QUENCHING BEHAVIOR IN A NB;AL SUPERCONDUCTING
COIL OPERATING IN THE TEMPERATURE RANGE
OF42TO 12K

by

Jun Beom Kim

B.S., Aeronautical Engineering
Seoul National University, Seoul, Korea
(1992)

Submitted to the Department of Mechanical Engineering

in Partial Fulfillment of the Requirements for the Degree of

Master of Science in Mechanical Engineering
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
September 1995
© Massachusetts Institute of Technology 1995. All rights reserved.

Signature of Author 0,,” o

Department of Mechanical Engineering

// August 11, 1995
/ . ) / g

—_—

[ = 4

Dr. Yukikazu Iwasa

Thesis Supervisor

Accepted by__ " ~— -
Ain A. Sonin
iaseadubadrmsanrRepartmental Graduate Committee
OF TECHNOLOGY

SEP 211995 BerkerEng

LIBRARIES



QUENCHING BEHAVIOR IN A NB;AL SUPERCONDUCTING
COIL OPERATING IN THE TEMPERATURE RANGE OF42TO 12K

by

Jun Beom Kim

Submitted to the Department of Mechanical Engineering
on August 11, 1995, in partial fulfillment of the
requirements for the degree of
Master of Science in Mechanical Engineering

Abstract

A small Nb3Al superconducting coil has been built by wind-and-react method and
tested. Prior to the fabrication of the coil, critical currents of the Nb3Al superconducting
wire was measured at different temperatures(4.2,6,8,10 and 12K) and applied external
fields(3,4,5,6,7,8,9,10,11,12T). The coil produces a projected induction of 3.5 T at 10 K
with a transport current of 135A. Transverse quench propagation velocities were
measured as a function of temperature and current. Finally, a simple simulation was
performed to predict the terminal voltage and current decay of the test coil under a
quench. Simulated results are in a good agreement with experimental results.

Thesis Supervisor: Yukikazu Iwasa
Title: Research Professor, Francis Bitter National Magnet Laboratory, and Senior
Research Engineer, Department of Mechanical Engineering, MIT



Acknowledgement

My appreciation goes to my supervisor, Dr. Yukikazu Iwasa.

I also would like to thank Dr. Makoto Takayasu of Plasma Fusion Center for his
teaching on how to be an experimentalist.

David Johnson and Melvin Vestal deserve my gratitude for their technical assistance
throughout this work. Yun Kang and Ahmet Ashaboglu have been nice officemates.
Hunwook Lim, with whom I have been together for two years, helped me so much thatI
can not thank him too much.

Finally, my deepest gratitude goes to my brother, Hyoung Beom, and my parents, for
their unconditional love and support throughout my life. Especially, I am so lucky to

have such a wonderful man as my brother.



Contents

1 Introduction

1.1 Superconductivity ..cccoeeeevvrreeieeeec e
1.2 Stability and Protection Issues for A Superconducting Coil ................
1.3 Nb3Al - a high performance, low Tc superconducting material ...........

1.4 Thesis Overview

2.1

Quench Propagation Velocity

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

Quench Process in Superconductors

..............................................................

2.1.1 Longitudinal Propagation Velocity .......ccoceuverevevevennicrernnnnene.

2.1.2 Transverse Propagation Velocity .......ceevenveiennvnnnnee

2.2 Quench of a Superconducting Coil .......covueeurrrvevcvneveeeee e

3 Critical Current Measurement of Nb3Al

3.1 Critical Current Measurement .

3.2 Elevated-temperature Jc Probe

3.3

...............................................................

...............................................................

3.2.1 Probe Head Configuration ........iciinininniennnninnns
3.2.2 Temperature Control ...
3.2.3 Miscellaneous ISSUES ......coceceeivictnnicrernnnninnirnccnccssnnnes
Critical Currents of ND3AL ....ooviiviiririeeccrrcrenccseee et scseesessnanne
3.3.1  Sample Preparation ...,
3.3.2  Measurement Procedure ...,
3.3.3  Critical Currents of Nb3Al as a Function of

Temperature and Field

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

10

10
11
13

15

16

16
17
21

22

25

25
28
28
30
32
33
33

34

35



4 Coil Fabrication

4.1 Coil Specification and Winding Process ........cco.ccevcncnecccrcrennnnne

4.2 Heat Treatment of the Coil .........

4.3 Epoxy Impregnation ..............

4.3.1  Pretreatment of the Coil
4.3.2  Epoxy Resin Preparation

4.3.3 Epoxy Transfer Process

434 Magnet Curing ...............

...........................................................

...........................................................

...........................................................

...........................................................

...........................................................

4.4 Preliminary Test and Current Lead Repair ......ccccooveeveveeienirenecnnnn

5 Propagation Velocity Measurement

5.1 Temperature Control Above 4.2K

..........................................................

5.2 Transverse Velocity Measurement and Discussion ........ccccoeeeeriierninnnne

5.3 Application of Measured Velocity

6 Conclusion

.........................................................

38

38
41
44
44
44
46
47

49
51
51

54

66

71



List of Figures

1.1:

2.1:

2.2
2.3:
3.1:
3.2:

3.3:

3.4:
3.5:

4.1:

4.2:
4.3:
4.4:
4.5:

5.1:

5.2:

Comparison of strain effect on Nb;Al and Nb;Sn.

A superconducting wire the normal/superconducting boundary of which is
assumed to move with a constant velocity of U,
Graphical comparison of transverse and longitudinal velocities.
An adiabatic quench in a superconducting coil.
Typical voltage-current trace for critical current measurement.
Schematic of the experimental apparatus for critical current measurement
placed in back ground field magnet.

A schematic of the elevated-temperature J. probe.

Electrical system on experimental setup for critical current measurement.

Critical currents of NbsAl at different temperatures. Closed circles are data at

4.2 K; open circles, at 6K ; closed squares, at 8K; open squares, at 10 K ; closed
triangles, 12 K. The solid line represents the coil’s load line.

Performance of the Magnet. Solid line is a simulation result: triangle, a measured
one.

Scale drawing of the test coil. Dimension are in inch.

Schematic of heat treatment for Nb3Al superconducting coil.

Schematic of epoxy impregnation process.

Repair of Nb3Al coil with high temperature superconducting tape.

Transverse quench propagation velocity measurement. Time interval between V1
and V2 is measured to obtain the velocity.

Electrical schematic of the experimental apparatus.



5.3:

5.4:

5.5:

5.6:

5.7:
5.8:
5.9:

5.10:
5.11:
5.12:

5.13:

5.14:

Simulated longitudinal quench propagation velocity using equation(2.8).

Sketch of a decrease in transition temperature. Operating point 1 and 2 are
initially at the same operating temperature of T,, with different transport
currents.

Voltage traces with I,, =30 A at: [a] T,, = 4.2K ; and [b] T, = 12 K.

Voltage traces with I, =120 A at: [a] T,=4.2K; and [b] T,, =12 K.
Transverse velocities at various currents at 4.2K. Triangles are data points.
Transverse velocities at various currents at 6K. Triangles are data points.
Transverse velocities at various currents at 8K. Triangles are data points.
Transverse velocities at various currents at 10K. Triangles are data points.
Transverse velocities at various currents at 12K. Triangles are data points.
Simulated curve and experimental data for normalized velocity. The data are
normalized to a 90-A,8-K data point. Although Eq.(2.8) is used for the
simulation, its trend is very similar to that of experimental one.

Experimental and simulated quench traces of the coil at 4.2 K with an initial
transport current of 60 A. Solid lines are experimental results and dotted lines
are computed results.

Experimental and simulated quench traces of the coil at 12 K with an initial

transport current of 40 A. Solid lines are experimental results and dotted lines

are computed results.



List of Tables

Table 3.1: Parameters of Nb3Al supercondcucting wire.

Table 4.1: Magnet dimension and performance.



Nomenclature

Conductor area

Critical induction
Superconductor specific heat
Diameter of conductor

Average diameter of the winding

Convective heat transfer coefficient

Transport current density

Critical current density

Superconductor thermal conductivity

Length of conductor

Normal state

Perimeter of the conductor
Matrix resistivity
Superconducting state
Temperature

Critical temperature

Transition temperature

Bath temperature

Longitudinal propagation velocity
Transverse propagation velocity

Spatial coordinate

Spatial coordinate

(cm?2)

(T)
(J/em3K)
(cm)

(cm)

( W/cm2K)
(A/cm2?)
(A/cm?)
(W/cm K)

(cm)

(cm)

(Q cm)

(K)

(K)

(K)

(K)
(cm/sec)
(cm/sec)
(cm)

(cm)



Chapter 1

Introduction

1.1 Superconductivity

Superconductivity, the total absence of electrical resistance in some specific materials
under certain environment, was discovered in 1911 by Kammerlingh Onnes, who
successfully liquefied helium in 1908. Although some ceramic materials exhibiting
superconductivity at temperatures above liquid nitrogen(77K) were discovered in the
late 1980’s, the first superconducting material showed zero resistance at liquid helium

temperature of 4.2 K.

A superconductor can be characterized by three parameters that define a critical
surface: critical temperature, T,, critical magnetic field, H,, and critical current density,
Jc.. The superconductor attains its noble property under this surface.

Although the discovery of superconductors insinuated possible engineering
applications even in Kammerlingh’s time, the superconductor’s intrinsic limitations on
the critical field and current density were hindrance to many practical applications until
1960’s. In the 1960’s, a new kind of high-field, high current-carrying superconductors,
e.g., niobium titanium(NbTi) and niobium tin(Nb3Sn), were discovered. This new class
of superconductors paved the way to applications of superconducting magnets.

A conventional iron core magnet, which invokes massive power consumption due to the
high resistance of its winding material, requires a complicated cooling system to remove

the enormous amount of heat generated inside the winding during its operation. On the
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other hand, a superconducting magnet, when it is operated in ‘persistent mode’, requires
no further energy, except the refrigeration, to maintain the field. Therefore, if an
appropriate cryogenic system is implemented to keep the superconducting magnet at its
operating temperature, the designed magnetic field can be achieved with minimal power
consumption. This advantage on power requirement makes superconducting magnets
often more favorable than conventional magnets.

Superconducting magnet systems are now widely used in many areas of
application, including medical and chemical imaging systems. Their applicability has
been expanded to include power generation(fusion reactor), transportation(magnetically
levitated trains). Although it goes without saying that superconductivity will play a key
role for the coming age, there still exist many technical issues which need to be

addressed.

1.2 Stability and Protection Issues for a Superconducting Coil

The low temperature environment required to maintain superconductivity imposes
significant issues from the cryogenic engineering point of view. Most of high performance
superconducting coils are designed to operate in an adiabatic condition; namely, the
entire winding is not exposed to cryogen. In addition, superconductors and most metals
possess very low thermal capacities at cryogenic temperatures: at low temperatures(~
4.2K), the heat capacities of metals most widely used in magnets are 0.1~1 % of those
at room temperature. The combination of the adiabatic condition and the low thermal
capacity of the materials at cryogenic temperatures makes superconducting coils highly
vulnerable to external thermal disturbances of any form. A small disturbance raises the
temperature of a local spot inside a winding, converting the zone from superconducting

into nonsuperconducting. This “normal zone” produces ohmic heating and propagates
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into the adjacent section of the winding via thermal conduction, eventually turning the
entire winding normal. This phenomenon is known as a “quench ”. It is a rapid
transformation of stored electromagnetic energy in the winding into thermal energy,

resulting in the overall temperature rise of the coil.

One significant protection issue for this quench process is as follows. If the converted
thermal energy does not spread uniformly and fast enough over the entire winding of the
coil, the spot at which a quench is initiated would experience the highest temperature
rise. This temperature increase is sometimes high enough to damage the spot. This
quench-induced thermal damage should be avoided since it is virtually impossible to
repair a severe damage inflicted in the interior of the winding. There are some schemes
to prevent such a damage.

Stekly proposed making a composite superconductor by processing a
superconductor with a low-resistant nonsuperconducting metal such as copper to
establish a parallel circuit inside the wire[13]. Since the resistivity of copper is much
smaller than that of a normal-state superconductor, the transport current shifts to the
copper matrix in the normal-state superconductor. The copper allows more time for the
converting thermal energy to spread uniformly over the winding. The existence of copper
also helps thermally and mechanically: it spreads thermal disturbance energy over a
greater volume and adds mechanical strength to the conductor.

Another widely used protection practice is the use of external shunt resistors to
dissipate some portion of the electromagnetic energy. Instead of one large coil, the coil
may be divided into multiple sections each of which is shunted with an external resistor.
By adjusting the value of shunt resistors, we may control the current decay rate of a

quenching coil, and thus the amount of thermal energy in the winding.
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1.3 Nb3Al - a high performance, low T, superconducting material

Niobium aluminum(Nb3Al), a metallic compound superconductor, is promising because
of its better characteristics compared with those of Nb3Sn. Nb3Al is intrinsically
superior to NbsSn in terms of critical temperature(T,) and critical induction(B)[1].
However, the principal focus on Nb3Al lies in its greater tolerance to strain. Strain
reduces the critical current density of both Nb3Sn and NbzAl. For the case of Nb3Sn, 0.4
% of strain results in a reduction of critical current density(J;) by 50 %. On the other
hand, reduction in ], of less than 10 % on the same strain has been measured for a
sample of Nb3Al wire[7]. Since the reaction temperature of metallic compound

superconductors is ~1000 K and its operating temperature is around 4.2 K, a
superconducting wire is generally subject to huge strains induced by differential thermal
contractions. Different thermal contractions for materials that comprise a
superconducting coil — namely, superconductor, matrix metal, and epoxy — develop
strains inside a winding and can seriously degrade the coil’s performance. There was,
however, a major obstacle which had deterred a wide utilization of Nb3Al. In order to
form Nb3zAl from bulk of niobium and aluminum, an extremely high reaction temperature
~ more than 1500 °C - is required. Some portion of aluminum evaporates at this
temperature and this causes the reduction in both the amount of Nb3Al and its critical
current density. There also exists some technical problems in heat-treating a coil at this
temperature because copper, which is usually co-processed with superconductor for a
protection purpose, melts at around 1300°C. Research has revealed, however, that if
aluminum and niobium are kept sufficiently close enough at a fine scale, a moderate

amount of Nb3Al can be formed at a relatively low reaction temperature of 800~900°C.
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It is still too early to say that Nb3Al has been accepted as a practical superconductor
with a potential of replacing the widely used Nb3Sn. Some recent efforts have focused
on the manufacturing process of the NbzAl wire with an intention of applying the
conductor to the ITER(International Thermonuclear Experimental Reactor) magnet(7].
The Nb3Al superconducting coil fabricated and tested in this thesis is the result of a

recent achievement in manufacturing process.

1.4 Thesis Overview

Chapter 2 introduces the concept and modelling of a quench process. The physical
importance of quench propagation velocity(QPV) — a factor to determine passive
protection capability of a coil - is also explained. Chapter 3 describes the procedure
used to measure the critical current measurement of Nb3Al. The results as well as the
experimental procedure are delineated. Chapter 4 presents the coil fabrication process -
namely, heat treatment and epoxy impregnation — and preliminary test results at 4.2 K.
In chapter 5, the experimental data and further discussion on the transverse quench
propagation velocity at various sets of temperatures and operating currents are

presented. In chapter 6, the issues discussed in the previous chapters are concluded and

further comments are included.
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Chapter 2
Quench Process in

Superconductors

As briefly presented in the previous chapter, a quench, which is a transition from the
superconducting state to the normal state, can be characterized, when it takes places in
a coil, as a transformation of electromagnetic energy stored in the coil into thermal
energy inside a winding. Itis crucial for a coil to dissipate the rapidly discharging energy
over its volume in order to prevent a possible local overheating which can lead to an
irreversible damage to the coil. Therefore a thorough understanding of a quenching
process is essential for the implementation of protection strategies for a
superconducting coil. This chapter introduces the modelling of a quench process for
longitudinal and transverse directions, and the basic governing equation as well as the
analytical solution of the equation. The importance of turn-to-turn propagation velocity
as a parameter to determine the coil’s ability to withstand a quench will also be

mentioned.

2.1 Quench Propagation Velocity

Expediting a quench process in a superconducting coil in an adiabatic condition
demands a complete resolution to the three-dimensional heat conduction equation, the

solution of which is usually very difficult to obtain. However, the full three-dimensional
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behavior of a quenching superconducting coil can be deduced to a great extent from a
one dimensional model of a single wire, the investigation of which is relatively simple
compared with that of a 3-D case. The idea of quench propagation velocity in both
longitudinal(along the wire) and transverse(turn to turn) directions has arisen from the
one dimensional model. A thermal wave inside a coil propagates into two directions:
longitudinally along the wire and transversely from one layer to another. Although heat
balance concept can be used to obtain explicit values for both longitudinal and
transverse velocities, the derivation of transverse velocity usually includes modelling of
complex material configurations, which brings the computed value quite different from
the experimental one. A more practical method is to correlate the longitudinal and
transverse velocities . It was found that the ratio of the two velocities is almost constant
with a slight dependence on wire specifications and operating current[2]. More

discussion on this issue will be provided in the following subsections.

2.1.1 Longitudinal Propagation Velocity

The elementary concept for the mathematical model of a quench process along a wire is
the heat balance equation considering all terms affecting a differential volume of a
superconducting wire under consideration. The basic governing equation is:

dEim
dt = Qk + Qj + Qd— Qq (21)

where dE;,;/dt represents the time rate of change of internal energy ( E;; ) in a
differential volume of a superconductor, while Q;, Q; , Qs and Q, respectively,

represent heat conduction to the differential volume under consideration, joule heat

generation, external disturbance, and cooling power on the conductor. Neglecting the
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Superconducting
region

Travelling Boundary

Fig. 2.1: A superconducting wire with its normal/superconducting boundary assumed to

travel with a constant longitudinal velocity of U;,

disturbance term in the above equation simplifies the analysis. As a thermal wave
travels through a superconducting wire, there exists a boundary which distinguishes the
normal zone and superconducting zone. Therefore the quench process can be divided
into two regimes each of which has different form of equation. More detailed equations

in two different regions can be expressed as follows :

oT. oT.) h.P
\- ._9 O AP 1 (2.2)
Yo ox | ' ox -

oT oT h P
w0 e S ala S5 ey (2.3)

ot ox ox A

where, 7 :normal region of the conductor,
s : superconducting region of the conductor,
C : volumetric specific heat,
k : thermal conductivity,

p : resistivity of normal state conductor,
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j : transport current density,

h : convective heat transfer coefficient,

A : cross sectional area of the conductor,
and

P : perimeter of the conductor exposed to coolant.

Equation (2.3) contains the ohmic heating term which is driving the thermal propagation
in the conductor. The preceding set of equations comprises of two one dimensional,
unsteady, partial differential equations, the explicit solutions of which are considerably
difficult to obtain.

One experimentally verified assumption on the mathematical model of the quench
mechanism is that the boundary between the superconducting and the normal zone
travels with a constant velocity when the other parameters remain constant. This
essential assumption makes it possible to correlate the spatial variable x with time ¢,

generating a new combined variable of z = x-U t, which can be used to transform the

above partial differential equations into simple ordinary differential equations whose

solutions can be obtained by elementary calculus.

d ar dT _ (2.4)
v (kx——dz )+ C,Uyg-~hP(T-T.)=0

d( dT dT
e == 4+ pil— - = 2.5
> (kn e ]+ C,U, TP h P(T-T.)=0 (2.5)

Equation (2.4) describes the heat interaction in the superconducting zone and Eq. (2.5)
that in the normal region which is subject to joule heat generation. Further assumptions
to be implemented for the analytic solutions for the equations are as follows :

® The quench propagation is in progress under adiabatic condition ( hg = h,=0).
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® The second order temperature gradient in the z direction is negligible compared with

the other terms.

The second assumption turns Equations (2.4) and (2.5) into a set of first order ordinary
equations which needs two boundary conditions for the constants of integration. The

appropriate set of boundary conditions is

dT

dT
" dz k

=k — (2.6)
2=0" ' (iZ

k

z=0*

Tooo=T_o =T, (2.7)

where T; is the transition temperature of the superconductor. At the transition

temperature the superconductor loses its noble property under a given transport current
and applied external magnetic field. The first explicit expression for the longitudinal
propagation velocity with temperature-dependent material properties in an adiabatic
environment for a unclad(no normal metal matrix) was acquired by Whetstone and

Roos[5]. The solution is

0k, x (T, [T.)

U=

T

[ C.dTx
Tx

T

1

C(T )+ C.dT
t T

(2.8)

Another assumption of temperature-independent material properties in Equation (2.8)

simplifies it into a more insightful form of
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. Pk,
Ul_ Jcd Cs C" (T,— Teu) (2.9)

Generally speaking, it is not plausible to apply Equation (2.8) to any composite
conductors since the preceding model is only for unclad, single wire. In a composite wire
consisting of a superconductor and normal metal matrix, there exists a zone called a
current-sharing region, in which some fraction of the transport current flows through
superconductor, while the balance flows through the matrix metal, generating joule

heating. However, a little modification on the definition of T; makes it possible to

apply Equation (2.9) for a clad superconductor[2].

2.1.2. Transverse Propagation Velocity

Another distinctive heat conduction occurs from one turn to the adjacent turn ( or one
layer to the adjacent layer ). This conduction can be characterized by a transverse(turn-
to-turn) propagation velocity. The mathematical expression for turn-to-turn velocity is
often more complicated than that for longitudinal velocity since it is linked with more
materials - insulation material, epoxy — which are apparently difficult to include in the
model. An elaborate effort for an explicit expression of transverse velocity can be found
in Joshi[2]. The difficulty involved with modelling of transverse velocity leads to
another way of interpreting the phenomenon. The ratio of thermal conductivities in the
longitudinal and transverse directions may be correlated with that of velocities, since the
basic mechanism associated with propagation velocities is driven by thermal

conduction. The above concept can be rephrased as
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U s k
transverse = _r (2 1 O)
U

longitudinal

where k; and k; are thermal conductivities in the transverse and longitudinal directions,
respectively. A comprehensive experimental study has verified that the transverse-to-
longitudinal velocity ratio, in the case of NbTi wire, remains almost constant, with a
slight dependence on wire diameter and transport current{2]. Although Equation (2.10)
was originally derived for NbTi wires, it can be applied to other low-T . superconductors
such as Nb3Sn and Nb3Al[5]. Once this ratio is determined through experimental or

analytical work, the transverse velocity can be attained via longitudinal one, which is

derivable through an analytic method.

2.2. Quench of a Superconducting Coil

The transverse-to-longitudinal velocity ratio for NbTi wires lies in vicinity of 0.005 and
is slightly dependent upon transport current. Although the magnitude of longitudinal
velocities is greater than that of transverse ones, the quench behavior of a
superconducting coil is governed not by longitudinal propagation but by transverse one.
This is based on the characteristic time comparison argument. That is, more time is
needed for a normal zone to travel one complete turn longitudinally than to travel one
layer transversely across the insulating layer since it has to cover a greater distance in
the longitudinal direction than that in the transverse direction.

The time required for a normal zone to make one complete turn along the wire is

2nD (2.11)

av

U,

1=

22



where D,, is the average winding radius. On the other hand, the time for the heat

boundary to travel to the neighboring layer by turn-to-turn conduction is
d
=— 2.12
L= (2.12)

where d is the effective diameter of a superconducting wire. Although U, is larger than
U;, D,yis much greater than d in most superconducting coils, yielding the result t; > t,.
Therefore, although its absolute value is smaller than that of the longitudinal velocity,
the transverse propagation plays a dominant role during a quench. A criterion to
determine which velocity is dominant in a quenching superconducting coil can be
expressed as:

d U

<

—L 20.01 (2.13)
2R, U,

l<t, =

If a superconducting coil satisfies the above criterion, the longitudinal propagation effect
can be neglected in analyzing its quench, as is often the case. The ratio for the test coil in

this work is 0.001; it satisfies Equation (2.13).
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Chapter 3
Critical Current Measurement of

Nb3Al

As briefly mentioned in the introductory chapter, there is an upper limit on current a
superconductor can carry superconductively. It is called critical current, I, and is a
strong function of both temperature and magnetic field. Critical current density, a
quantity obtained through the division of I. by the cross sectional area of a conductor,
together with temperature and magnetic field forms a three dimensional surface, known
as a critical surface. Since this critical surface determines the range of applicability, the

critical current data are an important set of information for magnet design.

This chapter describes critical current measurement techniques. A set of critical current

data for NbzAl in the temperature range of 4.2K~12K and field range of 3T~12T will

follow a brief exposition on the test rig used for the measurement.

3.1 Critical Current Measurement

The basic data used to determine the critical current of a conductor are plots of voltage
versus current. Direct current is introduced into a superconductor with the other
parameters (applied field and temperature) kept constant. This procedure generates a
typical V-I trace, shown in Fig. 3.1. A criterion on the critical current can be either

electric field or resistivity in the conductor. An electric field of 0.1 pV/cm or 1.0 uV/cm
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Fig. 3.1 : Typical voltage-current trace for critical current measurement.

is commonly used. One very important point about the critical current measurement: the
V-I trace should be reversible. Irreversibility is an indication of potential problems such

as sample heating which could render misinformation on the measurement.

Another technique helpful for the determination of critical current density, is a
“magnetization method.” According to Goodman’s lamina model and Bean's critical
state model, an external magnetic field can penetrate inside type II superconducting
material, inducing supercurrent inside the conductor. This supercurrent is commensurate
to critical current density of the conductor and can be converted into critical current
density data. This method was used widely for high temperature superconductors(HTS)
in the early years of the HTS era, because the extreme brittleness of this new class of
material impeded production of conductor of sufficient length for direct critical current

measurement.
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Although the direct critical current method in principle produces reliable data, there are
several measures required to assure achieving them. It is not uncommon to find that
two sets of critical current data of an identical sample disagree by as much as 20~30 %.

Some of the common sources of disagreement are discussed below.

® Temperature Control : For a 4.2K measurement, the sample is usually immersed in
liquid helium. For measurement in the temperature realm of 2 ~ 4.2K, a desired
temperature can be obtained by depressurization of liquid helium. A formidable
temperature range is 4.2~13 K; here a temperature control unit should be incorporated
into measurement. Between 13 K and 20 K, boiling hydrogen is another source of a

constant temperature environment.

® Joule Heat Generation : Joule heating generated at each end of the sample piece can
cause a thermal runaway at a current level much lower than the real critical current.
Therefore, if a joint is to be soldered at each end, the overlapping(current transfer)
section should be long enough to minimize the resistive heating. A premature
superconductor-to-normal transition can be monitored by additional sets of voltage

taps.

® Noise Reduction : Although the voltage from the sample to determine the critical
current is typically in the range of ~1pV, signal ranges associated with thermal voltage
and inductive voltage can be, respectively, ~10 pV and ~100uV. Therefore a careful
procedure to filter out the noise should be employed to avoid misinterpretation of the

data. Usually a passive, low-pass filter with floating ground is used to rectify the

sample signal.
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® Wire Movement : Since the measurement is conducted with a background magnetic
field, a sample wire carrying transport current is subject to a Lorentz force of | x B. This
force can lead to wire movement, generating frictional heating in the local spot which,
sometimes, can induce premature quench. In order to prevent troublesome wire motion,

the wire should be secured to the sample barrel.

3.2 Elevated-Temperature J. Probe

Figure 3.2 shows a schematic of the apparatus used for the critical current measurement
of Nb3Al The test rig was designed and built at the Plasma Fusion Center of MIT in
1990[15]. It can test three samples simultaneously; in this experiment only one sample
was tested.

The test rig was designed to provide a uniform temperature environment for J,
measurement by a combination of cooling provided by the gaseous helium and a
controlled heating power. Although a vacuumed copper canister is accepted as a better

way for measurements above 4.2 K, the test probe used in this study also proved to be

acceptable on the whole.

3.2.1 Probe Head Configuration

The basic scheme of temperature control, including the core of the elevated-temperature
Jc probe, is shown in Fig 3.3. The head is placed inside a G-10 canister which is open at
the bottom only. This chamber provides gaseous helium environment, which
approximately procures operating temperatures above 4.2 K, to the sample. The sample
is then placed between two concentric, thick copper cylinders that provide a thermal
mass to the sample to minimize temperature fluctuation. The controlled activation of

heaters inside the two copper blocks provides uniform temperature environment for a
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period(~60 s) sufficient to carry out the measurement. Two liquid helium sensors

monitor the level during the operation.

3.2.2 Temperature Control

Three temperature sensors were strategically located to monitor and control the sample
temperature: two CGR(Carbon Glass Resistor) sensors, which can be used in the
presence of magnetic field, and one silicon diode sensor. One CGR sensor was placed
directly on the surface of sample; the other CGR on the bottom of outer copper
cylinder; the silicon diode, at the top portion of the outer copper cylinder. Model DRC-
91C( Lake Shore Cryotronics, Inc.) controlled the temperature. After receiving voltage
signal from the CGR sensor mounted on the surface of the sample, the controller converts
the voltage into the corresponding temperature. This temperature signal is then fed back
into the built-in PID controller, which adjusts current into one of the heaters placed in
the copper block.

The single most important concept regarding the temperature control scheme utilizing
a heater is that of “thermal lag ”. In real thermal systems, the thermal conductivity is
finite and the thermal capacity increases by a considerable degree from 4.2 K to 15 K.
As a result, the effect of heater activation is reflected on the temperature sensors after a
substantial period of time - thermal lag. In addition to the unavoidable real physical
properties of the system, the location of sensors with respect to the heater and the

thermal resistances at the sensors contribute to the thermal lag.
The thermal lag may be reduced by the proper use of an integral control law in the

temperature controller. As is well known, the integral control law reduces a steady state

error through a control action which is commanded by integrating the error signal. This
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error integration is executed with time interval related to the reset time constant of
integral law, which can be assigned any arbitrary value by the user. If this reset time is
set approximately equal to the time constant of the thermal system, temperature
fluctuation caused by thermal lag can be minimized. In other words, the controller will
issue another command on the heater after previous activation of heater is fully reflected
on the temperature sensor. In a real case, the time constant of a thermal system could be

roughly predicted by manual operation of the heater before the operation of a controller.

It is obvious that control at 6K was more demanding than that at higher temperatures
(8K,10K,12K). During the measurement, the temperature gradient and fluctuation were
not significant at 8,10 and 12K. A typical temperature difference between the sensors
was 100~300 mK in at 8 ~ 12 K. However, a discrepancy of ~1 K was sometimes
observed at 6K. A trial and error method, especially with an integral law as mentioned
above, yielded a much smaller temperature fluctuation and thus made it possible to
obtain a reliable set of data at 6K. In order to insure accuracy of the data presented in
this thesis, every current-voltage trace was repeated at least twice. In addition, each run
was executed in a random sequence to block any possible external effects which can

enter into the interpretation of data.

3.2.3 Miscellaneous Issues

As discussed in section 3.1, one of the serious problems in critical current measurement
is joule heating generated at each end of sample wire. The test rig used for this
measurement has an additional copper/copper joint next to the superconductor/copper

joint, generating a substantial amount of joule heating at transport currents above ~90A.
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Only after the copper/copper joint had been soldered with indium, the resistive heating
became negligible enough for transport currents up to 200A.
Another problem that deterred the measurement process was inductive noise. Every

sample holder of kind for I, measurement , regardless of temperature, has voltage taps.

Since this measurement was conducted in the presence of an applied magnetic field,
voltage signals contained inductive noise. In addition to that, the on/off action of the
heater, manipulated by the temperature controller, contributed to the noise problem to
some extent. It turned out that the attachment of extra voltage taps outside the center

tube of the cryostat helped reduce the noise problem.

3.3 Critical Current Data of Nb3Al

3.3.1 Sample Preparation

Parameters of the test Nb3Al superconducting wire in this study is shown in Table 3.1.
A length of the test NbzAl wire was wound on the grooved surface of a heat resistant
barrel. It should be kept in mind that the reaction temperature of 800 °C may cause the
diffusion of copper, resulting in degradation of the sample wire. Therefore, stainless
steel parts were used to anchor the current lead of the sample to be replaced by copper
after heat treatment. Besides, the furnace chamber for the sample was evacuated during
the whole reaction period to avoid oxidation of the wire.

After reaction at a temperature of 800 °C for 15 hours, the sample was tightened on
the barrel to prevent possible movement. Since performance of the reacted sample was
sensitive to strain, additional attention had to be paid in securing the sample. Following
this, the two ends of the sample and current lead ends were soldered completely with
indium. Indium has a melting temperature much lower than common Pb-Sn solder.

Two sets of voltage taps were attached on the sample to monitor voltage signals as well
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as to detect a premature quench during the charge-up stage. If the two sets do not
detect voltage rise simultaneously, a quench is triggered most likely by abnormal thermal
runaway such as joule heating or wire movement induced by Lorentz force. A critical
electric field of 0.1 pV/cm corresponded to a total resistive voltage of 5.8 LV in this

work.

3.3.2 Measurement Procedure

The instrumentation employed for the measurement is shown in Fig. 3.4. An x-y plotter
with a passive filter was used to obtain the current-voltage trace for each run. The
measurement was carried out for combinations of external field and temperature. Higher
field measurements were carried out prior to lower field measurements to preclude
potential burn-out of the sample. After one set of data was acquired, every data point

was checked again by an additional verifying run in a random order.

Table 3.1 : Parameters of Nb3Al Supercondcucting Wire

Parameter Nominal Value
Bare wire diameter [mm)] 0.824

# of filaments 121

Filament diameter [um] 48

Filament pitch length [mm] 20
Copper/non-copper ratio 1.486

Heat Treatment 800 °C X 15 hours
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3.3.3 Critical Current Data of Nb3Al as a Function of Temperature and

Field

The critical current data of Nb3Al as a function of applied field and temperature are

summarized in Fig 3.5. The range of transport current is up to 290 A and the applied
field range is 2 to 15 T. Data at 4.2 K were taken with a different sample holder in
which the test wire was immersed in a bath of liquid helium. The solid straight line
indicates the load line of a superconducting coil, described in detail in chapters 4 and 5.
One of the expected operating point, for example, is to produce 4.5 T with a transport

current of 155 A at 10 K.
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Chapter 4

Coil Fabrication

This chapter describes the construction procedure of a small test coil wound with the

Nb3Al superconducting wire, the critical current data of which are presented in the

previous chapter. A successful replacement by high temperature superconducting tape

in damaged spots of the test coil is also briefly mentioned in this chapter.

4.1 Coil Specifications and Winding Process

Table 4.1 summarizes dimensions and specifications of the test coil.

Table 4.1 Magnet Dimension and performance

Parameter Value
I R—

Winding i. d. [mm] 50.8

Winding o. d. [mm)] 107.4

Winding Length [mm] 72.6

# of turns 2272

Total # of layers 32

Total wire length [m] 564

Field constant at the center [T/A] 0.028
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The magnet is comprised of 32 layers and each layer has 71 turns. Before the
winding process, the wire was glass-insulated; organic insulation materials could not be
used due to a high reaction temperature.

The coil was prepared by a “wind-and-react” method developed at MIT Magnet

Lab. The method was developed for coils wound with Nb3Sn which also must be

reacted at a high temperature. As the name implies, the coil is first wound with a
unreacted wire on a coil assembly which is made of heat-resistant material, followed by
heat treatment of the entire assembly. Usually this method is more elaborate compared
with a“react-and-wind” technique since the high reaction temperature imposes serious

restrictions on materials used for the coil assembly.

4.2 Heat Treatment of the Coil

The coil fabricated in this study was wound on a stainless steel coil form. A mica-based
sheet, another heat resistant material, was placed between the stainless steel block and
inlet part of the current lead which formed a loop on surface of the stainless block. A

superconducting coil wound with a strain-sensitive superconducting wire such as Nb3Al

requires this free loop at the current lead part of the coil to release strain energy that
might develop inside the coil body during the cooling process.

The current lead portion of the coil is carefully wrapped with a thin aluminum foil to
prevent oxidation during the heat treatment. Before the execution of full heat treatment,
a procedure to remove the adhesive agent in the glass insulation should be carried out.
The basic idea of this removal process, or baking, is to keep the coil at the vicinity of
300 °C for 12 hours or so to burn away the glue in the glass insulation. As mentioned
previously, impurities during heat treatment of the coil may result in degradation of the

coil. Therefore, the bonding agent in the insulation should be removed
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prior to heat treatment of the entire coil. Instead of using the original schedule(800 °C X
15 H) for the conductor, a different plan of 750 °C X 60 H, provided by the wire
manufacturer, was exercised for heat treatment. According to the wire manufacturer,
critical current characteristics are nearly identical for the two heat treatment schedules.
A schematic of the heat treatment setup can be seen in Fig.4.3. The unreacted coil
assembly was placed inside a leak-free canister made of a heat resistant material. The
canister was then placed inside an oven which could accommodate a maximum
temperature of 760 °C. Thereafter, the canister was kept at just above atmospheric
pressure with a constant flow of preheated argon gas(99.998 % purity) throughout the
treatment to prevent oxidation. A type E thermocouple was placed at the center of the
coil assembly to monitor the oven temperature. Another noteworthy point during this
procedure was the actual heat treatment time schedule prepared to minimize
temperature gradients inside the winding so as to reduce the effects of differential

thermal expansions. The time table is as follows:

Stage 1: From room temperature to 700 °C , with a temperature rise rate of 60 °C/h.
Stage 2 : Raise temperature from 700 °C to 750 °C in 2.5 hours (20 °C/h).

Stage 3 : Stay at the target temperature of 750 °C for 60 hours for full reaction.

Stage 4 : Decrease the temperature from 750 °C to 500 °C at a rate of -50 °C/h.

Stage 5 : Shut off the oven heater at 500 °C.
The oven was programmed to proceed the above five stages sequentially. After heat

treatment, the materials used for the heat treatment such as mica, stainless steel wire,

were carefully removed before impregnation of the winding with an epoxy resin.
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4.3 Epoxy Impregnation

The final step for the preparation of the coil was impregnation of the winding with an
epoxy resin. For most adiabatic superconducting coils, the void space unoccupied by
the conductor should be filled with epoxy resin. The purpose of this procedure is : (1) to
protect the coil mechanically by making its winding a monolithic structure and (2) to
minimize the incidents of conductor motion responsible for a premature quench. The
most crucial point in this process is to ensure the full penetration of the epoxy resin to
the innermost layer of the coil. Since the innermost layer experiences a peak Lorentz
force when the coil is energized, this section has the highest possibility of wire motion
during charging process. A schematic of the vacuum impregnation setup is shown in Fig.
4.4. The chamber in which the coil assembly was housed had to be pumped during the

impregnation process.

4.3.1 Pretreatment of the Coil

Before epoxy impregnation of the coil, the current lead and loop of the coil discussed in
section 4.2 must be secured to avoid any mechanical damage during the preparation of
the coil for epoxy impregnation. The current leads were soldered on a copper sheet
which, in turn, was attached with Stycast to the post on the stainless steel block. Since a
section of the “release loop” was found to have insulation removed after heat treatment,
the section was insulated with a thin glass tube. After that, each current lead near the

post was secured to the stainless block with epoxy to prevent movement.

4.3.2 Vacuum Vessel Preparation

After the coil was carefully cleaned with acetone, it was placed inside a vacuum

chamber. A vacuum environment is required during the impregnation, because of the
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existence of air particles inside the winding that may deter the full penetration of epoxy
resin. A typical vacuum level inside the vessel is 20~30 millitorr. Before the
depressurization of the chamber, a copper tube was inserted inside the vessel as a
transfer line for the epoxy resin. The other end of the copper tube was tightly connected
to a transparent plastic tube. This transparency was needed to monitor and control the
flow rate of epoxy during the transfer. The other end of plastic tube was temporarily

clamped for pumping down of the vacuum vessel.

4.3.3 Epoxy Resin Preparation

Epoxy formulation developed by the Lawrence Berkeley Laboratory in the late 1970s

was applied in this work. The formulation is :

® 50 parts by weight of unmodified low-viscosity resin ( EPON 826, Shell Chemical
company) ;

® 50 parts by weight of polyglycol diepoxide resin ( DER 736, Dow Chemical
Company) ;

@® Silicon Antiform fluid, 100cps or 200cps viscosity — about 1 drop per kilogram of the
whole mixture ( DC-200, Dow corning Corporation) ;

® 28 parts by weight of aromatic, amine hardener ( TONOX, Naugatuck Chemical

Division of Uniroyal) .

First, the two resins(EPON 826 and DER 736) and the antiform fluid are mixed
together. The mixture is then deaerated. After being strained through a fine mesh
strainer, melted TONOX is carefully poured into the deaerated resin with careful

stirring. The final mixture should be very clear and contain no impurities.
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4.3.4 Epoxy Transfer Process

The end of the transparent plastic tube, clamped temporarily, was connected to another
copper tube, one end of which was placed inside of a can containing the epoxy mixture.
Figure 4.4 shows a schematic of the impregnation setup. The can was then placed inside
another vacuum jar, which was pumped down to deaerate the epoxy resin to some
extent. When the boiling of the epoxy resin inside the vacuum jar became inactive, the
suction end of the copper tube was slid into the mixture. The subsequent introduction of
air into the vacuum jar initiated the flow of epoxy resin through the transfer line into the
vacuum chamber which contained the coil. The pressure inside the vacuum chamber
should remain at vicinity of 100 millitor throughout the transfer process with adjustment
of the flow rate. After the coil was totally submerged in the epoxy bath for more than
20 ~30 minutes, air was admitted inside the vacuum vessel to pressurize the epoxy resin
into the coil layers. Nitrogen gas was used to pressurize the vessel interior further. This,

also, was intended to accomplish the full penetration of epoxy.

4.3.5 Magnet Curing

A silicon rubber was used to wrap the surface of the coil to prevent the flow of epoxy
after it was taken out of the vacuum vessel. After extra epoxy was removed from the
coil carefully, the coil was placed on the mandrel of the winding machine. A heating
lamp was installed near the surface of the coil to accelerate the curing process. As the
mandrel of the winding machine slowly rotated, the whole coil could be evenly cured. It

took overnight at a temperature regime of 60°C to cure the epoxy completely.
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4.4 Preliminary Test and Current Lead Repair

The curing process described in the preceding subsection was followed by a preliminary
test of the coil at 4.2K. Before the 4.2K test, it was tested at room temperature in two
ways to check for any serious electrical shorts inside the winding. If a serious short
exists inside the winding, it may fail to generate a projected field.

First, the inductance of the magnet was measured and compared with a computed
one. The measured inductance was 0.15~0.17H, which was nearly in agreement with the
computed value of 0.2 H. Another test was to measure the field generation with a
operating current of 0.5A at room temperature. The coil generated 13 mT which was,

again, in accord with a computed value.

It was, however, found during the preliminary 4.2K test that a spot in the current lead in
the loop section was damaged and led the coil to a premature quench at a current level
much lower than the projected one. The damaged section of the current lead was
replaced with a high temperature superconducting tape(silver sheathed BSCCO-2223)
which was rated to carry 35A at 77 K in zero magnetic field. A high temperature
superconducting tape was selected since it was thermally more stable than other low-T,
tapes such as Nb3Sn. The scheme is depicted in Fig.4.5. After the damaged section was
removed, copper blocks were directly soldered to the current lead just next to the coil
body. The copper blocks were used not only to allow enough space for soldering the
high-T. tape but also to add an extra cooling surface against the ohmic heating at the
joint. The last step was to connect each set of the two copper blocks with a short length
of the high-T. tape with indium solder. Additional attention had to be paid when
treating the high-T. tape, since its performance is known to be very sensitive to strain

and heating.
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After the repair, additional test runs were executed at 42K as well as at high
temperatures in gaseous helium environment. The result turned out to be very successful
with the coil carrying a current of 150 A at 8 K; at 10 K, the coil carried up to 135 A.
The coil temperature was observed to rise when the coil was operated in the gaseous
helium environment, due mainly to heating conducted from the current leads and
dissipative joints. However, as will be discussed in the next chapter, the temperature

rise was insignificant in most cases.
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Chapter 5

Propagation Velocity Measurement

Results of the principal objective of this thesis — measurement of the transverse quench
propagation velocities at different temperatures and currents — are presented in this
chapter. Transverse quench velocity, the velocity with which a normal zone propagates
from one layer(turn) to the next, is a critical parameter in an adiabatic magnet since it

controls the rate at which the generated heat is spread over the winding volume.

The measurement technique is shown in Fig. 5.1. Voltage taps attached at each layer are
used to determine the transverse velocity. The distance between the two adjacent layers,

divided by time interval, 7, is equivalent to the velocity.

5.1 Temperature Control Above 4.2K

The experiments were conducted at temperatures of 4.2K, 6K, 8K, 10K and 12K in zero
external field. Copper cans were prepared to enclose the test coil in a gaseous helium at
a selected operating temperature. Since a helium boil-off disturbs a uniform temperature
distribution on the test coil, two concentric copper cans enclose the coil, minimizing
temperature fluctuation.

Since the copper cans were providing a uniform temperature boundary to the test
coil, the coil should remain at the same temperature as the can’s. It can be modelled as

a three dimensional heat conduction equation if the heat convection inside the can is
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neglected; it is a Laplace equation with constant boundary conditions, whose solution

gives rise to the coil temperature distribution all over the domain.

Two gallium-aluminum-arsenide diode temperature sensors, manufactured by Lake

Shore Cryotronics,Inc., were placed on top and bottom of the coil to monitor the coil

temperature and an extent of temperature nonuniformity.

The first scheme employed to maintain a uniform temperature environment above 4.2

K was to warm the coil up naturally from liquid helium temperature to a destined one.

However, a significant difference of more than 1.5 K between the top and bottom

sensors was noticed in the low temperature range of 6K and 8K, while in the 10K and
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12K, the difference was less than ~0.5 K.

Instead of using the natural warming-up process, cool-down of the coil to a lower
temperature was found to be more acceptable, since differences of less than 0.5 K were
observed in the temperature range of interest. A typical procedure for this cool-down

method is as follows :

@ After each quench event, the coil is allowed to warm up to 20 to 30 K.

® Liquid helium is introduced around the coil, just enough to lower the temperature to ~
4.2 K, but not to be accumulated at the bottom of the coil.

® The coil is energized and, at the same time, is permitted to warm up to a desired
operating temperature.

® The quench heater is triggered and data are collected.

The main difference between the warm-up and the cool-down processes is the presence
or absence of liquid helium. Although both cases utilized the natural warm-up, the
presence of liquid helium in the first method was responsible for creating an

unacceptable level of temperature difference.

5.2 Transverse Velocity Measurement and Discussion

With the temperature control scheme described above, the transverse quench
propagation velocity measurements at currents of 30, 60, 90 and 120 A were conducted.
All of the measurements were performed in zero background field. The quench was
triggered by a heater which was places at the outer surface of the test coil. The heater
was controlled by a pulse generator, yielding enough power to initiate a quench.

Some of the transverse velocity raw data, given in the form of voltage traces, are
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shown in Fig. 5.5 and 5.6. As can be clearly seen from the figures, the transverse velocity
increases not only with transport current but also with operating temperature. The
results are shown from Fig. 5.5 to Fig. 5.9. Equation (2.8), a theoretical prediction of the

longitudinal velocity for an unclad superconductor, can be used to appraise the

2
pj kn X (Tl Teﬂ)
U= T /

| C.dTx
Tm

T

0 (2.8)
C,(T)+= ] C,dT
T,;

behavior of transverse velocities at different conditions. Figure 5.3 shows the numerical
simulation of Equation (2.8). Temperature-dependent properties of copper are used for
the conductor in this simulation. As the operating temperature increases, the enthalpy
term in the denominator decreases, resulting in a large quantity in the equation. Although
the heat conduction coefficient in the numerator increases with rising temperature, its
effect is dominated by that of decreasing enthalpy.

However, it should be noticed that one identical transition temperature(T;) is used to
simulate velocities at every current level for the simplicity of the simulation. This, to
some extent, may underestimate the real velocity. As can be seen in Fig. 5.4, a higher
transport current lowers a transition temperature, which, in turn, diminishes the

enthalpy term even more, resulting in a faster velocity than is predicted in Fig. 5.3.

The data on transverse velocity, given in Fig. 5.5 to Fig. 5.9, clearly indicate an apparent
trend expected from the theoretical expression of longitudinal propagation velocity.
Since the transverse-to-longitudinal velocity ratio is almost constant, the conclusions
made in the preceding paragraph can be extended to the transverse velocity analysis: (1)

a higher operating temperature results in a larger transverse velocity because of the
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[b] Top=12 K, I,,=30 A, t; = 0.156 s.

Fig. 5.5: Voltage traces with I, =30 A at : [a] T, = 4.2K ; and [b] T, = 12 K.
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Fig. 5.6: Voltage traces with I, = 120 A at : [a] T,,=4.2 K ; and [b] T, = 12K
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Fig 5.12: Simulated curve and experimental data for normalized velocity. The data are
normalized to a 90 -A, 8-K data point. Although Eq.(2.8) is used for the

simulation, its trend is very similar to that of experimental one.
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decrease in enthalpy term, and (2) the turn-to-turn velocity increases linearly with

transport current.

Although a direct linear relationship between transverse velocity and transport current
is, to a certain extent, established, velocities at 120A seem to deviate the linear
relationship for the temperature range of measurements. The decreasing transition
temperature with transport current is one reason for the nonlinear behavior at higher
currents. Another plausible explanation is the effect of magnetoresistivity. The coil is
projected to generate a central field of 3.2 T at a transport current of 120 A. A higher
resistivity of copper matrix due to the self field results in more joule heating in the
matrix and this can, in part, be attributable to the nonlinear behavior at higher currents.
Another prediction of transverse velocity is shown in Fig. 5.10. The experimental data,
normalized to a 90-A, 8-K data point, are presented with a computed curve for
comparison. Although the plot agrees quite well with measured points, it again falls
uniformly below the data points. Keeping in mind that the computed curve is essentially
identical to the simulated longitudinal curve except a multiplication factor( a transverse
to longitudinal velocity ratio) , this underestimation can be attributed to the same

reasons addressed in the previous paragraph.

5.3 Application of Measured Velocity
Since a complete set of transverse quench propagation velocity is obtained for the test
Nb3Al superconducting coil, it is possible to predict the test coil’s quenching behavior -

its current and terminal voltage traces. The coil system analyzed in this work is

comprised of one section. Therefore, it can be modelled as an L-R circuit, described by

the equation of
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di(t
L —E(t_)_ + 1(e) R(¢) = V(1) (5.1)
where L and R(t) are inductance and time-dependent resistance of the coil, respectively.
I(t) and V(%) are current and voltage of the coil. The acceptable solution of above
equation requires a reasonable prediction of the increasing resistance in the coil under a

quench. The most important term of Equation (5.1), R(t), can be estimated through

evaluating the following integration of

1 I(#)
R(1) =— g p(T)dT (5.2)

where [(t) is the length of the normal region inside the coil and A, cross section of the
wire. p(T) represents the temperature-dependent resistivity of the wound wire. Since it is
apparent that there exists a nonuniform temperature inside the winding, the evaluation
of p(T) as well as the whole integration is required. However, application of average
winding temperature, which can be obtained by simple heat balance equation, for the
estimation of resistivity seems to be quite effective in numerical simulation[2].
Transverse quench propagation velocity is used to evaluate I(t), or the quenched length

of the coil, in the above integration.

Since the operating current decreases due to the voltage limit of the power supply, a
current-dependent transverse velocity is used in the simulation: a linear function of 0
mm/sec at 0 A to 16 mm/sec at 60 A is implemented.

Figures 5.13 shows the terminal voltage and decaying current traces of the test coil

at 4.2 K with an initial transport current of 60 A; Fig. 5.14 shows similar traces for the
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test coil at 12 K with an initial transport current of 40 A. Copper resistivity of RRR=200
is used in this simulation. It is clear that the simulation predicts the terminal voltage
and current traces quite well in both cases. The simulation is performed with a simple
algorithm in MATLAB, the program of which is presented in Appendix A. More

accurate simulation would be possible if :

® Nonuniform temperature distribution inside the winding - thus temperature-
dependent resistivity — during the quench is fully accounted;

® Cooling effects at the test coil surface are included;

@® Magnetoresistivity effect of matrix metal is considered;

® Power supply characteristics are more accurately modelled.
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Chapter 6

Conclusion

The major results of this thesis projects are : (1) critical current data of a NbsAl

superconducting wire in the temperature range of 4.2~12 K and field range of 2~15T;
(2) fabrication and testing of a small coil wound with the Nb3Al wire; (3) measurement
of transverse( turn to turn ) normal zone propagation velocities in the temperature range
4.2 to 12 K in zero magnetic field; and (4) simulation study of the test coil undergoing' a
quench. Simulation results( current and voltage traces at the test coil terminals ),
incorporating the measured transverse velocities, agree quite well with experimental

results.

The quench behavior of a superconducting coil is also governed critically by magnetic
field. Since all the quench propagation velocities in this study are measured in zero
background field, comparison of simulation results with experimental results in the

presence of an external magnetic field is recommended as a topic for future study.
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Appendix A

Simulation Code for the Quench Propagation

A program on the quench behavior of the test coil- terminal voltage and current decay- is
presented in this appendix. The program comprises of one main body and five
subroutines which are providing the material properties as well as the quenched volume

of the magnet.
% Main Program

% This program simulates an adiabatic quench of a superconducting coil

% operating with a transport current of 60 A at 4.2 K.

% This code is valid only for the test coil dimension prescibed in table 4.1 and should be
% modified for longer-time period application.

%

% A Matlab program by Jun B. Kim

%

% UNIT: mm

Y%

% (c) All rights reserved

%

% Acd : Conductor cross sectional area
% Acu : Copper cross sectional area

% Vcu_r : Volumetric ratio of copper

% Vep_r : Volumetric ratio of epoxy

% Vcu_total : Total volume of copper
% Resistance of coil at room temp. : 29 Ohm
% L : Inductance

% Vcu_r : Copper volume ratio

% Vep_r : Epoxy volume ratio
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% Vcu_total : Copper volume
% Vcu_q : Copper volume in quenched portion of the coil
% Vep_q : Epoxy volume in quenched portion of the coil

Acd= (( 0.824 +0.01%25.4*2) /2)A2*pi;
Acu= (0.824/2)"2*pi;

Vecu_r= 0.3534;
Vep_r= 1-Vcu_r;
Vcu_total = 1.5/2.5*Acu*564000;

ri = 1.0*25.4;

ro = 2.114*25.4;

h = 2.86*25.4/2.0;
d =ro-ri;

L=0.13 ;

V_limit= 0.3;

cos = sqrt(3)/2.0;

sin = 0.5;

u=16.5;

I=60;

dt = 0.01;

% The quench is modelled to propagate inside the winding with 60 ° with respect to the

% midplane.

rl = 0.0;
z1 = 0.0;
z2 = 0.0;

% Initial temperature setting
temp = 20;

for j=1:1:180;
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£(j,1)=j*0.01;

% Decide the location of normal zone inside the winding

if (rl <d) & (z2 < h) rl= rl+u*cos*dt; z2= z2+u*dt; z1=z1+u*sin*dt;
elseif (r1 >= d) & (22 <= h) r1= d; z1=z1+u*dt; z2= z2+u*dt;

end;

% Determine the total normal volume

if (rl < d) & (z2 < h) volume= v1(z2);

elseif (r1 >= d) & (22 < h) volume= v2(z1,z2)*1.3;
end;

% The average overall temperature of the winding
Vcu_g=volume*Vcu_r;

Vep_g=volume*Vep_r;

Cp_av= (epoxy(temp)*Vep_r+cp(temp)*Vcu_r);
resist(j,1)=rho(temp)*(Vcu_q/Vcu_total);

v(j,1) = resist(j,1)*];

if v(j,1) > V_limit, I = T+ (V_limit - resist(j,1)*I)/L*dt;
end;

diss_heat = I"2*resist(j,1)*dt;

temp = temp + diss_heat / ( volume * Cp_av);
end;

% Subroutine v1

% Subroutine for calculating the first quench volume.
function volumel= v1(z2)

ro= 2.114*25.4;

volumel = pi*(3*sqrt(3)/2*ro-z2)*z2/2;

% Subroutine v2

% Subroutine for calculating the 2nd quench volume
function volume2= v2(z1,z2)
d=(2.1-1)*25.4;
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k=(z2-z1)/d;

ri=1*25.4;

ro=2.114*25.4;

volq= pi*(z2-z1)"3/(3*k"2)+ri*pi*(z2-z1)"2 /k+ri”3*pi*(z2-z1) /k;
volume2= 2*(pi*ro/2*z2-ri’2*pi*z1-volq);

% Subroutine cp

% This subroutine is providing specific heat of copper in the temperature
% range of 4 K to 100 K.

% unit : J/gK

function sh = cp(t)

shl = -0.0026688+0.0010943*t-0.00014281*t"2+8.3849e-6*t"3-1.6417e-7*t"\4;
sh2 = 1.54e-9*t"5-6.9871e-12*t"6+1.1945e-14*t"7;

% Change the unit into J/(mmA3 K)

% density of copper : 8.9g/cm”3

sh = (sh1+sh2)*8.9/1e3;

% Subroutine rho

% This function provides resistivity of copper from 4.2K to 100 K
% Unit : 10A-11 ohm m

% At room temp. 17.03 nano ohm .m =1703 10A-11 ohm .m
function res = rho(t)

% RRR = 200

rhol= 6.8556+0.46224*t-0.06692*t"2+0.0029763*t"3;

rho2= -4.6897e-5*t"4+3.7172e-7*t"5;

res =(rhol+rho2)/1703*29;

%Subroutine epoxy

% Specific heat spline of epoxy :J/m”3K

function epoxy = sh(t)
sh1=1.15e5-23092*t+1755.4*t"2-40.083*t"3+0.34583*t"4;
% change of unit

epoxy = shl*le-9;
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Appendix B

Critical Current Data of Nb;Al Superconducting Wire

1] 42K
B[T] || 9 10 11 12 13 14 15
L[A] || 285 215 165 125 90 65 45
2] 6K
B[T] || 8 9 10 12
L[A] || 190 150 120 48
[3] 8K
B[T] || 6 7 8 8.5 9 10 12
L[A] " 195 155 119 85 72 46 13
M4 10K
B[T] || 4 5 6 7 8 10
L[A] || 185 132 9% 57 34 4
[5] 12K
B[T] || 2 3 3.5 4 5 6 7
L[A] || 190 127 85 66 35 16 6
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Appendix C

Transverse Velocity Data

A table of turn-to-turn velocity data as a function of operating temperature and
transport current is presented in this section. As mentioned in chapter 5, two
temperature sensors were used to monitor the temperature difference on top and bottom

of the coil. The turn-to-turn velocity in the last column of the following table was

calculated by

where ! is the distance between voltage taps( 2.664 mm ) and At is the time interval.

[1] 42K
IoplA] | Thottom [K] | Teop [K] | TaveragelK] | At[sec] | Ufmm/sec]
1 30 4.2 4.2 4.2 0.456 5.84
2 30 42 4.2 4.2 0.440 6.05
3 30 4.2 4.2 4.2 0.520 5.12
4 60 42 42 4.2 0.260 10.25
5 60 4.2 4.2 4.2 0.178 14.97
6 60 4.2 4.2 4.2 0.175 15.22
7 90 4.2 42 4.2 0.130 20.49
8 90 42 4.2 4.2 0.093 28.65
9 90 4.2 4.2 4.2 0.097 27.46
10 90 42 4.2 4.2 0.113 23.58
11 | 120 4.2 42 4.2 0.059 45.15
12 | 120 4.2 42 4.2 0.062 4297
13 | 120 42 42 4.2 0.066 40.36
14 | 150 4.2 4.2 4.2 0.038 70.11
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[

3]

6 K

LoplA] | Tootiom [K] | Tiop [K] | TaveragelK] | Atfsec] | Ufmm/sec]
1 | 30 56 | 59 5.75 0.378 7.05
2 30 6.7 7.1 6.9 0.205 13.00
3 30 6.2 6.2 6.2 0.238 11.19
4 30 6.2 6.3 6.25 0.300 8.88
5 60 6.9 7.4 7.15 0.190 14.02
6 60 6.3 6.2 6.25 0.124 21.48
7 60 6.4 6.5 6.45 0.121 22.02
8 90 5.9 6.8 6.35 0.146 18.25
9 90 6.1 6.4 6.25 0.076 35.05
10 90 6.3 6.2 6.25 0.066 40.36
11 90 6.2 6.5 6.35 0.077 34.60
12 120 6.1 6.1 6.1 0.055 48.44
13 120 6.5 6.6 6.55 0.058 45.93
8K
LoplA] | Toottom [K] 1 Tiop [KI | TaveragelK] | At[sec] | Udmm/sec]
1 30 5.6 j 8.0 6.8 0.312 8.54
2 30 6.5 7.8 7.15 0.231 11.53
3 60 71 8.4 7.75 0.118 22.58
4 60 7.5 8.1 7.8 0.107 24.90
5 60 6.6 7.8 7.45 0.132 20.18
6 90 8.0 8.5 8.25 0.071 37.52
7 90 8.1 8.1 8.1 0.082 32.49
8 120 7.8 7.1 7.45 0.055 48.44
9 120 8.0 8.4 8.2 0.054 49.33
10 120 7.0 8.7 7.85 0.052 51.23
11 120 7.5 8.2 7.85 0.053 50.26
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(5]

10K

LoplA] | Toottom [K] | Trop [K] | TaveragelK] | Atlsec] | Ufdmm/sec]
1 30 9.6 10.0 9.8 0.199 13.39
2 60 9.6 10.0 9.8 0.105 25.37
3 60 9.7 10.5 10.1 0.106 25.13
4 90 9.7 10.1 9.9 0.068 39.18
5 90 9.5 10.3 9.9 0.070 38.06
6 90 10.0 10.2 10.1 0.070 38.06
7 90 9.8 10.2 10.0 0.075 35.52
8 120 9.7 10.2 9.95 0.047 56.68
9 120 10.0 10.2 101 0.048 55.50
12K
Lop[Al | Thottom [K] | Tiop (K] | TaveragelK] | Atlsec] | Uylmm/sec]

1 30 11.4 11.8 11.6 0.155 17.19
2 60 11.8 12.0 11.9 0.092 28.96
3 60 11.5 12.2 11.85 0.103 25.86
4 90 12.0 12.3 12.15 0.063 42.29
5 90 11.8 12.4 12.1 0.066 40.36
6 90 11.4 12.4 11.9 0.070 38.06
7 120 11.8 12.4 12.1 0.044 60.55
8 120 11.5 12.4 11.95 0.043 61.95
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