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Preface

This thesis is the upshot of a research activity carried out at CERN in Geneva, in the
LHC/ICP group.

It concerns the design and the optimisation of the high temperature superconducting
(HTS) current leads for the powering of the superconducting magnets of the Large Hadron
Collider (LHC): the new particle accelerator presently under construction at CERN. This
high-energy machine requires low-temperature superconducting magnets, operating in
superfluid helium at 1.9 K and 1.3 bar, to provide the necessary magnetic field to guide the
particles. Thisimplies a huge cryogenic system necessary to operate the accelerator.

The use of the high temperature superconductors technology for the current leads is
made necessary to reduce the heat load into the cryogenic apparatus used to cool down the
cold mass of the machine and so to limit the cooling power required, otherwise too onerous
from the economic point of view.

The LHC current leads are made of a traditional copper conductor in the upper part,
from 300 K to about 50 K, and by a superconducting part in the last track, from 50 K to 4.5 K.
For this reason these current leads are called: hybrid.

My work is concentrated on the superconducting part of these leads.

| first characterised with electrical measurements, some samples of superconducting
materials in order to assess their properties and the state of art regarding the high temperature
superconductors technology. The HTS materials currently available for industrial purpose are
of three types: YBCO 123 and BSCCO 2212 bulk material, and BSCCO 2223 tapes sheathed
with a silver alloy matrix. To the purpose of the current leads each of these materials can be
used. The choice depends on the specia requirements of the circuit in which the leads will be
integrated. My work is concentrated on the study of HTS assemblies, for lead application,
made with BSCCO 2223 tapes.

Then | developed a therma model to study the quench propagation in the HTS, that is
the resistive transition of the superconducting materials. The main task of the theoretical
model isto find the best configuration for the leads in order to prevent quench to occur and to
limit its propagation in case of accident.

The theoretical model has been validated by the experiments on a 13 kA current lead
prototypes. It has been used to study the influence of al the design parameters in the



evolution of quench in order to find the optimum configuration and to be aware about the
importance of each design parameter: type of metal matrix, critical current for the tapes,
contact resistance, cooling parameters etc... The study of the quench evolution, then, allows to
set up the parameters for the quench detection system that will be used to protect the leads
onceinstalled in the LHC machine.
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1Introduction

1.1 An overview of the LHC

As more and more of fundamental physics is researched, the need for more
energetic nuclear collisions increases. Particle physics beyond the domain explored
with the electron positron collider (LEP) calls for an energy range of more than 1 TeV
for the elementary constituents of matter, i.e. leptons or quarks.

This can not be achieved by upgrading the existing LEP or by building a larger
electron positron collider: the synchrotron radiation forbids it. The energy losses due to
the synchrotron radiation vary with the fourth power of the particle energy. The only
way to achieve such high energiesis to accelerate and collide protons. Their mass, 2000
times larger than the electron’s one, leads to a considerable reduction of the radiation
losses. The limiting factors, in this case, are the maximum magnetic guiding field and
the proton trajectory radius.

The construction of a new accelerator at CERN, the Large Hadron Collider
(LHC), was approved by the CERN council in 1994 [1]. It is designed to provide
proton-proton collisions with centre-of-mass energy of 14 TeV and luminosity of 10>
cm?s™. It will also be able to collide heavy ions, such as lead, up to 1100 TeV. It is
predicted that these collisions will cause phase transition of nuclear matter into quark-
gluon plasma (as would have been observed about 10™° s after the big bang), thus giving
aninsight into theinitial structure of the universe.

The LHC will beinstalled in the existing LEP tunnel, 26.7 km in circumference.
Existing particle sources and pre-accelerators will provide the beam, which will be held
in orbit by atotal of about 1000 main dipole magnets. A guiding field, increasing with
particle energy will keep the orbit stationary.

Superconducting magnets with a nominal field of 84 T in 1.9 K superfluid
helium will alow the storage of proton beams with an energy of up to 7 TeV per beam.
The counter-rotating beams require two separate magnetic channels but due to the lack

of gpace in the LEP tunnel, “two-in-one” magnets have been designed. In order to



deflect the counter-rotating proton beams, the field direction in the apertures must be
opposite. The quality of the magnetic field is essentia to keep the particles on stable
trajectories for about 10° turns.

Altogether, the LHC will contain about 3444 super-conducting magnets
including 1232 main dipoles and 386 main quadrupoles. In addition, 4928 corrector
magnets will be added, giving agrand total of around 8400 magnets.
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Figure 1-1. LHC dipole.

To power the magnets atotal electrical current of about 3.5 MA must pass from
the power converters, at room temperature, through the insulating vacuum and into the
liquid helium environment. Using conventional conductors, this means a huge quantity
of energy losses due to the Joule heating and a heavy load of the cryogenic lines. To
solve this problem, LHC will use high temperature superconductors (HTS) in the lower
part of the lead, giving a substantial saving in the cryogenic apparatus.

1.2 Technical description

The LHC layout is defined and constrained by the LEP tunnel geometry (see
Figure 1-2).
The machine consists of eight bending arcs separated by eight straight sections,

each approximately 528 m long, available for experimental insertions or utilities.



Of these only 4 will have experiments. The two high luminosity insertions,
located at diametrically opposite straight sections: point 1 (ATLAS) and point 5 (CMYS);
and the two more low-beta insertions located at point 2 (ALICE Pb ions) and point 8 (B
physics). The latter straight sections also contain the injection systems. The beams cross
from one ring to the other only in these four locations.

The remaining four straight sections do not have beam crossing. Insertions 3 and
7 each contain two beam collimator systems using only resistive magnets: they are used
for beam “cleaning” and collimation. Insertion 4 contains the Radio Frequency (RF)
systems. one for each beam. Finaly the straight section at point 6 contains the beam
dump insertion: for the vertical extraction of the beams.
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Figure 1-2. Schematic layout of LHC.

The main performance parameters are reported in the Table 1-1 [2].



Table 1-1: LHC perfor mance parameters.

Energy [TeV] 7.0
Dipole Field [T] 8.4
Coail aperture [mm] 56
Distance between apertures [mm] 194
Luminosity [em?sY 10*
Beam-beam parameter 0.0034
Injection energy [GeV] 450
Circulating current / beam [A] 0.54
Bunch spacing [ns] 25
Particles per bunch 10"
Stored beam energy [MJ] 334
Full crossing angle [urad] 200
Beam lifetime [h] 22
Luminosity lifetime [h] 10
Energy loss per turn [keV] 6.7
Total radiated power per beam [KW] 3.6

1.2.1 Optics and layout

The LHC circumference is made of eight arcs separated by straight insertions.
Each of the eight arcs is composed of 23 arc cells giving atotal arc length of 2456.160
m. All the arc cells are made of two identical half cells (see Figure 1-3).
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Figure 1-3. Layout of the arc half-cell.

Each half-arc cell consists of a string of three 14.2 m, twin aperture dipoles and

one 3.10 m quadrupol e separated from the string by 2.42 m. In the shadow of the dipole



magnet ends, sextupole and decapole correctors are located respectively on the right and
left side.

The arc quadrupole assembly has on its left side a beam position monitor (BPM)
and an octupole, and on its right side a combined sextupol e/dipole corrector.

The two dispersion suppressor (DS) cells consist of four quadrupol es interleaved
with four strings of two dipoles each. They are placed after and before each straight
section to adjust the beam parameters. The four DS quadrupoles are all powered in
series with the arc cell quadrupoles.

The two high luminosity insertions at point 1 and 5 comprise the following
sections:

» free space of 23 m on each side of the IP; a secondary particle absorber is
placed 19 m from the IPs;

* low-f3 (or ‘inner’) quadrupole triplet;

o pair of separation dipoles;

» thematching (or ‘outer’) quadrupoletriplet.

The inner triplet comprises four 5.5 m quadrupole magnets powered in series:
Q1 and Q3 focusing magnet and Q2a and Q2b defocusing magnet (Figure 1-4). In the
front of the triplet casing, only for the high luminosity insertion point (HL-IPs) there is
a 21.6 m long absorber element for reason of alignment and protection from secondary
particles. Finally there are two long trim quadrupole magnets individually powered. The
separation magnets are two bending magnet D1 and D2. The outer triplet consists of
several units of DS type quadrupoles.
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Figure 1-4. Layout of the Low-p Insertion 1 and 5.

The two other experimental insertion points (point 2 and 8) are the same except
for the injection section. The injection system consists of a horizontally deflecting

magnet and a cooper septum magnet, a kicker magnet and three dipoles to adjust the



orbit. At the end of the assembly there is a series of injection beam stoppers to protect
machine components from a badly injected beam.

The very important beam collimation functions are carried out in the betatron
and momentum cleaning sections at point 3 and point 7. The betatron cleaning is settled
at point 3: the deep underground location and the impossibility of any civil engineering
work make it a well suited location for this function which inevitably produces large
background radiation. The momentum cleaning is tentatively located in 1P7 and has the
same hardware layout as | P3.

The radio frequency (RF) system is settled in IP4. There are two separate RF
systems, one for each beam. They are both equipped with a pair of dipoles (D3 and D4)
to increase the nominal beam separation near the outer triplet.

The beam dump at 1P6 has the purpose to remove the beam safely from the
collider at the end of a physic run, when the luminosity has degraded and a refill is
necessary. It will also be used frequently during setting up and machine studies and
must always be ready in case of equipment malfunctions or abnormal beam behaviour,
which might lead to beam loss and quenching of superconducting magnets. The
principle is to horizontally kick the circulating beam into an iron septum magnet which
bends the beam vertically so that it can be transported to an external zone sufficiently

far away to permit beam dilution and shielding.

1.2.2 Cryogenics

To profit at the maximum of the well established Nb-Ti conductors technology,
the LHC operates in pressurised superfluid helium below 2 K. In fact, the critica
current density at this temperature for Nb-Ti wiresis about 8 KA/mmz2, whileit isonly 5
kA/mm?2 at 4K, in absence of magnetic field.

The low bulk viscosity enables the coolant to permeate the heart of the magnet
windings, while the very large specific heat (typically 10° times that of the conductor
per unit mass), combined with the enormous heat conductivity at moderate flux may
have a powerful stabilising action against thermal disturbances. Cooling more than
31000 tons of material, spread over 26.7 km, to below 2 K presents a considerable
technological challenge.

As mentioned above the LHC will be installed in the existing circumference

tunnel, which presently houses the LEP €electron-positron collider.



The LHC magnets lie deep underground in the tunnel with access shaft to
ground level and technical service areas only at the end of each sector. A direct
consequence of these constraints is the cryogenic layout of the machine, with five
cryogenic islands where all refrigeration and ancillary equipment is concentrated, both
at ground level and underground. Each cryogenic island then feeds one or two adjacent
tunnel sectors, which requires distributing and recovering the helium over distances of
3.3 km underground. This is achieved by means of a cryogenic distribution line, which
runs along the cryomagnet string in the tunnel and feeds every 106.9 m long lattice cell
[3].

The machine will be cooled by eight cryoplants, each with an equivalent
capacity of 18 kW at 4.5 K [4]. Four of these will be the existing LEP refrigerators
upgraded in capacity from 12 to 18 kW and adapted for LHC duty. The other four new
plants, unlike those of LEP, will be entirely installed on the surface, reducing the need
for additional underground infrastructure.

The LHC cryogenic system is required to:

* maintain the pressurised (1.3 bar) superfluid helium bath of all cryomagnets

around the ring at their nominal temperature below 1.9 K;

» cool down from ambient temperature and fill each sector of the machine in

less than two weeks,

» accommodate resistive transition of full cells of the machine lattice and

recover from this transition in less than two hours, while minimising loss of

cryogen and system perturbation.
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Figure 1-5. Cryogenic flow-scheme of LHC lattice cell.

To fulfil these requirements within the above constraint and boundary
conditions, the LHC cryogenic system makes use of helium in several thermodynamic
states. The flow scheme of a LHC lattice cell appearsin Figure 1-5.

The cryomagnets operate in a static bath of pressurised helium Il (see Chapter 5
for the helium phase diagram), cooled by heat exchange with flowing saturated helium
I1. Low temperature vapour resulting from the vaporisation of the saturated helium Il is
returned to the refrigerator by header B. Supercritical helium, distributed by header C, is
used to fill the cryomagnet baths, to produce — after subcooling and Joule Thomson
expansion — the saturated helium 11 flowing in the heat exchanger tubes, and to feed line
C’ in series with the beam screens operating between 5 and 20 K. The resulting gaseous
helium is returned to the refrigerator by line D.

The first level of therma shielding and heat interception in the magnetic
cryostats and distributions line is provided by forced circulation of gaseous helium
under pressure at temperature between 50 and 75 K through lines E and F respectively.

Special magnets which do not require cooling at 1.9 K operate in baths of
saturated helium | at 4.5 K. Also 4.5 K helium | is used to cool the lower part of the



HTS-based current leads, the upper, resistive part of which is cooled by gaseous helium
between 20 K and ambient temperature.
The steady state heat loads are of three basic types:
* heat inleaks, resulting from the thermal conduction of the cryostats;
* resistive heating in the non-superconducting sections of the magnet
excitation circuit, which have to be taken by the superfluid helium bath;
* beam-induced loads dominated by synchrotron radiation, dissipation of
beam-image currents, and impingement of photoelectrons accelerated by the

beam potential.

1.2.3 Powering

To power the magnets of LHC atotal electrical current of about 3.5 MA must be
transported into and out of the cold mass. In order to reduce the heat leak into the
helium bath the LHC has chosen to adopt the HTS technology.

Due to the low required voltage for the alimentation, the power converters will
beinstalled close to the magnets, in underground caverns and service tunnels at the even
points, thus minimising the voltage drop along warm bus work.

The connection of all magnet circuits to their associated power converters
requires a large number of current leads which, with the exception of the low current
orbit correction dipole magnets, will be grouped at the ends of the arcs in distribution
feed boxes (DFBs) which are also connected to the same cryoline of the magnets.

The 1232 dipoles magnet are connected in series, octant by octant, each circuit
having a stored energy if 1.25 GJ at the maximum field level of 9 T. This magnets
operate at up to 13 kA [5].

The focusing magnets, in number of 396, are twin aperture quadrupoles also
connected in series, but in two circuits per octant. They also operate at up to 13 KA.

Focusing at the interaction point is obtained by special quadrupoles excited
individually or in small families, operating at up to 6 kKA.

In order to control the beam orbit and other specific beam parameters, corrector
magnets are provided. These magnets are much smaller than the others and operate at
currents of up to 60, 120 or 600 A.

In the Figure 1-6 is reported the current rating of the LHC current leads [6].
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2Superconducting materials

2.1 Introduction

The high current leads of the LHC use the superconductor’s technology. A brief
introduction on these materials is given to full understand the properties, performances
and limits of these new ceramic materials.

Superconductivity was discovered in 1911 [7] by the Dutch physicist H.
Kamerlingh Onnes, only three years after he had succeeded in liquefying helium.
During his investigation on the conductivity of metals at low temperature he found that
the resistance of a mercury sample dropped to an unmeasurably small value just at the
boiling temperature of liquid helium. He called this phenomenon superconductivity and
this name was retained since. The temperature at which the transition took place was
called the critical temperature T...

Superconductivity is observed in alarge variety of materials but not in the good
electrical conductors like copper, silver and gold.

The discovery of superconductivity at 30 K in the LaBaCu-O system by
Bednorz and Miiller in 1986 ignited an explosion of interest in high temperature
superconductivity. These initial development rapidly evolved into an intense world-
wide research effort that still persists after more than a decade, fuelled by the fact that
high temperature superconductivity constitutes an extremely important and challenging
intellectual problem and has an enormous potential for technological applications.

The discovery of the new oxide high-temperature superconductors in 1986 leads
to agreat deal of new works investigating their properties and their applications.

A great breakthrough occurred with the discovery of the yttrium-based compound
with a critical temperature higher than the liquid nitrogen one. After that, rapidly, were
discovered the Bi-compound that led the T; up to 110 K. The use of liquid nitrogen as
coolant, cheaper than helium, makes possible to ssimplify the cryostat design. So we can
expect to operate high T. superconductors with stable conditions even if there will be

some amount of heat generation.
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Figure 2-1. Highest known superconducting transition temperature as a function of time, sincethe

discovery of superconductivity in 1911.

The use of these superconductors at the temperature of liquid nitrogen could
greatly affect fields such as power generation, power transmission, magnetic energy
storage, motors, electronics, medical technology and so on. Energy savings with the
application of superconductors will be expected in the reduction of losses, the reduction
of size of equipments and increase in efficiency.

The most natural employ of these new superconductors is the current lead

application.

2.2 The discovery of High-T Superconductivity

A superconductor is usualy referred to as high-temperature superconductor if the
critical temperature T, the temperature a which occurs the normal-superconducting
phase transition, is higher that the one of the Niobium-based superconductors. Then, if

12



the superconducting state is attained by cooling in liquid nitrogen we are dealing with
HTS.

In the following pages | will introduce the general theory about Low-Temperature
superconductivity (the BCS model), to the purpose of understanding the situation that
led to that discovery.

2.2.1 BCS theory: basic concepts

In ametal the positively charged ions form a regular crystal lattice. The valence
electrons are not bound to specific ions but can move through the crystal.

In the simplest quantum theoretical model the Coulomb attraction of the positive
ions is represented by a potential wall with flat bottom. The energy levels are computed
by solving the Schroedinger equation; the electrons are placed on these levels following
the Pauli exclusion principle: no more than two electrons of opposite spin are allowed
on each level.

In this situation it is essentia to apply the Fermi—Dirac statistic, based on the
Pauli’s principle and to avoid the classical Boltzmann statistic applied to normal gases,
for which the average kinetic energy of the metal electrons is by no means given by the

classical expression [§]

where m is the particle's mass, v its velocity, kg the Boltzmann constant and T
the thermodynamic temperature.

Instead, in the Fermi-Dirac statistic the energy levels are filled with two
electrons each up to the so-called Fermi energy Er. The electrons constitute a system
called a“highly degenerate” Fermi gas. The Fermi energy is given by the formula

@ E=b fen)

the quantity O = h/277= 6.58 10" eVs is the Planck’s constant, and no is the
density of conduction electrons. Plotting the allowed quantum states of the electrons in
the momentum space we obtain the so-called Fermi sphere: a sphere of radius equal to

the maximum allowed momentum within which are located the occupied states.

13



These facts have some consequences on the study of the electrical conduction
and the heat conduction: in both cases the most important carriers of electrical and
thermal energy are the electrons; in the Fermi—Dirac statistic they obey to these rules so
that not all the electrons of the metals can accept an additiona momentum but only
those on the right rim of the Fermi sphere have free states accessible.

Before trying to understand the vanishing resistance of a superconductor we
have to explain why anormal metal has aresistance at all.

One can imagine collisions are the main responsible of the ohmic resistance.
What is not so evident is that the collision centres are not the ion in the regular crystal
lattice, but only imperfections:

e impurities;

» lattice defects,

* deviation of the meta ions from their nomina position due to thermal

oscillation.

The last one is dominant at room temperature and gives rise to a resistivity that
is roughly proportional to temperature while impurities and lattice defects are
responsible for the residual resistivity at low temperature (<20 K).

All states inside the Fermi sphere are filled with electrons while all states
outside are empty. In 1956 Cooper studied what would happen if two electrons were
added to the filled Fermi sphere with equal but opposite momenta p, =—p,; whose

magnitude was slightly larger than the Fermi momentum pe.

Assuming that an attractive force existed he was able to show that the electrons
form a bounded system with energy less than twice the Fermi energy: E, <2E..

Realising that the Coulomb repulsion between the two electrons has a very short
range as it is shielded by the positive ions and the other electrons in the metal, the
attractive force must not be strong if the electrons are several lattice constants apart.

Already in 1950 Frohlich and, independently, Bardeen had suggested that a
dynamical |attice polarisation might create a weak attractive potential .

When an electron flies through the lattice it attracts the positive ions. Because of
their inertia they cannot follow immediately: the shortest response time corresponds to
the highest possible lattice vibration frequency (Debye frequency wp). The maximum
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lattice deformation lags behind the electron by a distance d Ov, ﬂ; where Vg is the

b
electron’ s velocity.

The lattice deformation attracts the second electron because there is an
accumulation of positive charges. The attraction is stronger when the second electron
moves right along the track of the first one and when it is adistance d behind it.

This explains why a Cooper pair is avery extended object. In the space occupied
by a Cooper pair there are about a million other Cooper pairs. The strong overlap is an
important prerequisite of the BCS theory because the Cooper pairs must change partners
frequently in order to provide a continuous binding.

Cooper, together with Bardeen and Schrieffer developed in 1957 a theory in
order to explain this phenomena: the BCS theory, which gave them the Nobel Prize in
1972.

According to this theory the supercurrent is made up of Cooper pairs (electrons
with opposite spin and momenta, attracted together).

The binding energy of these pairs results in an energy gap within which the
density of states N(€) = 0. The ground state has spin = 0. The maximum number of
Cooper pairsisformed at temperatures close to 0 K. The pairs can be broken by thermal
activation. At temperature T>T, al of the pairs are broken. When T<T the broken pairs
form a second fluid of normal electronsin a 2-fluid system.

The transition temperature (T.) depends on severa parameters according to the
theory [9]:

» dengity of the electron state at the Fermi sphere N(gg);

e attraction coupling constant V;

* energy shield of order [ around the Fermi surface.

_ 1
@3)  kel.=1ll4ncw e "¢
A =N(OV

The expression (3) determines the temperature below which the normal state of
electrons becomes unstable with respect to the formation of a condensate of electron
pairs with opposite spins and zero orbital momentum. The nature of the forces
responsible for the effective attraction in the energy shell [d is of no importance for

derivation of (3). The BCS theory and the equation (3) can therefore be used to treat
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superconductivity in the case of other, i.e. hon phononic, mechanism of attraction for
the formation of electron pairs: generalised BCS pairing theory.

The €lectron attraction, which is responsible for superconductivity in
conventional metals, is due to retarded electron-phonon interaction. It is related to the
phonon energy and comes into play only in a narrow energy shell of order [ /kg < 400

K near the Fermi surface. The coupling constant itself depends on the phonon spectrum:

@ A =N(0)<92><Mi)2>—ﬂ2

The first term is determined by the sguare of the matrix element g for the

electron-phonon interaction averaged over the Fermi surface, and by the averaged
inverse lattice rigidity: <¢'1>:<(Mw2)_l> : M is the reduced mass of lattice ions; -1/

describes an effective Coulomb repulsion of electrons.

A direct confirmation of the electron-phonon mechanism of pairing is the
isotopic effect, i.e. the dependence of T.on M: T, M.

The relations (3) and (4) show that in conventional metals with typical values of
N(0) and ¢ it is difficult to obtain high transition temperatures: if we take arigid lattice

with a high phonon frequency w in (3), we obtain by (4) A =<a)‘2> that leads to low

values of T, even if we take high values of the frequency.

It is possible to try to increase T, by increasing the value of A by synthesising
materials with a high density of states. There is however a limit for the increasing of A
since alarge value in metals leads to a strong renormalization of the phonon spectrum.

The greatest success in this direction has been attained for compounds of
transition metals with the A15 structure of AzB type where A = Nb, V and B = Sn, S,
Ge... Despite great research efforts, the maximum T, even reached was T.[23 K, in
1973 for the compound NbsGe.

Taking into account the absence of progress in studying compounds of transition
metals, in 1983 Bednorz and Muller addressed their attention to another class of
compound, namely the oxide compounds.

In these compounds the joint action of high polarizability of oxygen ions and
poor screening of electron-ion Coulomb interaction could drive to a strong electron-

phonon coupling.
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Their idea was of creating oxides containing the so-called Jahn-Teller ions: such
ions like Ni** or Cu*" are characterised by a strong interaction of eectrons with local
distortion of acrystal lattice. The distortion considerably decreases the electronic energy
of the ions due to alifting of the degeneracy of electrons level; the strong interaction of
electrons with displacement surrounding ions can result in the formation of polarons,
whose pairing in the form of bipolarons can also lead to superconductivity.

The study of Ni ions did not give any positive result. In 1985 Bednorz and
Muller turned to compounds of Cu oxides, among them La and Ba copper oxides.
Varying the ratio La**:Ba?* in these compounds it was easy to control the valence of Cu
and the concentration of carriers.

In January 1986 they discovered superconductivity below 35 K in one of these
compounds.

This discover focused the attention on these compounds and in the following
months several scientists confirmed this result. Later on it became clear that the oxide

superconductors of this type have alayered perovskite like structure Lag.x My Cu Oy.

barium tilansle
{BaTily)

& Litanium (Ti9+)
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N7 Enogzlopssha Britarnscs | I

Figure 2-2. Example of perovskite like crystal.

In one year the critical temperature of the superconducting transition increases a
lot compared to the value of 23 K of 1973. The T, in the new compounds exceed the
boiling point of liquid nitrogen equal to 77 K. The further active search for new
compounds with higher values of T, led to the discovery of superconductivity in the
systems Bi-Sr-Ca-Cu-O and TI-Ba-CaCu-O, in which the transition temperature
reached 110-120 K.

A maximum vaue of T.= 125 K was found in the compound Tl,Ba,CaCu3Oo.
Even higher T, = 132 K was discovered in Hg-Ba-Ca-Cu-O systems which can be
further enhanced by applying externa pressure. The highest reached valueis T, = 241 K
for Bi and Hg based systems with 5-6 copper planes.

Actualy there is no atheory that explains the nature of the superconducting state

of these high temperature superconductors. And without a theory it is not possible to
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understand whether it is possible to obtain compounds with even higher T. of the order
of room temperature.

The BCS is not answering to many questions on HTS and cannot explain some
“strange” physical behaviour.

It seems reasonable to ascribe to the electron-phonon interaction the pairing
mechanism also in the copper oxide superconductors. Of course specific properties
should be taken into account different from those of the traditional superconductors, like
the strong Coulomb correlation leading among the others to strong antiferromagnetic
fluctuation. This seems responsible of many anomalous properties of these oxides and
has a high probability of giving a contribution to the superconducting pairing.

As awhole the synergetic pairing mechanism seems to be the most probable one
in copper oxide compounds. This mechanism includes the electron-phonon interaction

enhanced by charge fluctuation and the spin fluctuation interaction in the CuO; plane.

2.2.2 Materials of interest

All the new oxide compounds with high superconducting transition temperatures
(Te) can be divided into three class [10]: three dimensional compounds based on
BaBiOs, layered copper oxide compounds with hole conductivity (YBCO and Bi-
compounds), and compounds based on Nd,CuO, with electron conductivity. The most
interesting one for the purpose of thiswork are the copper-oxide compounds.

The new oxide compounds possess many properties in common with
conventional superconductors. At the same time the high-temperature superconductors
have a number of physical properties by which they essentially differ from conventional
metals.

In the copper-oxide superconductors, the main role is played by CuO, planes,
which are separated by layers of other ions. As a result, a high anisotropy of the
electronic and, in particular, superconducting properties, which are of quasi-two-
dimensional characters, are typical of the cooper-oxide superconductors. The physical
properties of the oxide compounds are strongly influenced by the deficit with respect to
the oxygen and certain variations in their composition.

Studies of the thermodynamical properties of copper-oxide superconductors
have shown a number of peculiarities in the temperature dependence of critical

magnetic fields and specific heat. The existence of the strong anisotropy of electronic
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properties results in alarge anisotropy of critical magnetic fields in the a-b plane and in
the direction ¢ perpendicular to this plane. The a-b plane is the plane of the transport
direction, while the c axisis perpendicular to the current flow direction (see Figure 2-4).

Among many oxide superconductive materials, the most used for the purpose of
wires and conductors, and in the particular for the current leads application, are: YBCO
123 (Y-Ba-Cu-O system), BSCCO 2212 and BSCCO 2223 (Ba-Sr-Ca-Cu-O systems).
There were also other kind of Bi-compound doped with Pb or Tl, but are experimental
one and not yet useful for an industrial application.

These materials have anisotropic structures and their grains must be aligned to
obtain a high critical current density, which is the key in applications. The critical
current density (Jc), is the maximum electrical current density that can be regarded as
flowing without resistance through a superconductor.

Until now, bismuth-based compounds have revealed a tendency to show strong
alignment when mechanically deformed (Bi-2223 compound) or cooled from a molten
state (Bi-2212 compound).

This strong alignment in a-b plane eliminates weak links and the history effect
disappears. The Bi-compounds show strong-coupled characteristics and have less severe
weak link problems even if the materials have a-b tilt grain boundaries in a c-axis
textured structure. Compared with Bi-compounds, the YBCO compounds show severe
weak link problems when we have misoriented a-b tilt grain boundaries even in highly
c-axis textured film.

The bismuth compound has another advantage for wire fabrication, that is a
lower melting temperature than silver: YBCO has a higher melting temperature than
silver and this makes it difficult for use in a melt texturing process with silver-sheathes
or substrate. Another point in favour of Bi-compounds is its weak oxygen deficient
problem. In addition to this, raw materials for Bi-compounds (with the exception of Bi-
Th compounds) do not need rare earth elements and the Bi-2223 compounds show the
highest critical temperature, 110 K. As regards the Bi-thallium compounds, they show
higher critical temperature, but they have severe toxic problem and so it is not easy to
work with them. Thus Bi-2223 is today considered to be one of the best candidates for
long wire fabrication. Even if actually, important efforts are put in the fabrication of
YBCO wires.

For the ceramic HTS materials to be commercially useful in high field magnets,
energy storage devices, motor/generators and power transmission cables they need to be
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shaped into composite multifilamentary wires or ribbons containing both the
superconductor and a metal. Such a composite geometry is desirable for severd
important reasons.
» pardld electrical path servesasabypassin case of loca failurein HTS;
* heat sinking;
» minimal loss of energy by magnetic flux motion;
» aclossreduction;
* mechanical protection of the brittle superconductor core against Lorentz
force and stresses during handling;
e protection from atmospheric environment to avoid oxidation which would
change the non stoichiometric content of oxygen.
In the next section severa processing techniques are reported for the common
high temperature superconductors: Y BCO-123, Bi-2212 and Bi-2223.

2.3 YBCO 123

Thisisthe first discovered oxide high temperature superconductor with a critical
temperature above that of liquid nitrogen.

YBaCu307 (YBCO) was discovered in 1987 by Wu's team, and it has a T of
92 K. The origina compound is observed in two modifications: the first one is the
orthorhombic phase; the second is the tetragonal phase.

The latter is observed at low temperature, while the last at temperature > 500 °C.
It is seen that YBCO has a typical layered perovskite-like structure with two CuO,
planes separated by alayer of Y ions which are bounded by the layers Ba-O4, Cul-O1
and Ba-O4. The oxygen O2 and O3 are strongly coupled with Cu2 in the CuO; planes,
unlike the weakly coupled oxygen O1 in the Cul-Ol chains. It is also seen that the
physical properties of YBCO depend considerably on oxygen content: there are

differences between the orthorhombic and the tetragonal phase.
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Figure 2-3. YBCO crystal structure.

The most diffused methods to synthesize this compound are the melting
processes. melt texturing, epitaxial growth and liquid phase processing. The so-called
‘powder in tube technique is not used because of the poor performances of the
specimen obtained by this way.

The continuous development of new technique is an attempt to reach higher

performances.

Figure 2-4. Orthorhombic and tetragonal phase for YBCO.

Among the above mentioned approaches, the most simple is the melt cast
process (MC).
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2.3.1 Melt processing

Higher critical current density could be achieved by melt processing YBCO
[11]. In air the YBCO phase diagram shows a peritectic point at about 1010 °C where
Y 2:BaCuOs (the green phase) and Y ba,CusO7.« coexist.

Th
L / 200+ L

1015°C

211 + L
011
\ 211

+
L \W’ +1. +
23 200
+ 123 + 211
011 210
+
{01
0 —-
3BaCu02 YBuzCudOx Y2BaCuOs  53YOus
= 2Cu0 + Ba(}

Figure 2-5. Phase diagram of YBCO.

Using different processing routes through this phase diagram, large-grained
specimens with high intragrain critical current densities could be produced by applying
partial melting of the samples.

Critical Current density for YBOO single-crystalline
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Figure 2-6. Behaviour of Jc dueto thedifferent orientation of the magnetic field [11].
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All these techniques suffer from the fact that these grain boundaries also act as a
weak link. Therefore only specimen sizes up to few centimetresin length can carry high
current densities. Although useless in other areas as applications for superconducting
wires, they will be applied in other areas such as the magnetic shielding technology.

In Figure 2-6 is reported the influence on J. of the orientation of the applied
magnetic field.

In order to improve the critica current densities in polycrystaline material,
especialy in the presence of a magnetic field, texture is required. Some variants of the
melt processing, caled melt texturing, have been developed to achieve it: the most
important of these are the liquid phase processing (LPP), the melt texture growth
(MTG), the powder melting process (PMP) and the liquid zone melting (LZM).

Melt texturing of the 123 compound results in a superconductor with a layered
microstructure of thin YBCO plates stacked in the c-direction. All melt texturing
techniques involve the melting of 123 above its peritectic temperature, T,.

) Je wa H i c=ax1s texiure YEBOO nibboos
I :l i + r It . 1

il i1 {17 3 .4 5 0. il .5

H[T]
Figure 2-7. Critical current density in function of the applied magnetic field [8].
When heated above T,, 123 incongruently melts into a solid and a liquid phase
according to the reactions:
123 - 211 +liquid 1015°C < T <1300°C
211 + liquid - Y2053 + liquid 1300°C < T < 1500°C
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As afunction of the cooling rate specimens with different characteristics can be
obtained. If any temperature gradient isimposed or if the conditions are favourable for
multiple-nucleation of 123 even in presence of a therma gradient, the sample would
contain centimetre-sized domains of well-aligned grains with arbitrary orientations with
respect the sample axis. These samples are extremely useful not only for investigating
basic pinning mechanism in high J. bulk materials, but also for severa applications,
especially magnetic bearings where along-range grain alignment is not crucial. For high
current-carrying applications, however, a uniform grain alignment over long lengths is
essential. Directional solidification of 123 with specimen transport under a prescribed
temperature profile has the potential of producing textured 123 that is aligned along the
specimen axis over long length. In these methods it is crucia the fixed cooling rate on

each cooling step.
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Figure 2-8. Influence of T on Ictransport [13]. The measures summarised here are performed on
pelletsof 6 mm in diameter and 1 mm in thickness and the results were not referred to the cross
section of the samples.

A new promising technique, following this procedure, is the liquid phase
processing [12]. According to this procedure, after some annealing steps and slow
cooling at afixed rate it is possible to control the microstructure of the superconductor.
Doing so it will be possible to achieve better performance as regards the critical current
density. Values of 15000 A/cm? at 77 K were obtained for specimen treated with this
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process and in absence of applied magnetic fields. Common values for the critical
current density are reported in Figure 2-7 and Figure 2-8 .

The critical current density reported is referred to the engineering current
density, i.e. evaluated over al the specimen cross section. Hereinafter | will refer to this
engineering Je, unless differently said.

2.4 BSCCO 2212

The Bi-compound superconductors were discovered in 1988 by Maeda, Von
Schnering et al. showing a T up to 110 K.

BSCCO 2212 isthe commercial name for the Bi,Sr,Ca; Cu,Og+x compound.

The Bi-based compounds can have various humbers of copper-oxygen planes
and are described by the general formula A,Can.1B>Cu,Oz+4 Where A = Bi or Tl and B
= Sr or Ba The transition temperature also depends on the number of the copper-
oxygen planes and takes the values 10, 85 and 110 K for the Bi compounds.

The most diffused techniques in order to obtain a high performance
superconductor of BSCCO 2212 are the following:

* Powder in tube technique (PIT)

* Mét Cast process (MC)

* Dip Coated (DC)
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Figure 2-9. BSCCO crystal structure.
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2.4.1 Powder in tube

The powder is prepared by a standard mixed oxide procedure [14]. Appropriate
amounts of high-purity Bi,O3;, SrCO3;, CaCO and CuO are thoroughly mixed and
calcinated in three steps in the temperature range 800-850 °C. After each calcination
step the powder is ground to ensure optimum homogeneity. The remaining carbon
content is between 120 and 150 ppmw.

Finally the powder is filled into a Ag tube typicaly of 8 mm outer and 6 mm
inner diameter and subsequently the whole composite is drawn to the final diameter of
1.5 mm. Then specimens are subjected to a final annealing procedure at temperatures
above 800 °C in order to optimise superconducting properties of the Bi,Sr,CayCu,Og.x
phase.

By stacking together several pieces of monofilamentary [15] wire and putting
them into a silver tube, we can obtain a composite structure that, once processed by
drawing, produces up to 50 m of multifilamentary wire 1.3 mm in diameter.

Figure 2-10. Cross-section of monofilamentary BSCCO 2212 wire.

Otherwise it is also possible to roll the wire until atape is processed in lengths of
about 800 m.

Figure 2-11. Cross-section of multifilamentary BSCCO 2212 wire.
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Electrical measurements performed at 77 K on straight monofilamentary wire
samples, gave a T value of about 88 K and a J. of about 500 A/cm? at zero field. At 4.2
K J. in self-field results to be higher than 2 10 A/cm?, dropping to less than 1000
A/cmz by increasing the filed by afew Tedla[15].

As regards the multifilamentary typical values are: at 77 K, J; higher than 1000
Alcm?in self-field; at 4.2 K, J. of up to 40000 A/cm? in self-filed.

Mechanical stresses are dangerous for these materials, for example, for wound
samples, 1 m in length, a J. degradation of about 50% was systematically observed in
this study [15].

Figure 2-12. Cross-section of BSCCO 2212 monofilamentary tape 0.3 mm in thickness.

Short samples of tape (0.3 mm thickness) gave J. at 77 K of about 1000 A/cm? at
zero filed. The behaviour of Bi2212 as a function of the magnetic filed at 77 K is
reported in Figure 2-13. At 4.2 K, J. of up to 60000 A/cm? was measured.

Coils prepared with the rolled tape showed a J. degradation of about 40%.

For high current application BSCCO 2212 tapes with higher performances were
made [8,11].

The behaviour of J; for these tapes as a function of the magnetic field at 4.2 K is
reported in Figure 2-14. The J; at 77 K isreported in Figure 2-13.
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Figure 2-14. Critical current density of BSCC0O2212 at 4.2K in function of magnetic field [8].

24.2 Meltcast proc

ess

According to this procedure [16] the starting materials (Bi,Oz 5N; SrCO;3; 2N5;

CaO 3N; CuO 5N) are mixed
mixed with SrSO, and mel

together, with a metal ratio near 2:2:1:2, calcined, then

ted between 1000 °C and 1200 °C. The obtained

homogeneous melt is poured into moulds, either rotating or static, where a solidification

and slow cooling to room temperature occurs. The obtained melt cast bodies, consisting
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of amore or less coarse grained heterogeneous material with alack of oxygen compared
to the starting mixture, are already in the shapes desired for the later applications. The
material, after having been removed from the mould is subjected to an annealing
procedure between 750 °C and 850 °C in order to reach the 2-layer phase and to adjust
its oxygen content. The heating conditions such as temperature, duration and gas
atmosphere depend on the dimension of the individual form part. The electrical
properties of the superconducting bulk parts are moreover influenced by the preparation
of the raw material (calcination style), the amount of SrSO,, the melting conditions and
apre- or post heating of the mould.

It is also possible to fabricate hollow forms by using a centrifugal technique: i.e.
casting the hot melt into rotating moulds where the melt is evenly distributed on the
inner side wall, due to the centrifugal force. The solidifying melt shrinks away from the
mould walls and leaves an air gap resulting in a clattering of the ceramic cylinder. To
prevent the cylinder from shattering the rotation speed must be tuned during the

different stages of the solidification process.

-. '_-I-.'_'

Figure 2-15. Hollow bulk material made of BSCCO 2212.

The electrical contacts are usually inserted into the moulds before casting the
melt material and are embedded in the cast material. The partial melt during the
annealing step is responsible for an interaction between silver and BSCCO leading to
current contacts with good mechanical and electrical performance.

Typica performance of specimen obtained following this procedure is, in zero
field and at 77 K, amaximum J. of about 4250 A/cm?2 [17].
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2.4.3 Dip coating

Dip-coating [18] is performed by drawing 5 mm wide by 25 or 50 micron thick
silver tapes up to five meters in length through slurries of BSCCO-2212 powder. The
powders are manufactured by aerosol or spray pyrolysis methods. Several combinations
of binder, dispersant and carrier fluid were explored. Samples are reacted using various
time/temperature cycles.

Tests performed on specimens obtained using this technique have shown critical
current densities ranging from 1100 to 2700 A/cnm?2.

In comparison with the PIT technique, with to this method it is more difficult to
obtain low contact resistance because the electrical contacts are to be made on the

ceramics instead of on the silver sheath.
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Figure 2-16. Dip coating process.

2.5 BSCCO 2223

BSCCO 2223 is the commercia name for the Bi,Sr,Ca,Cu3z0; superconducting
compound.

Its critical temperature is about of 110 K. This is, at the present, the most
promising high temperature superconductor because of the relatively high transition
temperature and the fact that pinning properties at T>10 K are superior to those of Bi-
2212. The critical current densities achieved are of the order of some 10* A/cm? at 77 K
and 0 T, with amoderate magnetic field dependence of J. up to magnetic fields of afew
Teda

The most diffused technique in order to produce Bi-2223 is undoubtedly the

‘powder in tube’ method.
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2.5.1 Powder in tube

A schematic of the ‘powder in tube’ [19] process used for fabricating Ag
sheathed Bi-2223 wires and tapes is shown in Figure 2-17. The process is the same of
the one described for the Bi-2212 except for the different raw materials and for the

different annealing step.
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Figure 2-17. PIT process diagram.

Precursor powder optimized for the high T, phase is usually prepared from the
>99.9 % purity Bi,Os, PbO, SrCO;, CaO or CaCO; and CuO with cation ratios,
respectively, in the vicinity of 1.8, 0.4, 2.0, 2.2 and 3.0. To achieve a homogeneous
mixture of the precursor powder, sintering and grinding are repeated from 1 to 5 times.
Typica heat treatment schedule includes temperatures between 800 and 870 °C and
time duration of 24 — 100 h. The annealing conditions needed to obtain the highest J;
values in each type of tape are different. J. values of 1.9 and 1.6 10" A/lcm? at 77 K are
found in tapes from SS (solid state reaction method) and PL (Polymer matrix method)
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powder respectively. The powder is then packed into silver tubes. To ensure complete
filling of the tube space, the powder is introduced gradually with mechanical agitation.

In multifilamentary tapes, the most common and useful in order to ensure high
current transport, differences are seen due to the number of filament (N) packed in the
silver tube [20]. The results obtained are shown on Table 2-1.

Table 2-1
N d (mm) Sur (%) LAl | Jer (Alomd) | <S> (mm?)
0.34 8.05 1230 63 0.0053
16 0.35 7.44 1420 106 0.0025
24 0.35 8.29 3400 282 0.0019
32 0.35 7.42 2980 221 0.0013
288 0.75 1.84 100 20 0.00015

N is the number of filaments; d is the tape thickness in mm; Sk is the effective

superconducting cross section given by S, =S, /S, ; here J. is the critical current

density at zero external field; Je is the effective critical current (critical intensity
divided by total cross section) and <S> is the average cross-section of each filament.

It is evident that upon decreasing the average cross section for the filaments
(<S>) there is an increase in the J.. It is due to the increasing surface volume ratio.
Upon decreasing <S>, however, there is an increase of the ratio of the mean square
deviations DS = <(S — <S>)*>"2 versus <S> (this phenomenon is called sausaging).
The smaller section along a filament (St min ) determines |¢, but as S min = (<S> — DS)
sausaging decreases the measured J..

The dependency of J. on d (and consequently df) has also been studied in
N=24 rolled tapes. The tests demonstrates that under d; = 10 nm the sausaging or the
inhomogeneities along the tape limit the J; value.

The result is an optimized value for N of 24. Sausaging is the main limit to the J;
values, however, at least for filamentary down to 10 nm in thickness.

Best values for the critical current densities of a silver sheathed Bi-2223 are: at
77.3 K 53700 A/cm? in zero magnetic field, 42300 A/cm? at 0.1 T and 12000 A/cm? at 1
T.

Most common values are shown in Figure 2-18.
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Figure 2-18. Critical current density of BSCC02223 in function of the applied magnetic field [11].
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3Characterization

In the previous chapter the attention was focused on three different types of HTS
materials which are the most promising to the purpose of the design of current leads.

Among these conductors, oxide superconducting tapes (BSCCO) sheathed with
pure silver have several advantages. high J. characteristic, thanks to a better crystal
orientation in the superconducting core; mechanical flexibility and the thermal stability.
Between BSCCO 2212 and 2223 the second one seems to be preferable due to the high
performances as regard the current density and the low sensitivity to the magnetic field.
However the high thermal conductivity of pure Ag sheath, creates a high heat load into
the cryogenic system.

A way to reduce thermal conductivity of metals is by aloying. As silver is
generally congenial to oxide superconductors the choice is between the two most
common silver aloys: Ag-Au or Ag-Cu dloys.

The second one presents a rather steady behaviour of the thermal conductivity
upon increasing the content of Cu, furthermore this alloy reacts with the Bi-based
superconductors and causes degradation of the superconducting characteristics. In the
Ag-Au aloy, instead, the thermal conductivity drastically decreases with an increase in
Au content and, above all, it does not react with the oxide.

Thus, in the following sections the attention will be pointed on this kind on
superconductors. BSCCO 2223 Ag-Au sheathed.

3.1 Critical current measurement

The critical current density J. is an important parameter for characterising a
superconductor: it is a measure of the conductor’s current carrying capacity.

J. varies for different materials and, depending on the manufacturing process, it
varies for different conductors made from the same material.

Strictly speaking J. is not measured: rather it is calculated from the critical

current, ¢, by dividing it by the specimen’s cross-section.



In the preferred method for measuring I, a direct current is applied to the
superconductor while the voltage across a given length it is measured.

I can be defined as the maximum current that a superconductor can carry at a
particular temperature and applied magnetic field with zero resistance. The detection
of the normal-superconducting transition is made measuring the voltage drop across the
sample. Due to the difficulty to measure an infinitesmally small voltage or a fainting
resistivity the way to detect it, is to introduce an I criterion. There are two possible
choices:

* ané€ectricfield criterion;

e aresistivity criterion.

Both criterions are based on the measurement of a finite voltage across the test
specimen. The electric field criterion defines I as the current where the electric field
strength equals a selected value, E.; the resistivity criterion defines I as the current
where the resistivity of the test specimen equals a selected value, p.. Typical values for
the HTS of E. and p. are 0.1 pV/cm and 10*? Q cm, respectively [22].

The electric field strength E and the electrical resistivity p, are related to each

other by the current density:

v e E
S LVS p P

where V is the voltage drop, | the flowing current; S the cross sectional area and L the
specimen’s length.

The superconductor’s Voltage-Current (V-1) characteristic is determined by
recording the voltage as the current is increased. Typically it is measured at a selected
temperature, in liquid helium or liquid nitrogen, and over an appropriate range of
applied magnetic field. The V-I characteristic can be usually approximated by the

6 Vv :vo%a

where | is a reference current at a voltage Vo and n is the empirical parameter that

empirical equation:

reflects the shape of the V-1 curve. It indicates the abruptness of the transition from the
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superconducting to the normal state. Typical values of n range from 10 to 60 for
commercia high temperature superconductors. In the LTS n is larger (more than 100)
because the transition from the superconducting to normal state is more rapid: the slope
of the V-I curveis steep.

Those measures present a number of measurement problems we have to solvein
order to obtain realistic data.

3.1.1 Interfering voltages

There are numerous sources of interfering voltages that can complicate the I
measurement due to the low voltage implied in those tests. Although they cannot be
eliminated, in many cases they can be reduced to acceptable levels if their sources can
be isolated. The most common sources of interfering voltages are:

1. voltages induced in the loop formed by the test specimen and the voltage
sensing leads. They can be eliminated by twisting and shielding the sensing
leads. Moreover is necessary to avoid any relative motion between the test
specimen and the magnetic field. Changes in the current level may also
interfere;

2. Hall effect according to which a transverse electric field develops in a solid
material when it carries an electric current and is placed in a magnetic field.
This source can be eliminated by simply placing the connection points of the
voltage sensing lead on a line that is paralel to the longitudinal axis of the
specimen;

3. thermoelectric voltages due to increasing temperature of the voltage sensing
region and temperature gradient along the specimen;

4. thermoelectric voltages generated at points in the voltage sensing circuit that
are outside the cryogen bath;

5. other interfering voltages come from ground loops and common mode: both
involving bad ground circuits on the test apparatus,

6. convoluted voltage: those voltages occur when the current path is not
paralel to the conductor’s longitudinal axis. This leads to an electric field
distortion that can, in its turn, cause anomalous voltages.

Designing a test apparatus one has to take into account those sources of

interference in order to obtain good measurements from the tests.
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3.1.2 Specimen damage

The oxide superconducting materials are mechanically fragile and it is easy to
damage them by bad handling lessening or compromising their performances.

The chemical reactions between the specimen and soldering flux or water in the
atmosphere can seriously degrade the conductor’s I.. It is necessary to be careful while
soldering the electrical contacts to the specimen. In presence of bad contact resistance
the joule heating can cause thermal runaway or guench compromising the functionality
of the superconductor.

Being the oxide superconductors extremely susceptible to mechanical damage,
the assembly of the experimental apparatus has to be done carefully. Mechanica
stresses can compromise the capabilities of the conductor: bending, torsion etc. are to be
avoided. Another source of mechanical stress is the low coefficient of thermal
expansion of the oxide that can lead to a different elongation between the specimen and
the support introducing a mechanical stress that could result in inferior performances.
In presence of an external magnetic field also the Lorentz’'s force is to be taken into

account since it also produces stresses on the sample.

3.1.3 Magnetic field considerations

The high temperature superconductors, working at rather high temperature (like
77 K), have demonstrated a high sensitivity to magnetic fields even if of few mT. The
presence of externa magnetic field influences J;, but also the orientation of the field
interferes with the J. evaluation. The HTS are anisotropic materials and have a different
(Je, B) curve according to the direction of the externa magnetic field. Performing a
current test, the presence and orientation of an external magnetic field has to be taken

into account.

3.1.4 Current tests

The critical current tests have been performed on BSCCO 2223 tapes made by
different manufacturers.

The specimens are numbered according to their manufacturer and | tested 2
samples of each type in order to have comparable data about their performance. In the
table are summarised the properties of the tapes measured.
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Table 3-1.

Manufacturer Description
BICC 3.4 mm x 0.3 mm tape. 4% at. AgAU
NST Zerome Gold 3.4 mm x 0.3 mm tape. 4% at. Au
Russian tape 3 mm x 0.3 mm tape. 10% at. Au
Russian tape 3 mm x 0.3 mmtape. 1% at. Au

The tapes have been soldered on a copper contact pad and then placed on an
insulating support in order to avoid any mechanical stress on the superconductor.

The test is performed in a liquid nitrogen bath (77 K) in order to keep constant
the temperature of the sample.

The set-up is sketched in Figure 3-1.
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Figure 3-1. Cryogenic apparatus.

The specimen is equipped with four voltage taps in order to measure the voltage
drop across the tape and the two contact resistances of the junction between copper and
the superconductor.

In order to avoid local thermal stresses during the soldering procedure, the
sample was warmed up to 180 °C at both ends and then soldered on the copper plate
with indium. After soldering it is necessary to wipe out the flux used to sold silver and
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indium to avoid dangerous chemical reaction of corrosion on the tape. The voltage taps
are placed according to the schemein Figure 3-2.
The distance between the voltage taps is around 5 cm. Using an electric criterion
of 1uV/cm, the voltage drop limit isthen setto 5 uV.
An acceptable value for the contact resistance has been set equal to 1 pQ. The
dimensioning of the copper pad is then made according to this limit.
The material propertiesat 77 K are:
Pe, =1.9107° Qm
Pgns =1.010° Om
0, =9.010° Qm

wodtape baps wottagpe baps

Figure 3-2. Voltagetap’slayout.

The maximum allowed current density for the copper wires is set to 4 A/mm?2.
With acurrent flowing of 50 A:

J S4L2D 4:5—OD X =12.5mm? wiresection

mm X

Now it is necessary to evaluate the length of contact required for low resistance
joints. The highest resistivity isthat of indium.
I

R=p—
Ps

|
S=p—
PR

S=axb0 b=>
a
| is the thickness of the soldering; Sis the soldering area; a the width of the tape

and b the soldering length to be evaluated.

40



Assuming for a the value of 3 mm and for | the value of 0.1 mm, using the

imposed limit for the R:

As regard the copper pad in order to reduce to the minimum the heating due to

the Joule effect a cross section ten times the one of the leads is good.

The final shape of the test device is reported in Figure 3-3.
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Figure 3-3. Device description.

Theresults | obtained from these tests are reported in the following pages.
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Figure 3-4. Picture of the tape assembly for the tests.
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Voltage characteristic: Russian 10%
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In al the plots of the voltage characteristic it is reported the voltage limit
according to the electrical field criterion. When the voltage drop across the tape
overcomes this limit, then the superconductor is considered to be resistive. The
electrical current flowing at that moment is the maximum allowable current.

The contact resistance in ailmost al the samples is below the allowable threshold
though in some case, at high current, it overcomes this limit. Nevertheless it does not
invalidate the tests because of the small duration in time so that the small Joule heating
is not dangerous.

A sketch of the disposition of the voltage probe is shown in Figure 3-5.
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Figure 3-5. Voltage probe disposition.

The measured critical current densities at 77 K are reported in the following
Table 3-2.

Table 3-2.
Tape Ic[A]
BICC 4% 27 A
NST Zerome Gold 21A
Russian 10 % 5A
Russian 1 % 5A




3.2 SEM Analysis

A useful tool for gaining information on the composition and stoichiometry of new
crystalline samples is a Scanning Electron Microscope (SEM) equipped with an Energy
dispersive x-ray (EDX) spectrometer.

The scanning electron microscope differs from transmission electron
microscopes which use the transmission of electrons through a sample to resolve an
image: it requires the preparation of films so thin that they are transparent to a beam of
electrons with energies of roughly 200 keV. This implies that the film must have a
thickness of only one or a few hundred nanometres (10° metre). The scanning electron
microscope uses a narrow beam of electrons (often of about 40 keV) that scans the
surface of a sample and forms a corresponding image from the backscattered electrons
or secondary electrons. No special surface preparation is necessary and, since the depth
of focus in an SEM is much greater than in an optical microscope, quite irregular
surfaces, such as fractures, can be studied successfully.

The electron beam is obtained by thermionic effect applying a voltage to a
tungsten filament. A strong electric field between the filament and the anode plate
causes the electrons to be accelerated towards the target. The optica column of the
electron microscope must also typicaly be pumped down to a hard vacuum so that the
filament does not oxidize and to prevent air molecules from interfering with the electron
beam. It usually operates at a pressure low enough so that the mean distance that the
electrons in the beam cover, before striking an air molecule, is longer than the length of
the microscope column.

The electron beam is scanned back and forth over the surface of the specimen
using electromagnetic lenses and the electrons that are reflected or emitted from the
specimen are used to resolve an image on a cathode ray tube or computer monitor.

The electrons in the beam will penetrate to a depth that is directly proportional
to the energies of the electrons in the primary beam and inversely dependent on the
atomic number of the atoms in the specimen. The scattering effect within the sample
could be divided into two main groups. In the first group, electrons are scattered due to
elastic collision with atoms in the specimen and lose very little energy in the process:

these electrons are called backscattered electrons and typically have energies greater



than 50 eV. In the second group, electrons collide inelastically causing the specimen
atom with which they collided to ionise. Electrons emitted as a result of this ionisation
are called secondary electrons and generally are characterised by energies less than 50
ev.

The primary and secondary electrons are collected and passed to a scintillator,
which produces light when bombarded with electrons. The light is passed to a
photomultiplier tube, where it is converted back to an electric signal with an effective
gain of 10000 times or more. The resultant amplified current is used, in turn, to
modulate the brightness of a display cathode-ray (television) tube that is scanned in
synchronism with the probe beam in the microscope column. In thisway it is possible to
obtain afinal magnification of 1,000-250,000 magnitudes on the screen.

Another effect of the striking beam is the emission of radiation, in particular x-
ray radiation. Some electron energy is caught in the electric field of the atom, as the
electrons decelerate, and isirradiated as x-ray: this is the background white radiation. A
small but significant portion of the electron beam collides with the electrons of the
target atoms. Some of the target electrons are knocked out of their orbitals, leaving the
target atom in a high-energy excited state. The excited state is brief and the stored
energy is released as the electrons from the others orbitals drop into the vacant one.
These €electron transitions are quantized and the radiation emitted has specific
wavelengths. the x-rays exiting the target have a few strong characteristic
concentrations of specific wavelengths superimposed on the white radiation.

There are two ways of detecting the x-rays released from the sample: a
wavel ength dispersive spectrometer, which separates x-rays according to wavelength; or
an energy dispersive spectrometer, which measures the energies of the x-rays [23].

The geometry of the crystal lattice controls the directions of diffracted beams.
The intensity of these beams depends on the types of atoms in the crystal and their
arrangement in the unit cell.

X-ray spectroscopy in the SEM analysis involves the identification of a specific
energy or wavelength for elemental analysis of the specimen. Once detected the relative
peaks of the X-ray spectrum above the white-noise, Bremstralung radiation, can then be

used to determine the chemical composition of the sample.
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3.2.1 X-ray diffraction

Together with the SEM analysis another way to examine the crystal lattice and
phase composition of a sample is the x-ray diffraction. In this section | will briefly
describe how it works.

The atoms contained in a solid are arranged so that a specific structural motif is
repeated in a periodic manner in al directions. This property allows the description of
the location of every atom in a macroscopic crystalline substance by only describing the
location of afew atoms with respect to athree dimensional crystal lattice [24].

Once defining the three-basis vector of the lattice, they can be used to enclose
the basic repeating unit of the crystal. This parallelepiped, known as unit cell, is
described by the crystallographic axes a, b and ¢ and their interaxial angles a, b and
g. All crystals can be divided into 14 categories due to their lattice types. These are the
so-called Bravais lattices.

When X-rays illuminate a crystalline material, the atoms in the crystal act as
scattering centres. Because of the periodic nature of crystals, the scatterers can be
considered to be associated with periodically spaced plane a distance d apart. For
certain angles of incidence of the beam the X-rays are scattered coherently and in phase.
The Bragg equation that gives the geometric condition required for a coherent
scattering, is given by:

(7) nA=2dsiné

where n is an integer, | is the wavelength of the incident X-rays, d is the
interplanar spacing and q is the angle between the plane and the incident X-ray beam. If
the X-rays illuminating the sample are of fixed wavelength, i.e. they are
monochromatic, this equation gives a simple relationship between d, interplanar
spacing, and the diffraction angle.

It then becomes necessary to identify these planes in some systematic way. This
is best done by describing the planes in terms related to their intercept on the
crystallographic axes: a method developed by H. Miller.

In this construction the fractional intercepts of the plane on each axis are
determined, the reciprocal of these intercepts are calculated and, finaly, any fractions
are cleared to leave three integers h, k and |. Doing so the general equation of the plane
can be written as:



(8) X HHYH H2 ey
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For any given set of value for the Miller indices hkl, the all possible values of n
leads to the description of an infinite set of equally spaced parallel planes. The Miller
indices also provide a convenient method for determining the interplanar spacing, dn,
which replaces d/n in the Bragg equation.

It is evident from the above that the relative dimension of the crysta lattice
determine the diffraction anglesin an X-ray diffraction experiment.

However the Bragg's equation does not contain information about the scattered
intensity from a given phase. It only provides a geometric condition for scattering to be
observed.

What then determines the diffracted intensity?

It is known that the X-rays are scattered by an atom in different ways according
to the scattering power of it. This scattering power depends on the physical and
chemical characteristics of the atom such as: atomic number Z, mass number M and so
on. According to the intensity of the diffracted beam one can determines the kind of
atom in the unit cell that is responsible of such behaviour. So it appears obvious that the
scattered intensity in an X-ray diffraction experiment is determined by crystal structure.

X-ray diffraction can be broadly divided into two major techniques:

* singlecrystal

* powder diffraction

The single crystal technique is quite powerful. In this procedure an individual
crystal is oriented so that each hkl plane may be examined separately. In this way it
becomes easy to determine the unit cell parameters and symmetry elements associated
with the crystal structure. Furthermore, recording the intensity for each reflection from a
given hkl plane it is possible to determine the location of each atoms in the crystal: the
crystal structure.

Unfortunately these experiments are sometimes quite time consuming and so the
technique islimited in its appeal in aday to day analytical tool.

The X-ray powder diffraction experiments, on the other hand, can be obtained
quickly and are useful in the identification of phases in mixtures of crystaline
substances. In this method the sample is ground so that it is composed of micron sized

crystallites and the X-ray diffraction pattern of this powdered sample is then recorded.
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Because of the randomly orientation of the crystallites, each hkl plane has a definite
probability of being positioned at its proper Bragg angle. The powder diffraction
technique reduces the three dimensional hkl information to a single dimension, dng. This
information, however, constitutes the “fingerprint” of a given crystalline substance, so
the powder method is useful for the identification of unknown phases.

3.2.2 Tape analysis

The BICC tapes and the Russian one were analysed according with the SEM
analysis, in order to check their chemical composition and the quality of the
manufacturing. Instead of the NST tape another Russian tape was analysed with a
different Au content in the metallic matrix.

In the following paragraph are reported the results of these tests.

3.2.2.1 BICC

The chemical composition of the oxide materiad is:

Element Weight % Atomic %
Ca 8.59 22.35
Cu 15.06 24.71
Sr 21.50 25.58
Bi 54.85 27.36

The oxideis clearly a BSCCO type.
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Figure 3-6. Quantitative x-ray analysis. superconducting part.

The silver matrix isan Ag-Au alloy with a Gold content of 4% in weight.
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Element Weight % Atomic %
Ag 96.07 97.81
Au 3.93 2.19
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Figure 3-7. Qualitative x-ray analysis: silver matrix.
3.2.2.2 Russian 10
The chemical composition of the oxide material is:
Element Weight % Atomic %
Ca 8.39 21.68
Cu 16.25 26.49
Sr 21.13 24.97
Bi 54.22 26.86
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Figure 3-8. Qualitative x-ray analysis. superconducting part.
The matrix aloy isan Ag-Au with gold content of 10% atomic.
Element Weight % Atomic %
Ag 82.42 89.54
Au 17.58 10.46
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Figure 3-9. Qualitative x-ray analysis: silver matrix.

3.2.2.3 Russian 1

The oxide composition is:
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Figure 3-10. Qualitative x-ray analysis. superconducting part.

Element Weight % Atomic %
Ca 9.09 22.59
Cu 19.74 30.96
Sr 18.96 21.56
Bi 52.22 24.90
The alloy matrix isan Ag-Au 1% at.
e
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Figure 3-11. Qualitative x-ray analysis. silver matrix.
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Element Weight % Atomic %

Ag 98.23 99.02

Au 1.77 0.98

Some images were taken during the analysis of the longitudinal and transversa
cross section of the samples.
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Figure 3-12. Transversal cross section of BICC’ stape.

Figure 3-13. Longitudinal section of the BICC’stape.
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4Thermal model

Since the discovery of high temperature superconductivity (1986), large efforts
were made to improve the eectrical and mechanical properties of the HTS. At present
day their wide technologica employment is limited by the sensitivity to mechanical
stresses, the low critical currents and the sensitivity to magnetic field at high
temperature. An immediate and less stringent application of this emerging technology is
in the current leads.

The Large Hadron Collider (LHC), currently under construction at CERN, is by
far the largest user of superconducting magnets requiring the transfer of over 3 million
amperes of current from the power converters, at room temperature, into the liquid
helium bath. The HTS technology for the current leads is a great opportunity to
incorporate these materials into large-scale systems.

The use of HTS in the lower part of the current leads instead of using classical
vapour cooled leads, allows reducing the heat leak into the liquid helium environment
by afactor of ten [25].

Due to their crucia rule it is necessary to study the leads in al their critica
aspects. The most critical one is the resistive transition: known as quench. When in
resistive mode almost the whole amount of current passes through the metallic matrix or
through the protection shunt of the HTS, which starts to heat up.

If a quench occurs it is important to evaluate all the consequences for the leads
and above al it isimportant to know their behaviour during this kind of transient and all
the factors that influence it in order to protect the assembly and to avoid the burn-out.

In this chapter it will be described a thermal model for the high temperature
superconducting part of the current leads which will take into account all the physical
aspect of the problem and which will allow to study the behaviour of the leads during a

guench transient.



4.1 Current leads description

Hybrid superconducting-normal metal current leads have undergone intensive
development over the last few years and they are now suitable for application in low
temperature superconducting systems. Current leads introduce heat into cryostat by
thermal conduction and, if the leads are not superconducting, by Joule heating. Different
types of hybrid leads have been designed to electrically connect the power supplies, at
room temperature, to the low temperature superconducting magnets, using both bulk
materials and high temperature superconducting tapes.

At CERN first, and then within the framework of the European
BRITE/EURATOM [26, 27] project a pair of hybrid superconducting current lead has
been designed: it is composed of copper conductor for the electrical connection from
room temperature to an intermediate temperature (Tyrs = 77K), and high temperature
superconducting tubes conducting the current down to liquid helium temperature. The
material used was the Bi-2212 bulk tube with integrated silver contacts, manufactured
by the melt casting method.

In the BRITE/EURATOM design the copper part is cooled by cold nitrogen
vapour produced during the operation from the liquid nitrogen bath where the copper
conductor is dipped. The superconducting part, because of the low thermal conductivity
of the Bi-2212 conductor, can operate in a vacuum ambient where cooling is provided
only by thermal conduction. With this assembly current density up to 1000 A/cm? are
reached in a 1.15 T magnetic field. The helium boil-off, due to the heat conducted
outside the vacuum insulation, is reduced by a factor of ten and the total refrigeration
load by afactor of five.

Another design uses the YBCO bulk conductors. It is a hybrid solution, which
could be of a conduction cooled type or a vapour cooled type as regards the HTS part
[28, 29]. This moded is though to work in a metastable mode: a partialy
superconducting state for which the effective resistivity is about 0.1 times that of the
normal state. Composites of Ag and YBCO are of interest because Ag improves the
mechanical strength of the superconductor. In this case, with leads operating in the
superconducting state, the helium boil-off will be less than half that obtained for pure
metal leads.

For operating current densities above 10000 A/cm?, textured Bi-2223/Ag tapes
are an alternative to Bi-2212 bulk materials [30]. The use of the HTS on the lower part
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of the current leads, has the potential to reduce the required room temperature
refrigeration power to one fifth of that consumed by a conventional current lead. In this
case several solutions for the cooling scheme are possible: using separate cooling for the
resistive and the superconducting part, using unique cooling for the two, using nitrogen
vapour for the resistive part and helium vapour for the superconducting, and in different

assembly type.
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Figure 4-1. Example of three different cooling scheme [31].

The current leads for LHC are designed to take full advantage of the cryogen
available. Prior to start the design of the leads a study has been made [25] to evaluate
the exergetic costs of different cooling methods offered by the aready well defined
infrastructure of the LHC machine, and the potential saving in liquefaction power.

The most convenient solution, now adopted for all the HTS leads, consist in the
following. The superconducting bus from the magnet traverses a lambda plate to enter
the 4.5 K liquid helium bath in the distribution feed boxes (DBF), i.e. cryostats where
the leads are located. At its cold end the lead dips into the 4.5 K, 1.3 bar helium. The
lower section of the lead incorporates HTS material, the warm end of which is
maintained at less than 50 K using helium gas from the 20 K, 1.3 bar line, recovered
from the beam screen cooling line. This gas is used to cool the classical upper heat
exchanger and is recovered at room temperature in the warm gas line. The HTS part of
the element operates in self cooling conditions between an intermediate temperature
(Twts = 50 K), depending from the flow and the design of the resistive part, and the 4.5
K liquid helium bath.
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Different HTS materials have been tested. My work is concentrated on the
BSCCO 2223 with an Ag-Au matrix. The silver alloying is necessary to reduce the heat
leak due to the high thermal conductivity of silver: alloying with gold reduces the
thermal conductivity of the metal. A sketch of the assembly is reported in Figure 4-2.

As regards the silver-alloy matrix different enrichment in Au are possible and
also different ratios between superconducting oxide and metallic matrix. One of the
goals of the model isto scan over the different choices.

The main goals of the theoretical model are:

» toevaluate the heat leak into the liquid helium bath;

» to evaluate the temperature profile acrossthe HTS;

» to calculate the helium boil-off due to silver conduction;

* to study the quench transient.
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Figure 4-2. Cooling scheme of a current lead for the LHC.
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4.2 All-metal leads

The 4.2 K heat leak in low temperature systems due to conventional all metal
current leads often represents an important part of the total losses in these systems. As
stated above the choice of a hybrid current lead which uses an HTS on the lower part
will considerably reduce this heat load.

The minimum heat leak for a conduction-cooled all-metal current lead is easily

achievable by solving the general equation for the heat balance:

Q) =—k(T)Af'j—T
X
©) 2
4Q _ p(M)!
dx A

k(T) and p(T) are the thermal conductivity and electrical resistivity, A is the
cross sectional area and | the flowing current. As a first approximation we can assume k
and p constants in the temperature range Ty — T, (temperature of the upper end and

lower end respectively). Then we can integrate:

PADQ _ _, 2 dT

| 2 Q

(10) QdQ=-kal 2dT
J’QdQ=-J’kpl2dT
Q(T) =1y2kplc-T

If we want to know when the Q. is minimum, i.e. what is the configuration of
the lead which minimise the heat flowing into the cold region a T, looking at the
equation (10) it is clear that this will occur when ¢ is a minimum. Then c represent the
highest possible temperature on the lead, for if T islarger than c, the quantity under the
radical becomes negative. The temperature range varies from Ty and T,.: the minimum
for cis, then Ty, i.e. the temperature of the hot end of the lead.

Substituting in (10) thisvalue of c it is obvious that this means that the minimum
for the heat flow in the cold region is reached when no heat enters the wire at the hot
end.

According to these equations the losses cannot be reduced below the limit
imposed by the relation existing between the electrical resistivity and the thermal
conductivity described by the Wiedemann-Frantz-Lorentz law (WFL), which applies to
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pure normal metals. In the HTS the electrical resistivity vanishesif the material remains
in the superconducting state: this permits to escape from the WFL law and to greatly
reduce the 4.2 K heat |oad.

In order to appreciate the power saving due to the HTS current leads it is
necessary to make an estimate of the conventional heat leak due to conventiona all
metal current leads.

The Wiedemann-Frantz-Lorentz law is expressed as.

(1) k(B,T)p(B,T)=AT
where k is the thermal conductivity for the metal and p is the electrica resistivity as

functions of the magnetic field (B) and of the temperature (T). A is the Lorentz number

A =2.4510"° WQK 2.
The equation that describes the conduction heat transfer for an al-metal

conductor is;
d dr g p(T)I?
12 —K(MA—HF——"—=0
(12) deH(( ) deH+ A

where A is the cross section area of the conductor and | the flowing current.
If we set:

Q(T)=-k(T) Ai—T and consequently
X

Q(T) dx
A dT

(13
K(T) =-

writing the (11) as:

NAT(X)

1 oM ="

the equation (12) could be rewritten as:

_ITATH
Q(F) el k(T)
A dT

_&Q(T) =— T( )Q—ﬂ')d—

(15

integrating the (15) respect the unknown x:

(16) —Q(T)dQ =12AT(x)dT
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Integrate the (16) between Ty = 300 K and T, = 4.2 K, assuming that Q4 = 0,
theresultis:

QL2 =1 ZA(FHZ _TLZ)
)

Substituting the values of T and A theresultis:

_ W
18 Q). _46.9E

In the ideal vapour cooled al-metal current lead, is possible to obtain an
approximated relationship similar to (18) [32]:

(19 Q) =1 /\TL:i

where hyg is the latent heat of evaporation for the coolant and ¢; is its specific heat.
A more complete analysis about the gas-cooled current leads was made by

Wilson [33]. He solved the following equation:

(20) dH<(T)A [H—f 'pdA(T)

where f is an empirical factor which takes into account the efficiency of the heat
exchange and misthe mass flow of the cooling gas.

For gas-cooled leads, according to equation (20), a specific heat flux of 1.04
WI/KA [34] results for the theoretical minimum for the heat flux in the helium bath.

4.3 General heat transfer equations

In Figure 4-3 is sketched the HTS part of a hybrid lead.

| considered the control volume sketched in Figure 4-4. the geometry is
monodimensional and the Cartesian axes x is pointing to the lower temperature, that of
the helium bath.

The general equation for the energy balance is written as:

du
(21) Qin +Qgen :E-I_ out + conv.
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Figure 4-4. Energy balance.

For the HTS tape and according to the Fourier's equation [35] for the heat
conduction, the single terms could be expressed as:
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Qus = A%(T)—+iﬁ<(T)6TD E

where K(T) is the coefficient of thermal conductivity and A the constant cross section of
the tape.
The heat generation is due to the Joul€' s heating and then:

2
Qn =, k= L0

where pg(T) isthe electrical resistivity of the tape and | the current flowing.

The term representing the convection heat exchangeis:

Quony =N(T)C(T -6 )ik
where C is the wet perimeter of the tape and h(T) is the coefficient of convection heat
exchange.

Finally, the variation of the internal energy of the tape, upon an infinitesimal
timeinterval is:

dU
dz

where visthe density of thetapein kg/m? and ¢, its specific heat.

(T)A—d

According to the equation (21) the energy balance for the tapeis.

22) —k(T)Aa—T+qvAdx vc(T)A—d A@((T)a—l+%§<(T)a—TEH H+h(T)C(T 6)dx

As regards to the helium cooling the tape similar considerations could be done.
Due to the channel geometry, | considered the helium vapour to be at constant pressure.

The enthalpy in x is, then, expressed as: i, =c,(6)6,; where & is the helium

temperaturein x.
The enthal py balance across the helium control volume leads to, according to the
(21):

(23)  h(T)C(T -6)dx+ric, (6) % ¥ E?Ti E&xﬁz e, (6) A% dx + ric, (8)6,

To notice that al the properties are now referred to helium.
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In the helium vapour balance the term i, is called the thermal capacity of the

cooling fluid and it isa crucia parameter for the cooling.
The helium vapour used to cool the tape comes from evaporation in the liquid

bath. The mass flow of the helium vapour is expressed by:

(4) m= kmAEﬂ%

h,, Odx

where hyg isthe latent heat of evaporation for the helium.

Those equations constitute the system of partial differential equations to be
solved in order to obtain the temperature profile of the HTS tape and helium gas. From
the (22), (23) and (24) the systems of equationsis:

E(VCP(T)A) 9T _A B<(T) H—h(T)CT e)+pdm'

HTS a

00 [

He X

(25) %vc M)A), hmc(T 9)+m( m)

0. n=- k(T)AElL@L

h,, Odx

t=0,x X
and the initial conditions are: =) ) = Ttcany (X)
@( =0,X) = Oy (X)

To describe analytically the resistive transition of the superconductor, |

introduced the function dwhich depends on the tape’ s temperature:

CF1 if T(X) 2T,
(26)  o0IL] FO if TX)<T,

crit

The system is non-linear: the solution must be find numericaly.

Before proceeding with the numerical computation | have to be sure of the
existence of the solution of this problem.

All the material’s properties are continuous function of temperature. Also the
temperature profile is continuos because it is the profile of a finite and coherent tape.
For the same reason T is limited and then also the material properties which depend on
it.

The system of differential equation can be formally written:
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OX'= f(t, X)
(t) = X,

In the real analysis there is a theorem that assures if f(t,X) is continuos in a
rectangle Q={(t, tv), (Xa, Xp)} then the solution exists [36]. The theorem of uniqueness
of solutions requires, for the solution to be unique, that f(t,X) is Lipschitz continuos in
the variable X. A continuos function is Lipschitz continuos in a region Q, if in that
region its partial derivatives are continuos in the variables { X}. It is easy to verify that
in this problem these hypotheses are satisfied and then the solution of (25) exist and it is

unique.

4.4 Numerical scheme

The numerical solution of the previous equationsisthe only way | haveto find a
result. | developed a therma model as close as possible to the real problem, and | took
into account all the phenomenain order to have a model that well predict the behaviour
of the superconducting assembly. In order to achieve it | reduced to the minimum the
simplifications in the theoretical model: | consider the temperature dependence of the
material’s properties and | consider the case of areal heat exchange between the tapes
and the helium gas.

| afford at first the solution of the steady case. It is the solution in the nominal
working conditions and gives some interesting results for the lead design. Secondly, |
solved the unsteady case. With this model it is possible to analyse the transient of the
HTS and the quench propagation.

4.4.1 Steady state solution
In the steady case the time dependence of the temperature profile isignored: the

% term then cancels and, from equation (16), the new system of equation to solveis:
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B((T)—B— h(T)C(T -6)=0

27) %1(T)C(T ~6)+mlc, (T))Hea— =0
0 X

o __ k(T)A
=

h,, Odx

The resistive term is not present because in the normal condition the HTS is
below the T, and then the & factor, previously defined, isaways d = 0.

For the numerical model | use the finite difference scheme for it is smple and, if
the central difference method is performed it has a second order accuracy.

I decoupled the systems solving at first the equations relative to the temperature
profiles for a given “guess’ value of the mass flow. From this temperature profile |
computed the respective value for the mass flow and | compared it with the guess one.
Then | repeated the process until the two values were equal or less than a fixed small
value.

For the equations of the temperature profiles, the finite difference approximation
provides an algebraic equation at each grid node; it contains the variable value at that
node as well as values at neighbouring nodes. It includes also some non-linear terms
that require linearization. This leads to a system of linear algebraic equations of the

following form:
(28) AT+ Z AT =Qp

where P denotes the node at which the partial differential equation is approximated and
index | runs over the neighbour nodes involved in finite difference approximations.

In order to solve the non-linearity, before solving this “real” system, i.e. with the
material's property function of T, | solved analytically the system of equation
considering the properties constant over al the range of temperature. This solution is
not exact but it is close to the exact one and it is linear. | used this solution to solve the
non-linearity due to the dependence of the material properties from the temperature. In
fact | considered the properties of the HTS at the temperature given by the analytical
solution: doing so | solved the non-linear system like if the properties do not depend on

temperature.
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For the numerical discretization, | used a uniform grid for the spatial term x:
focusing our attention of the i-th value x; | called ;.1 the one on its right and x;_; the one
on its left. The space between two consecutive nodesisx; - Xi.; = Ax = h.

The difference approximation for the first derivative, using the central
differencies, is[39]:

and for the second derivative:

d°T _T,-2T +T 5
- |+ | 1 +O h
dx? h? (h)

where h is the space discretization Ax, i represent the node at which the derivative is
computed, as stated above.

According to this scheme the equations (27) become:

O =T = 2T +T, _
e WURARL
0 ANX Ax A

O] -0,
(29) ch(T —Hi)+r'ncp M:o

|:| He AX

] -

[rh:_kend Aia!end Tend—lH

] h,O dx 0

The final matrix for the first two equationsis.

Bk, +ah —ahi0d E(Tiﬂ _Ti—l)(ki+1_ki—l)+4ki (Ti+1 _Ti—l)D
G 0 -1 A 80 -—F 4 0
0 1+£ 0 %i E 0 Eﬁﬁ%‘ O
5°0h 8 B h a

r-.r[:pHe
CAx
It is easy to notice that it has got the form described in equation (28).

where a :%sz and B=

Thismatrix has to be solved for each nodei.

| took into account also the contact resistance at the end of the HTS, between the
HTS and the Low-Temperature superconducting wires that are designed to connect the
current leads to the bus-bars cable.

In this case the right term of the (29) becomes:
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ol
i+1 _Ti—l)(ki+1 - ki—1)+4ki (Ti+l _Ti—l)+ Rl 24AX2ZD

: s, :
0 B [
: e :
where R; is the value for the contact resistance in Ohnym and & is a discrete function
defined as:
_[if i Zend
if i =end
Once solved this system for a guess value of the mass flow m, | need to iterate
to find the m that satisfies the (27).
| solved the non-linearity due to the mass flow with iterations over the m. |
computed the temperature profile for two guess value of m: called my and ny, and |
used the first two equations of (27) to evauate the temperature profile; using the third
equation of (27) | evaluated the two m,: called mg and me, corresponding to the two
temperature profile computed.
With alinear interpolation of the two couple of mand m, | can find anew guess
vaue, caled M. Using this value | evauated the new temperature profile and,
according to this, a new m,. Comparing these two values | can see if | found the

mvalue that solves the system or not.
If itisnot the convergence solution | solved again the system of the two first
equations and again | found a new value of m, corresponding to the new temperature

profile.
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i

Figure 4-5. Massflow function: with m | call the guess value for the massand mc the calculated

value accor ding to the 3" equation of the system reported above. At convergence M = Mc. Since
they aredifferent | haveto iterate. To seek the new valuefor the next iteration | perform alinear
inter polation which gives a value closer to theideal line. In this case the new guessvaluesare ml

and m.

The most common procedure is based on the difference between two successive
iterates; the procedure is stopped when the difference, measured by some norm, isless
than a pre-selected value. | choose the relative difference as criterion and | stopped the

iterative process only when the relations:

-,

m

< precision

was satisfied.
The value of the constant precision is set to 10°°, i.e. close to the machine

precision 10 for Matlab".
Thelist of the code is reported in the appendix.
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Figure 4-6. Flow chart of the massiteration described above.

4.4.2 Unsteady state solution

Now | took into account the time dependence of the temperature profile of both

the tape and the helium gas.
The equations are those reported previoudly:

E(vc ma), T a Al B<(T) B—h(T)CT g)+ LaDI” (T)' 5

(31 %vc MA), % hmc(T 0)+m( )5

e

D.__k(T)A T
UL @‘fy%

fg

Considering now also the time dependence, | have a second coordinate direction
to consider. One big difference respect to the spatial coordinate is that for the time one

there is no backward influence. What happens during the time evolution depends only

on the previous history of the transient.
For initial value problems, it is sufficient to consider the first order ordinary

differential equation with aninitial condition:
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dT(t) _

@ == fETM®) T)=T,

The basic problem consists in finding the solution T a short time At after the
initial point. The solution at t; = to + At, T1, can be regarded as a new initia condition
and the solution can be advanced to t, = t; + At, tz3 = to + A4, €etc...

The ssimplest methods can be constructed by integrating (32) from t, to t.1 =t
+ At

(33) I:n”ﬂ?j—-[dt =TT = [ T (0) )
where | use the shorthand notation T™* = T(n+1). This equation is exact. However, the
right hand cannot be evaluated without knowing the solution so some approximation is
necessary.

The mean vaue theorem of calculus guarantees that if the integrand is evaluated
at the proper point t=7 between t, and tn.1, the integra is equal to f(7,T(7))4t, but thisis
of little help since T is unknown.

A good approximation is given by the implicit or backward Euler method [38]:
using the final point in estimating the integral | obtain:

(34) T =T 4 f (tn+1,T n+lkt

With reference to stability, the method is called stable if it produces a bounded
solution when the solution of the underlying differential equation is also bounded. The
implicit Euler method is known [39] to be unconditionally stable, i.e. it produces
bounded solutions for any time step if of (t,T)/0dT <O.

I choose the implicit Euler because it produces smooth solutions even when 4t is
very large while another implicit method like the trapezoid rule frequently yields
solutions which oscillate with little damping. Consequently, the implicit Euler method
tends to behave well, even for non-linear equations.

The equation system (31) then, becomes:
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where:

a=, L y =S
(IC_P); [Smp]He RC: pel
=, ChD) oo beo?) e

Avc VS)he

P/HTS

—

and o is the discrete function defined as:

SLHT2T,,
E)lfT<TIIm

Applying the Euler scheme:

|:+I- n+l n n+l n+l n+l _ .n+1 ._ n+l n+
E’T O’( |+1_k )—+ak (r Alxz = ) ,B(l_ l)+RC‘9
EH n+l _ . 2] n+l _ 2] n+1
B N+ 5 i+1 i
0 At y(r ) AX
Ern - d AErend n+l _Tend_lm-l E
H hy AX

If | assume:

r _G_At d :ﬂ

AX? AX

Then, rearranging and substituting the terms of the previous equations,

according to those new definitions, | obtain:

|
T k)= rk B 2k AT g k) rk - as, =T 4 Ra
U

ET_TinﬂyAt+0in+1[1+yAt+d]_d0i+ln+l zgin
O 1

ﬁh =—k A end _Tend—1n+l H
* h AX
fg
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Then, as previously done for the steady case | solved at first the two equations
for the temperature profile and then | iterated over the mass ratio for T and 6 are

function of m.
As regards the temperature profile's equations | can write, in matrix form:

I (Mirs 1O IT0" _ 00 RAAMD
JrMe O HeH H Ho

MIx] {4
The matrix M is a n x n tridiagonal-shaped matrix where n is two times the
number of nodes of the spatial discretization. The first block on the first row of M
represent the term for T™* taken from the first equation of the system; the second block

of the first row is the term regarding 8™ from the same equation; the first term of the

(35

second row is the term relative to T™* taken from the second equation of the system and
the second one is the term for 8™ taken from the same equation.
The matrix B represents the terms relative to T that is at the previous step time.
In the following plot there is a sketch of the matrix M:

Figure 4-7. Non-zero elements of the tridiagonal matrix M.
The term B really is a vector containing the terms on right hand side of the
system of equations. It contains also the border conditions, that is the temperature of the

assembly at the cold and warm end.
The equations for the temperature profile can be rewritten, for the first and the

last node, like follows;

81



[ 1n+1(1+ 2I’k1 +ﬁm)_T2n+l ' (kz - ko)+ rklﬁ_mtel :Tln + Rc(mt +T0Br_(k2 _ko)_ th
0 4 O 4 O
%_Tlnﬂ}'ﬂt +91n+1[1+ yﬂt + d] _d92n+1 - eln

Ak

(kN _kend—l)_rkend E-'-denﬂ(l-*- 2I’kend +mt)_mteend =

d—1

3

n+1 n
:TN 1%(kN _kend—l)+rkend %I-Tend +Rc&t

Tend n+1}'At + gend ™ [1+ }'At + d] = d0N " + gend "

N

Where Ty and Ty are the temperature, respectively, at the warm and at the cold
end of the assembly; 8, is the temperature of the liquid helium that is fixed.

To solve the non-linearity due to the material properties | referred them to the
temperature of the previous time step. It is not worth iterating over the properties, to

refer them to the present time step, from the accuracy point of view.

4.4.2.1 Simulation of quench propagation

The main goal of the model is, as it was said, to study the behaviour of the HTS
when quench occurs. With this model it is possible to ssmulate the resistive transition in
adituation really close to that we will have in the current leads of the LHC.

To simulate experimentally a quench we warmed up the top end of the current
lead’ s assembly until when it reached the transition temperature, T..

In the numerical code | develop a routine to simulate the warm up of the upper
part of the lead. What | did was to increase the value of the fixed temperature To, with a
rate that could be fixed each time. This temperature is one of the border conditions of
the problem: by varying its value | obtained, at each time step, a new temperature
profile for theinitial condition of the problem.

Once reached the transition temperature the quench happened and | study its
time evolution. There are two possible situations: the first one is when the quench does
not propagate: it happens if the heat transmitted through the lead is larger than that
generated by the resistive zone; the second one is when the quench propagates.

In the first case a therma balance is necessary and | will do it in the next
paragraph. In the second case, it is our interest to find a solution to stop the transition

process before a too high temperature could damage the HTS. The protection system
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developed for the current leads cuts the power supply in case of quench detection.
Starting from then the lead has to withstand the discharge of the magnet whose time
constant depends on the inductance and the resistance of the electrical circuit.

The task is to find a quench-detection parameter which allows to cut off the
current in safety condition: during the transient the temperature of the lead has to
remain under control and always below a fixed temperature limit considered acceptable
for the HTS safety.

In my model | computed, at each time step, the value of the total voltage drop
across the HTS. Then | fixed a limit value, V)i, above which | switched off the current
and | simulate the discharge of the magnets with an exponential decay of the current

with atime constant T. The expression of the exponential decay is:

(36) ()= Ioe_%

Varying the value Vi, | obtained different temporal evolution of the transient: it
is possible, then, to choose a value that allows to operate safely even if quench occurs.

This value has to be adequate with the technological limits imposed by the
protection systems. Sometimes too small values could be not detectable because of the
electrical background-noise in the LHC tunnel. It is to remember that the current leads
will be installed in an extremely complex machine where al the systems have to work
in harmony with the others. If a too small value of Vi is required, | can solve the
problem considering the integrated signal of the voltage drop. Instead of fixing a limit
value of the voltage drop | fixed avalue for the integrated value of the voltage drop over
atimeinterva t. Then, by integrating the voltage drop at each time step, | can compare,
every t seconds this value with the limit one.

4.4.2.2 Minimum propagation zone

Once started, the quench propagates only if the heat generated by the resistive
zoneis larger than the heat transferred along the tape. In this case the temperature of the
resistive zone keeps increasing: because of the thermal conduction aso the temperature
of the neighbouring regions starts to increase and the resistive transition propagates. The
phenomenon can be stopped only reducing the current.

The main parameter which determines the propagation of quench is the length of

the resistive zone. A basic thermal balance on the HTS allows to eva uate the minimum
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value of the resistive length which leads to quench propagation: this length is the
minimum propagation zone (MPZ) [40].

0
resistive zone

/

T1 HTS Te

—xmMm =M

Figure 4-8. Control volumefor the thermal balance.

For this purpose | consider a control volume on the HTS. As first rough
approximation | consider only the thermal conduction as mechanism of heat exchange

for the tape.
The thermal equations, in the superconducting and in the resistive case, are
respectively:
2 2
adT L Pal _g 7T,
(37) jx
Ak =0 ifT<T,
dx®

| suppose the material’s properties to be constant in the range of temperature |
am using.

I will apply the first equation to the hatched region of Figure 4-8, while the
second one will be used for the rest of the control volume. In X = # X, the temperatures
from the two different equations have to be equal as well as their first derivative, in
order to assure the continuity of the control volume's temperature profile.

For a small range of temperature around the critical one, | can consider the
therma conductivity independent from temperature, then the integral of the first
equationin (37) is.

Idx T pd 2 X G

T(x)=—’oe‘ X iex+c,
ka? 2



In a symmetric control volume with internal generating heat the temperature
profile is parabolic: in this approximation the first derivative of the temperature in x =
0, must be zero. In thisway C; cancels; to determine C, | know that the temperature in x

= XmiST = T.. thefina result is, then:

2
38 T(X)= SE/L x,2-x2)+T,

Similarly | solve the second equation of (37) and | get:
T(x) =Cx+C,
In this case the first derivative of T(x), in a pure conduction problem, is set to be

equal to:

Qconduction - TZ _Tl
kA L

For X = Xnis T = T, as previoudly said. Substituting the values of two constants,

the final solution for this caseis:
Q
39 TX)=T +—=(x. —X
(39) (X) =T, Ic(m )

Now, applying the condition of continuity of the two temperature profile:

BEIThatched H - BEITnon—haIched H
0 dx O

0 dx O,
@) x, =24 _ ypz
Pal

Thisisafirst estimation of the MPZ. In the numerical model it will be sufficient
to warm up the HTS over alength larger than x., in order to be sure to have propagation.

In my therma model, the smplifications used in the MPZ estimation are not
valid because severa reasons. First of all the shape of the temperature profile. In the
current lead assembly the tapes are subjected to a temperature gradient. Around the
resistive region, then, the shape of the profile is not necessary symmetric as | supposed
even if the shape is parabolic.

Then the MPZ is a function of the peak of temperature in the resistive region,
also. During a heating transient, the real value of x, could be different than the
computed one in relation to the heating parameters. Anyway this value gives a good
estimation of what it should be.
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In my therma model | chose a value of the heating region larger enough than
MPZ in order to assure propagation. Now, the only responsible of quench propagation is
the local temperature reached.

Thelist of the code is reported in the appendix.

4.4.3 Stability and convergence of the numerical method

A discretization scheme is said to be unstable or wiggling if its nodal solution to
a steady-state equation exhibits oscillatory behaviour or if its nodal solution to a
transient equation starts being oscillatory and gradually grows unbounded.

As regards stability, in my model | used the implicit Euler scheme that is
unconditionally stable.

From atheorem of the numerical analysis[39] is known that the matrix M is said
well conditioned if its condition number « is close to one. The definition for the

condition number is:;

@) K M)=[M[[M7]  (=12)

Where the index i determines the kind of norm we are using:
M, =max, 3 m|
IM[, = (M M)
[M],, = max; Z‘mi‘

(M) isthe spectral radius of the matrix, i.e. its maximum eigenvalues.
Now, called T* the exact solution, T the computed one and r =B-MT", using:
AT =B
AT*-AT"=B-(B-r)=r
=T =[ A% <A%Kl

it is not difficult to find this relationship for the condition number «:

wy Lol

That means that, if « is small, the effect of rounding or experimental errors in

the elements of the matrix, are bounded by a small value.
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The most used is « » and for my system « » /2. Then afairly well conditioned
matrix.

With reference to the convergence of the numerical method it is more difficult to
demonstrate for the model is non-linear. Non linear problems are strongly influenced by
boundary conditions and grid sizes.

Therefore convergence is usualy checked using numerical experiments, i.e.
repeating the calculation on a series of successively refined grids.

A numerical method is said convergent if the solution of the discretized scheme
tends to the exact solution of the differential equation as the grid spacing tends to zero.

If the method is stable and if all the approximations used in the discretization
process are consistent, we usualy find that the solution does converge to a grid-
independent solution.

In my model | used a central difference scheme for the x-discretization. Thisisa
second order scheme: the error is reduced by two orders of magnitude when the grid
spacing is reduced one order of magnitude. Instead, for the time equation, the implicit

Euler schemeis afirst order scheme.

Average error —— Error
—— Ideal slope

1.00E-03 1.00E-02 1.00E-01 1.00E+00
1

- 0.1

0.01

Error

- 0.001

- 0.0001

0.00001
dx

Figure 4-9. Averageerror for the evaluated heat flow in the solution of the steady case. The scheme

isof the second order asit is expected.

Analysing the convergence of the model it is possible to make some
considerations on the grid spacing and the time resolution. The numerical scheme is

consistent: as the grid spacing approaches to zero the solution tends to the exact one.
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Decreasing the grid spacing means to increase the computational cost and the time
necessary to find out a solution.

I run the code with different grid spacing. The result is reported in Figure 4-9.

As we see, using a grid spacing dx = 5 mm instead of 1 mm, the relative
difference between the solution is about 0.6%. The grid step | used in the model was,
then, dx = 5 mm that is a good compromise.

As regards the unsteady solution | did the same procedure for the time step,
assuming a fixed spatial step dx =5 mm.

The scheme isafirst order scheme, asit was expected.

In the model | used a temporal resolution of 0.1 s, that is a good compromise
between computational cost and relative precision of the solution.

For smaller time step the relative difference between the two solutions tends to

really small values.

Average Error — Error
—— Ideal Slope

0.01 0.1 1

1

0.1

= 0.01

error

0.001

/ 0.0001

0.00001

dt

Figure 4-10. Averageerror in the maximum temperaturefor the transient model. The spatial grid

spacing is5 mm.
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5Material’s properties

Before approaching the numerical solution it is necessary to have a look on the
material’s properties | will use in the thermal model and to consider whether or not one
can simplify the model adopting constant properties in the range of temperature of my
interest.

5.1 Helium

As said above the liquid helium into which are dipped the tapes has a constant
temperature of 4.5 K (pressure = 1.3 bar). The helium that evaporates due to the tapes
conduction is used to cool down the current leads assembly. The helium’s phase

diagram is shown in Figure 5-1.
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In normal conditions the range of temperature for the helium cooling the HTS
part of the leads is between 4.5 and 50 K.
According to the equations previously reported, to the purpose of the thermal

model it is necessary to know the specific heat, the density and the latent heat of

evaporation of helium in order to proceed to the evaluation of the temperature profile.
The density of helium in the range 4.5 — 300 K isreported in Figure 5-2 [41]:
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Figure 5-2. Density of helium.

Speecific hemt 4.5 < 300 K

|¢.u :|.| i :.;\." i LEG
Ik

Figure 5-3. Specific heat.



The working temperature is between 4.5 and 50 K: in this range the mean value
isv = 3.6037 kg/m3. Since the temperatures of the two ends of the tapes are fixed, aswe
see from the graph the mean value is a rather good approximation aso during the
guench transient, due to the range of temperature in which it works.

The specific heat of helium is reported in Figure 5-3. In the range 4.5 — 50 K the
mean valueis p = 5.412 kJkg/K, that is a good approximation for the thermal model.

The latent head of evaporation for the liquid helium at 4.5 K is [42,43]: hig =
23000 Jkg .

The last unknown is the coefficient of heat convection h for helium. It depends
on the type of flow of the helium gas. Guessing as first approximation a linear
temperature profile between 4.5 and 50 K, the number of Reynolds, characterising the
type of flow, is reported as a function of the cooling channel diameter in Figure 5-4.
Since the transition between laminar and turbulent flow occurs for Reynolds bigger

Eeynolds number

than 2500 [44] in our case the flow is undoubtedly laminar.

Figure 5-4. Reynolds number asa function of the channel’s diameter.

The equivalent diameter used is a guess value: it will be checked later, after the
definition of the geometry. Anyway the Nge is so low that a different value for the

channel diameter will not influence the type of flow that is laminar.
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The ssimplest correlation for the thermal convection coefficient is the one for the

laminar flow with constant wall temperature [see also 45]:
(43) Nu=3.656

Nu is the Nusselt’s number and is equal to:

Nu :h_D
k

where D is the equivalent diameter: D = %‘ , Alisthe cross section, C the wet perimeter

Thermal comvecine
120
Espeeramiental volues
2nd ercler imterpalition |
-

I |

h | Wi K

1}

T 5 i 15 T 1500

T (K]

i 1] 113 | M)

and k the thermal conductivity of helium.
Using the (43) for the evaluation of h(T) theresult is:

Figure 5-5. Coefficient of thermal convection.
Another correlation for the evaluation of the h value is the one for the laminar

flow in self-cooling condition [46]:

(44)  Nu=0.12(PrGr)s

c
Pr:p—# Prandtl’s number, where c, is the specific heat, p the dynamic

viscosity and k the thermal conductivity of the gas.
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Gr:g"gAT

|/2

D® Grashof’s number, where g is the gravity acceleration, B is the

dilatation coefficient of the gas S = _1p7p. where the subscript co means the value
P

00

out of the boundary-layer, v the cinematic viscosity (W/p) and D the equivaent
diameter.

AT, the temperature difference between the coolant and the tape, is unknown.
For afirst approximation | suppose the AT could vary between 1 and 20 K. According

to these hypotheses the two possible results for the mean h are:

AT Gr Nu <h> ean [W/M3/K]
1 3910° 3.62 13.9
20 1.44 10° 5.63 21.69

It is correct to suppose that the right value of h will fall between these values.
The mean value of the convection coefficient according to (43) ish =17.3 W/m#K. The
approximation used with (43) is then valid and can be used without committing any
error.

As shown in Figure 5-5 the second order interpolation well follows the shape of
the plot: 1 will use this interpolation for the h values on the numerical code instead of a

mean-value approximation that is not careful in this case.

5.2 Superconducting tapes

As stated above the superconducting tapes are made of a silver-gold matrix,
which works like a protection shunt and as mechanical support. The superconducting
oxideisinside the metal matrix.

According to the equation (16) the material’s properties | need are: the density
of the tape, its specific heat, the coefficient of thermal conduction and the electrical
resistivity.

Due to the composite nature of the tapes their properties could be estimated as a

linear combination of the properties of each constituent.
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If | designate with fu the filling factor of a tape: fu :%, that is the ratio of

the superconducting oxide's cross section over the total one, the equivalent property of
the tape could be written as:

(45) Xy = Xurs FU+ X, (1= fU)
The value of fu for the tapes | deal with in thiswork isfu = 0.27.

As regards the material’ s density, due to the large amount of metal in the tape, it

is not trivial to use the density of the alloy as the one of the whole tape, that is

0 =10.34 10%[kg/m?3] [47].

5.2.1 Specific heat

From the (45) it is evident | can write the expression for the specific heat, c,(T),

of the tapes as:

Figure 5-6. Specific heat for the oxide and the metal alloy.

Coeq (T)= Cphrs (T)Ofu+ Cpagau (T) 1 - fu)
In Figure 5-6 there are: ¢, nrs [48] and ¢, agau [49] for an aloy with an Au
content of 4 % wit.
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Specific heat for the tapes
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Figure5-7. Equivalent specifi:: PILIat for the superconducting tapes.

For the oxide superconductor alinear interpolation is the best approximation. As
regards the silver aloy the importance of gold in the evaluation of ¢, is negligible,
anyhow it will be taken into account.

The plot of the equivalent specific heat for the tape is reported in Figure 5-7 for
afu=0.27 as previoudly said.

Over the range of temperature 4 — 400 K it varies significantly and use of a

mean value could lead to some errorsin the evaluation.

5.2.2 Thermal conductivity

The thermal conductivity of the tapes, k(T), could be evaluated using the (45) as:
Keq (T) = Kirs (T) XU + K g, (T) [~ fU)

Using a fu of 0.27 and a silver aloy with 4 % wt of gold [50], one obtains an
equivaent thermal conductivity as shown in Figure 5-8.

As previously said the alloying with gold allows to significantly reduce the
thermal conductivity especialy at low temperature (Figure 5-9) and then permits to
[imit the heat inleak into the liquid bath.

Also in this case the contribution of the oxide superconductor isreally small and
could be neglected.
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Anyway the shape of the plot is rather changed by the presence of the oxide and

| will take it into account.

Thermnl comductivity of Biti23 tape sheathed with Agan alloy
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Figure 5-8. Equivalent thermal conductivity for afilling factor fu = 0.27.
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Figure 5-9. Thermal conductivity asa function of Au alloying.

I



The dependence of the therma conductivity from temperature cannot be
ignored: aso in the superconducting state the gradient of temperature draw in a strong
variation of k(T) that has to be considered.

5.2.3 Electrical resistivity

From an electrical point of view the oxide superconductor and the metal matrix
are two conductors connected in parallel. Named Raga, the resistance of the AgAu
matrix and Ryrs the one of the internal oxide, the equivalent electrical resistance, Req IS

equal to:

R
( 46) Req - RHTS AgAU E

RHTS + RAgAu

From the Ohm’ s equations the resistance is R= p% where L is the length of the

conductor, A its cross section and p isthe electrical resistivity.

The graph of p(T) for the Ag-Au aloy as afunction of the atomic Au percentage

Electricnl resistivity of hest rented Ag-Au alloy tnpes
||I . - - - . = -

— Pure Ag
(k¥ 2nits A
Lar®a Al
| Lat*s An
3™ A
2ni%s Am

10
TIK]
is reported in the following figure [50].
Figure 5-10. Electrical resistivity for AgAu alloys.
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Adding gold to the silver is advantageous from the point of view of the thermal
inleak, but not as regards to the electrical properties as it is evident from the previous
picture.

The dependence of the resistivity from the temperature, also if less emphasised
than the case of the thermal properties, is still remarkable and then it will be taken into
consideration in the numerical code.

Dealing with the superconducting material this dependence is more marked. As
it was described in the chapter dedicated to the theory of superconductivity, these
materials show a zero electrical resistivity for temperature lower than the critical one,
T,; above this temperature they show resistivity bigger than those of normal metals.

Differently from the Low-Temperature-Superconductors (LTS) the HT Ss exhibit
a wide transition from the superconducting to the normal state and it has to be taken in
consideration. Before reaching T, they present a region called of current sharing, in
which their electrical resistivity is no more zero but aways less than that of the
surrounding aloy.

% 11 Eleelrical resistmity of AgAu sheat
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Figure 5-11. Electrical resistivity of AgAu alloy 4 % Au wt.
The resistive transition curve of a composite superconductor can well be

approximated by the power law: EO 1" [51] where E is the electric field aong the

superconductor and | the transport current. The index n reflects the sharpness of the
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resistive transition: the sharper the transition, the larger is n. For BSCCO 2223 a
common-used valuefor nis 9.

Using this power law it is possible to describe anaytically the current sharing

region:
EDI”DBEE1 -~ E"™OR™
ORO

e L_l
E[ ot
an EO0PEA

J=IZ—> E=Rl =RJA=pJL

p |:| J n—li

Using this relationship it is possible to correlate the value of the electrical
resistivity at temperature T with the one at a given temperature. Then, the electrical
resistivity in the current sharing region is expressed by:

J -1
48)  p(T)=p(T,
(48)  p(T)=p(To) (ro)a

where Ty indicates the given temperature at which the value is taken.
Using the values taken from [52, 53, 54] for J(T) and p(T), the plot of the
electrical resistivity of BSCCO 2223 is reported in the following figure (Figure 5-12).
The current sharing region starts at about 70 K. The resistive transition occurs
between 96 K and 110 K; then the HTS is completely resistive and its resistivity varies
linearly with temperature.
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Figure5-12. Electrical resistivity of BSCCO 2223.
Finally, using the relationship (46) and the definition of the electrical resistance:
R(T) = p(T)% the expression for pg(T) is:

£ agru (T) Prirs (T)

49 =
( ) pm(T) P agau (T) (fu+ pHTS(T) qu_ fu)

100



6 Geometric optimisation

Once written the general equations of the theoretical model | had to validate its
results with experimental data. Hereinafter | will refer to the data of the prototype of the
13 kA current lead, tested here at CERN.

The material used for the 13 kA HTS assembly were the BSCCO 2223 tapes
sheathed with a metallic matrix made of silver with 4 % wt of gold. The geometric
dimensions of each tape are: 3.25 mm x 0.25 mm, with alength L = 0.25 m chosen for
reason of design optimisation, thermal and electrical performance and space constraints.
Thefilling factor, fu, of the tape is 0.27.

The first step of the development of the thermal model is the definition of the
geometry of the assembly: the number of the tapes and their disposition according to the

magnetic field’ s flux lines.

6.1 Evaluation of the number of the tapes required

The critical current I at 50 K with a magnetic field B = 0.13 mT (self-field) is
60 A. It means that in order to carry 13 kA | need 217 tapes that, with the dimensions
written above, gives atotal cross section S= 1.8 cm?. For comparison, the cross section
needed by a conventional conductor to carry such currents with a current density J = 4
A/mmzisabout S= 32.5 cm2.

The worst transient the leads have to withstand is a quench of the HTS
assembly. After a“quench detection” the current is cut off by the protection system but
the leads still have to withstand the discharge current of the magnets. The time constant
for the main dipole magnets of LHC ist =120s.

The goa of this optimisation is to find out the number of tapes necessary to
carry this current without overheating.

As afirst approximation | consider the hottest part of the tape, the upper one,
and | study the temperature evolution upon time. If the lead is resistive, the equation

which describes the thermal transient is:
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a_p,
dt  ve, A’(L- fuf

(50)

To be conservative | neglect the thermal conduction: in this way the heat
generated cannot be removed. Then, because of the rather short time during the
transient, | can ignore also the heat convection by the cooling gas: | consider an
adiabatic transient.

The term Ar (1-fu) represents the cross section of the metal matrix of the tape.

The expression for the decaying current is:

N

(51) I=le

2
defining ¢ =< !

c W and integrating the (50):
- fu
p

2t

(52) ITTOW dT = % J';BeT

where tg is the time at the end of the transient and T is the initial temperature of the
upper part of the lead and Tux the maximum allowable temperature.

Time evolution of the specimen * s hot spot temperature Time evolution of the specimen ' s hot spot temperature (model without h)

Number of tapes requested =780 Mumber of tapes requested =780

250 Total cross section =0 00063375 250 Total cross section =0 00063375

Tihe)THTSC) [K]
g
Tihe)}-THTSC) [K]
g

a 20 A0 B0 80 100 120 o 20 40 B0 a0 100 120

Figure 6-1. Temperature of the upper part of thetape during theresistivetransient. In theright
plot the evaluation using the ssimplified model; on the left the model which takesinto account the

thermal convection. Thetotal cross sections are expressed in m2.

The solutionis;
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The influence of the therma convection in the solution is negligible as
confirmed by Figure 6-1.

The total cross section needed with this hypothesis is A; = 6.4833 cm?, that is
797 tapes.

This value is considered too onerous as regards the heat conduction, i.e. a huge
quantity of silver matrix leads to alarge heat leak into the liquid bath: really the number
of tapesis evaluated considering a safe critical current I = 27 A. The resultant number
of tapesis N = 470, that corresponds to a cross section S= 3.81 cmZ rather ten times
less than anormal conductor. With this cross section the maximum temperature reached
during this adiabatic transient is Tex = 770 K.

Due to the too high temperature, it is necessary to introduce a protection
criterion that permits to detect the quench of the tape with a safe time margin to avoid

dangerous temperature increase.

6.2 Disposition of the assembly

Because of tapes’ sensitivity to the magnetic field their disposition in the leads
assembly has to be optimised.

The magnetic field is dangerous for the tapes because it causes a degradation of

the superconducting properties of the ceramic

i oxide. Then, the anisotropic behaviour of the
BSCCO material is such that a magnetic field

along the c-axis of the tape is more dangerous as

=

regards to the transport properties than one parallel

o s

to the ab-plane.

) The tapes are placed onto a stainless steel
— HIs" tape cylindrical support. Its diameter isfixed to D = 100
mm.

The tapes are packed together in small groups and placed onto the external side
of the cylinder. As regards to their orientation there are two possible solutions. with
radial c-axis or tangent c-axis.

| used QuickField” to perform a magnetic analysis of the assembly in the two

different solutions.
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The tapes are packed in 76 cluster of 7 tapes each one. Their cross dimension is

about 3 x 3 mm.

The average current density of each block
isabout 170 A.

The intensity of the magnetic field
generated by the flowing current, and its flux lines,
are reported in Figure 6-2.

The values of the magnetic field aong a
line that radially cross the assembly are reported in
Figure 6-3.

As we see from the picture of the flux lines
the radial c-axis configuration is the only one
which assures a magnetic field perpendicular to the

c direction.
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Figure 6-2. Magnetic field'slines. In the box on the lower right thereisa sketch of the cylindrical

assembly. The magnetic field’slines are parallel to the cylinder surface.

To increase the interleaves between the clusters of tapes and improve the

cooling effect of helium, the number of tapes for each one is increased up to 10. At the

end the number of cluster is 47 with 10 tapes each one. The tapes are assembled in the

radial c-axis configuration: the magnetic field is parallel to the flowing direction and its

maximum value is about B= 0.045T.
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Externally to the tape assembly, another stainless steel cylinder is used to

mechanically protect the superconductors and guide the helium gas.

Fioz Bemxity 0 0T)
e

Flux Demsity B

Figure 6-3. Magnetic field from the centre of the SS cylinder, in theradial direction.

The diameter of the stainless stedl cylinder has to be chosen according to the
cooling needs of the leads. The helium vapour rises aong the channel left between the
clusters. The space between the blocks and the outer cylinder determine the cooling
channel. If | take aradius for the outer cylinder exactly equal to Ryner + d, whered isthe
depth of the tape's clusters, the cooling channel is a close rectangle whose dimensions

are comparable with the ones of the clusters.

f

& z 100

HTS cluster

Figure 6-4. Sketch of thecooling channel in thelead’ s assembly.

The dimensions of the channel are 4 x 3 mm?2; the cross secrion of the clustersis

3x3.25mmz
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The wet perimeter of the tapes assemblage is about C = 10 mm. The equivalent
diameter of the channdl is: De = % , wWhere Sis the channel cross section.

In this geometry, a channel cros ssection S= 4 x 3 mn??, leads to a De that is

approximately what | used in the Reynolds number evaluation in the previous chapter.
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7Thermal model validation

In this chapter there are the results of the thermal model | did. As previously
said | validate the numerical results with the experimental data obtained from the tests
of the 13 kA current leads.

In the following paragraphs there will be a brief description of the experimental
apparatus used in those tests; then the test results will be compared to the numerical

ones | obtained with my model.

7.1 Experimental results

The main parameters for the superconducting part of the 13 kA assemblies are

the following:

Range of temperature 50K —4.5K
Total length L =0.25m
Matrix alloy  Ag4% wt Au

Tape' scrosssection  0.25 x 3.25 mm?
Critical current pertape 1 =60 A (@50 K, 1.3 mT)
Numbersof tapes n=470
Filling factor ~ fu=0.27 1 t r -
|

In the figure one of the current leads used in the tests. |

7.1.1  Cryostat description

A cryostat has been built at CERN to test the thermoel ectric performance of the
prototype leads [55]. The cryostat provides the required working conditions. 4.5 K
helium bath to cool the bottom part of the leads, warm helium gas to quench the HTS,
recovery of helium gas to cool down the HTS and the necessary instrumentation and

valve actuators for control and diagnostic measurements. The control and data



acquisition system allows to monitor and to automatically control transients such as
cool down, warm-up and current ramping.

The test cryostat is composed of an annular (outer) cryostat providing radiation
shielding at 4.5 K, neck thermal interception of the inner cryostat and an inner cryostat
in which the current leads are housed and cooled to maintain their nominal operating

conditions.

nutéi'rl:ryﬂlﬁ!t'
[ [

s

Figure 7-1. Inner and outer cryostat view.

The system makes use of the cryogenic infrastructures available at CERN, in
particular a6 kW @ 4.5 K cryogenic plant. Liquid helium is distributed via a vacuum-
insulated and radiation-shielded transfer line, providing cooling and gas recovery for
severa test stations. The outer cryostat is filled with liquid helium and acts as a supply
of liquid for the inner cryostat via cryogenic valve and for cold gaseous helium for
cooling the resistive part of the leads. An electrical heater can be used to increase the
boil-off from the outer cryostat during powering of the leads when a higher mass flow is
required.

The test station has been designed for a maximum liquefaction requirement of
about 4 g/s. The total nominal inventory of liquid helium in the two cryostats is about
1501.
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Two mass flow controllers adjust the necessary flow-rate to obtain the required
gas temperature of 20 K. Additional electrical valves are used to add room temperature
gas thereby increasing the temperature of the cooling flow in order to quench the HTS.
The gas is recovered at the top part of each lead via an electro-pneumatic valve, which
regulates the mass flow in order to maintain the HTS warm temperature at 50 K. These
valves can also control the mass flow-rate depending on the current in the leads.

The pressure in the inner and outer cryostat is controlled via electro-pneumatic
valves.

All the circuits temperatures are monitored with Platinum 100 sensors (300 to
25 K) and Carbon or CERNOXO sensors (25 to 4.5 K). The current leads of this test
are equipped with a PT100 temperature sensor for the upper end of the HTS and a
CERNOXL[ for the lower part of the superconducting equipment. Several PT100 are
distributed over the resistive part of the lead to measure its temperature profile.

Liquid levels are measured with superconducting wire gauges that can be pulsed
to decreased heat input to the liquid helium bath.

Helium flow is measured at ambient temperature using thermal mass (0.5 g/s of
full scale reading with 1% accuracy) and V-conell flowmeters (1.2 g/s of full scale
reading with 1% of accuracy). In view of its accuracy over the full range, the first type
is used to measure the boil-off from the leads bath; the second type is employed at the
warm outlet of the current leads to measure the flow of 20 K helium gas.

Differential pressure sensors check the pressure drop in the resistive part of the
lead.

The process control is performed using an industrial Programmable Logic
Controller (PLC) in which the number of 1/O channelsis of the order of 30 and there are
about 7 closed control loop. The automatic operation modes include cool down, normal
operation, quench and warm-up. This equipment is interfaced with an industrial
supervision system based on PCVUE32[].

The powering system of the leads is interlocked to the liquid level signal, the
temperature of the warm part of the HTS and the cryogenic operator authorisation. The
process control system is designed to run in fully automated mode 24h/24h. A shift
operator is automatically called if a parameter of importance deviates from its expected
range. The system can also be remotely accessed via Internet.
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7.1.2 Temperature sensing probes

For the superconducting part of the current leads we used two temperature
sensors: at the top end a platinum sensor, and a CERNOX[ probe in the second half of
the lead where the temperature is lower.

Those sensors are based on the change with temperature of the resistance of the
metals or semiconductors.

The PT100 is a platinum sensor [56]. It is used for temperature between 25 and
500 K. It shows alow dependence on the magnetic field and does not require individual
calibration for temperature above the liquid nitrogen one. For lower temperature
individual calibration leads to lower temperature errors.

Its calibration curveis:

T =38.894V + 26.247

The CERNOXO [57] probe is useful at lower temperature and in the test
described in this chapter have been used for the lower sensor, at about 12 K. This kind
of sensors are extremely sensitive at low temperature. Instead of a meta it uses a
semiconductor and so its temperature coefficient is negative, i.e. the resistivity increase
when the temperature decrease.

It requires an individual calibration according to the range of temperature in
which will be used. The model used in this test is CERNOX CX-1050-SD N° XO-

05511. Itscalibration curveis:

A LA KA A A A A A A
T =100oaV ) (0gv) (ogv) (logv) (iogv)' (logv) (logv ) (iogv)" (logvy (iogV)’

where the constant are;

AO 343.3971658
Al -8924.677189
A2 101083.1321
A3 -655663.8864
A4 2.69E+06

A5 -7.20E+06
A6 1.26E+07

A7 -1.40E+07

A8 8.96E+06

A9 -2.50E+06

and V is the output voltage signal obtained from the temperature probe.
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7.1.3 Experimental data

The tests were performed to study the quench transient of the superconducting
part in the 13 kA assembly. The top edge of the superconductor was warmed up to the
critical temperature T.. Once started the quench, the voltage drop acrossthe HTS and its
temperature (at the top and close to the end) were taken and recorded [58].

The leads are tested in pairs, with a low-temperature superconducting short at
the cold end. The instrumentation, like temperature probes and voltage taps, is installed
on the leads by the companies according to the CERN specifications.

Voltages, temperatures and current are recorded by a data acquisition system
built with LabVIEW".

Measurement have been performed in stand-by (I = 0 A) and in nominal
operation (I = 13 kA). The leads are optimised for operating at 13 kA with the minimum
20 K helium flow which maintains the warm end of the superconductor at temperature
To below 50 K. The warm end of the resistive part is maintained at about 290 K.

For the measurements in operating condition (I =13 kA), the temperature at the
warm end of the superconductor is brought to its critical value by increasing, at nominal
current, the inlet temperature of the gas cooling the resistive heat exchanger. The
guench detection signal is the voltage drop across the HTS element.

The heat flow in nominal operation condition isfound to be Q¢ = 1 W.

The quench test on the 13 kA current leads gave the following results.
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The quench detection signal was set to 0.25 V [59].

After detecting the resistive transition (when the measured voltage is equal to the
Viim), the current is made to decay exponentially with a time constant of 120 seconds.
After 11 the flowing current reaches value less than 2 KA, i.e. less than 15% of the
nominal current.

Thetotal heat generated during the transient is given by:

P(t) =V (t)! (t)

®3 e J';b\/(t)l (t) dt

According to the experimental data W, = 3.9 10° J.

The first temperature sensor Tbh7 is at the top end of the HTS; the second one,
Tb5 is placed below the middle of the superconducting lead.

The irregular shape of Th7’s plot is due both to the difficulty of placement of the
sensors on the assembly and to the thermal noise due to the steel support. About this
aspect | will make some more considerations in the following paragraphs.

The voltage taps are placed at the top end, in the middle and at the low end of
the HTS. The signal reported in the previous plot is the sum of these two signals.



7.2 Theoretical results

| run the code using the numerical data of the 13 kA prototype to check the
validity of the thermal model. At first | got the results for the steady case: the
temperature profile and the heat load.

With the steady temperature profile | run the transient simulation and |
reproduced the experimental quench transient. In this section there are the numerical

results of the prototype simulation.

7.2.1 Steady solutions

I computed the temperature profile of the HTS assembly in the pure conduction
approximation: | used the thermal equations reported in Chapter 4, assuming the
thermal conduction as the only form of heat transport in the assembly. This is a first
approximation in which | neglect the cooling due to the evaporating helium. In this
configuration the heat load is the highest for such assembly.

Temperature profile: pure conduction

I | — Constant properties |1
| | — Properties £T)

L OE2EI W
mk =0.0001273 kyis |

———————————————

-----------------------------------------

mkr =0.00016573 kg/s

o 0.05 0.1 0.15 0.2 0.25
% [r]

Figure 7-2. Pure conduction heat transfer.

With Q2k | indicate the heat leak into the liquid helium bath when al the
properties of the material are constant. Q2kr is the heat leak when all the properties are
function of T, as it was said in Chapter 4; mk and mkr are the respective mass flow in

kg/s.
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Hypothesizing an ideal heat transfer between the tape and the flowing helium,
i.e. the h coefficient ideally close to «, | obtained the best configuration of heat

Ternperature profile: properties function of T
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exchange and consequently the heat load is the smallest possible for the assembly.

Figure 7-3. Comparison between the ideal convection and the pure conduction heat exchange.
Q2k and mk are respectively the heat leak and the mass flow for the pure
conduction heat transfer; Q2 and m are those of the ideal convection mechanism of heat

exchange.
The rea solution must be between those two: the rea heat inleak into the helium

bath will fall between those two values.
The final temperature profile for the tapes of the current leads in the normal
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working condition is reported in Figure 7-4.
Figure 7-4. Steady temperature profile for the 13 kA current leads.
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In Figure 7-4 Q2 and m are the value for the real heat leak and mass flow.
In Table 7-1 are summarised the results, for the steady solution of the 13 kA

HTS assembly:
Table 7-1.

Pure conduction Real case |deal convection

Heat inleak Q [W] 3.8W 1.034 W 0.82W

Helium massflow ratiom [kg/s] | 1.610%kgls | 4510°kg/s | 3.510°kg/s

From these results it comes out the importance of the vapour cooling for the
leads: in the stationary working condition it allows a reduction of the heat load in the
liquid bath by a factor of 4.6 . It emerges also that the geometric configuration of that
assemblage shows a good coefficient of thermal convection between helium and the
tapes.

A fina consideration is the crushing superiority of performances of the
superconducting devices compared with the traditional ones. in Chapter 4 was
computed the theoretical minimum heat flux for a all-metal optimised current lead: Q' 4.
m = 1.04 W/KA, that for the 13 kA it means Qy-m = 13.5 W. It is more than 10 times the
superconducting one.

According to what previoudly reported the experimental measurements gave a
steady-state heat flux into the liquid bath Qe = 1 W: then the theoretical model is in
great accordance with the test data.

7.2.2 Transient analysis

| run the code with the unsteady equations to simulate the quench measured
during the tests. To this purpose | heated the warm end of the tapes as described
previously. The warming rate for Ty is set equal to the experimental data:

T, o7 KO

=0.07
dt Hs H

The temperature of current sharing is Tes = 70 K: at this temperature the
BSCCO oxide is still in the superconducting region, but its electrical resistivity starts to

increase.
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The transition region is between 96 and 110 K. | modelled the resistive
transition considering a smooth slope for the V-1 curve as typical of HTS. To do that |
suppose a linear dependence from the temperature of the electrical resistivity of the
superconductor.

The MPZ, according to its expression reported in Chapter 4, is:
2QAfu
pyl*

Q isthe pure conduction heat flow: Q =3.8 W;
Aisthetotal cross section: A= 3.8 10 m;

x =MPZ =

fuisthefilling factor: fu = 0.27;

| isthe nominal current: | = 13 KA;

Dq isthe electrical resistivity of thetapeat T= Te: pa =4 10° Q m;

Finally the MPZ 01 mm. In my model | use a warming region whose width is 5

mm; well above the theoretical MPZ.

Temperature profile
300

250
200
X 150
=
100

a0

[ N N

¥ [m]

The protection criteria is the instantaneous voltage signal: the limit is the same
than the experimental one: Vjim=0.25V.
In the following figure it is represented the quench transient.

Figure 7-5. Evaluated quench evolution: time step 5 seconds.
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Once dtarted, the quench evolves rapidly and the lead soon reaches high
temperatures. The peak of T moves towards the middle of the HTS assembly.

Standing from these considerations it is clear that the tests performed in the
leads were not able to identify the maximum temperature, but only the quench
propagation.

We notice aso that the HTS' quench is slower that the LTS one. For the Low-
Temperature superconductors in the bus-bars the propagation speed is of the order of
some m/s while in this case we are dealing with few cm/s.

This allows to design an efficient quench-detection system by choosing an
appropriate value for the voltage drop limit.
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Looking at the plot of the numerical results, we can see a good agreement

between the experimental and the theoretical data.

Figure 7-6. Current decay and voltage evolution. The current isexpressed in arbitrary unit.
The total generated heat, during the transient is W = 4.2 10° J. The mass of
helium that evaporatesis, then, me, = 18 kg.
The maximum temperature reached during the transient is about Trax =528 K. It
falls between the two sensing probes and so is not possible to measure it experimentally.

It's a quite high value and we prefer not to reach it even in a hard transient. In the
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following chapter | will show how is possible to reduce this value modifying the voltage
limit.

Finally the theoretical model has been validate by the experiments we did. Now

Temperature at the termperature tap
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| can use that model to simulate the behaviour of the leads according to some changes
brought in the design parameters.
Figure 7-7. Time evolution of temperature.

As we see the Tb7 temperature (here “T in the middl€”) is slightly different from
the experimental one. The main reason is the difficulty of measuring a temperature on
the assembly due to fast variations of its value. Then, as | said before, the steel cylinder
plays a role during the thermal transient and the difficulty of modelling its influence

conducts to some discrepancies between the theoretical and the experimental results.

7.2.2.1 Correction factor
In the numerical code | introduced an empirical correction factor for the thermal
diffusivity of the material: a =k(T)/(6C,) s -

It works on the material properties and so it does not affect the theoretica
structure of the code. | used it to well fit the numerical model to the rea physical

problem.
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As regard the thermal diffusivity the presence of a stainless steel support, on
which the superconducting tapes are embedded, entails a different time constant for the
tapes’ response. Albeit it is difficult to model this tiny influence theoretically some
considerations can be made.

The general equation for an ideal convection thermal exchangeis:

a_T: k(T) E AaZT + mpHe aT
TS

ot amc, o (A, ) o ox

Theterm a = K(T) E has the dimensions of 1/s: it is the time constant of the
P Lits

thermal conduction. In the model | used aurs: al the properties were referred to the
tapes one. In the real assembly the tapes are installed on a stainless steel support, as it
was explained previously. Because of the close contact between the tapes and the steel a
dlight contribution in conduction by the steel could not be neglected. The a values for
the tapes and the stainless steel are quite different:

Vg =8.027 10° [kg/m®] Virs =10.34 10° [kg/m®]
<k>_=1557 [W/M/K] <k >,s=43 [WIM/K]
C,. =902 [Jkg/K] Cp.. =200 [Jkg/K]

a, =0.0037 10 [1/g] e =0.021 107 [1/ 5]

There is one order difference between the two values. The correction factor |
used takes into account this phenomenon and was determined empirically on the bases

of experimental tests.

122



7.2.2.2 Thermal convection coefficient

As reported previously the gas cooling is determinant to reduce the heat flow
into helium.

Heal load m linscibon o b

2w
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h [WmeE]

Figure 7-8. Heat leak at 4.5 K asfunction of the coefficient of thermal convection h.

In Chapter 6, | explained the empirical correlation | used for the evaluation of
h(T). As said, the heat exchange coefficient is afunction of the cooling gas, but also of
the cooling channel geometry.

In the prototype current lead, the geometry of the channel is known, but it is not
possible to know if any defect is present. Furthermore we need to know what is the real
weight of the cooling parameters: the final current lead could be different than the
prototype one.

In order to study this dependence, | forced into the code different values of h(T).
Then | plotted the dependence of the heat flux at 4.5 K as function of h mean (Figure
7-8).

The mean value of the convection coefficient | used in the thermal model is
about h = 16 W/im#/K. Then, for small deviation from this value the influence on the
heat leak is dight.
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7.2.2.3 Contact resistance

Another parameter one need to take into account is the contact resistance due to
soldering. In particular, at the lower end of the leads, the soldering between the tape and
the low-temperature superconducting wires for the connection with the bus-bars can
lead to overheating due to a high value for the contact resistance.
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Figure 7-9. Heat flow at 4.5 K asfunction of the lower contact resistance. The 0 A valueisthe heat
flow duetothethermal gradient: i.e. with no current flowing.

The measured value for the prototype is R. = 2.9 107 Q. In the series production
this value could be dlightly higher. In the next figure | reported the value of the heat
load at 4.5 K (into the liquid helium bath) as function of different values of the contact
resistance.

If we pay attention to the scale of the plot we notice it is a small range of values.
An acceptabl e contact resistance for this kind of soldering is of the order of few nQ. In
this range of values for the contact resistance the influence on the heat flow is not
binding. This means that from a thermal point of view one can accept rather higher
resistance. Anyhow contact resistances are a critical point: due to thermal cycling they

can degrade compromising the performance of the assembly.
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8 Numerical simulation

Once the model is validated by the experimental results, it can be applied to a
different geometry and different materials, as well for different configuration
parameters of the leads.

At first it is worth to focus the attention on the importance of a “real” model:
that iswith all the physical parameter taken into the right consideration.

Several works have been made on the subject of current leads [60, 61, 62]. In
these works a similar thermal model was developed for gas cooled current leads. The
main difference is the ideal convection simplification: in these works the heat exchange
process that is considered is the ideal convection between the tapes and the cooling gas,
whatever it is. The result of this approximation is generally underestimated.

Using my model, then, | computed a quench detection threshold for the voltage
drop that allows to detect quench in time to avoid unwanted heating of the leads.

The last task was to study the difference influences of the tape's parameter,
filling factor fu, critical current densities etc., on the dynamic of the resistive transient

evolution.

8.1 Voltage threshold

In the experimental tests the voltage limit was increased up to avaue Vi, = 0.25
V. Whit this value the maximum temperature reached for the superconductor is Tpax =
528 K that is considered too high. Unfortunately the voltage threshold has an inferior
limit due to the background electrica noise and to the difficulties for the LHC's
electronics to detect such a small signal oven hundreds and hundreds of signals coming
from the protection systems.

With an instant value for Vi, the safe detection signal is 5 mV. With this limit
the quench does not propagate and the maximum temperature reached is Tyux = 87 K:
still in the current sharing mode. With a voltage limit Vji,m = 1 mV the maximum
temperature is lower T = 78 K, but such a small threshold could leads to spurious

signals due to the background electric noise.



Terpe it pelld FidwEd ashde
T

E g = ceearime pras
i e "":\.l b wr prills |

",

1 T T T T
[+ | AR AR TP, I..':E..H." ........ 1 1| PR .' .......... R e :I,!' ........
i I i ., H H
[ 1 # I I :II
] Mane e Y SECE RETESEEs ] 1] SR U SN S
= j ke o : : il
- H i 1 I
. 1| N T R R . -.Il_..--. =
e ] E E It
m[ ...... T e e i i w adi - .ill.: ......... 4
& i i — i
o an L] [-11] o o aE Lii] om L]
rw [n] s u]

Figure 8-1. Temperature parametersfor a voltage limit V,;,, =0.1 V. The plot in the upper left box

represents the maximum temperature profile at the current cut-off.
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In Figure 8-3 | reported the maximum reached temperature as function of the

voltage threshold.
Maximum Temperature of the leads
600
500
400 1 \
<
=< 300
|_
200 \\
100 T~ —
0
¥ $ P P e
v o” Q Q Q
dV limit [V]

Figure 8-3. Maximum temper atur e of the leads as function of instant voltage limit values.

With an integrated signal | can set the limit at Viim, = 20 mV, integrated over 5

seconds, and quench does not propagate leading to a maximum temperature of T =

80 K.

Thiskind of signal is easier to detect and the risk of spurious signalsislow. We

can choose over awide range of integrated limit, asit is reported in Figure 8-4.
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Figure 8-4. Maximum temper atur e of the leads as function of the integrated voltage limit. The

integration timeissetto5s.

The use of an integrated signal allows to safely detect quench and at the same

timeit is possible to handle from the protection signal point of view.
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The temporal evolution of temperatures are reported in Figure 8-1.
It is clear that the transient in this case is lighter than in the case of the instant
signal.

a1

Figure 8-5. Temperature parametersfor an integrated voltage signal AV,;,,= 0.2 V. Theintegration

timeissetto5s.

8.2 Importance of gas cooling

As it was said in the previous chapter for the steady case, the gas cooling in the
lead assembly permits to sensitively reduce the heat leak into the helium bath. The gain
in power saving, then, is not the only advantage we have in using the gas-cooling
scheme. Also the quench transient is affected by the presence of a convective cooling.

Using the rough model of Chapter 6 for the evaluation of the number of tapes |
assessed the approximated maximum temperature reached in an adiabatic scheme. In
that model | supposed an adiabatic transient to evaluate the number of tapes necessary
to sustain the magnets discharge current without increasing the tape’ s temperature over
a fixed value, set equal to 300 K. If I plug into the model the number of tape | am
using, in the same adiabatic hypotheses, | can find the theoretical maximum temperature
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reached by the tapesin its warm end equal to Tyux = 770 K. Thisis, obviously, the worst
situation without any kind of thermal exchange.

Instead, with the unsteady thermal model, in the pure conduction approximation
the maximum temperature reached is Trax = 620 K. Together with a higher maximum
temperature, the absence of convection makes the quench to propagate widely: the
overall mean temperature of the lead is higher.

To make a comparison with the experimental profile, in Figure 8-6 | used an
instant voltage limit signal for quench detection Vi, = 0.25 V. One can compare this

figure with the one on the previous chapter to notice all the differences.

Figure 8-6. Quench transient in absence of cooling gas. The voltage limit isV;,, =0.25 V. the

maximum reached voltage is higher dueto the morethermal inertia.

8.3 Influence of the current density of the tapes

Another important factor to determine stability in a quench transient is the
critical current density of the tapes. In the tests we used a critical current I =60 A (@
50 K, 1.3 mT self-field).
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A good point would be to know what would happen increasing this value. The
superconductor’s technology has rapidly grown and now, on a single tape, critical
current of about I, =120 A (@ 50 K, 1.3 mT self-field) have been reached.

Assuming to use, for the tapes in the model, this value of critical current, |
studied the quench propagation. Higher |, means that, in order to carry the same amount
of current, | can use only 235 tapes, instead of 470. While working in the normal
conditions the assembly will show a lower heat flux into the helium bath with

consequent less evaporating helium.
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Figure 8-7. Steady solution for high critical current tapes. The number of tapes used is 235.

The total heat leak conducted in the helium bath is Q2 = 0.52 W: half the value
of the 60A tapes.

Problems arise in a quench transient. The amount of metal now available in the
tape’'s matrix is no more enough to dissipate the heat generated by the resistive
transition.

The use of this over performing technology will then require a protection shunt
for each current leads. This is a metal conductor device, assembled in paralel to the
leads, dimensioned in order to be able to carry a big portion of the discharge current of
the magnets in case of quench: the remaining current that flows in the superconducting

tapes is then low enough not to overload the thermal capacity of the metal matrix.
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Using an integral detection signa of Vjim = 20 mV, 10 times less than in Figure
8-5, we get amaximum value for temperature in this configuration Tpax = 630 K.

Before choosing this kind of solution an economic analysis has to be made to the
purpose to estimate the money saving due to the less number of tape involved in the

assembly and to compare it with the increasing costs due to the shunts.

Figure 8-8. Temperature parametersfor a high-l. assembly (I.= 120 A @ 50K, 1.3 mT). The
detection signal isintegrated over 5sand it isset to V), =0.02 V.

8.4 Influence of the metal matrix

In the tests we used BICC's tapes for which the filling factor fu = 0.27. The
filling factor is defined as:
fu :h

ot

It represents the percentile amount of superconductor on the tape’ s cross section:
fu = 0.27 isacommon used value for BICC, however different values are available.

By changing the fu value, keeping the same total cross section, actually | change
the total amount of the metal matrix in the assembly. The total cross section for the lead
assembly was overestimated for safety reason, as it was reported in Chapter 6. Varying
fu | reduce this safety margin: it is like using tapes with higher critical current.
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Increasing the value of the filling factor will lead to a lower heat flux, in the
steady case; but it will cause thermal instability during quench. The reduction of the
metal matrix will reduce the tape's shunt in case of resistive transition: the flowing

current does not have enough cross-section and will overheat the tape.

Heat leak as function of fu
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Figure 8-9. Heat leak at 4.5 K asfunction of thefilling factor fu.
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Figure 8-10. Maximum temperatur e of the lead, during theresistive transition as function of the

filling factor fu. T Was evaluated according to the instant voltage limit, and V;,, = 0.1 V.

In Figure 8-9 the shape of the curve is the one predicted; as regards the

maximum temperature there is a slight increase if Thax passing from fu = 0.1 to fu =
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0.05. The reason is that on this situation the reduction of the superconducting cross
section affects the current-sharing region: with arelative low detection signal (Viim = 0.1
V) the quench does not evolve dramatically: the temperature increase is limited and the
influence of the current sharing region endures.

On the other hand one can compare the behaviour of the HTS for the same
voltage limit, Viim=0.1V, and fu= 0.27 or fu=0.5.

Figure 8-11. Temperature parameters of quench transient for two different values of the filling
factor fu. Theinstant voltage limit is V), =0.1 V.

For higher fu, that is for less amount of metal in the cross section, the maximum
temperature is higher as it was noticed, but the propagation speed of the resistive
transition is lower because of the low thermal conductivity. For this reason the detection
voltage is reached sooner and the resistive transition does not propagate widely, asit is
evident from the Th7’s plot. Using low detection thresholds, a higher filling factor
contributes to restrain the quench propagation involving a dlight increase of the

maximum temperature: from 291 K to 324 K.
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8.5 Influence of alloying

For the metal matrix the alloying with gold was required for a thermal reason,
because it decreases the thermal conductivity of pure silver, and for a chemical reason:
it does not react chemically with the superconducting oxide as copper-alloys do.

It is necessary, now, to find acriterion in order to choose among the various Ag-
Au aloys the best one for this purpose.

The silver-gold aloys present alower thermal conductivity than pure silver but a
higher electrical resistivity. If on one hand | decrease the heat load into helium in the
nominal working conditions, from the other hand, during a resistive transition, |
increase the energy loss due to Joule effect.

By changing in the code the thermal and electrical properties of the materials, |
studied quench using different alloys for the metal matrix.

As function of gold enrichment, the stationary heat load at 4.5 K is reported in

the picture.
Q(@4.5K) [W]
3
2.5
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2 15
1
0.5
0
1 4 11 30
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Figure 8-12. Heat flow in liquid helium at the low end of the current leads.

Due to the decreasing thermal conductivity the steady heat flux decreases while
the atomic percentile of gold in the aloy increases.

When quench occurs, the different alloys behave differently according to the
gold atomic percentile. For increasing Au at. percentage, the maximum temperature also
increases. The conductor is more resistive and this conducts to higher temperature and
higher heat flux. For an alloy 11% at. Au there is a maximum in the plot of the heat load

and temperature. For higher values of gold enrichment the heat flux starts to decrease.
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Thisimpliesthat it is possible to find an optimum solution for the aloying.

Combining the costs and advantages of the two configurationsit is easy to notice
that asilver alloy 4% at. Au is one of the best possible solutions.

In Figure 8-13 are reported, in logarithmic scale, the trends of the heat flow and
of the maximum temperature reached during the transient.

Quench performances as function of Au % at.

1000 1.00E+06
X D
s 4+ 1.00E+05 §
e j@)]
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100 1.00E+04

1 4 11 30
— Tmax [K] quench
at. % Au ——Gen heat [J]

Figure 8-13. Temperatur e parameters as function of gold enrichment. The quench detection signal
for in thesetransientsisV, = 0.1 V.

About the choice of the metal aloy alast consideration has to be made regarding
the linear thermal expansion.

The linear thermal expansion coefficient of superconducting oxides is of the
order a110° [63], while for the metal matrix al[110™ [64]. Because of that differenceis
desirable to avoid thermal excursion. Since in the LHC machine the HTS current leads
will work for several years and a good reliability is required, the number of possible
guenches has to be reduced and the thermal excursion during a quench has to be limited.

The final choice has to be made taking these consideration into account.

8.6 Magnet’s time constant

Another parameter that influences the dynamic of the quench transient is the
time constant of the magnet.

The equation that describes the current in amagnet is:
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dl ~
(59 L +ROIO=0

Solving this equation through the method of separation of variables | obtain:
_ 1
Inl = LJ’ R(t)dl

Assuming small variation of the resistance of the magnet during the transient,

thefinal solution is:

R

(55) I=let

t

The ratio L/R, where R is the electrical resistance of the magnet and L its
inductance, is the time constant of the magnet:

L
r=—
R

Aswe can see it depends on the magnet and we cannot change it.

It is amatter of fact that small values of this constant lead to quick transient and
then to lower temperature during quench and less propagation of the resistive zone.

The value of 120 sfor 1 is the biggest one for LHC. The worst transient is, then,
the one which involves magnets with that constant.

If I compare the transient for T = 120 s with one in which T = 10 s, with the same

conditions for the detection, | notice the influence of this constant.
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Conclusions

The tests on the superconducting materials have demonstrated that, at the
present time, the high temperature superconductor’ s technology is developed enough to
provide tape conductors with high critical current density I = 100 A at 77 K in zero
magnetic field.

To study the quench propagation in a HTS current leads | developed a
theoretical thermal model for a HTS current lead. The superconducting materia is
BSCCO 2223 sheathed by a silver aloy with 4% at. Au.

In that model | numerically solved a non-linear system of equations for a gas-
cooled lead. | took into account the temperature dependence of the material’s properties
both for the steady and the transient solution.

The magnetic evaluation allowed to define the geometry of the tapes assembly:
the superconducting materialsis strongly anisotropic and the orientation of the magnetic
field lines respect to the transport axes of the conductor is determinant to achieve good
transport performances. The current leads will operate in their self field: according to
these evaluation the geometric layout of the assembly is such not to suffer for this
magnetic field.

| compared the results of the theoretical model with the experimental results we
obtained from the tests of a 13 kA prototype.

The forecasted steady heat flow at 4.5 K (Q = 1.03 W) is in good agreement
with the experimental one (Q 01 W) and demonstrates that with the HTS current leads
areduction by afactor 10 is possible respect to the conventional all-metal current leads.

| studied the influence of the cooling parameters on the lead performances. The
gas cooling alows a heat flow reduction at 4.5 K by a factor 4 with respect to pure
conduction cooling and this demonstrates the importance of cooling in order to reduce
the cooling power of LHC. The cooling gas is provided by the evaporation of the liquid
helium of the bath in which the cold end of the lead is dipped.

Another important consideration is the influence of the contact resistance due to
the joint between the HTS and the bus-bar connection. A too high value for this contact
resistance overheats the lower end of the lead causing a helium boil-off increase.

Reasonable values for 13 kA prototypes are of the order of few nQ. Computing the



influence of the contact resistance on the heat flow at 4.5 K | noticed a small influence
for values around the nQ: it means that the soldering quality is less stringent than what
one can estimate from pure conductor cooled conductors. In the 13 kA prototype this
value was 2.9 nQ which did not lead to any overheating. According to these
considerations we can consider acceptable values up to 10 nQ.

The solution of the quench transient well fits the experimental results. The total
hest generated during a quench transient was computed: Wy = 4.2 10° J. The error with
respect to the experimental one is within 7%. Moreover the experimental test does not
allow to detect the maximum temperature reached during quench because of the limited
number of sensing probes can be installed. The theoretical model gave a value Tppx =
528 K for the prototype configuration.

Once the code has been validated | used it to study the influence of al the design
parameters on quench evolution.

Firstly was demonstrated the importance of gas cooling also during quench. The
presence of the gas cooling allows to reach lower maximum temperature during quench
and avoids the resistive zone to propagate widely. This was a further confirmation about
the importance of this solution for the LHC machine.

Another parameter that was investigated is the critical current of the HTS tapes.
Nowadays the manufacturers of HTS reached values for the critical current density
double than those of few years ago. The tapes installed in our prototype have I = 60 A
(@77 K, in self-field). Tapes with I = 120 A (@77 K, in self-field) are now available.
The number of tapes required in this case would be half the previous one with a
consequent heat leak reduction. Nevertheless | demonstrated the use of such tapes
would lead to thermal instability in case of quench because the smaller amount of metal
stabiliser. Choosing this solution would require a new lead design which could take into
account the introduction of an external protection shunt to protect the assembly in case
of quench.

The importance of the metal matrix emerged from these analysis. The choice of
a silver-gold alloy was imposed by therma and chemical considerations. Thermally:
alloying silver with gold reduces its thermal conduction; chemically because alloying
silver with other metal like copper causes degradation of the superconducting oxide
properties. The atomic percentage of gold in the aloy was chosen according to some

thermal considerations. The alloying with gold reduces the thermal conduction but also
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increases the electrical resistivity. During quench an alloy richer in gold will lead to
higher temperatures. According to the parametric analysis the optimum, according to
the heat flow reduction and maximum temperature increase, is an atomic percentage
between 2 and 6 %.

The filling factor (fu) of the tape was the other parameter which characterised
the tapes. The filling factor represents the percentile amount of metal in the tape's cross
section. The reduction of the metal cross section causes thermal instability during
guenches as well as a reduction of the heat leak in the normal working conditions. It is
remarkable that for small increases of fu (from 0.27 to 0.5) the disadvantage due to a
higher maximum temperature reached during quench is overcame by a little resistive
zone propagation with an overall advantage for the assembly. From this parametric
analysis emerged that a good solution to limit the resistive zone propagation during
guench isto dlightly vary the filling factor, fu.

Finally, a parametric study on the importance of a quench detection signal was
done. The protection signal used for the tests was the instant voltage drop across the
HTS; the limit was set to Vim = 0.25 V. It was seen this value is too high. In order to
safely protect the HTS a value of the order of Vi, = 0.005 V isrequired.

According to the technical difficulty to detect such small signal, during the
operation of the LHC, | chose the integrated-signal system to set up the quench
detection. Using an integrated signal over asmall time interval (5 s), was possible to fix
the detection signal to Vi, = 0.02 V, integrated over 5 s. This value is not difficult to
detect and does not suffer the background noise of LHC's electronics allowing a safe

guench detection.

In conclusion | can say the thermal model is in good agreement with the
experimental measurements.

Using the HTS technology allows reducing the heat leak into the liquid helium
bath by afactor 10 with respect the all-metal current lead. Using the gas-cooling scheme
allows a reduction of the heat load by a factor of 4 with respect to the pure conduction
scheme.

A safe protection voltage for the assembly is0.02 V integrated over 5 s.
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Appendix

Computer programs

Matlab listing

Steady solution

% 12/ 01/ 2001

%

% Theoretical nodel for heat exchange in a current |ead.
%

% st eady case

% real convection

% k=k(T), h=h(T)

%

% st eady. M

%

%*********** nUITEI’I Ca.l erdel kkhkkkhkhkkhkhkkhkhkkhkkkk
%

%

%file inventory minter.mmass iterations
%

% strebC10. t xt

% strebC13. t xt

% strebCl6.txt tenperature profile’s files from=> streb. m
%

% w th contact resistance

% k val ues from papers by |sawa

close all;

clear all;

clc

T0=50; % [ K] upper cup’ s tenperature

TN=4. 5; %[ K] lower cup s tenperature

L=0. 250; % [n length of the HTSC

n=470; % nunber of tapes required

A=(0. 25*3. 25) *1le- 6*n; % [nt] total cross section of the assenbly
C=13e-3*n/ 10; % [mM wet perineter

S=4*5*1e- 6*n/ 10; % [n?] cross section of the channel
Deqg=4*S/ C, % [ equival ent dianmeter of the channel

hf g=23000; % [J/kg] latent heat for helium

cp=5. 4124*1e3; % [J/kg/ K] nedium specific heat 4.5-50 K (5.47
at 4.5 He)

rho=3. 6037; % [ kg/ n#] nean density for He



fu=0. 27; % utilization factor Ah/ At

ak=0.578681;

bk=39. 523; % coefficients of the interpolation polynomal 4%
wt

%ak=0. 750895;

%k=51. 1064, % coefficient for fu = 0.05

hnm=3. 656*0. 0308/ Deq; % [ W n?/ K]

ah=-.00019419;

bh=0. 30805;

ch=9. 1365; % coefficients of the interpolation polynonial for
h: 4.5 - 50 K 2nd order

| =13000; % [ Al

Tl i m=96; % [K] critical tenperature

Tcs=70; % [ K] current sharing tenperature

TIi m2=110; % [K] critical tenperature: end of transient
dVl i m=0. 2; % [V] voltage linmt for quench protection
Text r =800; % [ T] maxi mum al | owabl e tenperature

preci si one=le- 6; % set iteration precision

titol o=' Contact resistance';

dati={'Rc [ohn]'};

def={"'2.8e-9'};

I i neno=1;

answer =i nput dl g(dati,titol o, |ineno, def);

string=answer{1};

Rcont =str2nun{string)*A le-4; % [ohmn] contact resistance

% pure conduction
% const ant properties

kag=ak* TN+bk; % [Wm K] tape's thermal conductivity @4.5 K

dx=5e- 3; % space di scretization

x=0: dx: L; % [mM space vector

Tk=TO+x. / L*( TN- TO) ; % [ K] tenperature distribution
@k=-kag*A*(TN-TO)/ L; % [W heat load in liquid He, pure conductive
nodel

nD=Q2k/ hf g; % [kg/s] nass flow ratio

% properties function of T
d=-x./L.*(ak/2*( TN*2- TO"2) +bk* ( TN- TO) ) - ak/ 2* TO"2- bk* TO;

T=(- bk+sqgrt (bk"2-2*ak*d))/ ak;

@kr =-kag*A*(T(end) - T(end-1))/dx; % [W heat load in liquid He, pure
conducti ve nodel

nOr =Q2kr / hf g; % [kg/s] mass flow ratio

Tr =T, % [K] tenperature profile of pure
conducti on

I x=I engt h(x) - 2;
del ta=zeros(Il x+1, 1);
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del ta(end) =1;

%initia

| oad strebCi13.txt
T=strebC13(:,1);
teta=strebCl3(:, 2);

me- kag* A/ hf g/ dx*(T(end) - T(end-1));
guess
@=-kag*A*(T(end)-T(end-1))/dx;
guess

| =0;

dai t ar n=0;
puf f et t a=0;
ml=1e-5;
m2=5e- 5;
flow rate

tic
whil e puffetta==0
tetan=tet a;
Tn=T,;
Q@n=Q2;
h=(ah*t et an. ~2+bh*t et an+ch) ;
k=ak. * Tn+bk;
bet a=C. *h*4* dx"2/ A,
| =l +1

whi | e daitarn==0

% first run
al fa=ml*cp/ C./ h/ dx;

for z=l x+1:-1:2

MA=[ 8*k(z) +bet a(z) -beta(z);

% set contact resistance

guess for tenperature profile

% [kg/s] steady nass ratio

% [W steady heat |eak
% [kg/s] Initial guess for

% [ Wn?/ K]

% [Wm K]

1 -(1+alfa(z))];

MB=[ (Tn(z+1) - Tn(2z- 1)) * (k(2+1) - k(2-1)) +4*k(2) * (Tn(z+1) +Tn(z-

1)) +Rcont *| "2*4*dx~2/ A*del ta(z) ;

X=NMA\ VB;

T(z)=X(1);

teta(z)=X(2);
end

-alfa(z)*tetan(z+1)];

teta(l)=(T(1l) +beta(l)*teta(2))/(1l+beta(z));
ncl=-kag*A/ hf g/ dx*(T(end)-T(end-1));

% second run
al fa=nm2*cp/ C. / h/ dx;

for z=l x+1:-1:2

MA=[ 8*k(z) +bet a(z) -beta(z);

1 -(1+alfa(z))];

MB=[ (Tn(z+1) - Tn(2z- 1)) * (k(2+1) - k(2-1)) +4*k(2) * (Tn(z+1) +Tn(z-

1)) +Rcont *| "2*4*dx~2/ A*del ta(z) ;

X=MA\ VB;

T(z)=X(1);

teta(z)=X(2);
end

-alfa(z)*tetan(z+1)];

initial

initial

the mass

145



teta(l)=(T(1l) +beta(l)*teta(2))/(1l+beta(z));
nc2=- kag*A/ hf g/ dx*(T(end) - T(end-1));

% Cal | back to the interpolation function
mEm i nter(ni, ncl, n2, nt2);

% check of the convergence
al fa=ntcp/ C./ h/ dx;

for z=lx+1:-1:2
MA=[ 8*k(z) +tbeta(z) -beta(z);1 -(1l+alfa(z))];
MB=[ (Tn(z+1)-Tn(z-1))*(k(z+1)-k(z-1))+4*k(z)*(Tn(z+1) +Tn( z-
1)) +Rcont *| "2*4*dx~2/ A*del ta(z) ; -alfa(z)*tetan(z+1l)];

X=MA\ VB;

T(z)=X(1);

teta(z)=X(2);
end
teta(1)=(T(1) +tbeta(l)*teta(2))/(1+beta(z));
nc=- kag* A/ hf g/ dx*(T(end) - T(end-1));

i f abs((mnt)/ m<precisione
dai t arn=1;
el se
i f abs(m ml) <abs(m nR)
m=m
el se
ml=m
end
end

end

@=-kag*A*(T(end)-T(end-1))/dx;

i f abs((@n-Q@)/ @n)<precisione, puffetta=1;end
dai t ar n=0;

end

toc

di sp(’ Properties function of T)
di sp(’ Pure conduction’)

di sp([’ Conduction heat leak = ', nunm2str(@kr),” W’])

di sp([’ Evaporating mass for Helium= ", numstr(nOr),’ kg/s.’])
di sp(’ Wth convection’)

di sp([’ Convection heat leak = ', numstr(Q@),’ W'])

di sp([’ Evaporating mass for Helium =", nun2str(nm),’ kg/s.’])
figure(1)

set (gca,’ FontName’,’ Ti nes new ronan’,’ Font Si ze', 12)

hol d on

title(’ Tenperature profile: properties function of T)

grid on

xlabel ("x [n")

ylabel (" T [K]")

pl ot (x, Tk, x, T, X, tet a)

| egend(’ conduction profile ,’ convection profile ,” heliumprofile’)

text(0.02,6,['m=",nunstr(m,’ kg/s'])
text(0.02,11,[' Q@ =" ,nunkstr(Q),’ W])
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text (0.02,16,[ ' nk =", nunmstr(nOr),’ kg/s’'])
text(0.02,21,[' @k =", nunRstr(Qkr),’ W])

M ass inter polation

function mem.inter(ni, ncl, n2, nt2)
g=(nc2-ncl)/ (nm2-nl);
me(mel-gml) / (1-q);

% Interpolation function for mass iteration.

Unsteady solution: conduction only

% 12/ 01/ 2001

% Thesi s

%

% Theoretical nodel for heat exchange in a current |ead.
%

% pur e conduction

%

% Ust COND. M

%

%*********** nurrerlcal erdel *kkhkkkhkhkkhkhkkhkhkkhkkkk

%

% unst eady case

% k,h =f(T)

%

% FI LE | NVENTORY

%

% steady.txt data files for the tenperature profile
%% miter.mfunction’s file for minterpolation

% steady case by file steady. m

%

clc
clear all; close all

% | nput Data

TO=50; % [ K] upper cup's tenperature

TN=4. 5; %[ K lower cup s tenperature

L=0. 250; % [mM length of the HTSC

n=470; % nunber of tape required

A=(0.25*3. 25) *1e- 6*n; % [nt] total cross section of the assenbly
C=13e-3*n/ 10; % [m wet perineter

S=4*5*1e- 6*n/ 10; % [n?] cross section of the channel
Deq=4*S/ C; % [mM equival ent dianeter of the channel
| =13000; % [ Al

Rcont =2. 8e-9; % [ Chm contact resistance

fu=0. 27; % utilization factor Ah/At

% ***** Helium properties *****

hf g=23000; % [J/kg] latent heat for helium
cp=5. 4124*1e3; % [J/kg/ K] nedium specific heat 4.5-50 K (5.47
at 4.5 He)
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rho=3. 6037; % [ kg/ n#] nmean density for He
% ***** Tape properties ***x*
rhosc=10. 34* 1e3; % [ kg/ n#] density of HTSC

% Speci fic heat [J/kg/K]

Tcp=4: 2: 300; % [K] vector of tenperature range for the specific
heat

Tis=[4 175];

cls=[ 3 385];

p=pol yfit(Tls, cls, 1);

cpb=pol yval (p, Tcp); % [ J/ kg/ K] specific heat of BSCCO

Tine[4 6 8 10 15 20 25 30 40 50 60 70 80 90 100 120 140 160 180 200 220 240
260 280 300 400 600]; % [K]

cpag=[.124 .39 .91 1.8 6.4 15.5 28.7 44.2 78 108 133 151 166 177 187 200
209 216 221 225 228 231 234 235 236 241 251]; % [J/ kg K]

cpau=[.16 .5 1.2 2.2 7.4 15.9 26.3 37.1 57.2 72.6 84.2 92.8 99.2 104.3
108.3 113.7 117.5 120.2 122.1 123.5 124.7 125.7 126.7 127.6 128.5 133
142]; % [ J/ kg K]

at pr=4*. 55/ 100; % at omi ¢ percent age

clm=(1-atpr).*cpag+at pr. *cpau; % [J/ kg/ K] vector of specific heat of the
metal matrix Ag+Au 4% at

cpmed=nmean(clnj;

cpnrspline(Tlm clm Tcp); % [J/kg/ K] specific heat of the netal
matri x Ag+Au 4% at

cpe=cpb*fu+cpnt (1-fu); % [J/ kg/ K] equival ent specific heat of the
t ape

% Thermal conductivity

ak=0.578681;

bk=39. 523; % coefficients of the interpolation polynomal 4%
wt

% El ectrical resistivity

hm=3. 656*0. 0308/ Deq; % [ Wn?/ K]

ah=-.00019419;

bh=0. 30805;

ch=9. 1365; % coefficients of the interpolation polynonial for
h: 4.5 - 50 K 2nd order

rhoel m=6. 8e-9; % [OHM m rmean electrical resistivity of AgAu sheat
4.5 - 50 K

ar h=5. 2535e- 11;

br h=5. 3281e-9; % coefficients of the interpolation polynonal for
rhoel AgAu

ar hbi =4. 8143e- 010; % coefficients of the interpolation polynoni al

for rhoel BSCCO transient

br hbi =- 4. 0257e- 008;

ar hbi 2=1. 3333e- 009; % coefficients of the interpolation polynonial
for rhoel BSCCO up to 400K

br hbi 2=- 4. 0000e- 008;

% Critical parameters of superconductor

Tl i m=96; % [K] critical tenperature

Tcs=70; % [ K] current sharing tenperature

Tl i m2=110; % [Kl critical tenperature: end of transient
dVl i m=0. 25; %[V] voltage linmt for quench protection
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Textr=700; % [ T] maxi mum al | owabl e tenperature

fc=1.7; % enpirical factor => steel matrix

Op ***x*** Nunmerical evaluation ***x***x*

preci si one=le- 8; % iteration precision

% St eady sol ution: pure conduction profile

dx=5e- 3; % space discretization

x=0: dx: L; % [ space vector

kag=ak* TN+bk; % [Wm K] thermal conductivity @4.5 K

Tk=TO+x./L*( TN-TO) ; % [ K] tenperature distribution
@k=-kag*A*(TN-TO)/ L; % [W heat load in liquid He, pure conductive
nodel

nD=Q2k/ hf g; % [kg/s] nass flow ratio

d=-x. / L. *(ak/ 2* (TN*2- T0O~2) +bk* ( TN- TO) ) - ak/ 2* TOA2- bk* TO;

T=(- bk+sqrt (bk"2-2*ak*d))/ ak;

Qkr =-kag*A*(T(end)- T(end- 1))/ dx; % [W heat load in liquid He, pure
conducti ve nodel

nOr =Qkr / hf g; % [ kg/s] mass flow ratio

% di spl ay of steady data

di sp(’ Steady solution’)
di sp(’ Pure conduction: k = constant’)

di sp([’ Conduction heat leak = ', nunRstr(@k),’” W’'])

di sp([’ Evaporating mass for Helium= ", nunRstr(nD),’ kg/s.’])
di sp(’ Pure conduction: k(T)")

di sp([’ Conduction heat leak = ', nunRstr(Qkr),” W'])

di sp([’ Evaporating mass for Helium =", nun2str(nOr),’ kg/s.’])
figure(1)

set (gca,’ Font Name’,’ Ti nes new ronman’,’ Font Si ze', 12)

hol d on

title(’ Tenperature profile: properties function of T)

grid on

xlabel ("x [n")
ylabel (" T [K]")
pl ot (X, Tk, x, T)
| egend(’ Constant properties’,’ Properties f(T)’)

text(0.02,16,[ ' nk =", nunRstr(n0),’ kg/s’])
text (0.02,21,[' @k =, num@str(Q@k),’ W])

text(0.02,6,[ ' nkr =", nunmRstr(nOr),’ kg/s’'])
text(0.02, 11, [’ Q@kr =, nunRstr(@kr),’” W])

% Transi ent sol ution
% I nput transient paraneters

titolo="Intervallo tenporale’;
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dati={’ Nunber of tinme steps’,’dt’,’ Tau decay constant’};
def ={" 1000’ ,’ 0.1, 120" };

I i neno=3;

answer =i nput dl g(dati,titol o, |ineno, def);
string=answer{1};

nnod=str2nun(string); % No of time steps

st ri ng=answer{2};

dt =str2nun(string); % dt

stri ng=answer{3};

tau=str2nun(string); % [s] current decay constant

titol o=" Heating paraneters’

dati ={’ Heating tenmperature’,’ Heating wi deness’,’ Heating rateo’};
def={"96","1,’0.07"};

| i neno=3;

answer =i nputdl g(dati,titolo,lineno, def);

string=answer{1};

Tpeak=str2nun(string); % Peak tenperature

st ri ng=answer{2};

n=str2nun(string); % heati ng wi deness

st ri ng=answer{3};

dTdt =st r2num(string); % [ K/ sec] heating rate
figure(2)

set (gca,’ FontName’,’ Ti nes new ronan’,’ Font Si ze', 12)
hol d on

subpl ot (221); plot (x, T)

title(’ Tenperature profile: initial value’)
grid on

xlabel ("x [n")

ylabel ("' T [K]")

subpl ot (222);title(’ voltage drop’)
hol d on

grid on

x|l abel ("tine [s]’)

ylabel ("dV [V] ")

subpl ot (223);title(’ Th5")

hol d on

grid on

x|l abel ("tine [s]’)

ylabel (" T [K]")

subpl ot (224);title(’ Tb7")

hol d on

grid on

x|l abel ("tine [s]’)

ylabel (" T [K]")

% setup vari abl es

| x=l engt h(T)-2;

m nni =0;

pl ut 0=0;

gpst ep=10;

gr andepuf f 0=0; % check counters
Il =1;
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Trax=max(T) ;

Tvect =[ T(2) nmean(T(41:42))];
time=[0];

| 0=l ;

T=T";

nn=9;
r hoO=5e- 8;
JO=- 3. 4309el1*125+2. 6066e1;

tic
for t=0:dt:nnod*dt

i f Tmax<=max(T)
Trmax=max(T) ;

el se
pl ut o=1;

end

if T(1l)<Tpeak & m nni==
T(1:n)=T(1) +dTdt *dt ;

end

% [ K] max tenperature of the |eads
% [ K] vector of tenperature

% current sharing paraneters
% [ Ohm n] rho(125K)
% [ Al cn?]

% heating routine

if mnni==1 & T(n+1)<=T(1) & T(1)>TO

T(1)=T(n+l);

if T(1)<TO, T(1)=TO; end

end
if mnni==1

I =l 0*exp(-(t-tstar)/tau);

end

k=ak. * T+bk;
cpsc=spline(Tcp, cpe, T);

al fa=1/rhosc./cpsc(2:1x+1);

r=al fa.*dt/dx"2

epsl=T>=Tcs & T<Tlim
eps2=T>=Tlim & T<Tl i n2;
eps3=T>=Tl i n;

if max(epsl)==1 | max(eps2)==1 |
J=-3.4309el. *T+2. 6066el

% cool i ng routine

% [ W i K]

max( eps3) ==
% [ A/ cn?]

rhocs=rho0*(J./J0).~(nn-1).*epsl; %[ Chm ni

r hobi =(ar hbi . *T+br hbi ) . *eps2;

r hobi 2=(ar hbi 2. * T+br hbi 2) . *eps3;

r hoel =r hocs+r hobi 2+r hobi

rhoag=(arh. *T+brh);

% [ Chm n] BSCCO
% [Ohmni AgAu all oy.

rhoeg=(rhoag. *rhoel )./ ((1-fu).*rhoel +fu. *rhoag) ; % [ Chm ni

equi valent resistivity for the paralle
el se
rhoeqg=zeros(Il x+2,1);
end

Rc=rhoeq(2: | x+1).*1 72/ A*2/rhosc./cpsc(2: | x+1);

dv=0;
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ad=(r/4.*(k(3:1x+2)-k(21:1x))-r.*k(2:1x+1));
ac=1+2*r. *k(2: 1 x+1);

au=(-r/ 4. *(k(3: 1 x+2)-k(1:1x))-r.*k(2:1x+1));

MA=spdi ags([[ad(2:end); 0] ac [0;au(l:end-1)]],-1:1,1x,1x);
BA=T(2: end- 1) +Rc*dt ;

BA(1) =BA(1)-ad(1)*T(1);

BA( end) =BA( end) - au( end) *TN,;

X=NA\ BA,

T=[T(1); X, TN ;

Dv=I/ (A*(1-fu))*dx/2*(rhoeq(1:1x-1)+rhoeq(2:1x));
dv=sum DV);

i f grandepuffo==gpstep
time=[tinme t];

hol d on
i f pluto==0
cl f
subpl ot (221); plot(x,T,"b")
text(.01,10,[ Elapsed tinme = ', nunRstr(t),’ s.’])
text(.03,60,[' T heated = ', nun2str(T(n)),’ K '])
end
dVv(I1) =dv; % [V] vector of tensions
current(ll)=l; % [A] vector of currents

subpl ot (222) ; plot (tine(1: end-1), dV)

Tvect =[ Tvect; T(2) nean(T(41:42))]; % [ K] vector of tenperature

subpl ot (223); plot(time, Tvect (:,1))
subpl ot (224) ; plot(tinme, Tvect(:, 2))
pause(.0001)
gr andepuf f 0=0;
[1=I1+1;

el se
gr andepuf f o=gr andepuf f o+1

end

i f max(T)>Textr, break, end
if dv>dVlim & m nni ==
tstar=t;
m nni =1
end
end
t oc

subpl ot (221);title(’ Tenperature profile: transient analysis’)
hol d on

grid on

xlabel ("x [n")

ylabel (" T [K]")

subpl ot (222);title(’ voltage drop’)

hol d on

grid on
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xl abel ("time [s]’)

yl abel (" dV [V]")

subpl ot (223);title(’ Th5")
hol d on

grid on

xl abel ("time [s]’)
ylabel (" T [K]")

subpl ot (224);title(’ Tb7")
hol d on

grid on

xl abel ("time [s]’)
ylabel (" T [K]")

@t =-kag*A*(T(end) - T(end-1))/dx; % [W heat |eak
m=Q2t / hf g; % [kg/s] mass flow ratio
W =sum(dV. *current *dt *(gpstep+1)); % [J] generated heat
disp(’ ")

di sp([’ El apsed tinme = ', nunstr(t),’ s.’])

di sp(’ Transi ent analysis’)

di sp([’ Maxi mum tenperature of the leads = ', nunmstr(Trmax),’ K])
di sp([’ Convection heat leak = ', nunR2str(@t),’ W’'])

di sp([’ Evaporating mass for Helium =", nun2str(nm,’ kg/s.’])

di sp([’ Total generated heat = ', num2str(W),’ J.'])

figure(3)

set (gca,’ Font Nanme’ ,’ Ti nes new roman’,’ Font Si ze’ , 12)
hol d on

plot(time(l:end-1),dV,tinme(l:end-1), current*le-5)
title(’ Voltage drop as a function of tine')

grid on

xl abel ("t [seconds]’)

yl abel (" dV [V]")

| egend(’ Vol tage’,’ Current’)

figure(4)

set (gca,’ FontName’,’ Ti nes new ronman’,’ Font Si ze', 12)
hol d on

pl ot (time, Tvect)

title(’ Tenperature at the tenperature tap’)

grid on

x|l abel ("t [seconds]’)

ylabel (" T [K]")

legend(" T top end’,” T in the mddle')

Unsteady solution: real case

% 12/ 01/ 2001

% Thesi s

%

% Theoretical nodel for heat exchange in a current |ead.
%

% REAL convection

%

% Ust R M

%

%*********** I’]UI’T’EI’I Cal mdel *kkhkkkhkhkkhkhkkhkkkhkkkk
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%

% unst eady case

% k,h =f(T)

%

% linear interpolation for miterations

%

% FI LE | NVENTORY

%

% steady.txt data file for the steady tenperature profile
Y% miter.mfunction’s file for minterpol ation
% steady case by file steady.m

clc
clear all; close all

% | nput Data

TO=50; % [ K] upper cup’ s tenperature

TN=4. 5; %[ K] lower cup s tenperature

L=0. 250; % [n length of the HTSC

n=470; % nunber of tape required

A=(0.25*3. 25) *1e- 6*n; % [nt] total cross section of the assenbly
C=9e- 3*n/ 10; % [mM wet perineter

S=4*3*1e- 6*n/ 10; % [n?] cross section of the channel
Deqg=4*S/ C, % [ equival ent dianmeter of the channel
| =13000; % [ Al

Rcont =2. 8e- 9; % [ Ohm contact resistance

fu=0. 27; % utilization factor Ah/At

% ***** Heljum properties *****

hf g=23000; % [J/kg] |atent heat for helium

cp=5. 4124*1e3; % [J/kg/ K] nedium specific heat 4.5-50 K (5.47
at 4.5 He)

rho=3. 6037; % [kg/ n#] nean density for He

% ***** Tape properties *****
rhosc=10. 34* 1e3; % [ kg/ n# ] density of HTSC

% Speci fic heat [J/kg/K]

Tcp=4: 2: 300; % [K] vector of tenperature range for the
speci fic heat

Tis=[4 175];

cls=[3 410];

p=pol yfit(T1ls, cls, 1);

cpb=pol yval (p, Tcp); % [ J/ kg/ K] specific heat of BSCCO

Tine[4 6 8 10 15 20 25 30 40 50 60 70 80 90 100 120 140 160 180 200 220 240
260 280 300 400 600]; % [K]

cpag=[.124 .39 .91 1.8 6.4 15.5 28.7 44.2 78 108 133 151 166 177 187 200
209 216 221 225 228 231 234 235 236 241 251]; % [J/ kg K]

cpau=[.16 .5 1.2 2.2 7.4 15.9 26.3 37.1 57.2 72.6 84.2 92.8 99.2 104.3
108.3 113.7 117.5 120.2 122.1 123.5 124.7 125.7 126.7 127.6 128.5 133
142]; % [ J/ kg K]

at pr=4*.55/100; % at omi ¢ percent age

clm=(1-atpr).*cpag+at pr. *cpau; % [J/ kg/ K] vector of specific heat of the
metal matrix Ag+Au 4% at

cpmed=rmean(cln;

cpnrspline(Tlm clm Tcp); % [J/kg/ K] specific heat of the netal
matri x Ag+Au 4% at
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cpe=cpb*fu+cpnt(1-fu); % [J/ kg/ K] equival ent specific heat of the
t ape

% Thermal conductivity

ak=0.578681;

bk=39. 523; % coefficients of the interpolation polynomal 4%
W

%ak=0. 888166;

%k=94. 7716; % coefficient for the interpolation polynonial 15%
at. Au

% El ectrical resistivity

hnm=3. 656*0. 0308/ Deq; % [ W n?/ K]

ah=-.00019419;

bh=0. 30805;

ch=9. 1365; % coefficients of the interpolation polynonal for
h: 4.5 - 50 K 2nd order

rhoel m=6. 8e-9; % [OHM m rnean electrical resistivity of AgAu sheat
4.5 - 50 K

ar h=5. 2535e- 11;

br h=5. 3281e-9; % coefficients of the interpolation polynomnmal for
rhoel AgAu 4% wt

%ar h=2. 7419e- 11,

%r h=3. 8184e-9; % different Au %

ar hbi =4. 8143e- 010; % coefficients of the interpolation polynoni al
for rhoel BSCCO transient

br hbi =- 4. 0257e- 008;

ar hbi 2=1. 3333e- 009; % coefficients of the interpolation polynonial
for rhoel BSCCO up to 400K

br hbi 2=-4. 0000e- 008;

% Critical paranmeters of superconductor

Tl i m=96; % [K] critical tenperature

Tcs=70; % [ K] current sharing tenperature

Tl i m2=110; % [Kl critical tenperature: end of transient
Text r=700; % [ T] maxi num al | owabl e t enperature

fc=1.7; % enpirical factor => steel matrix

% Quench protection

di sp(' Kind of protection')
disp('1. dvIimt")

disp('2. integrated signal"')

pause( 3)

titol o="Protection';

dati ={" Wi ch kind'};

def={"1"};

| i neno=1;

answer =i nput dl g(dati,titol o, |ineno, def);
string=answer{1};

kpro=str2nun{(string); % [V] voltage limt

switch kpro

case 1
titolo="Voltage Limt"';
dati={'Voltage drop limt [V]'};
def={"0.1"};

155



| i neno=1;

answer =i nputdl g(dati,titolo,lineno, def);
string=answer{1};

dviinestr2nun(string); %/[V] voltage limt

case 2
titolo="Integrated signal’
dati={"Voltage limt [V]', Integration tine [s]’};
def={"0.2","5};
I i neno=2;

answer =i nputdl g(dati,titolo,lineno, def);

string=answer{1};

dVii nestr2nun(string); %[V] voltage limt

stri ng=answer{2};

tauint=str2nun(string); %/[V] voltage linmt
end

% ****x** Nunmerical evaluation ****x**
preci si one=1le- 6; % iteration precision

% St eady sol ution: pure conduction profile

dx=5e- 3; % space di scretization

x=0: dx: L; % [mM space vector

kag=ak* TN+bk; % [Wm K] thermal conductivity @4.5 K

Tk=TO+x./L*( TN-TO) ; % [ K] tenperature distribution

@k=-kag*A*(TN-TO) / L; % [W heat load in liquid He, pure conductive
nodel

n0=Q2k/ hf g; % [kg/s] mass flow ratio

d=-x./L.*(ak/2*( TN*2- TO"2) +bk* ( TN- TO) ) - ak/ 2* TO"2- bk* TO;

T=(- bk+sqrt (bk"2-2*ak*d))/ ak;

@kr =-kag*A*(T(end) - T(end- 1))/ dx; % [W heat load in liquid He, pure
conducti ve node

nOr =Q@kr / hf g; % [ kg/s] mass flow ratio

% di spl ay of steady data

di sp(’ Pure conduction: k = constant’)

di sp([’ Conduction heat leak = ', nunR2str(@k),’” W’'])

di sp([’ Evaporating mass for Helium= ", nunRstr(nD),’ kg/s.’])
di sp(’ Pure conduction: k(T)")

di sp([’ Conduction heat leak = ', nunRstr(Qkr),” W'])

di sp([’ Evaporating mass for Helium =", nun2str(nOr),’ kg/s.’])
figure(1)

set (gca,’ Font Name’,’ Ti nes new ronan’,’ Font Si ze', 12)

hol d on

title(’ Tenperature profile: properties function of T)

grid on

xlabel ("x [n")
ylabel (" T [K]")
pl ot (x, Tk, x, T)
| egend(’ Constant properties’,’ Properties f(T)’)

text(0.02,16,[ ' nk =, nunmstr(nD),’ kg/s’'])
text(0.02,21,[' @k =", nunmRstr(Qk),’ W])
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text (0.02,6,[ nkr =", nunmRstr(nOr),’ kg/s’'])
text(0.02, 11, [' QRkr =", nunstr(@kr),’ WJ])

% | oad tenperature profile from.txt files

| oad steady.txt % al ternative solution nmd9_1mmt xt
T=steady(:,1); % [ K] HTS tenperature
teta=steady(:, 2); %[ Kl He tenperature

ne- kag* A/ hf g/ dx*(T(end)-T(end-1)); % |[kg/s] equilibriumtenperature
@=-kag*A*(T(end)-T(end-1))/dx;

hol d on
plot(x, T, k', x,teta,’'r’")
| egend(’ Const ant properties’,’ Properties f(T)', real convection

profile’,” heliumprofile’)
text(0.02,26,['m=",nun2str(m,’ kg/s'])
text(0.02,31,['@ = ,nunkstr(Q),’ W])

Qp ****x*xkxkkxkkxkkx* fransient analysis
Qp * % * kxk ko REAL CONVECTI ON
% | nput transient paraneters

titolo="Intervall o tenporale’

dati={"transient length ,’Initial dt’,’ Tau decay constant’};
def ={" 400’ ,’ 2" ,' 120’ };
i neno=3;

answer =i nputdl g(dati,titolo,lineno, def);
string=answer{1};

nnod=str2nun(string); % No of tine steps

st ri ng=answer{2};

dt =str2nun(string); % dt

st ri ng=answer {3};

tau=str2nun(string); % [s] current decay constant
preci si one=le- 6; % iteration precision

titol o=" Heating paraneters’

dati={' Heating tenperature’,’ Heating w deness’, Heating rateo’};
def={"96","1,"0.07"};

| i neno=3;

answer =i nput dl g(dati,titol o, |ineno, def);

string=answer{1};

Tpeak=str2nun(string); % Peak tenperature

st ri ng=answer{2};

n=str2nun(string); % heating w deness
string=answer{3};

dTdt =str 2nun(string); % [ K/ sec] heating rateo
figure(2)

set (gca,’ Font Nanme’ ,’ Ti nes new roman’,’ Font Si ze’, 12)
hol d on

subpl ot (221); pl ot (x, T)
title(’ Tenmperature profile: initial value')
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grid on

xlabel ("x [n")

ylabel (" T [K]")

subpl ot (222);title(’ voltage drop’)
hol d on

grid on

xl abel ("time [s]’)

ylabel ("dV [V] ")

subpl ot (223);title(’ Th5")
hol d on

grid on

xl abel ("time [s]’)
ylabel (" T [K]")

subpl ot (224);title(’ Tb7")
hol d on

grid on

xl abel ("time [s]’)
ylabel (" T [K]")

pause(1)

% setup vari abl es

ganmea=C/ S/ r ho/ cp;
BA=T(2: end-1);
BB=t et a(2: end-1);

| x=l engt h(x) -2
ee=ones(Ix, 1);

[1=1;

tstar=0;

m nni =0; % magnet’ s di scharge

pl ut 0=0;

gol dr ake=0; % mass iterations

puf f et t a=0; % properties iterations

gr andepuf f 0=0; % pl otti ng scanner

gpst ep=10; % scanni ng step

nil=3e- 5; % Initial guess for mass interpolation
nR2=5e- 5;

Trmax=max(T) ; % [ K] max tenperature of the | eads

tetamax=teta(l);
Tvect=[T(2) mean(T(41:42))];

time=[0]; %initializing variables

| 0=1;

t =0;

| =0;

dv=0;

dvi nt =0;

nn=9; % current sharing paraneters
rho0O=5e- 8; % [Ohm n] rho(125K)

JO=- 3. 4309e1*125+2. 6066€e1; % [ Al cn?]

tic

for t=0:dt:nnod*dt
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i f Trmax<=max(T)
Tmax=max(T);
el se
pl ut o=1;
end
if tetamax<=teta(l),tetamax=teta(l);end
if T(1l)<Tpeak & m nni==
T(1:n)=T(1: n)+dTdt *dt ;
end
if mnni==1 & T(n+1)<=T(1) & T(1)>TO
T(1) =T(n+1);
if T(1)<TO, T(1)=TO; end
end
if mnni==
| =1 O*exp(-(t+dt-tstar)/tau);
end

Tn=T,
tetan=teta,
@2n=Q2;

puf f et t a=0; %reinitializing counter

whil e puffetta==0

Tgue=T; % [ K]

tetague=teta;

Qgue=Q2; %[W

mue=m

cpsc=spline(Tcp, cpe, Tgue) *fc; % [J/kg/ K] specific heat of the

t apes
bet a=C/ A/ rhosc. /cpsc(2: | x+1);
r=dt/dx"2/rhosc./cpsc(2:1x+1);

k=(ak. * Tgue+bk) ; % [ W nm K]
h=(ah. *t et ague. *2+bh. *t et ague+ch); %[ W nt/K]

epsl=Tgue>=Tcs & Tgue<Tlim
eps2=Tgue>=Tl i m & Tgue<Tl i n2;
eps3=Tgue>=Tl i n2;

if max(epsl)==1 | max(eps2)==1 | max(eps3)==1
J=-3.4309el. *Tgue+2. 6066e1; % [ A cnt]
rhocs=rho0*(J./J0). *(nn-1). *epsl; % [ Chm
r hobi =(ar hbi . * Tgue+br hbi ) . *eps2
rhobi 2=( ar hbi 2. * Tgue+br hbi 2) . *eps3;
% hobi 2=1. 4e- 7. *eps4;

r hoel =r hocs+r hobi 2+r hobi ; % [ Chm m BSCCO
rhoag=(arh. * Tgue+br h); % [Ohmn] AgAu all oy.

rhoeqg=(rhoag. *rhoel )./ ((1-fu).*rhoel +f u. *rhoag) ; % [ Chm n
equi valent resistivity for the paralle

el se
rhoeqg=zeros(Il x+2,1);
end
Rc=r hoeq. *1 "2/ (A*2)/ rhosc. / cpsc; % resistive term
dv=0;
gol dr ake=0; %reinitializing counters
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whi | e gol dr ake==0

160

%first run

del t a=ml/ S/ r ho;

d=del t a*dt/ dx;
ad=(r./4.*(k(3: I x+2)-k(1:1x))-r.*k(2:1x+1));
ac=1+2. *r.*k(2:1 x+1) +theta. *h(2: 1 x+1). *dt;
au=(-r. /4. *(k(3:1x+2)-k(L1:1x))-r.*k(2:1x+1));

MA=spdi ags([[ad(2:end); 0] ac [0;au(l:end-1)]],-1:2,1x,1x);
MB=spdi ags([-beta.*dt.*h(2:1x+1)],0,1x,1Xx);

MC=spdi ags([ -ganma*dt. *h(2:1 x+1)], 0, | x,1x);

MD=spdi ags([ (1+ganma*dt. *h(2: | x+1) +d) -d*ee], 0:1,1x,1x);
MVE[ MA MB; MC MD] ;

BA=Tn( 2: end- 1) +Rc(2: end-1). *dt;

BA(1) =BA(1)-ad(1)*Tn(1);
BA( end) =BA(end) - au(end) * TN,

BB=t et an(2: end- 1) ;
BB( end) =BB( end) +TN*d/ 2;

B=[ BA; BB] ;

X=MW B;

ncl=-kag* A/ hf g/ dx* ( TN- X(I x));

% second run

del ta=nmR/ S/ r ho;

d=del t a*dt / dx;

MD=spdi ags([ (1+gama*dt. *h(2: | x+1) +d) -d*ee],0:1,1x,1x);
MVE[ MA MB; MC MD] ;

X=MW B;

nc2=-kag* A/ hf g/ dx* ( TN- X(I x) ) ;

% Cal | back to the function interpolation
mEm_i nter(ni, ncl, n2, nt2);

% lteration for convergence

del ta=m S/ r ho;

d=del t a*dt/ dx;

MD=spdi ags([ (1+gama*dt. *h(2: 1 x+1) +d) -d*ee],0:1,1x,1x);

MVE[ MA MB: MC MD] ;

X=MW B;

T=[Tn(1); X(1:1x); TN ;
teta=[tetan(1l); X(I x+1:end); TN ;
nc=- kag* A/ hf g/ dx* (TN- X( 1 X)) ;

i f abs((mnt)/ m<precisione



gol dr ake=1;

el se
i f abs(m nl)<abs(m nR)
nm2=m
el se
ml=m
end
end
end
i f abs(nmean(T-Tgue)/ nean(Tgue)) <preci si one*100
puf fetta=1;
T=Tgue; % [ K] tape tenperature
t et a=t et ague; % [ K] vapour hel i um
tenperature
@=QRgue, % [W heat flow
nFngue; % [kg/s] mass flow rate
end
end

Dv=I/ A*dx/ 2. *(rhoeq( 1: | x+1) +r hoeq( 2: | x+2));

dv=sum(DV) ; % [V] voltage drop
switch kpro % quench detection
case 1
if dv>dVlim & minni ==
tstar=t +dt;
m nni =1;
end
case 2

i f | *dt<tauint
dvi nt =dvi nt +dv*dt ;
| =1 +1;
el se
| =0;
if dvint>dVlim & m nni ==
t st ar=t +dt;
m nni =1;
end
dvi nt =0;
end
end

i f grandepuffo==gpstep
time=[tinme t];

if pluto==0 % Maxi mum tenperture
reached
clf
subpl ot (221);plot(x, T, b")
text(.01,10,[  El apsed time = ', nunstr(t),’ s.’])
text(.03,60,['T max = ', nun2str(Tmax),’ K '])
end
dv(Il1)=dv; % [V] vector of tensions
current(l1)=l; % [A] vector of currents
subpl ot (222); plot (time(1: end-1), dV)
Tvect =[ Tvect; T(2) mean(T(41:42))]; % [ K] vect or of

tenperature
subpl ot (223); plot(tinme, Tvect(:,1))
subpl ot (224); plot (time, Tvect (:, 2))
pause(. 0001)
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gr andepuf f 0=0;
[1=I1+1;
el se
gr andepuf f o=gr andepuf f o+1
end
end

toc

subpl ot (221);title(’ Tenperature profile: transient analysis’)
hol d on

grid on

xlabel ("x [n")

ylabel (" T [K]")

subpl ot (222);title(’ voltage drop’)
hol d on

grid on

xlabel ("tine [s]’)

ylabel ("dV [V] ")

subpl ot (223);title(’ Th5")

hol d on

grid on

xlabel ("tine [s]’)

ylabel (" T [K]")

subpl ot (224);title(’ Tb7")

hol d on

grid on

xlabel ("tine [s]’)

ylabel (" T [K]")

@t =-kag*A*(T(end) - T(end-1))/dx;

m=Q2t / hf g; %[ kg/s] nmass flowratio
W =sum( dV. *current *dt *(gpstep+1)); % [W generated heat
disp(’ ")

di sp([’ El apsed tinme = ', nunstr(t),’ s.’])

di sp(’ Transi ent anal ysis’)

di sp([’ Maxi mum tenperature of the leads = ', nunstr(Tmax),’ K ])

di sp([’ Convection heat leak = ', numstr(Qt),” W’])

di sp([’ Evaporating mass for Helium= ", nunRstr(n),’ kg/s.’])

di sp([’ Total generated heat = ', numstr(W),’ J.’])

figure(3)

set (gca,’ FontName’,’ Ti nes new ronan’,’ Font Si ze', 12)
hol d on
plot(tinme(l:end-1),dV,tinme(l:end-1),current*le-5)
title(’Voltage drop as a function of tine’)

grid on

x|l abel ("t [seconds]’)

yl abel (" dV [V]")

| egend(’ Vol tage’,  Current’)

figure(4)

set (gca,’ Font Name’,’ Ti nes new ronan’,’ Font Si ze', 12)
hol d on

pl ot (time, Tvect)

title(’ Temperature at the tenperature tap’)

grid on
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x| abel ('t [seconds]’)
ylabel (" T [K]")
Tt e

| egend(’ op end ,’T in the mddle)
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