.0,L=1.0, 7=0.0, £=0.0,and H=0.0).
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Figure (4.4c): Dependence of temperature profiles on dimensionless
Joule heating for typeEsuperconductor thermal stability based on

diffusion model. (For 0.=0.1, B=2.0, L=1.0, £0.0,7=0.0 and
H=0.0)
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Figure (4.5): Effect of lateral cooling on typelLsuperconductor
thermal stability based on diffusion model subjected to unit-step

disturbance. (For Q=1.0, B=2.0, £=0.0, L=1, and 1=0.0).
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Figure (4.6): Dependence
dimensionless lateral cooling

of temperature profiles on
for typeILsuperconductor based

on diffusion model. (For 0=1.0, B=2.0, 0.0, L=1.0 and
=0.0).
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Figure (4.7): Effect of dimensionless lateral cooling on fypek
superconductor  based on diffusion model. (For (=10, B=2.0,

£=0.0,0./=0.1, 7:=0.0, and L=1.0).
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Figure (4.8): Dependence of the required lateral cooling (H) on heat
generation (Joule heating) at different values of disturbance intensity
for typelLsuperconductor based on diffusion model. (For L=1.0,

£0.0, and 1=0.0)
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Figure (4.9): Dependence of the required lateral cooling (H) on heat
generation (Joule heating) at different values of disturbance intensity
for typeEsuperconductor based on diffusion model. (For L=1, £=0.0

and, 1=0.0)
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Figure (4.10): The stability criterion for typelFsuperconductor
subjected to stepwise type disturbance, based on diffusion heat

conduction model. (For L=1.0, £=0.0 and, 7:=0.0)

(For L=1.0, H=0.0, and 7=0.0).
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Figure (4.11): Comparison between the results obtained in this

study and the results reported by Bejan and Tien (1978). (For
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Figure (4.12): Effect of dimensionless Joule heating on typell
superconductor, subjected to Gaussian heat disturbance, based on

diffusion model. (For L=1.0, H=0.0, £=0.0, and 1=0.0)
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Figﬁre (4.13): Comparison maximum temperature-time history (thermal
stability) of typeIEsuperconductor based on diffusion model subjected to
stepwise and Gaussian disturbance. (L=1. 0, =0.0 and 7=0.0).
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Figure (4.14): Comparison between temperature profiles for type I
obtained based on diffusion model subjected to stepwise and Gaussian

nature disturbances. (For 0=0.5, H=0.0, 7=0.0, £0.0 and =5)
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Figure (4.16): Effect of dimensionless disturbance length on typelL
superconductor thermal stability based on diffusion model. (For

0=0.2, 7=0.0, £=0.0, and H=0. 0).
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Figure (4.17): Effect of dimensionless disturbance length on typeF
superconductor thermal stability based on diffusion model (For 0=0.2,
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Figure (4.18a): Effect of dimensionless disturbance duration time

on typelEsuperconductor thermal stability based on diffusion model.
(For 0=0.25, L=1, £2.0, B=2, and H=0.10).
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Figure (4.18b): Effect of dimensionless disturbance duration time on
typelEsuperconductor thermal stability based on diffusion model (For

Q0=1, L=1, &2.0, B=2, and H=0.10).
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Figure (4.19): Effect of dimensionless disturbance duration time
on typeEsuperconductor thermal stability based on diffusion model.

(For 0=0.2, £=2.0, B=2, 6,4=0.1, L=1.0, and H=0. 0)
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Figure (4.21): Comparison between thermal stability of typel-
superconductor and typell -superconductor ‘based on diffusion

model (For 0=0.5, H=0.0, £ 0.0, B=2, and 7=0.0).
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Figure (4.22): Comparison between temperature profile obtained for typel
—superconductor and typell -superconductor based on diffusion model.

(For 0=0.5, H=0.0, 7=0.0, £~0.0, and B=2).
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Figure (4.23a): Effect of dimensionless current sharin g temperature on
typell -superconductor thermal stability based on diffusion model. (For
0=0.15, H=0.1, & 0.0, B=2, 7~0.0, and L=1.0).
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Figure (4.23b): Effect of dimensionless current sharing
temperature on typell -superconductor thermal stability based on
diffusion model. (For 0=1, H=0.25, £&=0.0, B=2, 7=0.0, and L=1.0).
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Figure (4.24a): The effect of stabilizer to superc?nductor ratio
(f) on typelEsuperconductor thermal stability based on

diffusion model. (For L=I, 0.1=0.1, H=0.2,7=0.0, £ 0.0, B=2,
and 0=0.25).
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Figure (4.24b): The effect of stabilizer to superconductor ratio (f) on
type IEsuperconductor thermal stability based on diffusion model. (For

L=1,0./=0.1, H=0.2, 7=0.0, £=0.0, B=2, and Q=0. 5).
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Figure (4.25): Effect of dimensionless Joule heating on type
IT -superconductor thermal stability based on wave model.

(For L=1.0 7=0.0 &=0.0, B=2, and H=0.0)
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Figure (4.26): Effect of dimensionless Joule heating on typek
superconductor thermal stability based onwave model. (For L=1.0,

0.,=0.1, H=0.0 £0.0, B=2, and 70.0)
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Figure (4.27): Effect of lateral cooling on type I I'superconductor
thermal stability based on wave model. (For 0=1.0 7=0.0, 0.0,
B=2, and L=1.0).
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Figure (4.28): Effect of lateral cooling on typeLsupercom{uctor
thermal stability based on wave model subjected to unit-step

disturbance. (For 0=1.0, 04=0.1, 7=0.0, &= 0.0, B=2, and L=1.0).
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Figure (4.29a): Comparison between temperature profiles obtained
based on diffusion model and wave model for typell -superconductor.
(For Q=0.0, no internal heat generation, 6.,=0.1, t=0.0, £0.0, B=2,
and L=0.15).
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Figure (4.29b): Comparison between temperature profiles obtained
based on diffusion model and wave model for typell -superconductor.
(For 0=0.0, no internal heat generation, 6.1=0.1, 7=0.0, £ 0.0, B=2,
and L=0.15).
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Figure (4.29c): Comparison between temperature profiles obtained
based on diffusion model and wave model for typell -superconductor.

(For 0=0.0, no internal heat generation,‘r.=0.0,8d=a1, =00, B=2,

£0.0, B=2, and L=0.15).
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Figure (4.31): Effect of time on magnitude differences
between wave and diffusion models. (For (J=0.5,0.,=0.1,

L=1.5, =0.0, B=2, and 1=0.0)
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Figure (4.32a): Effect of dimensionless disturbance length on
typelEsuperconductor thermal stability based on wave model.

(For Q=1, H=0.0, £=0.0, B=2, and T=0).
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Figure (4.32b): Effect of dimensionless disturbance length on
typelLsuperconductor thermal stability based on wave model.

(For Q=1,H=0.3, £2.0, B=2, and 7=0.5)
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Figure (4.33): Effect of dimensionless disturbance length on
typeLsuperconductor thermal stability based on wave model,

(For Q=1,H=0.3, 6,,=0.1, =0.0, B=2, and 1=0.0).
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Figure (4.34) Effect of dimensionless disturbance duration time on
typelksuperconductor thermal stability based on wave model. (For
Q=1,H=0.3, £2.0, B=2, and L=1.0)
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Figure (4.35): Effect of dimensionless disturbance duration time on typelL
superconductor thermal stability based on wave model. (For Q=1,H=0.3,
8.=0.1, &=0.0, B=2, and L=1.0).
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Figure (4.36): Effect of dimensionless current sharing temperature
on typelEsuperconductor thermal stability based on wave model

subjected to stepwise disturbance. (For 0=0.5,H=0.0, =0.0 £=0.0,
B=2, and L=1.0).
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Figure (4.37): Effect of dimensionless Joule heating on typelF
superconductor based on dual-phase-lag model (For L=1.0, R=5,

H=0.0, £=0.0, B=2, and 1:=0.0).
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Figure (4.38): Effect of dimensionless Joule heating on typek
superconductor thermal stability based on dual-phase-lag model. (For

R=5.0, L=1.0, 0.4=0.1, &0.0, B=2, H=0.0 and 7:=0.0).
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Figure (4.39): Effect of dimensionless lateral cooling on typell-
superconductor thermal stability based on dual-phase-lag model.

(For 0=3.5, R=5.0,=0.0, B=2, H=0.0, L=1.0 and 7~0.0).
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Figure (4.40): Effect of dimensionless lateral cooling on typel
superconductor therma! stability based on dual-phase-lag model.

(For 0=2.0, R=5.0. »=0.6, B=2, L=1.0, 0.,=0.10 and 7:=0.0)
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Figure (4.41): Effect of dimensionless disturbance length on
typelLsupercondu:tor thermal stability based on dual-phase-

lag model. (For ¥i=0, R=5.0, 0=4, £ 0.0, B=2,7~0.0)
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Figure (4.42): Effect of dimensionless disturbance length on
type Esuperconductor based on dual-phase-lag model. (For

0=2.0, R=5.0, £=0.0, B=2, 1;=0.0, 0.,/=0.1 and H=0.0)
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Figure (4.43): Effect of dimensionless disturbance duration
time on typelLsuperconductor thermal stability based on dual-
phase-lag model. (For L=1.0, 0=0.5, R=5, £=2.0, B=2, and
H=0.1).
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Figure (4.44): Effect of dimensionless disturbance duration time
on typeLsuperconductor based on dual-phase-lag model. (For
L=1.0, 0=1.0, 0.,=0.1, R=5, £=2.0, B=2, and H=0.10)
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Figure (4.45): The stability criterion for type IEsuperconductor
subjected to stepwise type disturbance, based on three different heat

conduction model. (For 1=0.0, R=5, £=0.0, and L=1.0).
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Figure (4.46): The stability criterion for type Esuperconductor
subjected to stepwise sype disturbance, based on three different
heat conduction model. (For L=1.0, R=5, £ 0.0, 6.,~=0.10 and

7=0.0)
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Figure (4.47b): comparison between dimensionless maximum
temperature-time history of typeEsuperconductor based on the
three macroscopic heat conduction model. (For (=1, L=1.0,

& 1.0, B=2, H=0.10 and 7=0.1)
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Figure (4.48a): Comparison between temperature profiles obtained

based on different

macroscopic heat conduction models for typek

superconductor. (For 0=0.25, R=5, £0.0, B=2, L=1.0, H=0.0 and

7=0.0).
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Figure (4.48b): Comparison between temperature profiles obtained
based on different macroscopic heat conduction models for typeF

superconductor. (For (0=0.25, £=0.0, B=2, L=1.0, H=0.0 and 7:=0.0).
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Figure (4.48c): Comparison between temperature profiles obtained
based on different macroscopic heat conduction models for typeF
superconductor. (For 0=0.25, £=0.0, B=2, L=1.0, H=0.0 and 1=0.0).
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Figure (4.48d): Comparison between temperature profiles obtained
based on different macroscopic heat conduction models for typel-
superconductor (For (0=0.25, 0.0, B=2, L=L1.0, H=0.0 and

7=0.0).

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



01

142

400 | | j _
~
3.00 —! S
\
2.00 N\
| \\. B
1.00 T i T i I i l I T

0.00

1.00

2.00

3.00 4.00 5.00

B

Figure (4.49): Effect of dimensionless current sharing
temperature on typelEsuperconductor thermal stability based on

dual-phase-lag model. (Fer 1=1.0, Q=1, 17=0.0, £=0.0, B=2, and

H=0.0)
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Figure (4.50): The cffect ofinitial time-rate of temperature on type
IEsuperconductor thermal stability based on wave model. (For L=1.0,

0=0.5, 7=0.0, R=0, £=0.0, B=2, and H=0.1).
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Figure (4.51): The effect of initial time-rate of temperature on type
IF-superconductor thermal stability based on dual-phase-lag model.

(For L=1.0, H=0.0, R=5, £ 0.0, 1=2, 7~0.0, and Q=1.5)
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Figure (4.52): The effect of initial time-rate of temperature on
typeLsuperconductor thermal stability based on dual-phase-lag

model. (For L=1.0, 0,,=0.1, =0.0, R:5, & 0.0, B=2, and 0=0.5)
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5-Conclusions and Recommendations

The main conclusions of the study are presented in this chapter, The

- usefulness of the present analysis for the low and high-temperature superconducting

thermal stability is studied numerically

history of a given temperature

disturbance is derived from the solution of the transient heat conduction model for an
laterally cooled conductor with temperature dependent heat source. The

combined diffusion by axial heat conduction and the lateral heat transfer and its effect

on superconductor thermal stability is presentea numerically.

The following conclusions drawn from this study:

1. The superconductor thermal stability region decreases with'the Joule heating,

the disturbance intensity, length, energy, and duration time, while the stability

region increases with the lateral cooling, the current sharing temperature.

2. The collapse of growth behavior of a local disturbance depends on a number of

important dimensionless groups: the Joule heating, the lateral cooling, the

disturbance intensity, length, duration time and energy.

3. For large values of lateral cooling (H) the effect of disturbance intensity (B) on

stability is insignificant compared with that of ), while for small H the effect of B

on stability is comparable with the effect of Q.

4. The disturbance shape along the axial direction of the superconductor wire

influences thermal stability. The stepwise disturbance has a stronger effect on the

thermal stability compared to the normal distribution one. In spite of this, the

stability criterion is not very sensitive to the particular shape of the initial

temperature (disturbance) distribution.

336396
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5. Type II superconductors are likely to be much more stable in response to
thermal djsturbances than their type I counterparts. Also, type IT superconductors
require less lateral cooling to bring them into the thermal stability compared to

type I

6. As current sharing increases the thermal stability type II superconductor
improves.

7. As the disturbance length (intial normall zone length), and duration time
increase the thermal stability of both superconductor types becomes worst.

8. At small values of disturbance intensity the use of the wave model to
investigate the thermal stability of superconductor underestimates the stability

operation region, which will ensure therrnal stability. While for large B the
diffusion model should be used. The use of dual-phase-lag model with R=5 seems

to overestimate the stability region.

9. The increase ofinitial time rate of change of temperature will contribute in the
process of shifting superconductor of bothtypes to operate outside the stability
region.

The numerical solution of this study is conducting based on ".the assumption of

constant physical properties, this assumptions valid only for very low temperature

(below 25 K) where the matrix resistivity is in dependent of temperature. Since low
Tc superconductors operate in this temperaiure range, this assumption is valid.

However, it is not a good assumption for high Te superconductors. So, Further works

that takes into account the temperature dependent of the physical properties is

required.
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7-Appendix

Computer Program to Calculate T(E,B)
*1«*******************t****ﬁ*********
C PROGRAM PARABOLIC
C
INTEGER JMAX,NSTEP
(PARAMETER(JMAX=33,NSTEP=4
INTEGER i,j,midl
(DOUBLE PRECISION f(33,33),u(33,33
do 12 i=1,JMAX
do 11 j=1,JMAX

u(i,j)=0.d0
continue 11
continue 12

midil=JMAX/2+1

u(midli,midl)=2.d0

(call mglin(u,IMAX,2

"iwrite(*,'(1x,a2)') '"MGLIN Solution

do 13 i=1,JMAX,NSTEP

write(*,'(1x,9f8.4)")

((u(i,j),j=l,JMAX,NSTEP

. continue 13 . :

- write(*,*) "Test that solution satisfies
":Difference Eqns

do 15 i=NSTEP+I,JMAX-I,NSTEP

~do 14 j=NSTEP+1,JMAX-1,NSTEP

E(L ) =u (it ) -1, ) fu(LjRT ) ru(i,j-1)-
(4.d0*u(i,j

- continue 14

(" (write(*,"(7x,7f8 .4
f(i,j)*(JMAX-])*(JMAX-]),j=NSTEP+1,JMAX-) &
(1,NSTEP

- continue 15

"END

" (SUBROUTINE mglin(u,n, ncycle

 INTEGER n,ncycle, NPRE,NPOST,NG,MEMLEN

- (DOUBLE PRECISION u{(100,100

PARAMETER

(NG=5 MEMLEN=13*2*+(2*NG)/3+14%*2**NG+8*NG-
(10073 .
 (PARAMETER (NPRE=1,NPOST=1

C USES
.addint,copy,fillO,interp,maloc,relax,resid,rstrct,slvsml
' INTEGER
(j,jcycle,jj,jpost,jpre,mem,nf,ngrid,nn,ires(100

P18
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(INTEGER irhs(100),iu(100),maloc,irho(100

DOUBLE PRECISION z

COMMON /memory/ z(MEMLEN), mem
mem=0

nn=n/2+1

ngrid=NG-1
(irho(ngrid)=maloc(nn**2

(call rstrect(z(irho(ngrid)),u,nn

if (nn.gt.3) then 1

nn=nn/2+1

ngrid=ngrid-1
(irho(ngrid)=maloc(nn**2

call
(rstrct(z(irho(ngrid)),z(irho(ngrid+1)),nn

go to 1

endif

nn=3

(iu(l)=maloc(nn**2
(irhs(1)=maloc(nn**2

(((call slvsml{z(iu(1)),z(irho(1
ngrid=NG

do 16 j=2,ngrid

nn=2*nn-1

(iu(j)=maloc(nn**2
(irhs(j)=maloc(nn**2
(ires(j)=maloc(nn**2

(call interp(z(iu(j)),z(iu(j-1)),nn
if (j.ne.ngrid) then

(call copy(z(irhs(j)),z(irho(j)),nn
else

(call copy(z(irhs(j)),u,nn
endif

do 15 jcycle=1,ncycle ,

nf=nn

do 12 jj=j,2,-1

do 11 jpre=1,NPRE

(call relax(z(iu(jj)),z(irhs(jj)),nf
continue 11

call
(resid(z(ires(jj)),z(iu(jj)),z(irhs(jj)),nf
nf=nf/2+1

(call rstret(z(irhs(jj-1)),z(ires(jj)),nf
(call fill0O(z(iu(jj-1)),nf

continue 12

(((call slvsml(z(iu(1l)),z(irhs(1

nf=3

154
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do 14 jji=2,]j

nf=2*nf-1

call addint(z(iu(jj)),z(iu(jj-

- (1)),z(ires(jj)),nf

‘do 13 jpost=1,NPOST

(call relax(z(lu(“)) z(irhs(jj)),nf

~continue 13
continue 14

- continue 15

continue ‘ 16

;(caH copy(u,z(iu(ngrid)),n

i return '

. END

" (SUBROUTINE relax(u,rhs,n
- INTEGER n

(DO[HBLE PRECISION rhs(100,100),u(100,100
 INTEGER i,ipass,isw,j,jsw
 DOUBLE PRECISION h,h2
(h=1.d0/(n-1

~ h2=h*h

Cjsw=1

do 13 ipass=1,2

isw=jsw

do 12 j=2,n-1

do 11 i=isw+1,n-1,2
U(i,j)=0.25d0*(u(i+1,j)+u(i-
(1,p+u(i,j+1)+u(1,j-1

((h2* rhs(i,j~ &

continue 11

isw=3-isw

continue 12

jsw=3-jsw

continue 13

return

END

(SUBROUTINE addint(uf,uc.res,nf
INTEGER nf

DOUBLE PRECISION
(res(lOO,lOO),uc(Sl,51),uf(100,100
CU USES interp

INTEGER 1i,j

(call interp(res,uc,nf

do 12 j=1,nf

do 11 i=1,nf
(Wf(i,j)=uf(i,j)+res(i,]

continue 11

continue 12
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return

END

(SUBROUTINE copy(aout,ain,n
INTEGER n

DOUBLE PRECISION
(ain(lOO,lOO),aout(l00,100
INTEGER i,j

do 12 i=1,n

do 11 j=1,n

(aout(j,i)=ain(j,1

continue _ 11
continue 12

return

END -
(SUBROUTINE fill0(u,n
INTEGER n

(DOUBLE PRECISION u(100,100
INTEGER 1i,]

do 12 j=1,n

do 11 i=1,n

u(i,j)=0.d0

continue : 11

continue 12

return

END

(SUBROUTINE interp(uf,uc,nf
INTEGER nf

(DOUBLE PRECISION ue(51,51),uf(100,100

INTEGER ic,if,jc.jf,nc
nc=nf/2+1

do 12 jc=1,nc
jf=2*jc-1

do 11 ic=1,nc
(uf(2*ic-1,jf)=uc(ic,jc
continue 11
continue 12

do 14 jf=1,nf,2

do 13 if=2,nf-1,2
((uf(if,jf)=.5d0*(uf(if+1,jf)+r.:f(if—1,jf
continue 13
continue 14

do 16 jf=2,nf-1,2

do 15 if=1,nf
((uf(if,jf)=.5d0*(uf(if,jf+1)+uf(if,jf-1
continue 15
continue 16
return

END

(FUNCTION maloc(len

T8A
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. continue 11

continue 12

do 13 ic=1,nc
(uc(ic,l)=uf(2*ic-1,1

. (uc(ic,nc)=uf(2*ic-1,2*nc-1
. continue 13

- do 14 je=1,nc
(uc(l,jc)=uf(1,2*jc-1
(uc{nc,je)=uf(2*nc-1,2*%jc-1

continue 14

return

. END

(SUBROUTINE slvsml(u,rhs

(DOUBLE PRECISION rhs(3,3),u(3,3

C U USES fillo
. DOUBLE PRECISION h
(call fill0(u,3
~h=.5d0
- u(2,2)=-h*h*rhs(2,2)/4.d0
_return
- END

18R
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