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ABSTRACT

A practfcal and theoretical study of direct current heteropolar
~machines with superconducting field windings was conducted with thé aim

of proviﬁg their technical feasibility and to indicate their advantages

énd disadvantages over machines of more conventional design. These studies
were conducted in conjunction with extensive tests on small supérconduét-

ing D.C. machines of various formats.

Three stages of machine development occurred. In the first stage
machine the superconducting field winding was shielded from armature

~reaction fluxes with‘the aid of iron and compensating windings.

In the second stage machine the superconducting field winding was

.subjected to the full effects of the armature reaétion fluxes .

Tests conducted with these machines indicated that the operation of
the sdperconducting field winding was not inf]uenced by the flow of armature
currents. A third, four pole superconducting D.C. machine which exhibits |
~all the advantages gained by using supercohductorsAin.the field windihgs
has been constructed. This machine has most of the}COnstruction features
of a full size prototybe machine for futuke industrial applications. As
a result of diffiCu]fies encountered in inducing the superconducting state
into the fie]d windings operational tests on this machine could not be
conducted. Possible reasons for the difficulties are discussed with the
result that some of the reasons are rejected and measures that could

-overcome the difficulties are forwarded.

The project began with no experience in cryogenics, cryostat design
and construction nor superconductivity. Conseqdently details of practical

techniques utilised during the project are included.



ii.

Continued development of superconducting heteropolar D.C. machines

' shou]d prove that the design and operation of a pkototype machine with

| a rating in excess of 10 MW is possible. This is essential if this type
:bf machine is to make any impact in thé future. Prbviding the expeétation
that voltage per commutator bar Timits can be substantially increased |
is reaiised; machine ratings that are limited only By_armature cooling

should be possible.
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CHAPTER 1 e 1-1

INTRODUCTION

1-1 A Brief Histqry of Superconductivity

Onnes' discovery in'1911 of the disappear&nce ofAthe electrical
resistancé in mercury at liquid helium températures (i-1) stimulated man's
imagination in the use of this property in the field qflelectrica1
engineeriné. Soon éfter this discovery the basic characteristics of the
phenomenon were determined: resistance vanished rapidly (apparently
discontinuously for many pure metals) be]bw a criticél temperature;
superconductors acted virtually as diamagnetics (Meissner effect); and the
superconducting state could be destroyed in the presence of weak magnetic
fields. The magnetic fields could arise from an external source or és a
" result of transport currents within the superconductor, Silsbee's rule

(1-20).

However, progress in the field of superconduhtivity was very limited
because few laboratories knew of the phenomenon, and it was not well under-
stood within them. This position was partially reversed during the 1950's
when the Bardeen, Cooper, and Schriefer theory was published (1-2) and new
superconducting materials were being developed. The critical parameters of
superconductors, namely temperature and magnetic field strength, were still

very low and large scale applications were not feasible.

During the 1950's space technology developed to the stage where craft
were being launched into orbit. From the space program further cryogenic
technd]ogy evolved and improvements in heat insulation:(1-53 to 1-56), and
Tiquefaction techniques gave further impetus to research at cryogenic

temperatures.



._],2
In 1961 Kunzler (1-3) published work which showed the existence of
superconducting’materials which could support large supercurrents in the
presence of intense static magnetic fields. In the nexf'five years many
magnets were wound from single cored conductors of these materials, but
'difficuity Qas experienced in their operation. The coils would lose fheir
supérconductivity (quench) and often burh out at curréﬁts well below their

design values.

In early 1964 the prospect of the application of sﬁpérconductoré in
machines was considered to be very bleak (1-4). -However, the application
of superconductors was being pursued in the hope that the quenching problems
would be overcome (1-5 to 1-8). The possibility of Qpérating, at cryogenic
témpekatures; machines which retained conventional conductors and designs

wés also being studied (1-9).

The'premature quenching problem was overcome with the advent of fully
stabilised conductors (i-]O), and the use of improved coil winding techniques.
Also, during this time large helium liquefiers were further developed fo a
stage where they were becoming reliable. The next stage in the progress of‘l
superconductivity was the introduction of twisted, multifilament conductors

which became available commercially in 1967.

In the succeeding years many texts on superconductivity and cryogenic
engineering have been published'(]-]] to 1-28), and the actual design and
construction of many electrical devices have been accomplished (1-29 to 1-52).
This upsurge ih crydgenic investigation among other things was a direct
result of man's ever increasing demand for energy which, in turn, demands
the increase in the rating of system components. It was envisaged that
superconductivity would provide the necessary technology to meet this

increased rating demand more economically.
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Further developments -in the Inng term reliability of helium refrigerators,
the production of conductors with higher critical temperatures and maénetic
fields, and the improvement of cryogenic insulation (1-53 to 1-56), will
ensure the future commercial applications of electrical equipment which

employ superconductors. :-

1-2 Decision to do Research on Applied Superconductivity at the

University of Tasmania

Because of the growing importance of the use of superconductors in the
field of electrical engineering, a decision was made towards the end of 1972
to undertake cryogenic research within the Department of Electrical Engin-
eering at the University of Tasmania, and that it should be done by a

post-graduate student.

The inifia] task a]]otfed to the author was therefore:-

(a) to investigate whether or not it would be feasible to carry
out research in the Departmenf on’the application of
superconductors in the electrical engineering field;

(b) to decide on the type of research to be undertaken; and

(¢c) to undertake such research.

The constraints placed on the selection of the project were:
(a) it should be capable of being carried out with a small budget;
(b) it should be in an area which would lead to practical
usefulness;

(c) it should be in a more or less new area.

In addition, there was a complete lack of expertise in the Department
and the University on low temperature work; and there were no existing

facilities whatever for research into €ryogenic engineering within the
Department..
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The initial investigation, whicii-was conducted during the final year of
the aufhor's B;E. course, was a survey of the equipment needed to conduct
' worthwhf]e work on superconductivity, the pbssibi]ity of consfructing .
ébeéial.equipment within the workshop of the Electrical Engineering
Department, the availabiiity of liquid nitrogen and helium and suitable

superconducting wire and the order of the costs involved.

The resu]fs of this investigation (Appendix A) indicated that an initial
equipment outlay of under $3,800 would be adequate and that an average
funning cost of $1,750 per annum would be sufficient for the purchase of
tﬁe superconducting wire and helium required during the first three years of
the research work into a number of possible fields. .As these figures were
acceptable and the workshop facilities were adequate, a decision was made

to proceed with some research in the field of cryogenic engineering.

“1-3 Field of Research

Apart from cost considerations the constraints upon the field of research
Tisted in section 1-2 did not 1imit the chofce of‘topics, However, it -was
considered that, to contain the costs, the-cryostats should not be large.
This eliminated the possibility of investigating cables and levitation
systems. The consumption of helium had to be minimal because the supply was
limited to thirty litres per experiment, for economic reasons, as it had to
be air-freighted from mainland Australia-Sydney. Hence, the study of super-
conductors subject to continuously alternating currents and a]ternating
magnetic fields, for example a trahsformer, could not be considered. A
remaining field which could be investigated wés the use of superconductors
in the field windings of machines. This was ‘considered to be a_fie]d which
would have important fﬁture applications in the utilisation and production

of electrical energy at higher efficiencys and lower costs. The topic also
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offered interesting challenges, ccnsequently it was decided that research

in this area would be pursded.

From the considerations set out below a decision was made to investigate

the application of superccnductors in D.C. heteropolar machines.

1-3-1 Synchronous Machine

To make_a useful contribution in the design of synchronous machines with
superconducting field windings there were problems, additional to those in
D.C. machines, to be overcome in the areas of winding‘and supporting the
fie1d-system and, if a rotating field was,adopted, in the successfﬁ] design
and construction of rotating vacuum and liquid helium seals. As there was
| cohsiderab]e research aTready in progress elsewhere in this area it was
considered that a worthwhile new contribution in addition to that resuTting

from other okganisations could not be made.

1-3-2 Homopolar Machine

Because of its apparent simple structure and international interest in
this type of machine, it was decided to undertake seme initial experiments '
on a homopolar machine with an improved and unconventional type of armature
current collection. A system was devised to introduce an all-negative brush
current collection sysfemvby using one set of rotatihg brushes and one.set
of stationary brushes and thus gain the advantage of the lower contact
voltage drop under negative brushes -_figure 1-1. Experiments were conducted
with copper filament brushes which showed promise of satisfactory operation
at high curreht_densities, and high surface speeds, gfving Tow values of

friction and long wearing Tife.
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- FIG 1-1 '
LAYOUT FOR AN ALL
NEGATIVE BRUSH MACHINE

I |
o i Inner current collector | ;

single sided rotor
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The need td gain firsi-hand knowledge on cryostét'design, cryogenic |
insulation, and the necessity to determine possible pfoblems associated with
the vacuum sealing of joints subjected to cryogenic temperatures required a
low cost introductory cryostat for initial experiments. Such a cryostat was

constructed from galvanised jron - figure 1-2.

: VA solid c6i1 of copper wire was housed within the cryostat so that
possible advantages of operating conventional conductors at Cryogenici
temperatures and the effectiveness of the coil potting technique could be
determined. Liquid nitrogen was used for all of the preliminary tests as it
was in p]entifuT supply from within the University of Tasmania and it was
considered that the experience gained could be related to liquid helium

~ temperatures. .-

After this work was completed and the effects of low temperatures upon
possible sealing materials were determined (Appendix C), a test homopolar
machine with a segmented rotor was constructed. Liquid nitrogeh cooled,
copper pancake coils were used in the field so that the cryostat could be
perfected and the armature tested before resorting to a superconducting
field coil. The cryostat was partially insulated with polyurethane foam and
very basic experiments on the current carrying capacity of the field coil

were conducted.

The rating of the experihenta] machine with the superconducting field
coil was to have been 1 kW at 2000 r.p.m; and 50 volts. The rotor disc
diameter was 210 mm and to set up the magnetic field would have required
over 1 km of'superconducting wire. At this stage it occurred to the author
that for practical applications it might be possible to produce a heteropolar
machine, with a superconducting field winding, which could have advantages

over the homopolar machine.
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Beéause only one researcher would be working onvthe project it would
not bé possible to keep up with the rate of development on homopolar
machines being:conducted elsewhere in large laboratories (1-32), and there-
fore it would not have been'prudent or relatively productive to continue
~into the investigations aﬁ.homopq]ar machines. For these reasons a decision
was made to discontinue further work on the homopolar machine. However, a
great deal of experience had been gained from the 1nifia1 work on the homo-

polar machine.

_ 1-3-3_'Heter0p01ar D.C. Machine
. Researchers inferred (1-32, 1-44, 1-47) that it would not be practicable
to build large heteropolar machines with superconducting field windings;
the reasonszgiven being |
| (a) the unknown effect of armature reactionAfluxes on the
superconducting properties of the field windings;
(b) the limits imposed upon the machine ratings because of
inherent commutation problems;
(c) the problems of supporting the field windings against

the full load torque of the machine.

These three apparent disadvantages of the hetefopolar machine and an

| awareness:of other problems, such as the limits on the volts per commutator
| bar and the armature surface specific electric ]oadings, which ]imjt the
ratings of conventional heteropolar machines appeared to have combined to
colour investigators' thinking. Hence the superconducting homopolar machine
has been extensively studied by others and. the heteropolar machine ignored

until recently (1-46, 1-50 to 1-52).

Before the advent of superconductors, homopolar machines were not used

extensively because of their excessive weight and the current collection
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problems. However, when (t became apparent that the field flux required
could be obtained with the use of superconductors and without the large
weight penalty of the iron in the magnetic circuit, the machine became a
worthwhile propo§ition. The stability of superconductors in large windings
was still questionabiéy'aﬂd it was correcfly thOught:that possible disturb-
"ances to the conductor should be minimal and hence the armature reaction-
»'free, and torque reaction-free homopolar machine fie]d winding was
considered to be ideal for the first power engineering appiication of
superconductors. In the view of the author it was these last few consider-
ations alone which prompted some previous workers thdecide that the homopolar

machine should be investigated and that the heteropolar machine should not.

However, it was felt by the author that insufficient investigation had
been conducted to overcome these problems. This was in direct contrast to
the amount of work conduéted on similar prob]ems assbciated with the homo-
polar and synchronoué machines. It was therefore cohsidered to be a very

worthwhile area in which to work.

In the opinion of the author the following points should be carefully
considered together with the three previously mentioned arguments against
the heteropolar machine when comparing the two forms of machine.

(a) The torque reaction disc (compensating winding) in a
homopolar machine must be present to provide the return
paths for the armature currents. Hence, as it is
fundamental to the operation of the homopolar machine,
it 15 not generally indicated that it is detrimental to
machine efficiency. On the other hand the inclusion of
a compensating winding (torque reaction winding) in a
heteropolar machine is not fundamental, but may be

necessary to the operation of the machine;i hence it is
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generally tooned upon 35 being detrimental to efficiency
but in effect is no more so than the torque reaction
disc of a homopolar machine.

(b) The commutation and current collection problems in large
heteropolar machines were thought by othér'wbrkers to be
insurmountable, but the current collection and commutation'
(drum type machine exc]yded) of much 1arger3currents in
the hpmopoiér machine were not_thought to be so.

(c) The stfay flux outside a heteropolar machine is considerably
Tess than that of a homopolar machine of comparable rating
- figure 1-3. To obtain the same external flux densities
with a homopolar machine a second “cancellation" winding
woﬁ]d be required. V

(d) The field system of a homopolar machine is not subjected
to forces except for those caused by iron structures in

" the near vicinity. These forces can however be large
= 1-40. |

(e) The ferminél voltage of the heteropolar machine, even with
the use of a conventional type of commutatof, can be many
times that of ihe homopolar machine. The added expense
and space requirements of the larger supply bus bars to a
homopolar motor and the associated rectifying equipment,

“where .required, could have disadvantageé especially in
situations where space is at a premium.

(f) A series of small field coils for a heteropolar machine
would be easier to wind and pot than a single coil which
surrounds the entire armature of a disc type homopolar
machine. The jointing of the smaller coils could be a
prb]em, but jbints would also be required in the fiéidf

“coil of a homopolar machine. The use of brittle high
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field Superconductors winich haveﬁhigh critical parameters
would be more attractive when small coi]é are required
because of the special curing techniques used during coil

construction.

Further preliminary studies indicated that useful results could be
obtained with small cryostats and coils which only required 100 metres

of superconducting wire.

In terms 6f_a small laboratory the heteropo]ar-maéﬁine also has cost
 saving_advantag¢s over an equivalent homopolar machinéﬁrequired to obtain
similar experimental resuTts. For example, a hetefopo]ar'machine has:
(a) considerably less superconducting wire than a comparable
small homopolar machine;
(b) a‘smaller cryostat which does not have the helium

consumption of a cryostat for a similar homopolar machine.

From the foregoing considerations it was apparent that the hetekopo]ar
D.C. machine was an ideal project on which to conduct research in a

department of a small university.

1-4 The Advantages and Disadvantages of the use of Superconductors
in Heteropolar Machines

There are fundamental reasons for investigating the use of super-
conductors in electrical machines: to determine whether higher rated
machines than those available using conventional construction techniques
can be economically constructed and whether more economic machines of the

same rating are possible.
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" The basic limitations uf conventional design techniques on machine

’ratings were studied to determine how the application of superconductors

could possibly increase machine ratings. Areas in which improvements and

potentia] difficulties could occur with the use of cryogenic technology are

discussed in the followiiig paragraphs.

(a)

The fundamental reason for considering the use of superconductors
in the field windings of D.C. heteropolar machines was to reduce
or eliminate the quantity of iron required in their construction.
This possibility arises as a result of the 1§rge magneto motive ’
forces possible with superconddctbrs with nég]igib]e power 1055.
If the iron was eliminated the 1imiting saturation flux density
of iron could be exceeded at the armature provided that the
critical flux density of the superconductor is not exceeded.

The higher field flux density would resdlt fn smaller machines
thanAconventional machines of the same rating provided that other
desfgn limitations, especially the vo]tage'between commutator
segments, are not exceeded. The reduction in the iron content of
a machine could eliminate the effect of the armature reaction
saturation upon the voltage fegu]ation. This would haye
advantages in the control of the machine.

Thé‘use of high field supercOnductors carrying large transport
currents in intense magnetic fields is at present limited to |
applications where the currents are essentially D.C. with Tittle
or no ripple. This constitutes the major reason why the use bf
superconductors in the armature windings, which are subject to
both rapidly changing currents and magnetic fields, has not been
considered. Therefore it does not appear at this stage that
superconductors will be used in the armature windings of large

machines. However; it would be possible to éoo] cryogenically,
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conventional armature windings, tﬁus increasing their éurrent
carrying capacity. This could produce a higher rated machine
proyided that successful commutation was possible.

(c) The major problem associated with increasing D.C. heteropolar
machine ratinéé above their present limit %s the commutation
of the armature coil currents and the transfer of large

_ quanfitieé of electrical energy to and from rotating surfaces.
, It was in the improvement of commutation and transfer cbﬁditions
'vthat superconductors showed the pbssibi]ity of increasing
machine ratings. The reason for this is that, with the high
field m.m.f.'s available with superconductors, the quantity of
iron required to support the necessary field flux was reduced
and large air gaps could be tolerated. This meant that the
armature windings need not be embedded in armature :slots;
thus the armature coil reactance voltages would be reduced
, Whiéh Wou]d improve the commutation.

(d) The elimination of armature teeth provides more of the armature
surface for armature conductors; hence increased armature
SpeCific electric loadings could be achieved which wou]d reéUTt
in increased machine ratings. With thevconductors forming the
armature §urface, access for cooling media would be enhanced
which, in turn, would reduce problems associated with the thermal
performances of the higher specific electric loaded armature
surfaces.

(e) In conventiona] machines the forces due to the load torques are
largely carried by the iron armature teeth and 1ittle load
torque is carried by the armature conductors. The armature
teeth also act as supports for the armature conductors |
against forces such as a small percentage of the'load torque

and the centripetal forces; If full use is to be made of
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the previously amentioned advantage, then adequate alternative
means of support for the armature 6onductors, which now take
the full load torque as well as the centripetai forces, have
to be devised. The problem of conductor support could be
partially overcome by producing machines with interlocking
and suitably insulated copper bars as the armature conductors.

(f) The e]iminétion of armature iron would lead to reductions
in the inertia of the rotor of large machines and hence
Aféster control of speed changes wbu]d be possible. This
has advantages in marine, espécia]ly nava}; and industrial
(for-examp]é'rolling mi1l) applications. The reduction in
weight would also ease transport problems frdm machine

manufacturing workshops to installation sites.

The drawbacks of a superconducting heteropolar méchine are mainly
aSsdciated with the production of a suitable environment so that the super-
conducting state is maintained even under adverse conditions. The basic: |
eqdipment,to maintain the environment (for example helium recovery and
1iq0efactibn,units, vacuum pumps and necessary protection and monitoring
equiphent) reduires special attention by properly trained and exberienced
personnel to maintain reliable performance at optimum level. The iﬁsta]]at-‘
ion of a cryogenic facility is expensive, hence introduéing economic
disadVantagés as well as the previously mentioned operational difficulties.
However, the advantages gained in other previously mentioned areas could

outweigh these disadvantages.

Shunt or series operation of the field system of a superconducting
machine is undesirable because of possible fluctuations in field currents
(especially in the series connection) which could destroy the superconducting

state; hence the separately excited mode of operation is required. This
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necessitatéS'a stabi]jzeo hjgh current, low voltage subp]y for the field
system.' In the event of a field quench the field supply would require a
facility for reducing the field excitatibﬁ-current rapidly to prevent
destruction of the field coil and sudden evaporation of liquid helium whi;h
could cause explosions within the cryogenic system.‘.Thése difficulties are

not insurmodnfab]e and proven techniques have been developed.

The above discussion indicates that the cost of a full scale, super-
conducting D.C. heteropolar machine with a rating Tess than that which can.
be aéhieved’with‘conventiona] machines could be in excess of the cost of a
' conventionaf]y designed machine. Howevef, as»the machine ratings increase,
the relative cost of refrigeration wou]d}deCrease and the relative cost of
the machine itself would decrease. Thus, above a certain rating the

superconducting machine could show economic advantages.

1-5 Final Research Aims

Based on all the above considerations, the final aims set for the
research.project were: |
(a) to develop and construct an economically and technically
suitabTe heteropolar machine with superconducting field
windings on which worthwhile research could be conducted.
This included the design and development of the field
winding cryostats and other componénts.
(b) to use this machine for research purposes and in particular to:
| (i)_ determine the practicability or otherwise of the
heteropolar machine with superconducting field
~ windings;
(i1) determine the factors which limit the upper rating

of heteropolar superconducting machines;
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(i1i) make a ‘comparison between conventional heteropolar,
o 'superconducting homopolar and heteropo]gr machines
with a rating of near 10 MW; R
(iv)" determine the type of construction which could be
adopted for large scale heteropo]ér machines;

(v) suggest lines of future research.

1-6 Procedure Adopted to Meet the Research Aims

The procedure adopted to meet the research aims progressed in the ‘

"logical steps listed below.

(a)

(b)

(c)

(d)

The cryogenic laboratory was established and.introductory
experiments at cryogenic temperatures were conducted

- Chapter 2.

Axdebision on the Qenera] format of an initial experimental
machine was made based on flux density distributions
obtained from models of many of the possible machine layouts
- Chapters 3 and 4. The inclusion of some iron was
cdnsidered td be necessary initially to ensure the least
onerous operating conditions for the superconducting fié]d
winding and consequently we could be confideht in the
successful operation of the initial machine.

An initial machine design was arrived at (Chapter 5) so

thaf different quantities of included iron and the necessity
or otherwise of a compensating winding could be systematically
investigated. These investigations were designed so that a
final format of a model of an actual protofype machine with
a high MW rating could be determined.

A design for field winding cryostats was arrived at after
investigation work into insulation and construction

techniques - Chapter 5.
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(e) A design method was determined for the optimum leads which
supply the field current to the field coils - Chapter 6.

(f) A theoretical study resulted in an insight into the
brdcesses involved in the cooling of cryostats from room
temperature to liquid nitrogen temperaturéA and then to
liquid helium temperature - Chapter 7.

(g) A1l cryogenic components were tested with liquid nitrogen
prior to the experimental work which required liquid helium
) that the superconducting state cou]d:be achieved
- Chapters 8 to 12 inclusive.

(h) A comparison between the designs of superconducting
homopolar and heteropolar machines and a machine of
conventional design each with'a rating of 10 MW was made
- Chapter.13. |

(i) vA_mode] of the prototype machine with the format arrived
at as a result of the earlier tests was designed, constructed
and tested to confirm the viability of the superconducting

D.C. heteropolar machine - Chapter 14.
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CHAPTER 2

ESTABLISHING THE CRYOGENIC LABORATORY

2-1 Introduction

The basic requirements of the cryogenics laboratory entail creating an
ehvifpnment in which superconductivity can occur. This required a suitable
container (cryostat) in which temperatures near absolute zero could be
haintéined. It was envisaged that these conditipné would be_required for
periods of not less than four hours so that there was sufficient fime for
new experimental work to be conducted. The only practica]'way of doing

this was to use liquid helium as the cooling medium.

To attain this objective a few basic items were required:

(a) é source of 1iquid helium and a suitable storage vessel;

(b) a source of Tiquid nitrogen and a suitable storage vessel;

(c) a cryostat des1gned to accommodate the superconduct1ng co11
and in which the required environment could be produced;

(d) a vacuum pump capable of producing a pressure of 107° torr
or less; o

(e) adequate safety equipment to protect personnel;

(f) low temperature measuring equipment; and

(g) a source of high direct current at Tow voltage.

- 2-2 Supply of Liquid Helium

Liquid helium could have been obtained by two methods:
(a) to purchase a liquefication unit and prodUcé liquid
helium from a reservoir of gaseous he]iuﬁ whén required;
(b) to purchase the Tiquid hé]ium.when required and vent

boil-off gases to the atmosphere.
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The first alternative would have been ideal because delays in transport
and possible loss of helium during transport would have been avoided. The
helium would be available almost as easily as "turning on a tap", but the
major drawback of this alternative was the considerable;capital outlay
. féquired for the.1iquefiér and the helium recovery units; hence the second
alternative had to be adopted. Even with the second a]ternatfve some
capital outlay was required, mainly the purchase price of a suitable
container for transportatfon of the helium; but this was only a small
percentage of that required for the first a1tefnati§e; Other costs with
this a1terna£ive_were the purchase price of the helium and the cost of air
freighting the container to and from the supplier. Major disadvantages of
this technique were: helium could be supplied only once a month by air
freighter from Sydney; it was not economical to recover the helium gas and
return it to the supplier and so it was 1Qst to the atmosphere. To
trahsport the Tiquid helium a thirty litre helium storage vessel was

purchased.

2-3 Transfer of Helium

Two methods were available for transfer of the 1iquid helium from the
dewar via a special transfer tube td the cryostat.v

(a) To Tower the pressure within the cryostat by pumping
and hence the higher dewar pressure would force the
helium across. This method lowered the boiling point

~of the helium within the dewar and could cause flash

loss of helium if the preséure differential was
excessive. This method also requires a pump with a

'pumping speed greater than 75 litres/min.
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(b) To pressurize tne dewar with Soi]-off gases from within
the dewar. To augment this pressure a football bladder,
which inflated from the boil-off gas from tﬁe dewar, was
placed over one of the outlets of the dewar. Heat was
then introduced into the dewar by squeezingtﬁhe bladder,
thus increasing the internal pressure of the dewar and
hence the rate of liquid transfer._ With this process fhe
boiling point df the 1iquid helium withih the dewar was
réised and, on return to atmospheric preésure within the
cfyostat, flash boil-off was possible if the dewar pressure
was excessive. This method was adopted and proved to give
-satisfactory rates and contro] over the transfer of helium

with a dewar pressure of up to 100 mm gauge of mercury.

2-4 Sugply and Usage of Liquid Nitrogen

A twenty litre dewar and a four Titre stainless steel thermos flask
were purchased for holding and transporting 1iquid nitrogen. These proved
to be indispensable for initial work into the properties of materials at
cryogenic temperatures and for the testing of equipment. Liquid nitkogen
was readily available and could be obtained within an hour free of charge;
hence it was’possib]e to use liquid nitrogen virtually without restrictions
during the project. The liquid nitrogen was also used as the coolant for

the radiation shields in the cryostats.

2-5 Cryostats

Because of the specialized nature of the cryostats required, off-the-
shelf cryostats could not be purchased and hence a decision had to be made

on how the cryostats could best be manufactured. The alternatives were:
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(a) to design them iyself anu get them custom bdi1t;

(b) to design them and manufacture them in our own workshops.

The latter was the obvious choice because it wasAcheaper and it had the
adVantage that design changes could be made as and when found necessary |
without incurring the high cost of external manufacture. In addition, if
vacuum leaks formed within the custom made cryostats, it would have been
necessary to return them to the manufacturer for repafr - a time consuming
and costiy process. Alternatively, if we did the manufacturing any necessary
-changes could be made within the Department's workéhops_quick]y and with

1ittle or no cost.

This decision necessitated the purchase of an argon arc we]der.fok the
‘workshop, as this was required for the special work involved in cryostat
manufacture. A slow speed turntable, 2-10 r.p.m., was built to semi-
automate the welding operation. For more detailed information regarding-

the construction and development of the cryostatsﬁsee'Chapteh 4.

2-6 Vacuum Pump

The main form of insulation was vacuum ihsu]ation which required
pressures of less than 5 x 107° torr to be effective. The lower the
pressure the better the insulation, but other forms of heat inleak would

tend to swamp that due to gaseous conduction at much Tower pressures.

To obtain the required degree of vacuum it was essential to use some
form of pumping other than just an oil sealed rotary pump. The two forms
considered are listed below.

(a) To evacuate the cryostat initially to a pressure of near

0.001 torr with an o0il sealed rotaryvpump and then completely
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séa] the cryostat and ieiy upon getters and ;ryopumping
only to maintain the required vacuum. This method would
have required extremely effective sealing of the cryostats
and, unless there was special provision élTowed to do so,
there would be no easy way of monitoring pressures within
‘the containefs to be sure that tﬁe vacuum was maintained.

~ (b) To use a rotary backing pump, a.diffusion pUmb, and a
vapour trap which would stop pump vapoufs diffusing back
into the cryostats. Cryopumping within the containers
would also improve the final vacuum. With this method
cryostats were continually pumped and withva gauge on the
pump the pressure could be continuously mdnitored. This
sysfem had the advanfage that it could tolerate very small
-lTeaks and still maintain the vacuum required. This

technique was adopted.

The initial vacuum pump consisted of a very old rotary pump and a glass,
mercury diffusion pump which was manufactured in the Chemistry Department.
The system also had a liquid nitrogen vapour trap for cryopumping and to
prevent the diffusion of mercury into the cryostats. This pump proved to
be very useful in obtaining expertise and knowledge in the establishment of
the vacuum; but the big drawback of the pump was its very low pumping speed.
In fact it took nearly five hours just to pump'itself down to a pressure of
5 x 10'5 torr. The use of glass proved to be a drawback as it was broken
several times because of inexperienced handling. The glass however was
easily repaired and components such as glass va1ves were quite chéap and

~ easily replaced.

This pump was replaced with a commercially available system, which is
shown diagramatically in figure 2-1, which had an ultimate vacuum of better

than 10'7 torr and a pumping speed of 150 £/min. The valving used enabled



FIG 2-1
VACUUM PUMP

Vacuum guuge

Flexible head
coupling
System to be vy .
evacuated bt
Baffle valve
( } —]
Spﬁcer _r

Water cooled

e

— Blanking plate

Roughing valve

baffle ——= | ,
Port for leak detector
X Air admittance
Qil diffusion valve
pump o )
—
Backing
valve
| ]

"Backing pump

9-2



2-7

easy pumping and isolatioa of the pump from the cryostats. This meant that
the cryostats could be left evacuated with the pump shutdown and let back-

~ to the atmosphere. A disadvantage of the system was that it required water
as a coolant. This could have been avoided at a greater cost, but the
éaving in cost was more imbortant than the inconvenience of coo]ing water.

The final system gave a vacuum of 4 x 10'7 torr.

2-7 Leak Detection

The detection of leaks which cause loss of vacuum is an exacting task
in itself. Three methods of leak detection were adopted: |

(a) If the required vacuum was not achieved then this
indicated the presence of a leak, or a Virtua] leak,
but not its poSition. It should be noted that the |
required vacuum can be achieved even with leaks in the
system, provided these are extremely smeii and therefore
difficult to detect even with the most sensitive leak

- detecting apparatus.

(b) To pressurize the cans and then to spray-a Tow viscosity |
and.low surface tension liquid over the suspected Teak |
area. The position of leaks was indicated by the
formation of a foam. Such 1iquids were evai]able
commercially and detected surprisingly small leaks. This
method was very fast because elaborate equipment was. not
required.

(c) A sensitive leak detector which operated by detecting the
presence of halogens. This required the evacuation of the
cryostat sections and spraying suspected ieaks with
ha]dgen-bearing compounds such as freon or trichlorethylene.

Aidetector,.at the cryostat evacuation port, indicated that
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the halogens had entered the containers. To use this

apparatus to its maximum capabilities required practice,

patience and a well ventilated area.

A11 these techniques were used in the early stagés,of the cryostat
development, but as experience was gained, leak-tight cryostats could be
produced by exercising care during their manufacture. No significant leaks

occurred in the later cryostats built within the Department.

2-8 Safety Precautions

An 1mportant part of the 1aboratory was the safety equipment, which
included:
(a) face shields which completely covered the face and
prevented anything getting into the operator's eyes;
(b) adequate gloves which covered the hands -and forearms.
A dangerous possibility within any cryogenic 1aborétony is an explosion
which could be qaused by the build-up of pressure within dewars and cryostats
or by the separation from the air of 1iquid oxygen which can spontaneously

ignite some organic compounds.

Pressure build-up can result from either the failure of 1nsu1ation,.thu$
giving flash boiling of the 1iquid helium, or blockage in the boil-off
outlets. Blockages can arise from the freezing of condensation or from

atmospheric gases such as nitrogen or oxygen.

To prevent pressure explosions, gas release valves were incorporated

in the cryostats.
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As 1iqﬁid nitrogen and liquid helium will condense oxygen from the
atmosphere, care was taken to ensure that any undesirable orgdnic materials
were excluded from any sections of equipment which could be exposed to Tow

temperatures.

The research area was adequately ventilated to avoid any problems with

asphyxiation.

2-9 Temperature Measurement

A; it was not necessary to monitor the cryostat temperature preciseiy
and only a reliable indication was required as to the conditions within the
cryostat, carbon resistance thermometers were used. These thermometers
required minimal cryostat space as well as providing a wide range of

temperature measurement with more than adequate accuracy.

Auxi]iary’thermocoup]e thermometers made from copper-constantan junctions
were used where the carbon resistors proved to be too bulky and td have too
large thermal inertias. Thermocouple 1liquid nitrogen-]eve1 detectors for
the radiation shield coolant proved to be accurate within 2 mm and thermo-
couples were also used to measure coil temperatures during coil cooldown

tests.

2-10 Current Supply

The supply and control of ripple-free direct currents of the order of
~ 300 amperes was limited to three alternatives:
(a). a rectified and filtered twelve pulse suppfy, using
a variable A.C. source for control purposes;
(b) the output of a D.C. generator using field currenf

~ control;



(c) paka]]e]ing banks of batteries and using a variable

water resistor as the means of control.

The last alternative was used initially as it did not require fi]tering

and suitable batteries were available.

The resistor was made by dissolving potassium hydroXide in water in a
200 litre iron drum. Currents of up to 300 amperes were available from this

systém.

Control of the current was achieved.by varying the immersed surface
areas of a system of intermeshing iron plates. During current flow electro-
lysis of water took place; hence adequate ventilation for the'résu]ting
hydrogen and oxygen was necessary and the level of the water required

topping up with hot water after every few hours of operation.

For later experiments a rectifier system was used.

2-11 Layodt‘of the Laboratory

Figure 2-2 indicates the position of the cryogenic facility within a

méchines laboratory which is used for undergraduate experiments.

A photograph (figure 2-3) shows the layout of equipment in the laboratory.
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FIGURE 2-3

GENERAL VIEW OF THE CRYOGENICS LABORATORY
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CHAPTER 3

INITIAL MACHINE FORMAT DEVELOPMENT

3-1 Introduction

The design for the initial machine wés to ensure, in the first instance,
"~ the least onerous operating conditions for the superconducting field winding
so that there was a high probability of successful operation. The format
of the machine had to be such as to allow for the systematic study of the

operation of the superconductor under progressively more onerous conditions. '

To arrivé at an appropriate format for the initial machine preliminary
investigatioﬁs into the flux distributions within mddels of the possible
- forms of the machine and basic fheoretical studies were required. These
investigations included the effects of the inc]usioh of ifon and a compen-

sating winding upon the flux distributions.

3-2 Necessity for Studies of Magnetic Flux Distribution

If a superconducting coil is subjected to a changing magnetic field
abbve a certain, somewhat difficult to determine, magnitude, the super-
conducting properties can be lost due to heat géﬁeration within the winding.
For this reason it was decided to reduce the armature reaction fluxes
linking the superconducting field coil to a minimum possible in the initial

machine.

It was considered necessary to adopt a design which reduced the force
on the field windings(caused by the load torques)to a minimum. These forces

are normally taken by the iron cores of the field poles in conventional
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machines. The reason for tiis was that the support of the field winding
against forces may have been difficult whilst maintaining suitable
insulation of the helium chamber as they had to be supported through the

vacuum chamber.

In order to determine the format of the machine which gave the minimum
_fie]d coil flux linkage from the armatuke reaction fluxes, studies of
magnetic flux distributions had to be made on the various possible forms of
the machine. Later experimental work has indicated that a number of the

above requirements were not as stringent as at first thought.

3-3 | Compensatfng Winding

To reduce the effects of armature reaction on the.superconductor an
auxiliary winding which produced magneto-motive forces in opposition to
those of the armature was utilised. The form of winding adopted was a
stationary winding similar to fhe armature winding. This winding carried
the load current 6r a percentage of the load current in the opposite sense

to the current in the armature winding.

If the compensating and armature windings had the same number of coils
and coil turns and they could be superimposed, the current carried by the
compensating winding conductors required to give perfect flux cancellation
would be 1/c of the load current, where c equals the number of parallel

paths in the armature winding.

For a reé]istic compensating winding to cancel the armature reaction
f]uxes in the region of the superconductor, the ampere turns per pole
required would be less than that of the armature because the compensating
winding wou]dlhave a larger diameter and hence be closer to the field

windings.
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A winding-of this form would &i1sv reduce the armature reaction saturation .
effects on the back e.m.f. of the machine if iron waé'fetained. However,
if all of the iron was eliminated from the machine, the effects of the
armature reaction upon the generated e.m.f. would be eliminated. -

Another advantage of the,compensating»winding woqu_be that it would
counteract the force on the field windings prpddced by the armature winding
and hence the forces due to load torques experienced by'the field windings

would be small.

The compensating winding could take the form of a second rotating
“armature winding. This could be achieved by winding thé two armatures on
separate and concentric shafts which would result in a machine with two
outputs. The érmatures would rotate in opposite direct%ons, but they could
be couﬁ]ed together to give a single output shaft. If the two rotors were
not coupled, thé armatures could be connected electrically in series, thus

producing a "constant" differential speed characteristic between the rotors.

This form of machine may well offer some interesting construction
problems but it has the potential of making further use of the compensating
winding by approximately doubling the output of a given size of machine.

As the coils in the two armatures.undergoing simultaneous commutations would
be carrying currents in opposite directions, the mutual effects between the
'coi1s in the two armatures could have a beneficial influence on the -
commutation. A small experimental machine with a conventional field system
_and'two concentric, contrarotating armatures was constructed and tested and
successfully demonstrated the concept of using the compensating winding as

a second armature.
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The disadvantages of a compensating winding in a large machine are that
there would be the added expense of providing the winding and that the
extra copper losses generated in the winding would produce a drop in
efficiency and hence an increase in running costs. The double armature
suggestion would overcome these disadvantages. The concept was not inves-
tigated further as the potential benefit to the project was outweighed by

the added construction complexity.
To investigate the effectiveness of the proposed fixed compensating

winding an iron-free model consisting of an armature winding and compensating

- winding was constructed - see section 3-4 and figure 3-1.

3-4 Inclusion of Iron

The effect of any armature reaction flux cutting the superconducting
field winding was not readily predicted with certainty since it depends
heavily on the characteristics of the superconducting winding; for example,
the ability of the winding to dissipate indﬁced heat to the coolant. For
this reason it was desirable to provide initially the best shielding possible

by the most convenient method.

The results obtained from tests on the iron-free model of the armature
reaction flux distributions, which are discussed in Chapter 4, revealed that
perfect flux cancellation, using the discrete compensating winding, was not
possible. This was particularly apparent in the region of the compensating
winding where its discrete coil format produced ripples in the flux pattern.
Further model tests finally led to the inclusion of iron pole faces in the
initial machine to shunt armature reaction fluxes past the superconducting

field coils.
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FIG 3-1
"IKCN FREE MODEL
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fron was.also retained in the ycke of the machine:for the following
reasons: | |

(a) To protect the immediate environment around the initial
machine from high flux densities. This may not be
necessary in the proposed experimental machine but may
be desirable in an industrial situation, such as the
engine room of a ship, for health and safety reasons
and possible effects on nearby equipment..’

-(b) To reduce the quantity of superconductor needed to
prdduce the required field ffux and thus reduce the cost
of the initial machine. '

(c) To provide a Tow reluctance path, for armature reaction
fluxes, which bypasses the supercohductor. |

(d) A suitéb]e machine stator structure from a conventional
machine was available which permitted a Cdnvenient
machine size and the shortest construction time so that
initial experience could be obtained quickly and at low

cost.

The inc]usjon'of iron did not vitiate the use of superconductors in the
field windings because the machine had very 1arge air gaps which are
inherent in the envisaged design andsotoprovide the necessary field magneto-
motive force using conventional conductors would have beeh out of the

question.

3-5 Models for Magnetic¢ Flux Distribution

The use of models in preference to complex calculations was coﬁsidered
to be the most appropriate method to obtain reliable flux density distri-

bution information for the initial machine format envisaged. This approach
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is desirable in.the case u7 hybrid c¢ircuits which involve iron and air as
the magnetic media and where the iron-air boundaries are difficult to
describe mathematicé]ly. This was the case in this investigation and hence

the use of models.

To maintain the quantity of superconductor and cryostat construction
time to a minimum, the number of field windings was set at two; hence' the
armature and compensating windings of the initial machine and of the models

were all two pole windings.

The first modé1 (figure 3-1) consisted of a two pole armature and
'compensating windings with sixteen coils of two turns each and wound on a'
~ wooden former, using 18 SWG gauge copper wire. This model was used to
detérmine armature reaction fluxes for an iron-free system and it was from
reéu]ts obtained with this model that the decision was made to investigate

the effect of the inclusion of iron pole faces in the machine.

- The final model (figure 3-2) was such that each section could be removed |
and hence different configurations were easily investigated. A six-inch
diameter iron pipe fitted with an aluminium end bell and facilities for
fixing pole pieces, field windings, armature and compensating windings into
position was used. The armature and compensating windings were wound on the
~ same wooden former. The armature wooden former was hollow so that the
effects of inner cores of magnetic or non-magnetic materials could be
inVestigated.,'The armature and compensating windings were not movable with
respect to each other as this was not necessary because it was envisaged
that the armature brushes on the actual machines would be fixed on the

geometric neutral axis.
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The model.had three sets of windings: the armature, the compensating
and the fie]d'Windings. The armature and compensatinQ'Windings were 16
coils of 5 turns each wound with 18 SWG gauge wire. The mean diameter of
each winding was 76 mm and the length 64 mm. The field windings dimensions
were 40 mm ID, 50 mm OD and 15 mm long with 6 1ayersiof 19 turns per layer
of 22 SWG wire. The dimensions of the model were éhqsen so that it would

model the envisaged initial superconducting machine.

A Hai] effect probe was used to measure the flux densities. Point by
point hand measurement and b]otting of the field patterns proved to be
tedious and in fact missed some of the fine detail of the flux distributions

and hence a continuous plot using an X-Y plotter was adopted.

The positionfng of the probe was achieved with a sfmp]e holder which
gave vertical and radial adjustment. The model assembly was free to rotate
as a whole and the probe was fixed in place by the holder and hence flux

density as a function of position was obtained.

~ A potentiometer gave a voltage proportional to the angular position.

This activated the horizontal movement of the X-Y plotter.

The flux density was measured in two components: the radial and the
circumferential components, from which both magnitude and direction of the

flux density were obtained.

3-6 Format of the Initial Machine
From the preceding discussions and the tests on the models (which are
discussed in chapter 4) the decision on the format of the initial machine

was made.
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The hain aspects of the machine decided upon weré that it should:

(a) . have an iron yoke which, to saVe cost and time, was
a yéke from a scrap D.C. machine;

(b) have iron pole faces;

(c) be a two pole machine;

(d) have a compensating winding wound in a similar fashion
to the armature winding;

(e) have an armature with a changeable core;

(f) have easily removable and replaceable components so that
the different possible machine configurations and amounts
of iron could be easily investigéted. See fiqure 3-3 for

a plan of the machine and figure 5-10 for a photograph.
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CHAPTER 4

RESULTS OF TESTS ON THE MODEL

4-1 Introduction

As a result of the decision to minimise initially thé possibiiity of
the superconducting coil quenching it was considered necessary to include
iron in the initial machine. In order to obtain a cleér picture regarding
the effects of the iron, both on armature reaction and field flux
distributions, tests were conducted with various quantities of_iron

included in a model of the envisaqed initial machine.

The results of the tests lead to the decision that the initial machine
would have an iron armature core and an iron yoke as they increased the
field pole flux. Iron field pole faces and a compensating winding were
selected to shield the superconducting field winding against armature

reaction fluxes.

4-2 Armature Reaction

The magnitude of armature reaction f]uxes; in the region of the field
coils, is dependent on the different quantities of iron int]uded in the
machine, Studies were therefore carried out to determine the amount and

arrangement of iron to be included in the test machine.

To ensure equal currents in all of the coils, the two halves of the
model armature were connected in series -.not in parallel as in an acutal
two pole machine. Similar connections were also used in the compensating

winding.

This form of connection meant that the currents measured in the
following sections were actual armature conductor currents, or one-half

(for a two pole machihe) of the armature currént of an actual machine,
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4-2-1 1Iron Free Model

Investigations into the armature reaction fluxes of the iron free
“armature winding, without the compensating winding energised, indicated
how.the armature flux patterns varied at different radii from the windings
as a function of angular ;osition - figures 4-1 and 4-2. Varying the
position of the probe over the length of'tﬁe armaturé, at a constant

_rédius from the windings, showed little variation in the flux distributions.
This meant that results obtained at mid-armature length would also apply

at other 1ength$;

Tests also showed that the current in the compensating winding which
gave the best overall flux cancellation was not necessarily the most
suitable current as the machine required the best flux cancellation only
in the region of the superconductor. For example, figures 4-3 and 4-4
for the ikon-free armature, show the beSf overall flux cancellation with
about 60% of the armature conductor curient in the compensating winding

and best cance]lation_in the field winding region with 70%.

Important results obtained were as follows:

(a) The radial component of the flux density passed through a
zero value near the centre of the field winding whereas the
circumferential component passed through almaXimum at this
poiht.

(b) In close proximity to the armature and compensating windings
the discrete conductor nature gave rise to ripples in the
flux distriButions - as mentioned in Chapter 3. The
compensating winding did not give complete flux cancellation
due to the ripples and hence it was thought that another
technique to he]p‘the cahée]]ation was required in the

initial machine.
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If the supefconducting field windings could have been placed at a
sufficient distance from the armature windings, then the effects of the
discrete armature windings would have been negligible and good
cancellation would have been obtained. However, this would have resulted
in field flux reductions at the armaturé, A]ternatiVely, the ripple
could have been reduced by evenly distributfng the ﬁonductors over'the

armature surface in order to give a current sheet effect.

Before invésfigating the necessity or otherwise'of'u51ng a more
evenly distributéd winding, it was decided to investigate the effects of
the inclusion of iron, in the magnetic circuit of the machine, on the

armature flux patterns.

4-2-2 Iron Yoke and Iron'Armature Core

~ The introduction of the iron armature core and the iron yoke (but
not pole faces) produced armature reaction flux distributions similar
to those obtained with the iron-free armature but with a substantial
increase in flux density magnitude - figures 4-5 to 4-8. Without the
compensating winding energised, the peak circumferential component
increased near1y ten times and the peak radial component increased
nearly forty times the values obtained in the iron-free model. The
increase obtaihed in the circumferential component was less because some

of the flux was shunted by the low re]uctanée path of the iron yoke.

The increases in the armature reaction flux densities would also
apply to the fie]d pole flux, thus reducing the amount of superconductor

required for producing the field flux.

The order of magnitude increase in the armature reaction flux was,
however, detrimental to the flux cancellation as it required cancellation
in the order of 100:1 to produce the same resultant flux densities as

achieved with the iron-free model. This degree of cancellation did not
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appear to be possible at the inner face of the field coil because of the

ripple in the flux distributions of the compensating winding.

The curves in figures 4-5 to 4-8 indicated that the introduction of
iron required a higher percentage of the armature curreﬁt, as compared
with the iron-free case, to flow in the compensating winding to give the
best armature flux cancellation. Cancellations showﬁ in figures 4-5 to 4-8
were not the best that could have been obtained becéuse the windings were

energised with the same current.

4-2-3 Iron Yoke Only

The removal of the armature iron core produced little change in the
flux patterns. However, the radial and circumferential components of
the armature reaction flux density were approximately half those obtained
in the previous case. A notable difference between the cdrves of figures
4-5 to 4-8 and 4-9 to 4-12 was that, with the compenséting winding
energised, the percentage of armature current required fof best
cancellation without a rotor core was somewhat less thén that requfred
with a rotor core. Hence, if only an iron yoke was used and the flux
cancellation was sufficient to prevent quenching of the superconductor
a more efficienf machiné would result because of the Tower loss in the

compensating winding.

4-2-4 Iron Yoke, Pole Faces and Armature Core

To meet the initial aims mentioned previously, it was desirable to
'rétain the iron in the magnetic circuit. As it was not possible to obtain
complete armature flux cancellation with the combination of the
compensating winding, the iron yoke, and the iron armature core, a furthef
method of shielding was required. Hence the inciusion~of the field pole
faces. The field polé-faces.a]so provided a means fqr positioning and

fastening the compensating winding. The idea behind the use of field pole

faces was that they would provide a-shunt for the armature reaction flux
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past the field windings. This applied particularly to the circumferential

component which, without the pole faces, is at a maximum near the field

windings.

Figures 4-13 to 4-16 indicated the dramatic change in the armature
reaction flux patterns brought about by including tHe pole faces. The
most notable change was in the circumferential componeﬁt which dropped to
a minimum in the region of the superconductor. This:indicated that the

field pole was acting as a magnetic flux shunt as planned.

The introduction of the field pole faces reduced the armature reaction
flux in the superconductor region to such an extent that it may not be
necessary to use a compensating winding. This would be verified after

the test machine was constructed and operating.

The further cancellation obtained by passing equal currents through
the armature and compensating windings was excellent. The combined use
of iron pole faces and compensating windings gave better flux cancellations
than those obtained under any other of the arrangements investigated.
The tests indicated that a slight reduction in the compensating winding

current would give almost perfect cancellation.

The good flux cancellation obtained by introducing the iron pole face
led to the decision that the initial machine would have an iron armature
core and iron pole faces which could be easily replaced by non-magnetic

materials so that their necessity or otherwise could be investigated.

This permitted investigations on the initial machine into the
operational characteristics of all possible machine configqurations. In
this way a final answer to the question: "How much iron is required to
give adequate shielding to the superconductor from -armature reaction

fluxes?" would be obtained.
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4-2-5 TIron Yoke and Pole Faces

The model armature flux distributions with this configuration were
measured to determine the effects of the removal of the iron armature
core on armature reaction cancellation. Comparing figures 4-13 to 4-16
with figures 4-17 to 4-20 indicated that the removal of the iron armature
core produced Tittle change in the shapes of the flux distributions.
The good cancellation in the field winding region as obtained in the
previous case was retained. The magnitude of the armature reaction
flux densities was reduced by a factor of approximately fwo, thus reducing
the degree of cancellation required to 6btain the same resultant flux as
'1n the previous case. The further reduction of the afmature reaction flux
~ density in the region of the field windings may obviate the necessity for
va compensating winding as mentioned in the previous section. This would
improve machiné‘é%ficiency and reduce costs and complexities in construction

of such machines.

4-3  Field Pole Flux Distributions

To predicflthe machine voltage a knowledge of the total flux available
for generation was required; hence field flux density distributions over
the armature surface were measured. The field flux density varied over
the Tength of the armature; hence plots for different axial positions of
the probe wefe made. Flux b]ots at different radii were not necessary as
only a knowledge of the flux at the armature windings was required.

The .model used in previous investigations was used for this purpose.

The magnetic flux due to the field windings can be split into three
components: the axial, circumferential and radial components. The
component of interest which gives rise to the machine voltage is the

radial component; ' thus only its investigation was necessary.
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The distributions of flux were studied for different machine
configurations-and the results obtained are discussed in. the following
sections. Table 4-1 summarizes the quantitative results obtained from
the plots so that comparisons between the different machine configurations
could be made. For explanations of the quantities tabulated, see Appendix

D on flux distributions and calculations.

4-3-1 Armature Core and Yoke Only

The flux density pattefns (figure 4-21) obtained fér‘this machine
configuration were not ideal‘distributions for a D.C. machine because
they would result in a high generated voltage in the coil under the
‘centre line of the field pole and rapid decrease in coil voltage the
further fhe céi]lwas positioned from the pole axis.A.This is undesirable
because it leads to non-uniform voltage differences between the commutator
segments. ASince the voltage rating of D.C. machines is limited by the
'a11owab]é voltage between commutator segments; the maximum voltage that
could bé obtained for a given commutator, with a uniform flux distribution, ;

would not be possible with this flux distribution.

- The peaking in the flux distributions would also lead to peakfng in
the mechanical forces experienced by the armature coﬁdﬁctors when not
located in a slotted fron armature. This would require mechanical support
considerébly greater than the support required if the flux was moré

'evenly distributed.

Another disédvantage of peaking on the flux distributions was that
the large variations in flux density magnitudé with axial and circumfer-
entia]lpositions could give partial magnetic saturation of the inner iron
rotor core. Hence the iron armature core would not have been used with
maximum effectiveness. The fact that the ratio BMAX/B’ where B is the

specific magnetic loading, equalled 4.37 for the model (Table 4-1)

indicated the ineffective usage of the armature surface with this machine
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Field pole flux ouW

Average field pole _

flux density

Maximum field pole
flux density

B gauss

BMAX gauss

BMAX/B

TABLE 4-1
'MODEL TESTS

RADIAL COMPONENTS OF FIELD POLE FLUX

Armature Core and Armatdre'Coré, Yoke ~ Yoke only
-Yoke only and Pole Faces

2 2.78 1.11
3.54 | 4.84 1.96
15 9.8 9.14
4.24 - 2.02 4.66
1.75 | 2.51 | ]

7.65 | | 4.91 : © 4.66

BraxR BMAX/E with yoke only

[we )
1

B/B with yoke only

Yoke and Pole
Faces only

1.27

2.24

4.35

1.94

62-t
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configuration. However, the flux distributions gave small flux densities -
in the vicinity of the magnetic neutral axis. This was regarded as being
desirable for good commutation because of the decrease in field induced

armature coil voltages at the completion of the commutation cycle.

4-3-2 Armature Core, Yoke and Pole Faces

The po]e.facés were introduced as flux shunts to shié]d the super-
conductor from armature reaction fluxes. Hence, un]ikelthe pole faces
of conventional two pole D.C. machines, which shadow nearly 50% of the
rotor surface, they shadowed only 30% of the rotor surface. If the pole
faces were too large, then a large percentage of the field flux would
" leak between the pole tips rather than pass thfough the rotor because of
the large airgaps between the rotor inner core and the pole faces. This

leakage would increase if an iron-free rotor was used.

The flux was more evenly distributed over the entire pole face area
(figure 4-22) and the ratio BMAX/B was 1.95. This was large when compared
with values obtained in conventional machines but was still an improvement

- on the previous case discussed.

The more evenly distributed field flux was an important improvement
obfained with the introduction of the field pole faces.because it reduced
the effects of peaks in the field flux densities. For the same field
magneto motive fbrce the iron pole faces increased the useful field flux
above the value obtained in the previous case whilst a reduction in the
peak f]uxAdensity occurred. These results indicated that the introduction
of the field pole faces was beneficial in many areas and would result in
a higher rated initial machine. In the initial machine saturation of the
pole face could occur in the immediate vicinity of the field coil.
However, the saturation would extend only a short distance into the back
surface of the field pole face; hence the field poie.faces would retain

their advantages. The introduction of the field pole faces had a dis-
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advantage in limiting the allowable peak field flux to near 1.2 tesla
which reduced the fundamental advantages of higher flux densities available
with superconductors with suitably designed field coils. However, for the
purposesvfbr which the initial machine was intended the disadvantage did
not arise because flux densfties of this magnitude wére difficult to achieve
 whilst maintaining the peak flux density at the superconductor below the
critical value. This is also true to a lesser extent in full scale
machines, in which critical flux densities can be exceeded at the fieid

winding with field flux densities at the armature of near one tesla.

4-3-3 Yoke Only
The field pole flux distribution (figure 4-23) in a machine with only

an iron yoké'was characterised by its -high peak flux density, its high
ratio of peak'f1ux density to average flux density, and the very small
radial component of flux density in the vﬁcinity of the magnetic neutral
axis. These haVe the disadvantages and the advantages as discussed in

the previous sections.

The penalty for the absence of the iron armature core and iron pole
faces would be the necessity for more ampere turns to produce the field
 flux. But an important advantage was that effecté due to magnetic
saturation in the rotor were absent. Hence the peaking in f1ux‘density
can be tolerated to a greater extent than in the case discussed in

section 4-2-1.

For a given number of ampere turns in the field winding the flux was
reduced by a factor of 2.5 of that obtained when using an iron armature
core, yoke, and pole faces. Provided adequate shie]ding of the super-
conductor cou]d be obtained using the compensating winding, the
disadvantage could be obviated by the use of a larger quantity of super-
conductor and the advantages obtained from the elimination of iron could

be retained.



—_
(o]

—
i

FIG 4-23
MODEL FIELD FLUX DENSITY DISTRIBUTION
~ YOKE ONLY

current = 2 amps

|
e
! —rotor
1 position 0 both windings ! =0
2 “position’ 0 one winding | !
3 position 1 both windings I 2
4 position 2 both windings Probe Height
4
2
= RN

(93]
1

Field Pole Radial Flux Density (gauss)

—
N
1

—
@
1

€e-v



4-34
'4-3-4 Yoke and Pole Faces Only

» The po]e‘faces distributed the pole f]uxvmore evenly over the rotor
surface (figure 4-24) and the peak flux density to average flux density
ratio was the smallest of all the cases considered -ATable 4-1. However,
the total flux was only marginally greater than the preﬁious case. Due
to the uniformity of the flux density, large vo]tage‘variations between
commutator segments would not occur, and the low flux density in the

region of the magnetic neutral axis was retained.

Because of these characteristics, this’iayout for a large machine may
be the best. The amount of iron required in the pole faces would be |
small. In addifion, the 1arqe.magneto motive forces avai]ab]e with
Superconductors could be used to the utmost and at the same time the iron
would give the required shielding of the superconductor. However, the
same limitation in field flux density as discussed in section 4-2-2

applies.

'v Without an iron armature core the possibility of induced currents in

the shaft of the machine would need to be investigated.

4-4 General Comments

The preceding investigation into field pole flux distributions in
large air gap machines revealed two characteristic properties:
(a) There was a low va]ué of the ratio of average flux density
to peak flux density. )
(b) Low flux densities were produced in the region of one field
winding by the m.m.f. of the other field winding. This was
a reSth of the many leakage paths inherent in a large air

gap machine -.figure 4-25.
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The leakage pattern shown in figure 4-25 leads to'higher field flux
densities in the region of the field coil than at the armature windihgs.
This tends to give magnetic;saturation of thevyoke near point A,

Figures 4-21 fo 4-24 show regions in whiéh the flux actually acts in
opposition to the main flux which tends to reduce the e.m.f. of the

machine.

The leakage is unavoidable in large air gap machines. Although the
leakage is undesirable it has one advantage: that is, the force of
attraction between field coils is smaller than if all the flux from one
cdfl‘was concentrated in the vicinity of the other. This requires less
structura] subpbrt for the field coils which, in turn, would give less
heétAinflux to the 1liquid helium. In a conventional machine the pole

core carries the flux; hence the forces on the field windings are small.

To mdintain the shuntfng effect of the field pole faces on the
armature reaction fluxes, it was necessary that the iron pole faces were
not saturated. The use of the field pole faces for shielding purposes
thus imposed é Tower upper limit than the saturation level of the iron

on the possible pole flux density.

4-5 Conclusions

The tests on the model have shown that the basic format as visualised
for the test‘chhine was satisfactory. It was appreciated that the design
~ may not resemble that finally selected for a model of é}prototype, but
it was suitable for conducting the necessary experiments to investigate
the problems to be considered in arriving at an optimum design of a
heteropolar machine with superconducting field windings. The aim at this
stage was to construct a satisfactory machine at minimum cost so'that
p1anned research could be conducted to gain the bésic information for the

design of a final model research machine.



5-1

CHAPTER 5

DESIGN OF THE INITIAL MACHINE

5-1 Introduction

This chapter discusses the factors which were considered in the

selection of the size and current rating of the initial machine.

The design of the cryostats and the problems enﬁountered during their
construction and testing are covered. The chrono]ogicai stages in the
development of the cryostats, the techniques attempted to obtain
successful vacuum seals (which led to the use of argon arc fusion welding
to the exclusion of other possible forms of permanent- jointing), and the
details of two developmental cryostats built, are provided as a summary
',of the path of progress towards the choice df the design of the cryostat

first adopted.

It is stressed that the objective of the initial machine was to
obtain basic data related to the influence of armature reaction on the
operation of the superconductor and to gain experience in the design,

- construction and operation of cryostats.

5-2 - Selection of the Physical Size of the Machine

The size of the initial machine was determined from the requirement
that maximum utilisation of readily available and suitable components
be made. On the basis of the results obfained from the tests on the
models, an iron'Stator was required for the test machine. An iron
stator with what were considered to be satisfactory dimensions was
obtained from an old four-pole D.C. machine and formed the basis of the

“initial machine. An available thirty-one segment commutator which was
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suitable for the test machine determined the number gf armature coils.
The major dimensions of the stator are listed be]oQ:

internal diameter 400mm

external diameter 470mm

| overall length 254mm

The components of the machine which had to be mounted within the
“iron stator were:

(a) field coil cryostats;

(b) armature;

(c) compenséting winding; -

(d) field pole faces.

The necessary space had to be provided for each of these.

.The basic form of the cryostats was determined froh the Consider-
"ationé discussed in sections 5-3-1 and 5-3-2. The availability of "off.
' thé shelf" stain]ess steel tubing in various wall thicknesses and
diameters and the envisaged size of the superconducting field coils
determined the dimensions of the cryostats. These considerations |
required that 90mm of the stator inside diameter be set aside for each
cryostat. Stahdard "off the shelf" tubing and container sizes were
selected to minimise the possibility of faulty vacuum leaks occurring
in the cryostats. Standard materials also reduced the complexity of

construction thus further reducing the possibility of faulty cryostats.

The dimensibns of the remaining components were chosen to obtain
fhe maximum armafure diameter consistent with convenience of construction
and the provision of édequate clearance between the_end:windings of the
armature coils and the compensating winding former. ~The field pole
faces acted‘as supports for the compensating winding. Hence, the outside
diameter of thé compensating winding former determined the curvature of

the field pole faces.
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The length of the armature was set at 127mm (?"). This left
sufficient space for the armature winding end connéctions, the commutator
and the brush holder. The lengths of the compensafing winding and the
field pole faces were the same as those of the armature so that each

shadowed the other.

This appfoach for the selection of the physical size of the machine
was adopted so that a suitable and low cost initiaf machine could be
constructed to allow the various problems associated with the development
of such a méchine to be fully investigated. The genera} proportion§ of
the initial machine are indicated in figure 3-3 and a photograph of the

completed maChfne is given in figure 5-10.

5-3 Cryostats and Field Coils

To hold helium in the liquid state for sufficiently long periods so
that useful experimental results can be obtained requfres containers
(cfyostats) which have only small heat inleaks to the cold region. .

A heat inleak of 1 watt to liquid helium produces a boil-off rate of
liquid of 1.4 litres per hour. This indicates the neceésity for good
thermal insulation to prevent excessive loss of cod]ant. The construction
and designs of two déve]opmenta] cryostats and the first adopted cryostat

are described in the following sections.

5-3-1 Cryostat Design Considerations

The means by which heat transfers to the cold region of a cryostat

are conduction, convection and radiation.

Vacuum insulation around the inner cold region virtually eliminates
convection heat inleak and gaseous conduction heat inleak. The vacuum
%40 107

required in order to achieve this is in the range of 10~ torr.

Pressures below these values further reduce these heat inleaks but at
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these vacudm pressures other forms of heat inleak, such as radiation,
~ dominate the total heat in]eak, thus offsetting any advantages gained
by the further pressure réduction. The technology fo obtain these
pressures was readily available, but to obtain adequate vacuum sealing

of containers-is an exacting task from the practical_point of view.

Conduction heat inleak due to the structural materia]s can be reduced
by using materia1s_of Tow thermal conductivity (for example nylon,
teflon, and stainless steel), maximizing the path lengths for such heat
inleaks, and minimizing the cross sectional areas of the paths. This is
one of the reasons for a 1ong chimney from the liquid helium chamber to
room'temperature and the light qauge stainless steel used for the inner
chiﬁney pipe. The determination of heat inleak due to current leads tb

the supercdnducting coil is covered in Chapter 6.

The heat conducted to the liquid helium via the stainless steel

chimney pipe .(figure 5-1) can be estimated as follows:

For a constant cross sectional area of the chimney material:

Th

_ A/ KdT
z

- Tc

where
A = area.
L. = IengtH
K = thermal conductivity

Q = heat conducted

Tc

lower temperature

Th

higher temperature

300 77 -
For stainless steel J{ KdT . 30.5w-cm'] and )( KdT = 3.17w-cm
4,2

-1
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These results indicate that if the chimney tube could be held at 77K
near its room temperature extremity, conduction heat losses down the
chimney cou]d be reduced by a factor of ten. To achieve this, a stainless
steel plug was positioned in the vacuum space‘between the radiation
shie]d_coolant-éhamber (diScussed next) and“thé inner tube. The plug
diyerts the heat conducted via the chimney from its room’temperatdre
extremity into the radiation shield coolant chamber. The resulting
increase in the rate of loss of liquid nitrogen was acceptable because of -
‘the ready availability of liquid nitrogen and because of the decrease in

the rate of loss of liquid helium.

Therma]'radiation heat inleaks are dependent on ab§61ute temperature

differences:
0. (14 _ 18
re s (T -T.)
§ = Stephan-Bo]tzmann constant

A

area

For a black Body, the constant of proportionality (emissivity) is-
. unity, but for real bodies, the constant of proportionality ié less thah
one. Hence,‘an upper boﬁnd to thermal Fadiatioh heat inleak can be foﬁnd
using ‘an emissivity of Unity.

If T, = 300K and T_ = 4.2K then for a black body,

4

h

-12

5.67 * 10 watt/cm?

o
1]

* 300
= 45.9mW/cm?

'500cm2 as a representative'va1ue,

L
-
>

n

23 watts.

O
U

Heat inleaks of this magnitude are totally unacceptable and hence a
shield was used to intercept the heat radiation. This shield was
constructed from 26 gauge copper sheeting because of its high thermal

cqnductivity.‘ The high thermal conductivity material was used so that
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the thickness of the radiation shield could be minimised whilst main-
taining a uniform radiation shield temperature of near that of the

liquid nitrogen shield coolant. The shield completely surrounded the
inner vessel and was cooled by joining it to the bottom of the liquid

nitrogen chamber in the chimney section - figures 5-1, 5-2, and 5-3.

To indicate the effect of cooling a radiation shield with liquid

nitrogen, consider the above example but with Th = 80K.
2 - o.232m/cn’
Q = 0.116 watt if A = 500cm?

That is the inclusion of the radiation shield would lead to a reduction
in the radiation heat inleak to the 1iquid helium by a factor of two-

' hundred.

- The above results Were obtained assuming black body emissivities.
This was assumed so that the importance of using materials with low
emissivities wou]d be illustrated. The black body radiation heat inleak
to the shield of 23 watts was excessive. However, the emissivities of
the stainless steel and copper used in the cryostat were approximately
.05 and ,O3_respective1y. With these figures, the above heat inleaks
would become ébout 1 watt and .005 watt respectively, which were

acceptable.

An intercepted heat inleak to the liquid nitrogen-cooled shields of
1 watt; even if concentrated at the furthest extremity of the shield
from the nitrogen, would produce a temperature difference of less than
7K across the shield. In actual fact, the temperature difference would
be considerably smaller because of the distributed nature of the heat
inleak. Hence, the assumption that the shield was at 77K was justified

and the method of cooling was effective.
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In later tests (Chapters 10 and 11) and cryostat designs (Chapter 12)
an additional technique of shielding using alternate layers of low
emissivity material and low conductivity material was used between the
radiation shield and the helium chamber. The materials used were
aluminized mylar and fibreglass mat. They were packed so that they filled
the vacuum space. A problem with operating the "Super Insulation" was to
maintain good vacuum between the insulation layers as mylar degasses
considerably. The degassing and difficulty with pumping such insulations
has led to the manufacture of self-pumping super insulations which
incorporate getter materials such as activated carbon in the spacer

material (5-1). These were not used during this project.

It was necessary to use the same construction material throughout the
sections of the cryostat which were joined and exposed to low temperatures
if excessive stresses due to differing thermal contraction rates were to
be avoided. These stresses, if present, could cause cracking of materials

and hence failure of the cryostats.

Thermal contraction for stainless steel between 293K to 77K and 293K

to 4.2K results in changes in lengths given by:

Lo - L
77 ~ Log3 270 * 10°°
Log3
L, . -L '
4'E 293 _ 300 % 10°5
293

The radiation shield coolant chamber was selected to be 650mm in
length and almost its entire length was to be maintained at 77K with
liquid nitrogen. The decrease in its length during cooldown was estimated
at near 1.75mm. The radial clearance between the radiation shield and
the room temperature outer container was only 5mm; hence the cryostat
was constructed so that, after cooling, contraction centralized the

radiation shield (and the coil chamber) within the outer can. This
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method of allowing for differential contraction at the construction stage
reducéd the risk of thermal short circuits between sections of the

cryostat at differing temperatures.

In éectibns which were not subject to the Tow temperatures, differing
materials could have been used, provided they could have been joined

satisfactorily for vacuum operation.

The radiation shields were made of copper, for the reasons mentioned
~earlier, yet they were at liquid nitrogen temperature. This appears to
contradict the‘above statement as they were joined to. stainless steel
which has different thermal contraction properties to,tﬁose of copper.
However, the joint did not have to be mechanically strong, as the shield |
did not have a pressure difference across it and the dimensions did not
result in éignificant differential expansions; hence the joining of
these dissimilar materials was possible. The join needed to be a good
thermal contact so that effective heat transfer from the shield to the
liquid nitrogen cod]d»occur. The effectivéness of the thermal contact
would . be unaffected'by small differential movements as it was a screw and

not a welded joint.

| The cryostats were dismantable, or in the final cryostat design,
sémi-dismantab1e for two reasons:
(a) If leaks occurred, it was not a difficult tésk to locate
and repair them. |
(b) Easy access to the superconducting coils was available for

inspection and replacement purposes.

The requirement of dismahtab]e cryostats necessitéted the design of

seals which could be dismantled and readily reassehb]ed.

This preliminary discussion indicates the reasons for the complexity
of a cryostat and the reasons for the choice of stainless steel as the

main construction material.
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It was envisaged that most of the difficulties involved in the
‘construction and operation of the test machine would be with the
cryostats;‘ hence their design requirements took priority over other
-factors. The diameters of the armature and the compensating windings

were selected after the dimensions of the cryostats were determined.

5-3-2 Dimensions of the Cryostat and Field Coil

Because of the lack of experience in the construction and behaviour
of supercondqcfing coils, it was decided initially to make smaller
coils than would be requiréd,to produce the maximum flux density which
éou]d be achieved in the test machine. Allowing for some failures of
coils, adopting this. approach gave the required exﬁerience at minimum.

cost.

The possible causes of coil failure are:
(a) failure.of the coil potting materials which could allow
moVement of the coil conductors - for example, cracking
of the material when subjected to liquid helium temperatures;
(b) incomplete coil penetration of the potting material; |

(c) operation of the conductor outside its critical parameters.

Any one of these points could lead to the loss of the superconducting
property of the wire (quenching) and consequent possible damage to the

coils.

The field coil shape chosen required approximately eighty metres of
wire. With 400 turns in each field coil and 300 amps excitation current,
the field pole m.m.f.'s were 120,000 ampere-turns, which was considered

ample for initial work with the test machine.

The dimensions of the field coils were:

Inside diameter = = 51mm

Outside diameter 78mm



Coil length = 38mm
Number of layers = 11
= 36

Number of turns per layer

The size of the inner container of the cryostat was determined by
the dimensions of the coil and, as with the other sections, the avail-
ability of "off—the;shelf“ stainless steel tubing. The inner container
was also made larger than required for the initial field coil so that
larger coils could be fitted as experience was gained with the test

machine.

The dimensions of the outer container were chosen so that clearance
was provided between the inner and outer containers for the copper
radiation shield and for ease of construction. The spacing between
components was sufficient so that movement of sections with respect to
each other as a result of thermal contraction should not form thermal

short circuits and failure of the insulation.

The chimney section served three purposes:

(a) to reduce the thermal heat conductioﬁ via the inner stainless
steel tﬁbe to the helium;

(b)- to give an effective transition path from room temperature
to the liquid helium for the current supply leads and to help
minimize the heat inleak via the leads;

(c) to form the liquid nitrogen vessel for radiation shield

coolant.

The length of the chimney was chosen from examination of the length
of frost deposits on a copper conductor which had one extremity immersed
in 1liquid nitrogen and which was approximately the size envisaged for
the current leads. The bar was not cooled with the nitrogen boil-off
gases. In fact, the boil-off gases were separated from the bar. The

length of the frosted section gave what might be called the natural
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transition length and was therefore considered to be a guide to a
minimum chimney length. The length selected was approximately twice
this value as the calculated diameter of the optimum current leads of
Tength 650mmlwas considered to be a convenient and realistic value (see

Chapter 6).

The diameter of the inner pipe had to be large enough to accommodate
the two copper current leads: the helium transfer tube, the leads for
the tempérqture monitoring resistor, and t6 allow for flow of the boil-
off gases.i it'had to be small enough so that there would be adequate
space for the nitrogen vessel inside thevouter 50.8mmu(2") diameter pipe.
The diameter of the outer pipe was chosen as 50.8mm because this was the
largest manufactured tubing»avai]ab]e which suited the cryostat. The -
diameters of the tubing for the nitrogen vessel were chosen to give
'adequate clearance between sections as well as allow for a sufficient
capacity of 1liquid nitrogen coolant. The major dimensions are indicated

in figure 5-1.

5-3-3 Cryostat Development and Construction

‘The first cryostat for the heteropolar hachine was designed so that
it could be easily dismant1ed as it was envisaged problems in making
vacuum-tight joints would be encountered and subsequent re-jointing
would be necessary, see figure 5-1. Thin walled stainless stee1'tubing .
was used to minimise 1iquid helium loss during initia]itooldown and to
minimise heat inleaks during operation. This cryostat indicated a number
of construction difficulties and deficiencies in the demountable seals. as

discussed below.

The major difficulty was the welding of the stainless steel sections
to ensure that they were vacuum tight. The difficulty was aggravated by
the fact that the wall thickness of tubing to be joined onto bottom

plates was only 0.2mm. Where thin sections were to be welded to thicker
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sections, the 1atter were prepared, as shown in figuré 5-1. The first
cryostat was sent to a local firm to be argon arc welded, but it proved

to be a failure because of lack of knowledge on:the part of the firm. |

- However, parts of the weld which were satisfactory indicated that a

- properly applied argon arc weld would be successful. }Attempts by a

second firm to weld the cryostats also proved unsatisfactory. In this
case electric rod welding using flux-coated rods was used even though
instructions fssued to the firm were for an argon arc weld. Further |
inquiries iﬁdicéted that satisfactory welding of the_cryostats could not
»be doné by local firms. It was thus decided thatvwelding techniques

' wou]d'havé'to Be developed within the Department of Electrical Engineering.
An attempt wa$'made to make the rod-we]ded'cryostat cans vacuum tight.

To patch the cans required a form of silver solder as more suftable
alternatives were not available to the workshop. As it was desirable

‘not to heat thé cans excessively - as this would cause buckling of the
machined surfaces - a low melting point silver so]dér; which could be

made to flow by usihg an electric hot plate, was thought to be ideal.

This proved:not to be the case. The solder flowed well in some places

but would not wet the stainless steel in other places, even though special
care was taken;in cleaning the stainless stee1'and not over-heating the

flux.

The solder was removed as efficientTy as possible -and normal silver
solder was used. This no Tonger avoided over-heating but sealed the
leaks. The seé]ing of the leaks proved very tedious and took many hours
of labour. As soon as the can appeared sealed, another flux intrusion

from the initial arc weld leaked.

As this process was not giving the desired result and since the
appearance of the cryostat gave the impression of a bad job, it was
jdecided‘to'COnstruct new cans and to silver solder the sections together.

At this stage, it was thought that argon arc welding would give the best
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results but the equipment for such a weld was not available. The silver
soldered cryostat proved that silver solder would seal the caﬁs if care
was taken, but construction was not éasy as the process was not clean

and buckling of thin sections occurred.

With the glass vacuum pump available, this system attained a vacuum

of 1073

torr at room temperature after five hours pumping. This
appeared to suggest a substantial leak in the system, but it should be
noted that the pump was very slow and took around six hours to pump

5

jtself out to 5 * 107" torr.

Tests under semi-operational conditions, using liquid nitrogen,
indicated that the positioning of the chimney upper "0" ring seals, and
the helium chamber threaded seal, which used teflon tape as the sealant,

were unsatisfactory.

When the cryostat was being filled with liquid nitrogen, the top "0"
Aringysea]s failed because they froze. The "0" rings were replaced with
extruded indium wire; but the inner top chimney seals proved to be
unreliable and difficult to make because the indium did not remain in

position during the making of the seal.

The outer threaded seal appeared to work well, but du}ing the tight-
ening process, the "0" ring experienced shear forces between the stationary
and rotating sections of the seal which could have eventually ca&sed
failure of the seal. A successful point was that the indium seals proved

to work well and hence these were included in future designs.

The second design (figure 5-2) eliminated all but one of the

dismantable "0" ring seals and was designed to have silver solder joints.

The cryostat was still dismantable but the important change was that
the chimney section and the inner can were all permanently joined as one

piece by soldering the sections together. This change required only the
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one outer "0" ring seal as indicated in figure 5-2. This "0" ring seal
relied on clamping rather than a threaded tightening technique. The

materials used for construction were the same as the previous design.

Because of the troubles experienced with soldered joints and the
knowledge that argon arc welding produced superior joints, the possibility
of purchasing an argon arc welder was investigated. It was found that our
budget allowed the purchase of a suitable welder. This completely changed
the thinking on the design of the cryostats and combined with the
experience gained with the previous designs a third design, as shown in
figure 5-3, was produced. Instead of Qsing thin-walled tubing and welding
on bases to form the containers, stainless steel surgical bandage'
holders of suitable dimensions were used. However, these were of heavier
gauge metal than the tubing, hence incurring increased cooldown loss of

liquid helium but eased welding and reduced construction problems.

' The final design (figure 5-3) was only semi-dismantable because of
the problems experienced previously with dismantable joints. In fact,
to dismantle the cryostats it was necessary for welds to be ground away.
This was allowed for in the desidn so that if necessary, dismantling was
not difficult; hence the fluting of the chimney tubing and the format
of the Tower chimney-weld as indicated. The indium seals were retained
so access to the superconducting coil was available without grinding any
of the welds. The cryostats were entirely argon arc welded, thus
avoiding the use of silver solder and possible problems with flux

inclusions.

A variable speed, slowly rotating, welding turntable was built to
ensure the uniformity of the welding pfocedure. With the turntable,
circular welds were done in one operation. This avoided undesirable
stopping and starting during a weld. It was also found necessary to
clamp copper heat sinks to the material to be welded to prevent excessive

differential expansions.
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The argon arc process proved to be successful and had the following
advantages over other welding techniques:

(a) The weld was clean in that it avoided fhe use of flux.

(b) Welds that are found to leak can be easily re-done without

any detrimental effects.

The fluting of the stainless steel tubing was achieved by rotating
the tubes in a lathe and, whilst heating to a cherry red, forming the
tubes to a desired shape. In the case of the larger diameter tubes,

a pre-shaped flaring tool was used. Special care was taken to ensure
that the tubing did not get too hot or heated too far along the tube,
thus preventing possible wrinkling or fracturing of the tube. With the
smaller tube, the diameter of which had to be reduced, a tool constructed
from a roller bearing was allowed to roll on the outer surface of the
cherry red, rotating tube and by increasing the pressure on the bearing,
the tubing was forced into the shape of a brass former which was inserted
inside the tubing. The tool was gradually worked along the heated
section of the tubing repeatedly until the tubing contoﬁred around the

brass former.

5-3-4 Cryostat Safety

The possibility of the‘cryostat containers rupturing due to excessive
pressure within the helium chamber had to be considered to prevent
possible personal injury. Causes of excessive pressure within the
cryostat were:

(a) blockage of the boil-off gas escape path; for example,

by solidified air or solidification of the nitrogen used
to pre-cool the cryostats;

(b) extreme heat inleak or sudden dumping of energy, from a

coil quench, into the 1iquid helium which could cause

rapid liquid boil-off.
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Possible blockages of the gas escape path were prevented by ensuring
that atmospheric gases were prevented from entering the cryostat by the
- escaping helium gases and that all of the liquid nitrogen used in the
'%ﬁitia] cooldown of the coil container to 77K wés removed before the

transfer of liquid helium commenced.

The most likely cause of excessive pressure within the cryostat was

~ considered to be the resistive losses within the coil as a consequence

of the coil undergoing a quench. The worst case under these conditions
occurs when all of the losses are dissipated into the 1iquid helium and
when 1little helium can escape as a result of the current leads restricting

the escape path.

The resistance of the coil after a quench would be less than 0.01¢
and hence the powef 1655 within the coil at 300 amps would be 1e§s than
900 watts; If the current was cleared after three seconds, the resulting
~ pressure for an initial charge of 600ml of liquid helium would be as
determinedAby the following. .

Total energy dissipated in the helium = 2700 Joule

As ' no helium escapes from the cryostat, the increase in enthalpy:

2700
AH = €00 % 0175 Joules per gram

36 Joules per gram.

The enthalpy-entropy diagram for helium gave the resultant pressure

as 2.5 * 10°N/mC.

The hoop stress on the wall of the inner container at 2.5 * 106N/m2

internal pressure is given by:

6

radius * pressure _ 0.13 * 2.5 * 10 2

wall thickness 0.9 * 103

N/m

3.6 * 108N/m?
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The yie]d stfess of stainless steel at 4.2K is greater than

6 * 108N/m2 (references 5-2, 5-3, 5-4).

The stainless steel screws used to bolt the container 1id into

| position were tested at room temperature and failed at a 1oad of 4200N.
The 1oad on éach screw dt an internal pressure of 2.5 *'106N/m2 would

be 3750 Newtoﬁs, This was considered to be sufficieﬁtly below the thread
failure load at a temperature of 4.2K. The extension of the screws

under a 10ad of 3750 Newtons would result in the venting of helium into
the cryostat vacuum space. In the event of this happening, the blow-off
valve fitted to the outer chimney would operate, thus preventing rupture

of the cryostat. The blow-off valve design used is shown in figure 5-4.

| - To conclude: the previous results indicated that the cryostats for
- the initial machine were safe in that they should not rupture even under

the worst conditions considered above.

'5-3-5 Superconducting Coil

The wire selected for the superconducting field coiis was the Imperial
Metal Industries (Kynoch) Limited Tmm diameter NIOMAX FM C361 Niobium-
.Titanium, multifilamentary wire. This wire has a cfitical temperature of
9.5K and its critical flux density at 4.2K was considered more than

adequate for the application under investigation.

The Tength of wiré required for the field coil was such that no
superconductof—to-supercondUctor joints wefe required as 100 metre lengths
of wire were,évai]ab]e from the suppliers. Stain]ess steel formers lined
with fibreglass mat'were used for coil support during the winding process

and they were é]so_used for positioning the coil within the cryostat.

The material used for potting the coil was CIBA-GEIGY araldite. The
reactants .used in the araldite and the proportions Qf each are listed

below:



~ FIG 5-4
SAFETY VALVE

e . f]‘
?;Ejéf V;/
-
é§- |_o’ring
x\g |
LSS 1R
L L L L LT

41mm

20 mm

0mm-|

| o 3 777777
A //////////////////////4 -

75 mm

L2-S



5-22
HARDNER HY 906 80 parts by weight

EPOXY MY 740 © 100 parts by weight
" ACCELERATOR DYO 62 0.5 parts by weight

The reactants were thoroughly mixed and then the coil whilst
immersed in the reactant mixture was heated to 60°C for two or three
hours. Curing was achieved by heating the coil, after removal from

the reactants, to’100°C for ten hours.

A trial coil, wound with a varnish insulated copper wire of the same
diameter as the supefconducting wire, when but through the preceeding
potting process; showed good penetration of the afaTdite. As this
_'procedure proved adequate, elaborate coil potting techniques involving
araldite impregnation under vacuum were not used. Complete penetration’-
of the potting material was of prime importance so that flux -jumping

. due to wire movement was reduced to a minimum.

An important considerétion in d large superconducting coil is the
amount of'energy stored in the magnetic field of thé coil and how beSt
_ to dissipate this energy safely and to prevent the conductor overheating
: énd'meltiqg in the event of the coil quenching. This was not considered.
- to be a-problém with tﬁe test machine as the:inductance of the cofl was
only 8.2mH; With a current of 300 amperes, the stofed energy was only
360 joules (negligible when compared with the 2700 joules considered in
section 5-3-4). If all this energy were suddenly dissipated within the
coil, the temperature rise would result in a final temperature of less
than 40K, hénce overheating of the coil should not occur. It is of
interest to‘note that to raise the temperature of 100 metres of the
superconductor used from 4.2K to 77K requires appfoximate]y 3200 jou]és

of energy.

Two alternative techniques for connecting the superconductor to the

copper supply Teads were considered to provide a suitable transition
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from sdpercénduction to resistive conduction:
(a) To spiral the superconductor around the coéper current leads
and solder into position - figure 5-5.
(b) To drill a hole déepbinto the length of thé cbpper lead and

- so]der'the sdperconductor into the hole - figufe 5-6.

The first alternative has better heat transfer between the super-
cdnduétor-and the coolant because of the intimate contact, while the
"second alternative requires no more space than that taken by the leads

themselves.

.
i

The first alternative was adopted as the diameter of the leads was
too small td allow the drilling of the required size hole to an adequate

- depth and becéuée of the superior conductor cooling.

- 5-4 Armature and Compensating Windings

The current ratings of the armature (and hence the compensat1ng
| w1nd1ng) had to be sufficiently high so that the effects of armature’
reaction on the field coils, the necessity or otherwise of a compensating

winding, andjprob]ems associated with commutation could be investigated.

5-4-1 Armature

'Superconducfing field windings enable the use of non-maghetic and
hon;e1ectricaT]y«conducting coﬁstruction»materia1s in the magnetic circuit
of armatures of<machines. These eliminate the necessity for irdn armature
teeth. The winding of armatufe coils directly onto the surface of a
~cylindrical fbrmer results in higher specific e]ectrié loadings and would
a]éo result in better armatufe reaction cancellation (by means of a
simi]ar]y_wound compensating winding) because slot ripple in the flux
distributions,wou]d be eliminated. Disadvantages of this design included -

the difficulty in supporting the armature coils during assembly of the
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‘armature and in large machines an increased difficulty in providing

adequate support for the coils against Toading torques.

Because of the intricacy associated with the construct1on of a sma]] |
s]ot]ess armature, a slotted former made from- varn1shed hardwood was
used to w1nd the armature of the initial machine. The ratio of slot
width to tooth width was three to one or greater thén that possible in
‘conventional;machines The number of s]ots se1ected was thirty-one to
suit the available thirty-one segment commutator The inner diameter
of the wooden former was machined out so that interchéngeable armature
cores of iron or wood could be machined to fit. This feature enabled
different configuratfons of the machine to be investigated. Figure 5-7
shows an exploded diagram of the armature. To ensure the correct method

" of assembly of the armature structure, locating pins were used.

. The desﬁgn:of the cryostats took priority'andAthe remaining machine
components were designed to maximise the‘spécificAelectric loading of
the afmature'surface. fhe aim was to allow the possibility of producing
'sﬁfficient armature reaction fluxes so'that'their influence on the
bperation of the superconducting field coil could be investigated and

extrapolated to the operation of a model of a prototype machine.

The'seTection of the wire size and the number of turns per armature
coil necessitated a compromise between the current rating, voltage
rating, and the space available, as determined by the armature slots,
for the.coﬁductors. A continuous current rating of 6 amperes and a short
time currént‘Fatfng of 10 amperes was chosen because D.C. supplies were
évai1ab1evwhjch could meet this demand. The wire size selected for the
armature coils was 19%—8 &S thch had a current carrying capacity of
.3 amperes at a fypica] machine current density of near 420 amps/cmz,,thus'

giving the two pole machine a continuous current rating of 6 amperes.
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For the initial machine the spaces allowed for both the armature and
compensating windings and the removable iron armature core were propor-
tioned so that the maximum number of armature turns per coil could be
»reésdnablyEa;cqmmodated. This resu]ted in tWenty turns pef coi]vusihg

’19%-8'& S wire. The armature resistance was calculated at 3.1 ohms at 20°C.

5-4-2 Estimated Flux ¥n qnd Armature Voltage Of the Initial Machine

Even though the model was not intended for obtaining magﬁitudes of
pole f]uxes; ancﬁeck of the voltage of the initial machine was obtained
by first estimating its flux per field pole. The flux per field po]e‘of
.thevinitia1'machine was estimated from the flux p]ofs 6btained from the

model by using appropriate scaling factors as determined below.

Neé]ectfng ény possible effects of saturation in the-iron sections

| thé fdféi flux is directly proportional to the field current times the
numbef of tﬁrﬁs in the field coil. From this, if the ratio of the
machine'ﬁrdihénsions to the model dimensions 15,11/12 and the field currents

IF1/IF2’ then the flux density ratio B]/B2 and f1ux per pole ratio Q]/Qz

are: |
S s 521
B I m -
R L | |
L. FLLCL | .. 52
% Il

.This»only applies if the model is an exact replica of the machine
and as this was not the case between the model used and the initial

machine, the previous results were used only as a rough guide.
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The E.M.F. equation for a direct current heteropolar machine is:

£ = 27 o) N volts
where E = E.M.F.
| P '=i number of pairs of field poles
Za'=é number of armature conductors
ép =T flux per pole in Weber
NS =! speed in revolutions per second
a i number of parallel paths

2 for a wave winding

= 2p for a lap winding

The number of armature conductors
ations given in the previous section.
machine depended on the configuration

between the field fluxes of the mode]

in the armature winding

was determined from the considér-
The field pole flux of the initial
adopted but the re]ationshib

and the initial machine, as

determined previously, is applicable for all configurations. Hence:

T

I,

o
Q‘ = 8.7
2

for all configurations

. 5-4

Values of ¢2-and IF2 were obtained from Table 4-1 whilst at the stage

of designing the machine IF] was assumed to be near 300 amperes. The

flux per pole, as determined from equation 5-4, for the different machine
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configurations is given in Table 5-1. A comparison between the estimated

values and the observed values is given in Chapter 8.

Table 5-1

Predicted Pole Fluxes

IRON INCLUDED IN THE MACHINE
YOKE, CORE YOKE YOKE

and and  and YOKE

POLE FACES CORE POLE FACES
o, milliweber 7.2 5.2 3.3 2.9
E.M.F. volts 220 160 102 90

“The first tests on the initial machine were conducted with the iron
,ybke; armature‘core and .the pole faces positioned. The approximated
generated vd]tage of 220 volts (Table 5-1) indicated a continuous rating.
of 1.1kW and~a,short time rating of 1.7kW. The ratingAwith just the
irqn_yoke wod]d have been about forty peréent of the above values. Low
ratings at this stage were of Tittle cbnsequence as the armature reaction

depends on the armature current and not the rating of the machine.

5-4-3 Compensatjng Winding

The compenséting winding was wound on a cylindrical wooden former of
the dimensions shown in figure 5-8. The former had 31 slots which
coincided with the 31 slots of the armature winding. The winding was the
" same as the armature windiﬁg with 20 turns per coil of 19% B &S éopper
' wire. The winding was split into two halves; they could be series or
parallel connected. The series connection ensured equal currents in all

of the compensating winding conductors but resulted -in a high resistance.

Current division in the parallel connection was not equal bétween_ther

two halves of the compensating winding because one half had 16 coils and
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the other had 15 coils. This, however, did not affect the operation of
the compensating winding because the number of ampere-conductors per slot
was independent of how the current divided as all but one of the slots
contained coil sides from each of the two halves 6% the winding. The
slot with coil sides from the same half (16 coil half) had a net ampere-
conductor value of zero and was positioned in the centre of one of the

poles of the compensating winding.

The armature reaction cancellation tests of Chapter 4 indicated that,
in some configurations, 60 to 70% of the armature conductor current (or
30 to 35% of the armature current) was required in the conductors of a
similarly wound compensating winding. This result meant that the
compensating winding could have been wound with only 30 to 35% of the
number of armature coil turns (with a larger wire) for a series connected
winding or 60 to 70% (with the same wire) for the parallel connected
winding - both cases carrying the full armature current. If these designs
were adopted, problems with obtaining the best cancellation for each of
the machine configurations could result because of a lack of compensating

winding m.m.f.

The design of the compensating winding se1ected‘was chosen because
it was intended that a variable bypass resistor wou1d-shunt much of the
armature current past the winding, giving the best possible flux
cancellation for each of the machine configurations possible with regard

to the quantity of iron retained.

The estimated resistance of the compensating winding and bypass
resistor was obtained as follows:

(a) Series Connected

Resistance of winding = 4 * armature resistance. Assume that 35%

of the armature current was required in the winding. Hence, the
bypass resistance required was %%—* 4 * armature resistance.
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4 * gg—* armature resistance

Therefore the total resistance =E
4 (1 + 330

1.4 * aymature resistance.

(b)"ParaTleT Connected -

‘Resistance of winding = armature resistante. Assume that 70% of
the armatuke current was required in the winding (or 35% in the

windingigonductors). Hence the bypass resistance required was

%%-* armature resistance.

w
o

Therefore resistance * armature resistance

+ ]

wl~J
CDLD

B

0.7 * armature resistance.

 These results indiéate'that the parallel conneﬁtioh was preferred
because of the:jdwer resistance but it should be noted that the series
-'¢onnected‘winding wasvcapable of providing a greater cancellation f
m.m.f. than the parallel connected winding_if it was required. This

could best be determined from tests conducted on the test machine.

5-5 Field Pole Faces

The field pole faces were cast from iron, then machined to the
desired dimensions as shown in'figure 5-9. Each field pole face was
positioned using three 0.75 inch diameter threaded brass rods, which

also acted as supports for the cryostats.

5-6 Conclusion

The design adopted resulted in a machine which would allow the
‘different possible configurations, with regard to the quantity of iron
retained, to be investigated. Figure 5-10 is a photograph of the

completed machine.
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FIGURE 5-10

INITIAL MACHINE
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CHAPTER 6.

CRYOGENIC CURRENT LEADS

i

6-1 Introduction

A major source of heat inleak into the 1iquid helium is via the
.Teads which supply current to the superconducting coil. The lead heat
- inleak 1ntroduced by a set of uncooled Teads carrying current to the .
.supercbnducping'fie1d coil is shown t6 be unacceptabﬁe - section 6-7.
~ For this'réason it waé essential, if the liquid he]iUm loss is to be kept
to a minimum, to optimize the design of the leads.  The problem of optim-
' izing the dimensions for the leads led to the conflicting requirements
of large cross sectional area to minimise the electrical 12R losses
and small troés sectional area to minimise the heat conductioh inleak.
Another conf]icting requirement was that, ideally, § material with a high
e]ectrica]'conductiV1ty'and low thermal condUctivity should be used;
“however, high electrical conductivity generally implies a high thermal

conductivity.

The heat réquired to raise liquid helium at one atmosphere pressﬁre
to a gas at normal temperature and pressure is apbroximate]y 1500 J/a
or for a heét inleak to the liquid helium at the rate of 1 watt requires
heét'fransfer to the resultant helium gas at the rate of 72 watts to |
~raise the boil off gases to room temperature. Th1§ indicates the effect-
iveness of'using'the boil off-gas to cool the leads and remove much of
~the heat inleak and thé 1%R Tosses in the lTeads, and at the same time

reducing the IZR losses by reducing the lead temperature and so its

resistance.

~ .In this chapter two methods are examined by which the design of the
leads with a minimum heat inleak can be obtained. Details of the lead

design are provided as are the results of tests conducted to verify the
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assumptions made in arriving at the optimum lead design and the design

of the leads adoptéd.

To reduce o} possibly eliminate heat inleak via current leads a
superconducting switch was considered. A superconducting switch consists
of a length of superconductor connected between the terminals of the super-
cpndgcting fie]d coil. During energisation of the field coil the switch
- would befmaintained at a temperature greater tHan_the-transition temper-
ature by a Small heater. At compietion of energisation the heater is
turned off and'the switch becomes superconducting. The external supply
to the field coil can be.disconnected and the leads to the'fiéld coil
can be removed from the cryostat. The field current continues to flow

through the superconducting switch.

A supertqnducting switch was not used because oflthe difficulty with
vcontkol1ing the field current and, as the switch joins the terminals of

~ the fie]d coil, voltages induced into the field coils cannot be measured.

6-2 | Optimization'of the Leads

| Tﬁe préb]em of accurately describing the properties of gas cooled
counterflow cryogenic current leads mathematically and solving thev |
resultant eqﬁations is difficult because many of the barameters are var-

iable functions of temperature.

A differgntial equation describing the system can be obtained if theA
fo]]owing_aséumptions are made: |
(a) Thefé is perfect heat transfer_between the boil-off gases
-and ﬁhe leads; that is, the boil-off gases are at the same
‘temperature as fhe']eads.
(b) The boil-off gases are at a constant préssure of one atmosphere
hén&e the rate of heat transfer required to raise the'

‘temperature of the boil-off gases is given by differences
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in enthalpy.
(c) Thermal conductivity and electrical resiétivity are

related by the Wiedemann-Franz Law.

These assumptions are not strictly true but give a basis for estimat-
ing the heat inleak. Experimental testing of lead designs determined

the error introduced by the assumptions, section 6-9.

 FIG 6-1
CRYOGENIC CURRENT LEADS
Teo) - dT@c) 52 .
% (Q¢ + 0@3’¢—_)___:-.. LEAD 1 —= Q)
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6-2-1 Differential Equation

~ Variables:
X = distance from liquid helium to point being considered on the
~Tead cm |

T(x) = 4temperature profile on the leads in K
A(x) = cross sectional area of lead conductor cmz
Q(x) = 'fate,of heat conduction down the leads watts

~h(T) = enthalpy of the boil-off gases at temperature T  J/gm
K(T) = thermal conductivity of the lead material watt-cm—K']
o(T) = .electrical resistivity of the lead material ohm-cm
C(T) }= specific heat at constant pressure of the gases J-gm'1-K'].



To = helium temperature K

_QL- .= lead heat inleak to the liquid helium watts
Q= ‘ambient heat inleak without leads watts

CL = Tlatent heat of vaporization of liquid helium Joule-gm-]
n - = thotal boil-off rate of liquid he]iumz'gm—sec']

Q, = total heat inleak to the Tiquid helium watts"

[ = lead length cm

1 = electrical current in the leads ampere. .

Consider the case of two conductors which are required to supply

~ the current to the superconductor. From figure 641 have:

ax) = 2% KIT0T * A ¢ el o (6)

In the steady state the net rate of heat generation and transfer

'"1nto'ahd out of an element of the leads must be zero, hence:

_,dh(m) L, dT(x)

Q(x) = Q(X):*'dgix) * sx + 21° QL%%é%l- * 86X - N gy T X
. _d h(T) |
Where Cp -—d-l-—-

substjtﬁte 6-1 into 6-2 have:

A . K107 Gedy + or2elTld] n ¢ dT(X? -0 (6-3)

The Boundary'ConditionS are:

atx = 0 T =T
0
a1 _
and g = Q,/[2A(0) * K(T,)]

where Q) = C n - Q, (6-4)

6-2-2 ‘Solution to the Differential Equation

Equation 6-3 is in general difficult to solve formally but by assuming
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- a constant value for Cp and that the Tead material obeys the Wiedemann-
Franz Law it can be reduced to a simple harmonic oscillator equation by  "
substitution from J.P. Scott - reference 6-1. See also references 6-2 to
 659.' |
Let:'gz- = i Cp | '» |

dx 2ATX) K[T(x)] _ (6-5)
atx =0 x = 0 |

_ﬁThe Wiedemann-Franz Law gives

KTy o (T) = TL |
5 .

where L = Lorenz Number (2.4 * 108w a K™)
The Equation thus obtained is:
2 , 2
dz n Cp
" The boundary conditions are:
atz = 0 T = To |
: - C Q C
dT L a L
and =5 = ~— - —=— = B = == (1-N) (6-7)
vdZ Cp n Cp CP
where N = fraction of total boil-off due to ambient heat inleak.
. B 2 L
n Cp
it follows that:
dT 4T, op oo g (6-9)
EEZ dzZ
The solutions to equation 6-9 are:
B-TO/Z
D>y T(Z) = EXP(Z/Z)*{Tocos[(D—%)%Z]+ % sin[(D-%) %21} (6-10)
D-% .
D=y T(Z) = T0+(B-T0/2) x 7 % EXP(Z/2) (6-11)
Dets T(z) = -EXRAZ/2) [y g - (6-12)

(1 - 4D)
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where
T ’ 1
a= (£ * [(1-40)% - 17 + 8} * EXP[(1 - 4D)* * 7/2]
T 1 L
B = {7§- * [(1 - 4D)% +1] - B} * EXP[-(1 - 4D)% * 7/2]

‘These so1utions are plotted in figure 6-2 for various values of |

2 .2.2 _ -
4LI /n Cp = D. and Qa —'_0,

i.e.,the gases coo11ng the leads are due to lead boil-off only with
'T0-= 4.2K and CL/Cp = 3.9K. The curves show that the leads are optimized

if 4L12/n2Cp2 > 0.31 = Dorn/I =1.01 * 10 %gm-sec™ -amp™" or the

. optimized heat inleak is 2.12mW per amp for the two conductors.

This minimum heat inleak is independent of the shape of the leads

:'and.cah be obtained, for example, by tapered or constant diameter leads.

. To actually determine optimum lead pkopOrtions firstly consider

constant.diameter'1eads; i.e. A(x) = constant.

It thus follows that:

az . "%
dx 2AK[Tx)T (6-5)
nC
K[T(Z)]dZ. = ?KTE) dx
, Z]_ o nC2
}/ KIT(Z)] dZ = -2 - o (6-13)

where Z, is.such that T(Z,) = 300K and & = Tength of the leads.

The 1ntegra1 SKL[T(Z)1dZ can be numerically evaluated provided K(T)

~is known. For the thermal conductivity of copper as given in Appendix E:

FK[T(Z)]dz = 50 watt-K'-cm™' at optimum lead design.

nC.2g
. p _ -1_ -1
7R 50 watt-K

1]
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If I = 300 amps + n = 3.03 * 1072 gm/sec.

£ = —10 - gi1cn
3.03%107%5 .4 |

If 2 = 65cm, as selected in section 5-2-2, then-A = 0.106cm2 for
optimum. The corresponding lead diameter was 0.368cm and Q0 equalied
0.636 watts at a current of 300 amperes. This was a reasonable cross-

sectional area so that the length of 65cm was retained in the design.

6-3 Temperature Profile of the Optimized Lead

The lead tehperatdre profile was calculated as ‘follows to determine
whether‘the assumption of perfect heat transfer to the boil-off gases was

reasonable.

To calculate the temperature profile of the constant cross-sectional
area, optimized lead requires the relationship:
C .
dz _ " ,
& ZARITOOT - (6-5)
From the solution curves'the data for T as a function of Z was available:
thus, from thermal conductivity data the thermal‘conductivity of the

lead material as a function of Z was determined - figure 6-3.

Equation 6-5 can be rewritten as an integral equation

T
X = / ﬁA((;Z) K[T(Z)] dZ  where temperature at Z = Z; is T K
Z=0 P .
: 4
2A J _
T owe . /’ K[T(2)] dz if A(Z) and Cp are constants.
P 720

If A(Z) and-Cp"are constants then values of x can be calculated by

numerical integration of /K[T(Z)] dZ from figure 6-3b.

" The curve K(z)dz > 7 s plotted in figure 6-3a. The resulting

temperature profile of the optimized lead with no ambient heat inleak is
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plotted in figure 6-4.

| The predfcted temperature gradient along the 1eéds at the helium

' 'end was approximately 1 K/cm and at thé room temperature end was 10 K/cm.
With the Smé1]xtémperatUre_gradients at»thé cold eﬁd and the fact that

~ the speed of the boi]-off gases would be low, heat transfer per unit
volume of bo{]éoff gas at the cold end sth]d prove to be adéquate. At
the room tempefature end of the leads the gas speed and temperature
gradients were'predicted to be higher; hence ideal heat transfer could

be difficult but not impossible to obtain.

- 6-4 Effects of Ambient Heat Inleak on the Design of the
Optimized Lead g

' The effect of ambient heat inleak would be to change the value of
B in equation 6-7 which changes the Z temperéturé-profi]es for a given
lead as indicated in figure 6-5. The resuiting changes in the Z temper-

ature profile also changes the lead design for optimum conditions.

With an increase in the ambient heat inleak-fraction the value of
D for the optimum Tead decreases as given in figure 6-6. These results
'Were calculated using an iterative process by assuming a value of D and

finding the value of N for optimum conditions.

From équation 6-8 D‘='412L/n2Cp2;' hence, if D decreases then n

must increaﬁe; This give a higher total inleak which equals nCL= Qr
(figure 6-7) and hence it is necessary to keep the ambient heat 1n1éak

as small as'possib1e. Although the total heat inleak increases as ambient
heat inleak QA increases, the heat inleak due to the leads themselves

decreases, that is (]-N)nCL = QL decreases - figure 6-7.

. This can be hypothetically explained by the fact that the greater

 the ambient heat inleaks other than via the leads to the liquid helium,
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‘the greater the boil-off and thus more heat would be extracted from the
leads by the helium gas to raise its temperature to room temperature;
“hence less heat inleak via the leads to. the liquid helium. The non-

dﬁmensiona]-quantities in figure 6-7

C.Q CQ C.Q
PA s 1l s pT were evaluated from
21¢c, /L  21¢, /L 2IC, /L '
L L TRL
v |
n= et and QT =.nCL, QA = NnCL, and QL = (1 - N)nCL

c /D
p
and are plotted for each optimUm condition.

6-5 Design of Optimum Lead with Known Ambient Heat In]eak

The optimization applies for only one value of turrent; hence the
current must be known.
- From the given values of ambient heat inleak, QA’ and current, I,

~ the quantity _——I%E; can be evaluated and from the curves on figure 6-7
21C '
L

corresponding values of N and D can be found.

From these values of N and D the Z temperature profile for the
optimum lead can be calculated fromequation6-10, 6-11, or 6-12, whichever
applies. Note that figure 6-6 only allows for D > 0.25; hence equation

6-10 applies.

The Z temperature profile supplies the data for the evaluation of .

the expression
4
/ K(z) dZ  where T(Z;) = 300 K.
720

Finally from equation 6-13 either the area.of the conductors or their
length can be calculated, depending upon which has been pre-determined

by other conditions.



‘An example of the above calculation follows:

find the optimum leads of length 65cm to carry 300 amperes if the

ambient heat inleak is, for example, 0.18 watts.

Modified heat inleak = %18 *1/3.9 - = 0.495 watts.
' 2 * 300 * 1.55 * 10

From figure 6-6, N = 0.27 and D = 0.2877 and the temperature profile

is hence given by:
T(Z) = EXP(Z/2) (4.2 * cos(0.1942Z) + 3.847 * sin(0.1924Z)}
This is plotted in figure 6-8 with the thermal conductivity and

integral profiles. From figure 6-8 the value of

 deZ = 56 watts-ém']-K'], therefore

. nt 1 -
.1?ﬁ2' = 56 watt-cm -K

From the definition of n and N it follows that:

Q

- _+ a
O = nC ="y
! Q.C

> - _8p
nCp NCL, 0.191
0.191 * 65 2

A = ——T*—-Bg = 0.111 cm

This 1ead is not very different from the optimum lead with N = 0,
a fact which indicates that the optimum lead remains the samé for a

considerable range of ambient heat inleak.

6-6 Effects of Operating Away from the Optimum Current
for a Given Lead

In this problem the cross-sectional area and the length of the
leads are constant and the current carried is the variable. The quéstion

~to be answered is: "How does the lead heat inleak vary as the current
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is increased from zero to the optimum and béyond with ambient heat

inleak negligible?"

The'difficulty in solving this problem arises because the value of-
D in equation 6-9 is unknown. A solution fo]]owslthe lines of guessing
.the heat inleak, calculating n and hence D for a given current and solving
the équation 6-9 for the temperafure profile as avanction of Z. From |
~ this profile the temperature as a function of distance "X" above the level
" of the Tiquid helium can be calculated from equation 6-5. And if the
‘femperature is 300 K when X equals the lead length then the guess of n
is correct. This process requires a knowledge of thermal conductivity as

‘a function of temperature.

Another'method of solving this problem usés an indirect approach but
requires no iteration as above. Instead of assuming é lead current, then
calculating the heat inleak, as above, assuming heat inleaks and calcu-
lating the corresponding currents gives a curve from which the answer can
be determined without iterations. The method 1s'as follows:

assumeAa value of D and evaluate T(Z), then calculate n
from equation 6-13 which requires the evaluation of integral:
Z] nC 2
K(Z) dZ = -

2A
Z=0
From the values of n and D, the current I can be calculated from
equation 6-8. This process was carried out for the optimumlleads and the

results plotted in figure 6-9.

In the range 0.25 < D < 0.31, for an ambient temperature of 300 K,
there are two values of Z] such that T(Z]) = 300 K - figure 6-2. Hence
“in this range'there are two values of current which satisfy the boundary
conditions:. one value is greater than the optimum current and the other

less than the optimum current.
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For lead currents greater than the optimum vaiue the temperature
profiles predict lead temperature in excess of the ambient room tempera-
ture; These effectively shorten the lead length (as sugeested by S.P.
Scott) and hence the boil-off increases rapidly with increased current

above the optimum.

The predicted peak hot spot temperature reached by the leads increases
rapidly with lead current in excess of the optimum value. For example,
with only 5% excess current the predicted peak temperature is 345 K.

This indicates that to avoid increased lead heat inleaks currents in
excess of the optimum should not be used. This predicted "cooking" of
the lead occurs within very close proximity to the room temperature end

of the copper lead.

6-6-1 Alternative Solution

An iterative solution to the problem can be achieved with the
only assumption being that perfect heat transfer between leads and the
cooling gas occurs. The other variables need only be tabulated or des-

cribed mathematically if a digital computer is used - see Appendix E.

The equations used for the two leads were:
8x*[Q;(x + 6x) + Q(x)]

[A(x + 8x) + A(x)] * [Kj(x-*GX) + K(x)] (6-14)

Tj+](x + 8x) = T(x) +

2 | [pj(X'*'(SX)"rp(X)]
* §x + t*[h.(x+6x)-h(x)]
[Al(x+8x)+ A(x)] J

Q(x) -2 *1

Qj+](x + 8x)
(6-15)
where subscripts j and j+1 refer to the iteration steps.
By assuming a lead heat inleak and a value of n, a solution can
be obtained without assuming Cp constant and without assuming
that K and p obey the Wiedemann-Franz Law. The value of n was

calculated from the guess value of the lead heat inleak (Qo) and
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the ambient heat inleak (Qa)’ using equation 6-4.

The method of solution was first to guess the Jéad heat in]eak'Qo
to the helium and for the first iteration'step the values of Qo(ax) and
Ké(ax) were assumed to be the values obtained with T = 4.2K = T(O).
T](Gx) was then calculated using equation 6-14 and values of p](6x),
h](éx), and K](ax) were determined from the tabulated values. This

- enabled 01(6x) to be ca]cu]a;ed.

‘Using the values Q](Gx) and K,(s8x) the second iterated value of
temperature Tz(ax) was calculated and, as before, values of p2(6x), hz(sx),

and Kz(éx) were determined and hence Qz(cx) was calculated. This process

was continued until differences in values were small.

Similarly the next step was to calculate Q(2sx) and T(2sx), but

this time 00(26x) = Q(sx) and Ko(sx) for the first iteration.

This was continued until the lead length was reached and if
[ = 300K then the original guess for Qo was correct: otherwise another

eStimate of Q0 had to_be made and the entire process repeated.

To do this by hand is obviously tedious, so to spéed up and simplfiy
the calculations for the process, curves were fitted to the thermal
conductivity, electrical resistivity, and enthalpy data and the so]utfon
carried out on a digital computer. Even then the fimé taken for each
guess of Qo on a PDP8E computer was five minutes or so depending on the

value of 8x chosen.

The equations which were used to describe the various properties are

given in Appendix F in addition to tabulated data. f

6-6-2 Comparison Between Results

The iterative solution predicted smaller current lead heat inleaks
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’than_thdse.predicted by the optimized leads obtained from the Wiedemann-
?ranz Law - figure 6-10. The reason for this result was that‘the tabulated
: vaiues of thermal and electrical conductivity deviate'tonsiderébly fﬁom

the Wiedemann-Franz Law. If the tabulated values of thermal conductiﬁity
:,,were used to calculate electrical resistivity using the Wiedemann-Franz

Law, then the resu]ting calculated values would be, in some cases, consider-
ably larger than those tabulated. This then gives rise to higher Joule
heating Tosses using the Wiedemann-Franz Law case than for the tabulated
values and hence the predicted heat inleak for the "optimized" leads

"was greater than that for the iterative solution.

~ The iterative solution also gave the resu]t that the "optimum" Tleads
obtained using the wiedehanh-Franz Law were not the optimum. The iterative
solution predicted the optimum current for the "optimum" 1eads to be
270 amps and for a current of 300 amps the leads required shortening to

near 59cm to be optimized.

Although the iterative solution does not give the optimum lead design
directly, once a design has been chosen, say using Wiedemann-Franz Law,
its performance without the Wiedemann-Franz Law approximation can be

determined and a comparison made between results.

6-7 Uncooled Leads

The heat inleak due to uncooled leads can be easily calculated and

shows the necessity for counterflow leads.

The differential equation can be derived with reference to figure 6-11,

alx) 1% 5 (T)sx _  Q(x + 8x)
2 A(X) 2
. L2 |
dQ _ 21, (T)
* & - TR (6-16)
N ‘  dT(x)
and Q(X) = -ZK(T) A(X) -—-a—x— (6-]7)
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) 0
2 2 T(x)
> 5Q%(x) - Q°(0)} = - 4I o(T) K(T) dT
TMax

I

Assume o(T) and K(T) obey the Wiedemann-Franz Law

= Q%(x) - Q%(o)

=> Q(2)

a1 T2

wax - T (0]

2 02 2 2,
(areLfr MAX " T MIN] + Q%(o)}
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Q(o) is the heat inleak when I = 0 and was determined as follows:

Equation 6-16 giveé

Equation 6-17 gives Q(x)

aja
><|o

=0 2> Q(x) is constant

-2A(x) K(T) §
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T

r MAX
Integration gives / g%’((—))o- dx = / K(T) dT
° TMIN

Since Q(x) = constant the left hand side can be evaluated if A(x)
is variable. If A(x) is constant then the result below follows:
o Thax
Qo) = ‘/' K(T) dT
TMIN

Using values of ¢ and A as determined from the optimum leads

Qlo) = 2 *0.106 * 1232 watts

= 4.87 watts.
o _ _ -8 o
For I = 300 amps, Ty, = 300K, L = 2.4 x 107 and Ty, = 4.2k
Q, =14 %9+ 10% * 2.4 1078 * 9 + 10M%

28.3 watts.

A heat inleak of 28.3 watts was completely unacceptable because the
resultant loss of liquid helium would be excessive; hence the simultan-
eous operation of the two cryostats would be impossible from the supply
of helium available. Comparing this result with 0.636 watts for the
optimized counterflow lead shows the impdrténce of using the boil-off

gases to cool the leads.

6-8 General Comments

The method of analysis used to predict the heat inleak rested heavily
on the assumption of perfect heat transfer between boil-off gasés and
the Teads. Temperature profiles obtained assuming constant lead cross
sectional areas tend to be very steep with temperature gradients in excess
of 10K/cm near the room temperature and hence difficulties with heat

transfer to the gas could occur in this region. At the other end of the
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leads the-predicted slope was small, approximately 1K/cm. At the cost
of ease of construction the temperature difference could be more evenly
distributed by using a varying lead cross sectional area, hence reducing

potential problems arising from inadequate heat transfer.

' To'obtain effective heat transfer, the boil-off gases should be'
maintained in tprbu1ent flow. This can be achieved by using metal gauze
in theApath of the boil-off gases; but adequate e]ectrica1 insu]ation
would be required to isolate the leads from each other and the metal of

the cryostat.

Sincevthe.dbject of fhis investigation was to arrive at the simplest
desigh of a lead operating at, or near, optimum conditions a fixed
_diameter, 9vSWG gauge conductor was selected as the lead for the teét
machine;v This conducfbr has an area of 0.1O8cm2 compared with the area

|  of én optimised lead of 0.106cm2, as derived in section 6-2-1.

The design of the cryostat provided only Timited space for the leads;
hence inclusion of the most effective heat transfer surface between the |
Teads and the boil-off gaées, such as copper gauze, was not practicable.
Copber fins were soldered onto the leads at 7mm intervals to impfove
the heat transfer and teflon spacers every 100mm prevented electrical
short circu{ts between the cryostat and the leads - figure 6-12. The
»1ead‘assemb1y thus constructed was rigid and hence easily positioned in
'the'cryostat.' The number of fins selected was the maximum number consist-

ent with the requirement of ease of manufacture of the leads.

6-9 Liquid Nitrogen Lead Test

The design of the leads and their calculated performance rested
heavily on assumptions which were only approximations to what actually
occurs; hence testing was necessary. Tests in liquid helium were not

possible because of the high cost involved; hence it was necessary to
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perform tests with 11quid>nitrogen, and interpret theiresulté for

operation into liquid he]ium.

Heat ih1eak$ to the 1iduid nitrogen with the Teads terminated in a
short circuit and carrying different currents were measured (Appendix F).
‘The results were compared with predicted heat inleaks calculated using
the iterative technique - figure 6-13. The measured results compared
favourably with the computed heat inleaks although they were generally
greater. This was to be expected because of imperfect heat transfer
_ bétween'the leads and the boil-off gases. This was apparent with the
Targer lead -heat in]eaks at the higher currents. The measured results
indicated théveffects of'exceeding the optimum cufrent. For example, with

currents less than the optimum (I ='80.amp for liquid nitrogen) the

opt
heat. inleaks decreased as the lead 1ength increased, as a result of the
drop in 1iquid level. The opposite occurred for currents greater than
approximately 80 amp and the temperature of the ambient extremity of the
leads 1ncreased‘above room temperature. The predicted heat inleak curves
(figure 6-14) indicated that variation of lead length and ambient heat

inleak result in small changes in total heat inleak to the liquid

~nitrogen.

The maximum rate of nitrogen gas f]ow:from.the cryostat during the
tests was approximate]y.30tc/sec with a current of 100 amps. With the
optimized leads suppiying 300 amps to fhe superconducting coil (and
assuming neg]igible_ambiént heat inleak) fhe rate of helium gas flow would
be 180cc/sec or six times that encountered during the nitrogen tests.

This larger volumetric flow rate may result in problems with heat transfer
and with the transfer of 1iquid helium from the dewar to the cryostat;
however, from the small temperature difference between the Teads and the
escaping gas (as estimated in Appendix N) the heat transfer was shown to

be satisfactory.
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-~ As the leads .operated as predicted into liquid nitrogen, and taking
into consideration the possible difficulties with helium, it was
decided to nefain the adopted lead design for operation of the superconduct-

ing field coil.



CHAPTER 7

CRYOSTAT AND COIL COOLDOWN

7-1 Introduction

Initial cooldown calculations (Appendix B) estimated the quantities
of 1iquid helium required for the cooldown of the coil and cryostat from
77K to 4.2K: In this chapter a method is established to relate the time
required to c§01_the coil to a temperature at which it becomes super-
conducting with the rate of flow of liquid helium and other parameters
which affect the rate of cooldown. It shows that the time lag for the
_bulk of the-coii to attain equilibrium with the sukface temperature of
thé coii'is only a matter of seconds and that the overall cooldown time
is dependent on the rate at which heat can be transferred from the surface
of the coil to the liquid helium and so removed from the interior of the

cryostat.

7-2 Describing Cooldown

7-2-1 Model

The first step in determining the time required for the bu]k;of the
coil to reach equilibrium with the surface temperature was to satisfact-
oriiy model the thermal properties of the coi] and cfyostat sections to
be cooled. The cryostat was manufactured from thin stainléss steel ;
hence cooldown times for the stainless steel would be short in comparison
with the relatively bulky superconductfng coil. Thus as a first approxi-

mation the problem was reduced to the cooldown of the coil only.

The thermal characteristics of the coil were complicated by the
different materials in the coil; for example the copper matrix, the
niobium-titanium superconducting alloy, the insulation of the conductor,

and the coil potting material. The second approximation replaced the
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non-homogeneous coil materials with a homogeneous material with properties

strongly biased towards those of copper.

Thirdly, to simplify the calculations a circular coil section was

adopted in which the heat flow would be radial only.

| The resultant model decided upon was hence equivalent to an
infinitely Tong, homogeneous cylinder. This eased- the mathematical des-
cription, and resulted in a temperature distribution which was a function

of radial position and time only.

7-2-2 Differential Equation

The differential equations describing the cooldown were obtained
from consideration of heat flows within the cylinder. This resulted in

equations 7-1 and 7-2.

gg— = "ZTTY'%—::]‘ (7-1)
oV : '
Q = -2ar 3 (7-2)
Q = outward flow of heat per unit time per unit length
(watts/cm)
r = radial position (cm)
h = enthalpy (jou]e/cm3) }
t. = time (sec)
V = temperature (K)
K = thermal conductivity (watt—cm']—Kf])

The heat flow was eliminated to give:

h

(%]

) aV -
——{Krﬁ} = r

ar (7-3)

d

ct

- The boundary conditions were:
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(a) at time t = 0 the coil was at a uniform témperature of VO

=> VY(0,r) = Vo
(b) no heat could flow from the centre of the cylinder

aV

v =0
8RR=0

=

(c) at the outer radius the temperature was assumed to be the

same as that of the coolant.

7-2-3  Solution Technique

Over the temperature range which was under consideration the thermal
conductivity (K) cannot be considered as constant and -the constant
specific heatArepresentation of enthalpy is not precise. However, as
the previous assumptions reduced the accuracy of the model, it waS'consid-
ered appropriate that represehtative equivalent constant values of
specific heat and thermal conductivity be chosen. If the assumptions
made model the cooldown accurately then the values of specific heat and
thermal conductivity chosen would result in an over-estimate of the time

" required for cooldown.

Using the simplificatioh of constant specific heat and thermal

conductivity, equation (7-3) reduced to:

22y L L o S (7-4)
arZ r oar K ot

Ep = representative specific heat (Joule/cm3/K).

K = representative thermal conductivity (watt/cm/K']).

Or in non-dimensional form:

[-%)
[

® oA - (7-5)

Y
g
+
| —
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]

iy

where U o

_r
R = /ro
T = (K/C.r 2) * t
po
V_ = non-dimensionalising temperature (i.e. the initial
temperature of the coil)

r. = non-dimensionalising radius (i.e. the outer radius of

the cylinder).

Equation 7-5 could have been solved analytically using the technique
of separation of variables. This would have resu]téd in Bessel's

equation which would have involved unwarranted numerical work.

Solutions of equation 7-5 were obtained using forward difference
representations for the partial derivatives, hence solving the resulting
difference equations with the aid of a digital computer. The Crank-
Nicholson representation of partial derivatives gave the following set

of derivatives at_thellzb-non-dimensiona] time interval and jED-radius

position.
2
2 - L x+v) (7-6)
R 2AR
X =U(I,0 +1) -20(I,d) + U(I,0 -1)

Y=UWI+1,3+1) -20(I +1,0) +U(I +1,J-1)
R = gL I+1) -u(n, 3 -] (7-7)
%¥. - ?%T-LU(I +1,3) -U(1 -1, )] | (7-8)
where AR = non-dimensional radius step length
AT = non-dimensional time step length

Substitution into the partial differential equation 7-5 gave:
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U(I +1,0+3) -U(I+1,3) *(2+1/a) + U(I + 1,J - 1) = B(I +1,3)

(7-9)
where a = AT/AR2
B(I +1,d) = -U(I,d+1)* (I +1/3) +20(1,d) - U(I,d-1)* (1 - %)
-U(T - 1,J0)/a
Cford =1, 2, ..... (n-1)
n = number of radius steps = 1/aR
The term %- %%— led to difficulty at R = 0 hence equation 7-5 was
adjusted to give a

usable equation with R = 0.

From the Maclaren expansion:

.
ol _ au 3 U
3R T 3R + R"T? tER — +

3R
®7) 01 o 0,1

‘Have that = = 0 hence:
(0,T)
2

%%, - é_%. o+ LR gfi o PP
®,7) R (0,7)

x| —

with R = 0 the result follows:

2

oA
oR

2
(0,T) R0,

0|~

So at R = 0 equation 7-5 becomes:

2
o U U

“ R =T (7-10)
(0,T)

It thus follows at R = 0:

iy - ~L [U(1,1) - 20(1,0) + U(T,. 1) + U(1 +1,1) - 20(T + 1,0)

2AR
+U(I+1, -1)]
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The values of U(I, -1) and U(I + 1, -1) were obtaihed from:

1
B = o [U(I1) - U(1,-1)] =0
R=0
Hence U(I,1) = U(i, -1) for all I and equation 7-10 becomes:
UCT +1,1) - U(T +1,0) * (1 +1/4a) = B(I +1,0) (7-11)

where B(I +1,0) = U(1,0) - U(L,1) - 2= U(I - 1,0).

" Equations 7-9 and 7-11 gave rise to equations in the unknowns
(I + 1,J),J =0, 1, ....(n-1)and in matrix form, taking into account

that U(I + 1, n) equals the coolant temperature U., they are:

1 | ] 1T ]
-(1+4a) 1 0 0..0 0 0 u(1i+1,0) B(1+1,0) '
1
1. -(2+a) 1 0..0 0 0 u(o+1,1) B(I+],])
1
0 1 -(242) 1..0 © 0 u(I+,2)y | B(I+1,2)
S 1 ,
0 0 0 0..1 -(2+a) 1 JU(I4,n=-2)] [B(I+1,n-2)
, 11 '
0 S0 0 0..0 1 -{2+a {ju(1+1,n-1) ri£1+1,n-l)-uc

Values of the U(I + 1,J) were obtained using the Gaussian elimination

technique which was rapid because of the simp]e nature of the matrix.

7-2-4 Results

The calculations were carried out as if the coil, initally at room
temperature, was suddenly immersed in the coolant and the surface of the
coil instantly adopted the same temperature as tHe coé]aht. The cooldown
. curves from room temperature to liquid nitrogen,temberature for R = 0, .
0.5 and'1 (figure 7-1) were obtained with values df 0.05 and 0.1 for

AT/AR-2 and AR2 respectively which meant that AT = 6 * ]0f4.
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The approximate value of the non-dimensional time for complete
cooldown was 1.25 and to convert this to real time for the liquid nitrogen

case:

(ad

It

—

¥,

Cen
X1 3

r:;

1.25 *

r

3.2 , .2
4 0

2 .
r © seconds (ro in cm.)

t 0

For a rod of solid copper of radius lcm the estiméted cooldown time

from room temperature to 77K was 1 second. As Cb decreases substantially
) and K, for pure copper, increases substantially with decrease in.
temperature the predicted cooldown time from 77K to 4.2K wou]dlhave been

Tess.

7-3 Cooldown Tests

The prbperties of the superconducting coil were different from
those of copper because of the wire insulation, potting material, and the
relatively poor thermal contact between coil turns. Since the shape of
the cooldown curves were independent of the type df métefia] (provided
that Cp and K could be assumed constant); by conducting nitrogen cooldown

tests on the coils a representative value of Cp/R could be determined,

hence the time for cooldown from 77K to 4.2K could be estimated.

The measurement technique adopted was to pass a small, constant
current (10 mA) through the coil and record, on an X-Y plotter, the coil
terminal voltage as a function of time after the coil had been immersed

in a bath of liquid nitrogen.

7-3-1 Test Results

The cooldown curves obtained (figure 7-2) gave cooldown times over
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two orders of magnitude greater than those previously predicted in
section 7-2-4. Representative values of Cp and K indicate that the
discrepancy could not be explained by Cp/K being 300 to 400 times larger,

hence another explanation was necessary.

The cause contributing most to the discrepancy was that the surface
temperature of the coil was not 77K as soon as it was immersed in the
liquid nitrogen. This would have been caused by the violent boiling of
the 1iquid on immersion of the coil, thus producing'poor thermal contact

between the 1iquid and the surface of the coil.

To test this hypothesis, a thermocouple was soldered onto the
surface of a 7mm diameter copper rod and the surface temperature moni-
tored, as a function of time, as the rod cooled. The resulting curve
(figure 7-3) verified the hypothesis and it also indicated that as the
sufface température'neared 77K, cooldown proceeded more rapid]y and as

soon as the surface temperature reached 77K, the entire bar was at 77K.

The time taken for the rod to cooldown was near 60 seconds, or over
350 times larger than predicted. The factor of 350 was much the same as

in the case of the coil cooldown test.

7-4 Discussion

Although the predicted times for cooldown bore little relationship
to the actual cooldown times (primarily due to the invalid assumption
that the coil surface temperature was the‘same as thg coolant temperature),
the caiculations and the tests showed that the coil cooled rapidly to
its surface temperature. This was an impoftant result because it showed
that the cooldown times were determined by the rate of coolant flow into
the coil chamber (the rate at which heat could be removed from the

chamber) rather than by the time required for temperature of the coil to
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become uniform. However, this result only applied when the coolant flow
rate was insufficient to give coo]down times comparable with times
obtained by immersion of coils into a bath of coolant. This restriction
applied because the maximum possible rate of liquid helium transfer was
lTimited by the bore of the transfer tube and consequeﬁtly was below that
required to produce cooldown times comparable with those possible from

sudden immersion into the coolant.

As the rate of cooldown depends almost entirely upon the rate of
transfer of,cooTant, approximate times for cooldown can be calculated
from the coil and cryostat enthalpy difference, the latent heat of vaporiz-
ation of the coolant, and the rate of coolant transfer - equation 7-12.
L Ah )
Time = QCL-W (7-12)
Ah = total enthalpy difference (joule)
Q = rate of liquid transfer (litre/hour)

C, = Tlatent heat of vaporization (joule/litre)

= heat inleak to helium chamber (joule/hour)

As an example, the following data applied to the successful second

helium experiment

ah = 6500 joule
Q = 3 litre/hour
CL = 2610 joule/litre
= 0.5 watt = 1800 joule/hour

W

The estimated time for cooldown was thus 65 minutes which compared

favourably with the observed value of 77 minutes.

Pressures within the helium dewar ranging from 20 to 130mm of

mercury above atmospheric pressure were used to transfer the 1iquid
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helium at a rate of three litres per hour. The lower pressure Was

~ sufficient with the 100 ampere leads in position, the higher préssure
was necessary with the 430 ampere leads used in the test machine. The
increased pressure was required as a result of the increased restriction

to the escape of the boil off gases.

7-5 Conclusion

The time required for the bulk of the coil to attain equilibrium
with its surface tempefature was small; hence the time between the surface
of the coil béﬁomjng superconducting and the entire coil becoming super-
conducting would be short. This will result in a rapid drop in the
apparent resistance as the coil goes into the superconducting state. This
was found to be the case during the successful experiment in which the
transition occurred within a matter of a second. This was an excellent
and positive indication that the transition to superconductivity had

taken place.



CHAPTER 8

CRYOSTAT AND INITIAL MACHINE PRELIMINARY TESTS

8-1 Introduction

Testing of the initial machine and the cryostats with 1iquid nitrogen
prior to the use of liquid heiium was essential so that unforseen operational
difficulties were revealed and corrected. This chapter describes the
preliminary tests conducted and the results obtained. Tests were undertaken
to determiﬁe:

(a) the e]ecfrica] and magnetic performances of the armature,

compensatiﬁg winding, and the field system;

(b) the dynamic performance of the armature;

(c) the possible effects of armature currents and commutation on

the performance of the superconducting field coils;
(d) the heat inleaks to the field coil chamber of the cryostats;

(e) whether any modifications were required to remedy unforseen

design errors or to simplify experimental procedures.

8-2 Armature and Compensating Winding

The initial machine was assembled but with the superconducting field
windings replaced, for testing purposes, with similar 400 turn, 21 B & S gauge
copper wire coils. Special care was taken «during the assembly to ensure
that the compensating winding was positioned so that its magnetic field was
correctly aligned with thé magnetic neutral axis of the field system.
On'motoring the machine problems with the thrust bearing and armature
balancing were revealed. The correct positioning of the armature brushes
was obtained after noting that with incorrect brush positioning the
compensating winding acted as a source of field f]ux:and the machine
motored without field excitation. The brushes were thus adjusted until

motoring without field excitation was eliminated.
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The armature was driven by an auxilliary motor and readings of open
circuit voltage for various field currents were taken. From these results
the voltage rating of the machine, with the superconducting coils carrying
a field current of 300 amperes and an armature speed of 1500 rpm, was
calculated to be 70 volts - Appendix G. This is 1owér~than the voltage
estimated in section 5-4-2. The estimation of the voltage of the initial
machine which was based upon the results of the tests on the model was only
intended as an indication of the order of the voltage possible with the
iquantity of superconductor considered to be expenaible if unforseen problems
arose. As discussed in Chapter 4 the purpose of the model was to obtain

flux distribution patterns and not precise magnitudes of flux densities.

The armature resistance was 2.90 and the resistance of the compensating
winding, with the parallel connection, was 3.35Q. Hence, the maximum
possible generator armature current on short circuit, with a field current
of 300 amperes and with the compensating winding in circuit, was limited
to eleven amperes. The maximum output power as a generator available from
the machine (with a load resistance of 6.4Q) was approximately 200 watts.
However, at this'stage this limitation was not of importance in the initial
' helium test as it was concerned with testing of the cryostat and the
investigation of the effects of armature reaction on the operation_of'the

superconducting field coil with rated armature current.

8-3 Field Coils
To maintain the superconducting state in the field coils depended on
ensuring that the temperature and maximum flux density were below their

critical values.

The maximum magnetic field density occurred at the inner surface of the
field coil. The maximum flux density produced by the substitute copper
field coils was measured and then corrected for 300 ampere operation with

the superconducting coil - Appendix G.
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The maximum flux density thus calculated was 2.82 tesla, which was well
below the critical value of 6.5 tesla at 300 amperes field current -
Appendix H. Plotting of the coil load line on the critical current - flux
density characteristics of the superconductor indicated that a current in
‘excess of 400 amperés would be possible before the coil would quench due
to excessive magnetic field - Appendix G. The margin between the working
peak flux aensity at the field winding and the critical flux density was
consistent. with the design philosophy adopted at this stage in the research

project.

8-4 Armature Reaction Cancellation

The armature reaction flux densities for the test machine configuration
were bredicted (Chapter 4) to be very small in the region of the super-
conductor and the necessity for a compensating winding was thus questioned

and investigated as discussed later,

The measured flux distributions in the region of the fie]d coils of the
test machine (figure 8-1) revealed armature reaction flux densities near
ten gauss which was more than three orders of magnitude below the critical
field of the niobium-titanium superconductor. The flux distributions also
indicated that complete cancellation was not possible with the configuration
adopted and in fact the compensating winding flux reinforced the armature
flux in some areas instead of cancelling it. However, with such smq]] flux
densities complete cancellation was not considered as necessary as originally
énvisaged for the correct operation of the superconductor. The unsymmetrical
flux distribution about the field pole centre Tine was caused by tHe
combination of the odd number of armature and compensating winding coils

and irregularities in the iron stator,

The purpose of the compensating winding was to protect the field coils
from changing armature fluxes caused by varying armature load currents and

to reduce forces on the field coils due to the load torque of the machine.
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The compensating winding, however, did not shield the field coils from
fluxes due to changing current in the coils undergoing commutation.
Measurement of the voltage induced in the field coil from these currents
revealed the following:
(a) The compensating winding had little or no effect on the
induced voltage with a steady armature current.
(b) The induced voltage had two frequency components. One .
component corresponded to the commutation frequency, which
produced spikes in the induced voltage, and the other

component corresponded to the speed of rotation.

The induced voltage was near 10mV at 1500 rpm and 5 ampere armature
current which corresponded to a very small flux density. Hence, losses
induced into the superconductor as a result of armature coil commutation
were considered to be nég]igib]e. It should be noted that a secondary
~effect of the copper radiation shield in the cryostat would be to shield

the coil from alternating fluxes.

8-5 Cryostat Tests

The first cryostats completed relied only on vacuum and the nitrogen
cooled radiation shield for thermal insulation. It was intended that the
cryostats were to be continuously pumped so bake-out procedures were not
used. With the cryostats filled with 1iduid nitrogen_a vacuum pressure

of 2 x 1070

torr was obtained after forty-eight hours of pumping. It was
evident that to maintain this low pressure, continuous pumping was
necessary as degassing within the cryostats was considerable. Superinsulation

was used in subsequent cryostats - Chapters 10 and 12.

The vacuum gauge head was positioned for convenience near where the
vacuum line to the cryostat was connected to the pump. This meant that
the gauge reading could have been different from the actual pressure within

the cryostats. It was considered that the indication given by the vacuum
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gauge was sufficient to determine the adequacy or otherwise of the vacuum
within the cryostat. For example, with the gauge reading a pressure of

5

1.5 x 107”7 torr, a mist formed on the chimney of the cryostat when the

“radiation shield was cooled to 77K but with a vacuum reading of 5 x 10-6
torr, no mist formed. The corresponding heat in]eaks,-with the inner
container approximately half filled with liquid nitrogen, were 2.4 watts

and 1.45 watts respectively.

" The method adopted for determining the heat inleak to the cryostat
relied on the volumetric ratio of gaseous nitrogen at room tehpefature and
pressure and liquid nitrogén temperature of 77K. The time taken for the
boil-off gases to displace a predetermined fixed volume of water was
,keéorded and, taking into account the saturation vapoﬁf pressure of water

in air, the heat inTeak was calculated.

For the heat inleak experiments, the liquid helium section of the
cryostat was inftia]]y filled to within 200mm of the top of the chimney
section with Tiquid nitrogen and the heat inleak was recorded as the 1eve1b
of the Tiquid nitrogen fell, both with and without the radiation shield
- cooled with 1iquid nitrogen. The patterns of the heat inleaks with and
without the radiation shield cooled as the level fell were similar;
starting at a high heat inleak (which was io be expected because of the
close proximity of ambient conditions) and falling to a final constant
value which was taken as the heat inleak for the conditions under investi-
gation. The heat inleaks stabilised with the 1iquid nitrogen level at

the Tower extremity of the counter flow cryogenic current leads.

The effeét_of an inadequate vacuum and the cooling of the radiation
shield with 1iquid nitrogen on the heat inleak into thé coil chamber of
the cryostat 1ndicated the'necessity for a vacuum, as indicated by the
gauge head, of below 2 x 10'6 torr as well as the cooled radiation shield

- figure 8-2. Pressures below 10'6 torr were not necessary as the heat
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inleak did not decrease significantly with further redubtions in the

pressure.

The 1iquid nitrogen tests indicated that the welds in the cryostats
were free from leaks which only appeared at cryogenic femperatures, and

that the demountable indium seals were performing'as required.

8-6 Conclusions

The design of fhe initial machine allowed flexibility in its operation
in that many configurations could be investigated. The armature and the
compensating Qindings had sufficient ampere conductors so that useful
results would be obtained on the influence of armature reaction;fluxes on

the superconducting field coil.

The observed magnitude of the heat inleak was very near that calculated
in Chabter 6 with the ]eads.operating into 1iquid nitrogen. As the leads
are the primary source of the heat inleak and the heat inleak into liquid
nitrogen is greater than that into liquid helium, as indicated in Chapter 6,
it was evident that the cryostats were satisfactory for a run with liquid

helium.
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CHAPTER 9

FIRST LIQUID HELIUM RUN

9-1 Introdﬁction

After the tests with liquid nitrogen indicated that adequate vacuum
could be maintained in the insulation sbace-of the cryostats, shown in
figure 5-3, and that the heat inleak to the coil chémber could be attri-
buted to the expected heat inleaks introduced by the coil cryogenic supply

leads, a dewar of liquid helium was imported.

The supercohducting state was not achieved because a thermal short
circuit occurred within the cryostat. HoweQer, the experience gained in
the handling of liquid helium and the desigh and operation of the cryostats
was invaluable. As a result of the experiment a number of alterations

were made to the design of the machine and cryostat.

9-2 Test Run

A forty volt, 350 ampere battery supply with a variable water resistor
was used for the supply of the superconducting coil excitation current.
A twelve channel ultra-violet light recorder was used to record:

(a) thé armature terminal voltage;

(b) the armature current;

(c) the voltage between the terminals of the superconducting

coil;
(d) the superconducting coil current, and
(e) the flux density-in the vicinity of the superconducting

coil.

9-2-1 Coil Supply Lead Voltage Drop

To'give an indication as to the state of superconduction in the field
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coil and the operation of cryogenic supply leads, it was necessary to
have an estimate of the voltage drop between the cryogenic lead terminals

at the top of the chimney under normal operating conditions.

The voltage drop was calculated from '

)
Vo= 2({p%dx (9-1)
where V = voltage drop (volt)
p = resistivity (ohm-cm)
%2 = lead length (cm)
A _5'Cross sectional area of the cryogenic leads (cm2)
I = current (amp)
X =

distance from the helium extremity of the lead (cm).

For the lead design A was a constant, hence equation 9-1 became:

%
vo= &7 o ax ' (9-2)
0

From the optimum lead temperature profile (figure 6-4) and the
resistivity data (Appendix E), the resistivity profile of the leads was

approximated, as given below, for the evaluation of the intergration.

From figure 6-4 the temperature profile was approximated by:

0 < x < 40cm T =1.45x + 4.2K
(9-3)
40 < x < 65cm T = 10x - 350K
From the resistivity data,
T> 45K o/p = T/255 - 0.1765.
300 (9-4)

T < 45K 0

9/0300

Combining sets of equations 9-3 and 9-4 the resulting resistivity

profile was:
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0 < x < 35.6cm p/p300 0
35.6 < x < 40cm 0/0300 2]T5 (1.145x - 40.8) ~ (9-5)
40 < x < 65cm 0/o300 2}3—5 (10x - 395)

The value of the intergration in equation 9-2 wa$'2.17*10-5 Q-cmz,

with 9300 = ].7*10-6 Q-cm. The voltage drop for the optimized leads

with the optimum current was hence calculated as 0.12 volts.

The lead voltage drop was also estimated as follows. Using the

Wiedemann-Franz Law in equation 9-1,

v o= 21]2{\%@ o (9-6)
0

T = temperature (Kelvin)

K = thermal conductivity (Watt-cm)

L = Wiedemann-Franz constant

Substituting for %K from equation 6-5 and using the value of Dopt’

equation 9-6 becomes:

Vo= 2 LD [T(2) dz - (9-7)
Since equation 9-7 is independent of current and the Z temperature
profile for optimum conditions is invariant, the lead voltage drop under
optimum conditions is indepéndent of the lead design and current. The
voltage obtained from equation 9-7 was 0.167 volts which compares favour-
ably with the pkeviods]y obtained value of 0.12 volts. A loss of the
superconducting state would be indicated if the voltage between the lead

terminals exceeds these values.

9-2-2 Vacuum'

After twenty-four hours of continuous pumping, a pressure of 7*10-6

torr was achieved with the cryostat at room temperature. With the
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radiation shield nitrogen chambers filled, the pressure dropped to

%1070

torr. Three times during the course of the ekperiment the pressure
increased for periods of less than fifteen seconds to 10'4 torr. The
pressure returned to 2%1070 torr each time. The losses of vacuum were
attributed to sudden degassing within the cryostats ?ather than the

formation of leaks at the reduced temperatures.

9-2-3 Pré-Coo]ing

Liquid nitrogen was introduced into the coil chambers to pre-cool the
superconducting coils to a temperature of near 77K. fhe resistance of the
coil was monitored so that the transfer of nitrogen could be stopped as
soon as the temperature of the coil, as indicated by the resistance, waé
just in excess of 77K. This method of pre-cooling ensured that very little
or no liquid nitrogen remained in the cryostats before the transfer

of the helium into the cryostat was commenced.

Throughout the experiment the 1iquid nitrogen level in the radiation

shield coolant chamber was maintained above the heat plug.

9-2-4 Coil Cooldown

The method adopted for transferring the he]iuﬁ was tb pressurise
the helium dewar with its boil-off gas, hence forcing the helium fnto the
cryostats. The pressure was maintained by periodically squeezing an
inflated football bladder which was connected over one of the outlets

of the helium dewar - thus introducing heat into the dewar - Chapter 2.

~ To prevent an excessive build-up in pressure within the helium dewar,
as a result of the rapid cooling of the end of the transfer tube, the
transfer tube was slowly lowered into the liquid helium. The only escape
paths for the resultant helium gas were via thé transfer tube and via

a pressure release valve which was an integral part of the dewar. Operation
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of thé pressure relief valve was not wanted as it meant the loss of a
small quantity of coolant which could aid the cooling of the transfer
tube and cryostat. During transfer of the helium, the release valve was
permanently closed unless an over-pressuré occurredehence it was opened
manually. The préssure within the dewar Qas mbnitored continuously and
maintained at a safe level. In the event of a sudden and dangerous over-
pressure within the dewar, a secondary, high pressure release valve,which

was also an integral part of the dewar, would operate.

The pressure required to maintain the transfer of helium was 16 to
22 mm of mercury. If the pressure rose‘to'near 26 mm of mercury the rate
of transfer was excessive and led to inefficient cooling of the cryostat.
At a 10Wér pressure of 13 mm of mercury the transfer of helium ceased. A
carbon resistor therhometer situated near the outlet of the helium transfer
tube in the cryostat indicated whether or not helium at 4.2K was being

transferred.

The helium boil-off gases were necessarily allowed to escape from the
top of the cryostats after passing over the leads to the atmosphere with
consequent freezing of external sections. This was, however, character-
istic of the cooldown process because as soon as any liquid helium came in
contact with the coil it would immediately vaporize, thus Teading to large

quantities of gaseous helium which escaped from the cryostats.

With the equipment available only one cryostat at a time could be
filled; hence it was necessary that the heat inleaks to the cryostats
would be small enough to allow one cryostat to be filled whilst the other
maintained its charge of helium. A hoist was built so that the dewar and
} the transfer tube could be 1ifted together, thus avoiding the wasteful
process, in terms of liquid helium consumption, of removing the transfer

tube from the dewar. Estimated heat inleaks to the cryostats indicated

this would have allowed the alternate filling and topping up of the cryostats
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without incurring excessive losses of helium.

The resistance of the superconducting coil was monitored with a
sensitive resistance bridge to give anvindication as to the progress of
the cooldown and to indicate the transition to the euperconducting state.
The resulting cooldown curve (figure 9-1) gave the'ratio of the coil room
temperaturevresistance to the lTowest resistance obtained when the 1iquid
hel ium was exhausted as 182 which corresponded to a mean coil temperature
of approximately 20K. The transition to the superconducting state was

not achieved for the unforeseen reasons given below.

In the later experiments the coil resistance was monitored by measuring
the voltage drop on the coil cryogenic supply leads and the field coil
constant current of 10mA. This technique was adopted as the voltmeter did
not require balancing, unlike the resistance bridge, and it was also used
to monitor the performance of the superconducting coil whilst carrying

the required machine field excitation current.

The irregular section of the coo]down curve after two hours of cooling
was due to the liquid helium level in the dewar falling below the extremity
of the transfer tube; hence causing the cessation of the transfer of
helium. This was rectified by 1ifting the dewar with the hoist until the
transfer tube rested on the bottom of the dewar. This should have been
done when the transfer tube was initially inserted into the helium dewar,

but was overlooked.

Midway through the cooldown, frost formed at the lower end of the
chimney. This had not occurred during the previous 1iquid nitrogen tests
and it was assumed that relative contraction due to the further reduction
in tehperatures had caused contact between the radiation shield and the
‘lTower end of the chimney. The effectiveness of the radiation shield was
thus greatly reduced. Susequent dismantiing of the cryostat showed the

above explanation of the frosting to be correct.
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9-3 Results

The cooldown curve (figure 9-1) indicated that a mean coil temperature
of near 20K was achieved. This meant that only one to two litres more
of 1iquid helium should have been required to reduce the temperature into
the superconducting region. The difference between the weights of the
dewar before and after the test revealed that only twenty-two litres of
liquid helium were supplied instead of thirty litres which was the capacity
of the dewar. Thus it was apparent that with a full dewar the superconducting
state would have been achieved desnite the thermal short circuit and therefore

with the correct allowance for contraction in the cryostat the experiment

would have been successful.

. Before the experiment was conducted, it was estimated that the cool-
down from near 77K to 4.2K should have taken approximately one and a half
hours. This time was based on estimated rates of helium transfer and the
amount of heat to be removed during cooldown. Even with a heat inleak
of 0.5 watts to the coil chamber, the cooldown of one cryostat should have
required approximately five litres ofiliquid helium - not the twenty-two
litres as indicated by the test run. This showed that the thermal short

circuit resulted in excessive heat inTeak to the helium chambers.

9-4 Discussion

The experience gained during the run was invaluable as it highlighted
a number of points in connection with the design and the operation of the
cryostats. For example, the unwarranted fears that the insertion of the
transfer tube into the dewar would result in large quantities of helium
gas and consequent high pressures within the dewar and that the method of
helium transfer may not work were quelled. However, problems associated
with the operation of the superconducting field coil remained unanswered

and they could not be readily answered until the superconducting state
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was achieved.

A critical look at the entire system revealed that further improvements
could be made in the insulation of the cryostats, prevention of the
thermal short circuit at the Tower extremity of the cryostat chimney and
in the insulation of the transfer tube which was uninsulated at its end

sections.

Further tests revealed that the frost deposit which formed at the
bothm of the chimney did not occur unti1 the radiation shield coolant
chambers were filled with Tiquid nitrogen. The movehent of the radiation
shield with the contraction of the shield coolant chambers caused the
radiation shield to come into contact with the room temperature sections
of the cryostat. This would have caused the tempefature of the radiation
shield to be well above 77K, hence nullifying the effectiveness of the
radiation shield.. This fault was rectified by providing more clearance
between the rédiation shield and the outer sections of the cryostat which

was later successfully operated.

The insulation of ‘the cryostat used during this test relied entirely
on vacuum and the radiation shield. The tests with liquid nitrogen indi-
cated that this insulation was adequate, but as a result of the test
with the helium it was prudent to further reduce all sources of heat inleak.
Further improvements inthe insulation were possible with the use of layers
of superinsdlation within the vacuum space. This improved method of

insulation was used in subsegeunt cryostats.

The transfer tube had uninsulated end sections whichwere approximately
200 mm long. This, in effect, exposed the 1iquid helium within the trans-
fer tube which was entering the cfyostat to the boil-off gases which had
temperatures above the boiling point of 1iquid helium. This exposure

would have introduced unnecessary losses of liquid helium during the
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transfgr process and had to be rectified. The temperature between the
boil-off gases and the transfer tube is maintained by the heat inleak
from the cryogenic leads. As the difference in the temperatures between
the Tiquid and the gaseous helium, at the extremity of the transfer tube,
was not large it was sufficient to insulate the end sections with teflon

tubing.

It was apparent that simultaneous operation of two cryostats from the
single dewar of liquid helium would not be possible unless rates of helium
loss and the cooldown time could be'greatly reduced. This led to the
decision to redesign the machine and to incorporate a normal conducting
field winding, thus eliminating the need to operate two superconducting
field coils simultaneously. This would operate as satisfactorily from
the machine point of view as all the information concerning the operation
of the superconducting field coil would be obtained with one coil as with

two.

9-5 Conclusion -

The great value of this test was mainly in the experience obtained
in the operation of the cryogenic components, the highlighting of defects
in the design of the cryostat, and the consequent decision to alter the
designs of the machine and cryostat. It was also concluded that even
more stringent testing with 1iquid nitrogen would in future be carried out
on the cryostats so that problems, such as that experienced with the
radiation shield or any other problem, should not occur during future

liquid helium runs.
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CHAPTER 10

INITIAL MACHINE RE-DESIGN AND TESTS

10-1 Introduction

It was apparent from the first test with the 1iquid helium that -
modifications in the design of the initial machine were necessary. ‘The
modifications were required to reduce the demand for liéuid helium be]éw
that encountered during the cooldown and operation of the superconducting
coils in the first helium test. This was achieved by introducing super-
insulation, improving the design of the cryostats, rectification of the
fault with the shield coolant chamber, and replacing one of the super-
conduéting coils and cryostat with a conventiona1'fie1d winding. The
fo]Towing chaptér discusses the implementation of the improvements and the

tests which were conducted to verify their effectiveness.

10-2° Cryostat Helium Loss Reduction

The demand for liquid helium was halved when the decision to use only
one superconducting field coil was made; however, further reductions in
helium demand below that with the thermal short were necessary. The heat
inleaks to the cryostat were through the ihsulation, through the current
leads and through the thermal short. The insulation was improved upon by
the introduction of alternate layers of fibreglass matting and aluminized
mylar sheeting which completely occupied the vacuum space between the

radiation shield and the outer and inner sections of.the cryostat.

Although the counterflow current leads were designed to give the
minimum heat inleak, they still introduced the majority of the total heat
inleak to the helium in a properly insulated cryostat. The only option
available to further reduce the heat inleak introduced by the leads was to
redesign them for a reduced operating current. A reduction in the operating

current to one-hundred amperes was decided upon as it was considered that
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initially it-was important to achieve thé'supercondﬁctiﬁg state. Attempted
operation at the highef current would have incurred the possibilitv of not
achieving the state of superconduction because of the higher lead heat
inleak associated with the 300 ampere current, three times that for 100

ampere, and the subsequent faster consumption of the Tiquid helium.

The design of the 100 ampere leads was along the same lines as the 300
ampere leads, but the cross-sectional area of the 100 ampere conductors was
one-third that of the 300 ampere conductors. As both leads were optimized,
the‘temperature profile and the voltage drop with optimum current flowing
were the same. The reduction in the current by two-thirds theoretically

reduced the Tead heat inleak by two-thirds.

The unmodified cryostat was insulated with superinsulation and
reassembled, but without the coil and leads in position. This enabled the
ambient heat inleak of the cryostat alone to be measured. The cryostat
was reassembled unmodified so that a check on the validity of attributing
the excessive heat inleak encountered during the helium test to the thermal

short.

With the radiation shield cooled with 1iquid nitrogen, it was evident
that the problem of the frost formation at the base of the chimney section
remained as expected. Tests were conducted without the. cryogenic leads
and the heat inleaks to the Tiquid nitrogen in the coil chamber were 0.41
watt and 1.08 watt with and without the radiation shield cooled. The

7 torr to 6 x 10'7

vacuum gauge indicated a pressure in the range of 4 x 10~
torr. With the one-hundred ampere leads in position and carrying no current,

the heat inleaks were 0.77 watt and 1.30 watt respectively.

Inspection of the cryostat with the nitrogen chamber filled indicated
that the resulting contraction of the nitrogen chamber was greéter than
that allowed for. This, combined with an incorrectly positioned radiation
shield, caused contact between the radiation shield and the lower end of

the outer chimney section.
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The cryostat was rebuilt with the coil and the leads in position.
A greater clearance between the radiation shield and the outer sections of
the cryostat was provided, thus eliminating the possibility of contact

between these sections as a result of differential thermal contraction.

Tests on the cryostat showed that the problem with the differential
thermal contraction, which led to the thermal shorting and consequently
the reduction in the effectiveness of the copper radiation shield, had been
successfully eliminated; as a result the heat inleaks were reduced. With
liquid nitrogen in the coil chamber and the 100 ampere leads positioned,
the heat inleaks were 0.97 watt without the shield cooled with liquid
nitrogen and 0.57 watt with the shield cooled. Prior to the cryostat
reconstruction, the corresponding heat inleaks were 1.3 watt and 0.77 watt.
The heat inleak with the shié]d cooled was actually below the estimated
‘value of 0.68 watt, which was calculated as the 100 ampere lead heat inleak

to liquid nitrogen with no current flow.

With the radiation shield cooled to a uniform temperature equal to that
of Tiquid nitrogen the only heat inleak to the coil chamber with it filled
with Tiquid nitrogen would be via the cryogenic leads and the stainless
steel of the chimney. With the thermal shorf circuit and without the leads
the heat inleak was measured as 0.41 watt with the shield cooled. With
this configuration the heat inleak should have been less than 0.1 watt.
With the leads in position and the thermal short removed the corresponding
heat inleak was 0.57 watt which could all be attributed to the leads. It
was quite clear that the thermal short removed the effectiveness of the
shield even at liquid nitrdgen coil chamber temperatures. The reduction
in effectiveness would have been amplified with the coil chamber at liquid
helium temperatures. The conclusion can be made that the thermal short
was the major contributing factor to the excessive heat inleak encountered

during the helium test.
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The above results also indicated thatbthe cryostgy.had beénbsignificantly»
improved and that it was ready for a second attempt.at:achieving the super-
conducting state and tests on the machine with the superconducting coil in

operation.

10-3 Field Flux Patterns

To reduce the démand for liquid helium, one of the superconducting field
coils was replaced With a conventional type of field cbi]. The replacement
coil was obtained from an old machine and had 3935 turns of 25 B & S éoppef
wire. The conventional field coil required an iron éore to produce the
necessary field flux; hence the field flux density distributions produced

by the conventional and superconducting coils were different.

The fie]d flux pattern of the superconducting coiI-(figure 10-1) had a
similar shape to that obtained with the model - figure 4-22. The introduction
of the iron core resulted in the component of the field flux near the |
conventional pole due to the superconducting coil being a larger fraction of
the total superconducting coil field flux than obtained in the model. The |
field flux pattern of the conventional pole (figure 10-2) indicated that a
current of 0.215 amperes in the conventional winding resulted in equal totél

pole fluxes with a superconducting coil excitation current of 100 amperes.

- To avoid circu]at{ng armature current in D.C. machines with more thaﬁ
two poles, the field flux of each pole must be equal. As this is not always
possib]e,-armature equalising connections are used to avoid excessive
current densitieé at the brushes of the machine due to circulating currents.
Circulating currents cannot occur in two pole D.C. machines, unless a gramme
ring type winding is used; hence unequal pole fluxes can be tolerated.
Difficulty with operation under this condition could arise from uneven
torque loading of the armature surface and different attractive forées, if |

iron is retained in the armature, between poles and the armature.
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Further tests indicated that with 100 amperes flowing in the super-
conducting coil, the generated voltage would be 17 volts which, although
an order of magnitude below that initially aimed for, was in accordance

with the estimates in Chapter 8.

As discussed in Chapter 8, at this stage in the project the rating of
the machine was of secondary importance to achieving the superconducting
state and the collection of initial data on the influence of armature

reaction on the operation of a superconducting field cbil.

10-4 Moisture Problem

A cause of loss of vacuum was the freezing of moisture which had
collected between the surfaces of the indium seals. VDuring the tests on
the initial cryostat to determine the cause of the frost deposit it was
found that after several coo]ing éyc]es loss of vacuum occurred during the
cooldown process. On returning the cryostat to room temperature, the
- vacuum leaks self sealed and the required vacuum was again achieved. The

jloss of vacuum made the operation of the cryostat impossible; hence it
was dismantled and the cause of the probTém was found to be moisture which
had collected between the stainless steel sealing sﬁrfaces of the indium
seals. On cooling, the moisture froze and expanded, thus breaking the

indium wire seals.

The problem was solved by introducing further control over the ingress
of moisture and fitting top pieces to the cryostat which prevented the

entry of moisture into the cryostat.

10-5 Automatic Radiation Shield Coolant Transfer

* To eliminate the manual refilling of the radiation shield coolant
chamber and to allow extended periods of unattended cryostat precooling,
a controller which maintained the required level of 1iqdid nitrogen was

developed. A simple controller based on copper-constantan thermocouple
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detectors and high gain amnplifiers maintained the requifed precoolant level
except in the presence of strong electromagnetic wave .interference, such as
close proximity radio frequency transmissions, which caused false triggering
of the logic circuitry. Normal local radio»station transmissions had no

effect on the operation of the automatic filler.

A thermocouple within the nitrogen supply dewar was used as a reference
and two therﬁocoup]es within the nitrogen chamber of the cryosfat were used
for the high andrlow detectors. A fourth thermocouple near the bottom of
the dewar served as a master shut down if the liquid nitrogen supply was
exhausted. After amplifying the thermocouple voltages by a faetor of 250,
the logic section controlled the power suppiy to a nitrogen transfer valve.

A schematic diagram of the automatic filler is given ih figure 10-3.

10-6 Conclusion

The substantial reduction fn the heat inleak to the cryostat and the
improvements made in the operating techniques combined with the fact that
- the superconducting state was very nearly achieved during the first test
with'liquid helium to indicate that the machine was ready for a second test
with liquid helium and that the superconducting state would be achieved.
A plan of the rebuilt machine is given invfigure 10-4 and a photograph in

figure 10-5.
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FIGURE 10-5
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CHAPTER T1

SECOND AND THIRD LIQUID HELIUM RUNS

11-1 Introduction

The foliowing chapter discusses the operation of the machine and
the'supercondﬁcting coil during two suécessfu] attémpts to obtain the
superconducting state. Excitation currents in excess of 100 amperes were
achieved. For the first test, the excitation current was supplied from
a bank of lead acid batteries and for the second, a D.C. generator was
used. A single, thirty litre dewar of liquid helium was sufficient for
both tests. Selection of the armature control cikéuitry and aspects

associated with the opefation of the cryostats are included.

‘ 'The Aim of the expériment was to conduct qualitative tests on the
initia] machine so that an indication of the directionAin which the project
should proceed would be apparent. The initial machine provided the maxi;
mum shielding for the superconducting field winding against‘armature
reaction fluxes. The intention was to progressively remove the shielding
so that a format for a model of a prototype machine would be obtained.

For these}reasons quantitative comparisons between the results obtained
from the experiments on the initial machine are not compared with expected
vé]ues in a prototype machine. It is thérefore sufficient to discuss the

operation of the machine in a qualitative manner.

11-2 Machine Preparation

Previous tests on the characteristics of the machine showed that
the maximum generated voltage would be only 17 volts. This was insuffi-
cient to produce the rated armature current in the generating mode. To
obtain the rated armature currents in both the generating and motoring

modes the +26 volt circuit shown in figure 11-1 was used. This circuit
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was designed so that transient testing of the machine both with and

without the compensating winding in circuit was possible.

The compensating winding was connected in series wiph the armature
winding; hence the full armature current was carried by the compensating
winding. The compensating winding conductor current was approximately
half the total current because the parallel internal connection was used

- Chapter 5.

A 2300 r.p.m., 1kW, D.C. machine which was belt coupled to the test
machine maintained a speed of 2000 r.p.m. for generation‘testing. For
much of the motor testing it was found necessary to maintain speed using
the drive motor because of the low rating of the test machine. Motor
tests were carried out with the drive machine e]ectrfcally isolated and
acting as a frictional Toad. Tests with the drive motor uncoupled from

the test machine were also conducted.

11-3 Data Recording

An ultra-violet light recorder enabled a continuous record of the

following variables to be taken:

(a) The radial component of flux density between the
superconducting coi1_and fhe jon pole face. A

Hall plate was used as a transducer.

(b) The machine armature voltage.

(c) The maéhine armature current.

(d) The superconducting field coil current.

(e) The superconducting field coil and cryogenic lead voltage.
(f) The normal field coil current.

11-4 Second Liquid Helium Run

The second liquid run was designed to confirm the liquid nitrogen
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tests which indicated that the rebuilt cryostat was capable of maintain-
ing the necessary conditions for superconductivity for some hours from
the single thirty litre dewar of liquid helium andlto permit the study
of the effects of armature reaction fluxes on the superconducting field
coil. Other questions which required answers were:

How can the transition from normal conduction to

superconduction be detected?

What rates of increase of the current in the

superconducting field coil can be achieved?

The pressure in the vacuum spaces of the cryostat was maintained

at less than 8 * 10'7 torr during the experiment.

11-4-1 Superconducting Coil Current Supply

Eight, two volt, 500 ampere-hour batteries were connected to give
an eight volf D.C. source which was capable of supplying a current in
excess of 100 amperes to the superconducting field coil. A water
resistor with variable, intermeshing iron plates was used to regulate

the current in the superconducting field coil.

11-4-2 Cryostat Pre-Coo]igg

To ensure the best possible pre-cooling of the superinsulation the
Tiquid nitrogen level in the radiation shield coo]ant:chamber was continu-
ously maintained for four days prior to the helium test. An automatic
filler described earlier maintained the level of nitrogen above that
of the-heat plug. Thisvmethod o; cooling maintained a temperature of

near 110K in the helium chamber.

Prior to the transfer of 1iquid helium, the helium chamber was
further pre-cooled with liquid nitrogen supplied directly into the helium

chamber. To ensure the removal of the pre-cooling nitrogen from within

the helium chamber, the internal pressure of the chamber was reduced to
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100 mm of mercury. The resultant lowering of the boiling temperature

of the nitrogen increased the effectiveness of the pre-cooling by reduc-

ing the coil temperature a further 2K below 77K.

11-4-3 Cryostat and Coil Cooldown

Once the cryostat was correctly pre-cooled, the liquid helium
transfer tube was slowly lowered into the helium dewar and the machine
cryostat. The resulting evaporation of 1iquid helium caused the pressure
within the dewar to exceed 65 mm of mercury above atmospheric preséure

which initiated the transfer of liquid helium to the cryostat.

The pressure within the dewar was allowed to drop to 12 mm of
mercury above atmospheric pressure and this was found to be sufficient
to initia]fy sustain the transfer of 1iquid helium. As the liquid
level within the helium dewar dropped, the pressure required increased

slightly.

The resistance of the coil was monitored by passing a current of
10 mA through the coil and méasuring the applied voltage. Carbon
resistor thermometers indicated the temperature at the top and at the
centre line of the superconducting coil. The cooldown curves thus

obtained are plotted in figures 11-2 and 11-3.

The significant features of the cooldown curves are that they
clearly indicate the transition to superconduction and the greatly
shortened cooldbwn time when compared with that of the first helium run

when the superconducting state was not achieved.

The transition to the superconducting state was easily detected
by a drop in the coil plus supply lead resistance from a steady value
of near 0.025 ohm whilst the temperature of the coil fell from 25K to below

10K to a value which was below 0.0015Q. The temperature within the

cryostat was allowed to rise above the transition temperature of 9.2K
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and there was a sudden rise in the resistance to near 0.025%. Sudden

return to superconduction occurred on subsequent cooling.

11-4-4 Superconducting Coil Excitation

" Previous calculations indicated that the l1ead resistance at 95 amperes,
the theoretical optimum for the lead cross sectional area selected, current
would be 0.00128y - section 9-2-1. To determine the state of the super-
conducting coil, the voltage across the coil and leads wasvrecorded as
the excitation current was increased. If this vo]tagé-had exceeded 0.12
volts, the estimated voltage drop on the Teads at 95 amperes excitatidn
current, it would have been assumed that the coil had quenched and the
fie]d current supply would be switched off. The observed lead voltages

are discussed in Section 11-4-15.

To avoid a possible quench due to an excessive rate of inérease of
superconducting coil curkent, the coil current was initially increased
very slowly - figure 11-4. Backlash in the mechanism of the motor driven,
variable water resistor gave rise to the oscillatory increase in the

excitation current of the superconducting coil.

The required superconducting coil current was achieved without diffi-
culty withiﬁ fifteen minutes. This suggested higher coil charging rates
could be used in subsequent tests. After the tests on the machine had
been completed, the rate of excitation was increased and the required
current was obtained after six minutes. Higher rates of excitation could
not be bbtained,during this experiment because of the limitation of,the
maximum speed of the driving motor of the variable water resistor. The
maximum excitation current achieved during the experiment was 120 amperes

which was obtained with the water resistor at its minimum resistance.

11-4-5 Field Coil Flux Density

‘The flux density on the axis of the superconducting field coil in
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the region between the cryostat and the iron field pole face was

recorded -as the superconducting coil current was increased - figure 11-5,

If the flux density obtained at the armature windings was the same
as at the above positicn, then the generated vo]tagé would have been over
100 volts at 2000 r.p.m. However, this was not the case because of the
loss of flux due to the inherent leakage paths in machines with reduced

iron contents.

11-4-6 Machine Tests

The aim of the following tests was to reveal the conditions, if any,
under which the superconducting coil would quench as a result of current
magnitudes and changes in the currents fTowing in the armature windings

of the machine.

The current in the normal field coil was set at 0.215 amperes which
resulted in equal field fluxes from the Superconducting field coil, when

excited with 95 amperes, and the normal field coil, see Chapter 10.

11-4-7 Motoring Tests with Compensating Winding

v. For the first set of fests, the machine was driQen by the auxiliary
motor at 2000 r.p.m. so that the rated sbeed could be maintained during
armature currént'variations. With the test machine drawing the rated
armature current, thé speed of the machines increased to 2200 r.p.m.,

that is, the test machine was motoring but being driven at the same time.

Although it was expected that the very small armature reaction fluxes
in the region of the superconducting field coil (Chapter 8) would not
cause the coil to quench, the armature current was S]ow]y increased the
first time the machine was operated - figure 11-6. This load cycle proved
that with the Compensating winding in circuit the machine was operational
for smooth changes in the armature current aﬁd that the superconducting

field coil was not affected by either steady armature reaction fluxes of
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FIG 11-6
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near 15 gauss or changing fluxes or near 6 gauss per second.

Subsequent increased rates of change of armature current had little

effect on the field coil voltage and supercurrent.

Sudden applications of the armature supb]y (figure 11-7) induced
transients in the superconducting coil voltage and almost imperceptible
spikes in the supercurrent traces. The transients did not cause any
apparent malfunctions, a fact which allayed fears that the coil would
quench during such abnormal operations of the machine. The entire super-
conducting coil was subjected to armature reaction flux densities of up
to fifteen gauss which was very small, as initially aimed for, when com-

pared with the critical flux denSity of the superconductor.

11-4-8 Motoring without Compensating Winding

The machine Toad cycles in the previous section were repeated but
with the compensating winding short circuited. With the compensating
winding short circuited, larger armature voltages and armature currents
were achieved than in the motor test with the compensating winding

connected in series with the armature.

Gradual increase and decrease in the armature current (figure 11-8)
did not affect the operation of the superconducting coil as indicated by
the steady supercurrent and coil voltage traces produced during the load
cycle. The sudden application and removal of the armature supply (figure
11-9) produced 1ittle change in the supercurrent, but transient voltages

were induced in the superconducting coil.

The induced voltage transients in the superconducting coil contained
two time constants: one short time constant which was associated with
the time constant of the armature circuit and hence the initial rise time
of the armature currents and another larger time constant which was
associated with the superconducting coil inductance and external power

supply resistance. The copper radiation shield and the short circuited
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FIG 11-7
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FIG 11-9
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compensating winding acted as shorted turns, hence és a shield against
-chahging fluxes which would have had an influence on the coil voltage
transient time constants. 'The magnitudes of the induced transient
’vo]tages were greater thah those produced with the cbhpensating winding

connected, but there was still no loss of superconductivity.

The slopes on the armature current trace were caused by the generated
e.m.f. increasing as the machine speed increased. The slopes of the
armature voltage open circuit values were caused by the machine speed

decreasing once the armature supply was removed.

These tests indicated that with the configuratjon of the initial machine
adopted (i.e. iron pole faces), a compensating winding was not necessary
to ensure adequate shielding against weak armature reaction fluxes of
magnitudes upto fifteen gauss and with slow rates of change of 1éss than
six gauss per second. The peak flux density at the field coil was approxi-

mately one quarter the critical value at the operating temperature of 4;2K.

11-4-9 Generating Tests with Compensating Winding

Similar tests to those carried out with the machine motoring were
repeated but with the machine generating. With the compensating winding
in circuit, the maximum armature current was limited to below 5 émperes
because of the resistances in the armature and compensating windings and
the Tow Qenerated voltage of the machine. The open circuit voltage at
a speed of 2000 r.p.m. and 100 ampere field current was only 17.5 volts;
hence the need for the extra 26 volt assisting voltage to provide the

rated armature current.

Neither slowly increasing the armature current (figure 11-10) nor
the sudden application of a resistive load (figure 11-11) caused disruption
to the supercurrent. The sudden loading did, however, produce an almost

imperceptible transient voltage on the super conducting coil voltage
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FIG 11-10
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which was caused by the changing armature reaction fluxes.

11-4-10 Generating Tests without Compensating Winding

With the compensating winding short circuited, repetition of the
machine generatidn tests resulted in similar loading éharacteristics
and transient values as those obtained in the previoUé]y discussed tests
- figures 11-12 and 11-13. The armature voltage was negative under the
heavier armature currents as a result of the 26 volt assisting voltage

' connected'in serijes with the armature.

The sudden application and removal of armature load resistances resulted
in armature and'superconducting coil transients similar to those obtained
during the motor transient tests without the compensating winding. Thesé-
transient voltages (armature voltage spikes produced on the removal of
armature currenﬁ and induced voltages in the superconducting coil - figure
11-13) were not as pronounced when the compensating winding was in circuit
thuS'indicatihg phe correcf operation of that winding. As with the
motoring transient tests, the superconducting coil voltage transients

contained two time constants.

As in the previous tests, there were no changes in the supercurrent.
-Commutation noiée which appeared on the supercurrentltrace dufing loading
was caused By pick-up by the recording instrument. This was later veri-
fied by short-circuiting'the‘pick-up terminals where they were connected
to the superconducting field coil and noting that the same noise patterns
ensued, ;

11-4 -11 Transient Motoring Test with Compensating Winding
Reverse Connected

To increase the armature reaction fluxes and possibly cause a quench
in the superconducting field coil, the compensating winding was reverse

connected so that4the armature reaction fluxes were reinforced by the
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FIG 11-13
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compensating winding magnetic fluxes. The sudden abp]ication of the
armature supply, with the machine rotating at ZOOO:r;p.m., had no detect-
able influence on the supercurrent, but transient voitages were inducedv

in the superconducting field coil and the armature - figure 11-14. The
magnitudes and shapes o% the'induced voltages were much the same as those
induced during the transient Toadings without the compensating winding.
However, the armature currents in those tests were greater than the currents

with the compensating winding reverse connected.

11-4-12 Loss of Normal Field Excitation

- In a further attempt to initiate a quench in thé superconducting
field coil, the current supply to the normal field coil was suddenly dis-
connected and reconnected with and without armature current. {The tests
failed to produce any detectable change in the supercurrent, But did
produce superconducting coil transient voltages greéter than fhose

previously obtained - figure 11-15.

The transients contained two time constants: a long time constant,
which was the same as that obtained during the armature transient tests,
and a short time constant. The short time constant was different, depend-
ing onvwhether the normal field coil was being energised or de-ehergised;
and. these were different from the short time constant obtained during the

armature loading transients.

On energising the normal coil, the short time constant was the same
as that of the normal field coil, but rapid de-energisation of the normal
field coil produced an even shorter time constant which was dependent
on how fast the knife switch was opened. As the nofma] field current was
reduced more quickly than it was increased, the peak transient voltage
for de-energisafion was greater than the peak voltage obtained during

coil "energisation. The peak induced voltagés corresponded to a rate of

change in the flux density ét the superconducting coil of 130 gauss per
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second. The duration of the induced transient was in excess of one

second.
11-4-13 Motor Test

The previQus.métor'tests were conducted with the machine driven at
2000 r.p.m. and a11owing the speed to increase to 2200 r.p.m. when the
superconducting méchine was energised. For the following tests the supply
to the load macﬁine was disconnected; hence the superconducting motor
provided the entire motive power. For the remainder of the tests, the

compensating winding was out of circuit.

The voltage supp]y'to the test machine, which was set to give a final
armature current of near 10 amperes and a machine speed of 950 r.p.m.,
was suddenly applied to the stationary armature so that the influence of
commutation on the superconducting coil could be investigated as the
machine accelerated. The resulting trace (figure 11-16) indicated a
double time constant field coil voltage transient and also indicated the
1hduced commutation voltage which increased in frequency as the speed of
the machine increased from the stationary start. Thelinduced effects

did not resu]t in any operational difficulties with the superconducting coil.

11-4-14  Commutation

The absencé.of any sparking at the brushes during prévious machine
tests (Chapter 8) indicated that the commutation of the armature coil
currents would not be a problem. 'This was found to be the case for all of
the machine load cycles and armature transients performed as indicated
- by the absence of any serious sparking between the high copper content

. brushes and the commutator.

Because of the lack of difficulty experienced with commutation, the
effectiveness or otherwise of the compensating winding to improve commu-

tation was not established.
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11-4-15 Performance of the Cryogenic Components

During>ﬁhe operational period of the superconducting coil, it was
necessary to mafhtain a continuous flow of liquid helium into the cryostat.
From the flow raté of the helium boil-off gases, the cohsumption of liquid
helium by the entire system - that is, the dewar, the transfer tube, the
current leads and the cryo;tat - was calculated to be 40 cc per minute.

The rate of use of Tiquid corresponded to a total heat inleak to the 1iquid
helium of 1.7 watts. This was one watt above that estimated for the leads

alone.

The higher Toss of Tiquid helium Above that which can be attributed to
the cryogenic leads improved_the performance of the Teads because the extra
cooling gas reduced the lead temperature. This resulted in the lower lead
voltage drops than predicted (figure 11-17) and also fhe ability of the
leads to supply in excess of 30% more current to the coil than the

designed optimum value of 95 amperes.

Once the machine tests were completed, the superconducting coi] was
de-energised and the liquid helium transfer tube was rémoved from the
cryostat. The rate of loss of the cryostat's charge of liquid helium was
3 cc per minute, which corresponded to a heat inleak of 0.128 watts. The
estimated heat inleak through the 100 ampere leads with no current was
0.11 watts, a calculation which agrees favourably with the observed total

heat inleak to the cryostat.

The warm-up characteristics of the coil and cryostat after the charge
of 1iquid helium was exhausted are shown in figure 11-18. The time rate
of rise of the tempefatUre.was 1arge1y determined by the heat conducted
to the cold region by the current leads. Without the cooling effect of the
counterflow boil-off gases, the heat conducted by the leads to a region

at 80K would have been at a rate of 0.5 watts. The time required to raise
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the coil and cryostat temperature to 80K from 4.2K_w$s thus estimated at
5.3 hours, which compares with the measured time, thus confirming the
assumption that fhe leads were the major source of heat inleak and that
the insulation chosen was adequate and need not be,jmproved upon for
future experiments. During the course of the experiments, only 14 of the
26 litres of liquid helium supplied were used. The~surp1u$ enabled

another test run from the single dewar of helium.

11-5 Third Liquid Helium Run

In the second helium run the superconducting coil was energised from
a bank of batteries which ensured a ripple-free current. The purpose of
the third run was to investigate the possibility of energising the super-

conducting field coil from a 270 ampere D.C. generator.

The cooldown time for the third run was an hour longer than that
for the second run because, during the weekend separating the tests, the
cryostat had returned to room temperature. This result indicated the
necessity for careful pre-cooling with liquid nitrogen so that a minimum

of liquid helium is used for cooldown to 4.2K.

11-5-1 Superconducting Coil Operation

The output of the D.C. supply generator was controlled by manually
varying the field current of the generator. The water resistor was series
connected in the superconducting coil circuit, thus preventing any diffi-
culties associated.with the operation of a generator .under virtually

short circuit conditions.

The superconducting field coil was successfully energised several
times to & maximum current of 120 amperes at a rate of rise of excitation
current in excess of 3 amperes per second. This rate of rise of field

current resulted. in a rate of change of flux density at the superconductor
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of 300 gauss per second. Higher rates of increase were not possible
because of limitations in thé éupply generator. Difficulty with recording
the variables was experienced because of commutation noise from the
generator, but this was later overcome by employingldifferentia] amplifier

filters with low upper cut-off frequencies.

The coil voltage was dominated by a 15 Hz a]ternating voltage of
near 1 volt peak to‘peak which corresponded to the speed of rotation of
the field current supply generator. The inductancevpfthe superconducting
coil was near 5 mH at a frequency of 15 Hz; thus the 15 Hz component of

current would have been less than 1.1 ampere peak to peak.

This test indicated that the coil could be succeésfu]ly energised-A
from a rotating machine and that field coil excitation rates far in excess
of those used initially could be employed. The commutation ripple of
the supply generator and the ripple due to its rotational unbalance proved
not to have a detrimenta]_influence upon the performance of the super-

conducting field coil.

11-6 Comments

The second and third helium runs answered the questions which were
posed in section 11-4. These answers were vital for the future progress
in research in the field of application of superconductivity at the

University of Tasmania.

The succeszu] operation of the machine and the comparative ease, when
compared with the problems previously encountered, with which the super-
conducting state and the required coil excitation current were achieved
indicated that further, more involved experiments}could be conducted from

the available 30 litre supply of Tiquid helium.

The faultless operation of the supercondutting coil throughout the
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experiment nu]1ified the necessity for a compensating winding with the
machine configuration adopted. Earlier experiments (Chapter 8) indicated
that the field pole face acted as an excellent shield against armature
reaction fluxes; hence the absence of large transient effects on the

performance of the coil was expected.

Loss of excitation current in the normal field pole resulted only in
a transient voltage being induced into the superconducting coil. This
raised the question as to what extent the superconducting coil can with-
stand transient flux changes or any other external disturbances, such as

vibrations, before a quench would be initiated.

An important point which affects the faultless operation of the super-
conductor was that the conservative maximum excitatioh current of 120
amperes was well below the estimated coil quench current of 460 amperes.

If the field coil was energised to just below the critical current, which
would result in better usage of the superconducting property, then the
ability of the coil tq rgsist the transients induced during the afore-
mentioned tests would be suspect. Under these conditions,'the compensating
winding could produce the added flux reductions required to protect the

superconducting coil and this was later investigated.

11-7 'Conc1usion

An aim of the initial machine was achieved when the superconducting
state was obtained and maintained without difficulty. This showed that
satisfactory techniques for the design of the cryostat and cryogenic

leads had been produced.

The inability to produce a quench as a result of flux changes at the
superconductor indicated that the project should progress to a second stage

machine. This machine should have a larger superconducting field coil
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operating at a greater current and exposed to the full effects of

armature reaction fluxes.
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CHAPTER 12.

FOURTH HELIUM RUN

12-1 Introduction

In this chapter modifications to the successful machine are des-
cribed which subjected the superconducting field coil to more stringent
operating conditions. The superconducting coil was operated more closely
to its critical flux density and it was subjected to the full effects
of the armature reaction fluxes. The results of a fourth successful helium

run which tested the machine with the modifications are also presented.

The success of the fourth helium run indicated the format of a
prototype machine and this permitted a quantitative comparison to be
made between the results obtained during the experiment and those

estimated for the prototype - section 12-10.

12-2 Cryostat Modification and Tests

The’cryqstat was re-designed so that it could accommodate a larger
superconducting coil and leads which were capable of supplying an excita-
tion current of 300 amperes - figure 12-]. The top section of the cryo- ,
" stat was re-designed to facilitate its construction and operation. A
larger chamber for the radiation shield coolant was provfded so that

intervals between liquid nitrogen refills were increased to several hours.

Within fifty hours of continuous pumping the pressure within the
cryostat, as indicated by the vacuum gauge, was less than 10'6 torr,

this indicating vacuum tightness.

After a twenty-four hour period'of cooling with 1iquid nitrogen,

the heat inleak performance of the cryostat within the 300 ampere leads
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FIG 12-1
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FIGURE 12-2

INITIAL MACHINE

AFTER SECOND MODIFICATION
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in position and not carrying curreht was measured. With the radiation
shield and the field coil cooled with 1iquid nitrogen, the total heat
inleak to the field coil chamber was measured at 1.1 watt. Without the
radiation shield cocled, the heat inleak wa§ 2.05 watt. The calculated
heat ih]eak due to the leads and without any other §ources of heat inleak
:was-Z watt. This compared favourably wfth the measured va]uevwithout

the shield cooled. The reason for the marked decrease in the heat 1nleak
when the shield chamber was filled with liquid n1trogen was that the
heat plug, which was situated approximately 450 mm from the bottom of

thé 1éads, would have intercepted much of the lead heat inleak to the
'inner coil chamber by producing a temperature of near 77K near the room

temperature extremity of the leads.
These tests indicated that the cryostat was adequately insulated

and that it was ready for tests with liquid helium.

12-3  Coil Modifications

¥

The anber of turns on the superconducting field coil was 1ncreased
from 400 to 800. This total required 178 metres of wire. At an excita-
tion current of 300 amperes, the maximum flux dénsity with the coil in
free space was estimated at 4.14 tesla whereas the critical flux density
is 6.5 tesla at 300 amperes. The free_ space quench'current was 390 amperes;
" thus an exéitétion-current of 300 amperes provided a small margin for the
increase in flux density due to the']ow reluctance of the iron stator
frame of the machine and the corresponding decrease in the critical current
of the coil. The mafgiﬁ<wa$ small enough so that there would be the

possibility of operating‘the'supercohductor'up to its limits.

12-4 - Machine Modifications

Thé field pole face which shielded the superconducting field coil
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from armature reaction fluxes (in the second and third helium runs) was
removed so that the new field coil could be subjected to the full effects
of the armature reaction fluxes. The m.m.f. of the normal field pole
was increased from 2200 ampere-turns to 4500 ampefé—turns which, when
combined with the superconducting field winding m;m.f., produced a field
pole flux of 2.25 milliweber. The armature and compensating windings

used in the previous tests were retained.

12-5 Coil Cooldown and Energising

As with the previous helium runs, the radiation shield of the
éryostat was pre-cooled with liquid nitrogen for fofty-eight hours.
Before the fransfer of helium was commenced, the coil was pre-cooled
with sufficient lTiquid nitrogen to a temperature of 77K. Excess 1iquid

nitrogen was removed by reducing the pressure within the coil chamber.

A dewér pressure of 60 mm of mercury was required’to commence the
transfer of liquid helium, but a lower pressure of 25 mm of mercury was
adequate to maintain the flow of helium to the cryostat. The éuper-
conducting state was achieved after only forty minutes of helium transfer

and the coil was successfully energised with a current of 160 amperes.

The 1ow value of current was caused by én unexplained increase in
the resistance of the water resistor since the commissioning tests had
been completed. In an attempt to reduce the resistance of the water
resistor, a momentary fault occurred within the water resistor and the
coil underwent a quench as indicated by a dramatic increase in the rate
of helium boil-off. Quick action to open the supply switches de-energised
the coil without any damage being caused. The temperature at the top of the
he]ium chamber rose to abo?e 40K as a consequence 6f the quench, but the
superconducting state was regained after less than ten minutes of

further helium transfer. This experience was invaluable as it indicated
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that the systém could withstand a quench and that the manually operated
supply switches were adequate for breaking the current before any
damage could occur, provided that the operators were alert. If the

current is not broken quickly the field coil would burn out.

A maximum excitation current of 215 amperes was achieved instead of
the intended 300 amperes. This resulfed from the increase in the resist-
ance of the water resistor, but the effects of the iron stator upon the
maximum flux density within the field coil reduced the critical current
substantially; Vhence an excitation current of 306 amperes was not

possible if the superconducting state was to be maintained.

12-6 Coi] Quenches

During the two afternoons of the fourth helium run, the coil under-
went a total of five quenéhes which were aT]bsuccessfu11y cleared without

any damage occurring to the coil or the cryostat.

Three of the quenches appeared to be as a result of training as they
occurred when the current was slowly increasing. The quench currents
were 182 amperes, 196 amperes, and 211 amperes for the successive quenches.
Between the occurrence of these particular quenches the field coil was
subjected to the effects of the armature reaction fluxes and attraction
forcesbto the iron stator. During these periods there were no transitions

within the superconducting coil to the normal state.

Measurements of the flux dgnsity due to the superconduting coil,
between the cryostat and the iron stator and betﬁeen the cryostat and
the compensating winding, revealed values higher than those calculated
for equivalent distances from the coil, with the coil in free space. For
examb]e, at tﬁe iron stator the flux density was measured at 0.38 tesla

at an excitation current of one-hundred amperes, whereas the calculated



12-7

value was only 0.23 tesla for the iron free case. At the compensating
winding the increase was not as marked; for example, the measured flux
density was 0.2 tesla, whilst the calculated value was 0.18 tesla at an
excitation current of one-hundred amperes for the iron free case. If
the increase in flux density at the stator is app]iéd to the maximum

flux density at the field coil the critical current becomes 290 amperes.

As discussed in section 12-5, one quench was the result of a fault
within the water resistor which resulted in a high rate of increase of
current. The fifth quench resulted from a test which allowed the temper-
ature, as indicated by the carbon resistor thermometers, in the region
of the transition from the supply leads to the superconductor to exceed
the critical temperature of the niobium-titanium superconductor. This
was achieved by stopping the transfer of helium and allowing the helium

level to fall in the coil chamber.

Although coil quenches did occur, it should be noted that they did
not occur as a result of the operation of the armature which was subjected

to many normal and abnormal modes of operation during the successful tests.

12-7 Machine Tests

The machine wés loaded as a generator during the test. The load
was a series of variable resistors which allowed both gradual and rapid

changes in the armature currents.

Difficulty was experienced in monitoring the voltage across the
superconducting coil terminals as a mains induced voltage in the supply
cables in excess of two-hundred millivolts r.m.s. occurred. This was a
result of the long cable run required from the battery room to the cryo-
genics laboratory. Filters were used with some success, but they also

filtered out the transient voltages which had frequency components near to
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the mains frequency of 50 Hertz.

To overcome this problem the tests were synthesized; that is, the
transients were induced with the coil carrying a supercurrent and any
apparent effects upon the superconducting coil noted, and then repeated
with the superconducting coil de-energised'and disconnected from the

supply so that the armature induced transient voltages could be recorded.

12-7-1 Compensating Winding inCircuit

Flux plots with the compensating winding and the armature energised
indicated that equal currents in both windings resulted in cancellation

of the armature reaction fluxes - figure 12-3.

At a speed of 2000 r.p.m. and a supercurrent of 200 amperes, the
loads on the armature were increased slowly to full load without any
abparent fluctdations in the operation of the superconducting coil. The
rate of the application of load was increased until finally the load was
both suddenly applied and suddenly removed repeatedly; once again there
were no apparent effects upon the performance of the superconducting

field coil.

Synthetic transient tests revealed that a voltage spike of approxi-
mately 50 mV was induced in the superconducting coil when an armature
load, which corresponded to a final current of six amperes, was suddenly
applied to the generator. The duration of the transient was approximately
40 msec and an average increase in the flux density through the bore of
the coil of 5 gauss occurred. Thus the coil withstood a rate of change
of flux density of near 0.06 tesla/second. With the compensating winding
out‘of circuit, the magnitude of the voltage spike increased to 59 mV.
Thus it was apparent that the compensating winding had 1ittle effect upon
the armature induced transient voltages which was to be expected because

the component of the compensating winding flux density which induces
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FIG 12-3

MODIFIED MACHINE ARMATURE FLUX DISTRIBUTION
AT SUPERCONDUCTING FIELD COIL

1

120 Flux Density
(gauss)

-
-

i ?angenticl
/

\ Radial

Probe position
¢ 6cm from coil

\\. // -5 ,~ centre line
\ / /
\ y /
\
VA
\\ / L 10 / Radlcl
\/ o
X
// \\
-_—”/ \\ ) ,

’ Tangential

--20 ——= Compensating

—— Armature equal
currents




12-10

voltages in the field coil passes through a zero at the field ccii.

The component of the armature reaction flux density which induces
voltages in the'fie]d_coi] is the radial component; As the radial compon-
ent of the armature f]u* density passes through a zero in the region of
the field coil, there should not be an armature induced voltage in the
fié]d coils. This would not be the case if there wéresany slight imper-
fections in the symmetry of the armature; such imperfections would occur
if a brush was incorrectly positioned or during the time the brushes

were commutating current in a coil.

To test this reasoning, a 50 Hz, 6 ampere alternating current was
'applied to the stationary armature and then to the compensating winding.
The voltagé %nduced in the field coil by the compensating winding flux
was found to be considerably less than that induced by the armature.
The magnitudé of the voltage induced by the armature flux was also found
to be dependént upon the relative positions of the brush and the commuta-

tor segments.-

12-7-2 Without the CongnsatiggﬁWinding

The tests conducted in the previous section weré repeated but with
the compensating winding out of circuit. As with the corresponding test
on the machine prior to the modifications, there were no apparent f]u;tu-
ations from ihe superconducting state even under transient loading of
the armature. Armature loads, which corresponded to near twice full
armature cur%ent and which produced rates of change in flux density of
0.1 tesla/seéond at the sﬁperconducting coil when suddenly applied, had

1itt]e detectable effect upon the superconductor.

Under steady armature load conditions a vo]tagé was induced into the
supercbnducting coil which was a result of the commutation of the armature

coil currents. The magnitude of the voltage was approximately 5 mV at
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an armature speed of 2000 r.p.m. and an armature current of 6 amperes
and corﬁesponded to a peak rate of change of flux density of near 0.006

tesla/second at the superconducting coil.

12-7-3 Normal Coil Transients

In a further attempt to induce a quench in the superconducting field
coil, the excitation current of the normal field coil was repeatedly switch-
'ed on and off. With an initial normal current of one ampere, a voltage
spike of 0.64 volt was induced in the superconducting coil when the normal
field current was suddenly broken. The duration of the eﬁtire transient
spike was 0.09 seconds. To induce a vo]tage of 0.64 volt in the super-
conducting coil required a rate of change of flux linking the 800 turn coil
of 0.8 milli-weber per second. This corresponded tb a rate of chaﬁge of
the average flux dénsity in the bore of the coil of 0.39 tesla/second.

The significancé of theée figures, as régakds larger méchinés, is mention-

ed in the discussion.

However, this test failed to initiate a quench in the superconduct-

ing coil even after many attempts, in quick succession, to do so.

12-8 Cryostat and Lead Performances

The radia] positioning of the superconducting field coil relied upon
the cantilever support of the inner chimney tube which was supported at
the top of the cryostat and by the heat plug. Deflection of the coil
chémber due to-attractivé forces between the coil and the iron stator
. compressed the ‘insulation. The insulation was not packed tightly hence
it did not'hdve the capability of assisting in the supbort of the coil
container. However, there were no apparent excessive losses of helium
duking the expefimEnt,(except as a consequence of the quenches); hence
the slight compression of the insulation did not result in a significant

reduction in the insulating properties of the superinsulation.
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The cryostat withstood the internal overpressures which arose during
the coil quenches without any losses in vacuum. The boil-off passages
around the current lead heat exchanger fins proved not to be a constriction
to the helium boil-off gasAflow, as the quench boil-off gases escaped
within five séconds. The rapid escape of the helium gas was the reason
why loss of the insulating vacuum did not occur after a coil quench due
to helium intrusion into the vacuum space as a resq]t of possible over-

pressure within the coil chamber and opening of the indium seals.

With the transfer tube removed from the cryostat, the coil de-energised
and completely immersed in liquid helium, the heat inleak was measured at
0.309 watt, which was 0.015 watt Tess than the estimated value for the
1eads;with zero current flow. This résu]t indicated that the lead design
adopted was well suited to the conditions within the cyrostat chimney
section and that future leads using the same construction could be

pkoduced with known heat inleaks.

The raté of helium boil-off decreased as the level of the liquid
fell within the cryostat. The cryostat maintained the charge of helium
for just over one hour, a fact which further proved the general design

philosophy of the cryostat and its insulation.

12-9  Importance of the Superconducting State

The combined resistance of the leads and the-coil with the coil
supekconducting was less than 2 milli-ohms, but after the transition
~ to normal conduction the total resistance was 53.7 milli-ohms at a
temperature of 10K. The room temperature resistance of the coil was
6.03 ohm; thus a reduction fn the conductor resistance between room
temperature éndIIOK by a factor of 112 occurred. However, with a coil

temperature of 10K and an excitation current of 300 amperes, the total

heat 1oss to the coolant would total 4.84 kW. This indicates the
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necessity for the final transition to superconduction before cryogenic
cooling of coils to temperatures below 10K and operation as field coils

becomes practically and economically possible.

12-10 Discussion

As a_result of the unresolved malfunction in the current supply
to the superconductor, the maximum excitation current achieved was below
that initially aimed for. However, from the occurrence of several quenches,
it was apparent that the coil was operating close to its limits with an

excitation current of only 215 amperes.

Despite this, the effects on the superconducting coil of the Toading
of the armature, both with and without the compensating winding in
circuit weré minimal; that is, there were no appafent fluctuations from
the superconducting state in the coil during both norma] and abnorma] |

loading cycles of the armature.

The sudden removal of the excitation current of the normal field
coﬁ] produced little effect upon the excitation current of the superconduct-
ing coil even though rates of change of flux density at the coil in
excess of 0.39 tesla per second occurred during the disconnection. Rates
of change in flux density of this magnitude for the supercurrents would
result in field charging times of less than fifteen seconds. This would
be too slow fdr many industrial applications; however, rapid armature
current changes could be possible without exceeding the acceptable level
of the rate of change of flux density for a well cooled superconducting
field system. For example,.the superconducting machine with the armature
type field windfng discussed in Chapter 13 has a peak armature reaction
flux density at the field winding on full load of 0.037 tesla. To exceed
the rates of change of flux density achieved during the experiments five

complete armature current reversals per second would be required.
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Throyghout the tests it was apparent that commutation proceeded with-
out difficulties for all of the armature loads applied. One brush
sparked marginally, but this was found to be a result of the brush not
being correctly seated on the commutator. Sparkiné was almost non-existent
at the second brush at all armature speeds and 1oad§'used during testing.
The compen;ating winding did not have an appreciable effect upon the
commutation at the bfoper]y seated bruéh; however, a reduction in the
sparking occurred ét the other brush when the compensating winding was

in-circuit.

12-11  Conclusion

Although the tests did not indicate the limiting conditions for
a quench to be initiated from armature loading, they showed that a
compensating winding and.a protective field pole face}were not necessary
for the successful operation of a superconductiﬁg fieid system in a large
heteropolar D.C. machine. It was thus apparent that a compensating
wiﬁding would only be included to protect the field system from the load
torque of the machine and, to some extent, to induce a commutating voltage

into coils undergoing commutation.

The format of the prototype machine selected completely eliminates
iron from the magnetic circuit as the preceding experiments revealed
that iron was not required to shield the superconductor from armature
reaction fluxes. The compensating winding is not required for shielding
and has been excluded from the model machine discussed in Chapter 14,
but has been included in the design of the prototype machine discussed

in Chapter 13.
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CHAPTER 13.

MACHINE COMPARISONS

13-1 Introduction

To give an indication as to the competitiveness of the superconduct-
ing heteropolar machine it was necessary to produce the following designs
of a conventional heteropolar machine, a superconducting heteropolar

machine, and a superconducting homopolar machine.

The rating of the machines was chosen at 10MW at a speed of 200 r.p.m.
The rating was determined on the basis of the limitations of the convent-
ional type D.C. machines but large enough to make the superconducting

machines economically attractive.

The final comparisons were based upon the overall dimensions and the
weights of the machines with all ancilliary equipment, such as the

cryogenerators for the superconducting machines, being neglected.

13-2  Conventional Heteropolar Machine Design

The following design followed clsely the methods suggested in

the book by CLAYTON and HANCOCK (13-1). The D%

L relationship and, as in
the case of large machines, the voltage between commutator segments

were the limits to the design =~ (13-2 to 13-6).

13-2-1 Armature

The output of a D.C. machine is given by equation 13-1

2 2

P = 1° B q DL (13-1)

The voltage between commutator segments, or the volts per bar, for
single turn coils is given by equation 13-2. Single turn coils are

essential in large rated machines so that the volts per bar can be
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maintained within the desired limits.

V., = 21 n8B

b max D L p/a (13-2)

P = output power (watts)

n = speed (rev/second)

B = average pole flux density at the armature winding (tesla)
MAX © maximum pole flux density at the armature winding (tesla)

q = armature specific electric loading (ampere/metre)

D = armature diameter (metre) | -

L = armature length (metre)

p/a = ratio of poles to para]]ei paths

For large machines a representative value of nz B q, or the output

coefficient, is 3.6 * 10° watts-sec/mg; hence for a 10Md, 200 r.p.m.

machine

6

2 - 10*10° * 60 -
200 * 3.6 * 10

DL = 8.3m

If the voltage between bars is 15 volts, as indicated in the

references, then:

DL <15* 4/p * 60
2% %200 * 1.2

DL <0.60 /p m

Simple Lap Winding

For a simple lap winding a/p = 1.0 and solving the equations for

D and L revealed

D .

[\

13.8 metres

L

0.043 metres.

These dimensions are unacceptable. A technique by which the diameter

can be reduced is to reduce the maximum flux density. For example,
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if BMAX = 0.4 tesla DL < 1.8 for a simple lap winding.

D

v

4.61 metres

L 0.40 metres

A

~ With By, = 0.4 ‘tesla the required value of the armature specific
electric 1dading is near 100,000 amp/metre which for conventional machines
is considered to be almost unobtainable. Thus at first it appears that
a 10MW, 200 r.p.m. machine would be extremely large unless a technique
by which the maximum allowable value of the volts per bar can be increased
or the actual volts per bar reduced within the machine. The volts per.
bar can appérent]y be greatly increased by suitably yenti]ating the
commutator - (13-7).The volts per bar can be reduced within the machine

by adopting a duplex lap winding.

Duplex Lap Winding

For the dupléx lap winding the ratio P/a = 0.5; hence, for the same
pole flux and machine speed the volts per bar is half that for a simple

lap winding.

2

Using the firstly obtained equations for DL and D L the following

results were obtained:

L = 8.3m

DL < 1.2

* D =26.9 metres
L <

0.173 metres.

These limiting values were considered to be unacceptable hence the

following approach to the design was taken.

If the ratio D/L < 7 then from the DZL relationship and an output
coefficient of 3600 Joule/m’:
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p2 D < 83 m
or D < 3.87 metres
L > 0.553 metres

DL = 2.14 nd

From the value of D L the associated value of BMAX calculated from

equation 13-2

Vb..
B <
MAX 2nnP/abDL
2%m * SR ¥0.5 %214
BMAX < 0.0446 Vb:
Yy Byax
15 volts 0.67 tesla
17 volts 0.759 tesla
20 volts 0.892 tesla

With V, limited to 15 volts and with the assumption that B =0.7 Byax

the value of. the armature specific electric loading was calculated from
the Esson coefficient (output coefficient).

5
qQ = - 3.6 * 10 ampere/metre

n- * 0.7 *0.67

77,800 ampere/metre.

O
H

This value of q was considered to be too high; hence, to obtain the
~ desired dimensions Vb was increased to 20 volts and the corresponding

value of q was 58,400 ampere/metre.

The values of D and L selected are 3900mm and 550mm respectively.

13-2-2 Number of Field Poles

A high terminal voltage for D.C. machines of 2000 volts was
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selected which required an armature current of 5,000 amperes. A limit of

500 ampere per brush arm fixed the number of poles at 20.

13-2-3 Armature Conductors

With a 1imit of 20 volts for the maximum value of the volts per
bar, the corresponding average generated voltage per conductor is 14 volts.
Thus the humber of series conductors required to obtain the terminal
voltage of 2000 volts is 143, say 140; thus the total number of armature
conductors is:

JA

C

ZC

140 * 40 (for a duplex winding)

5,600.

The current within the armature conductors for a duplex lap winding

is one quarter the brush current, hence:
_ 500
IC = gz amperes

Ie

125 amperes

With a high current density of 4.5 ampere/mm2 the required cross

sectional area of the armature conductor is:

_ 125 2
AC = ﬁ mm
a 2
Ac = 27.8 mm

The length of the armature coils was estimated with the assumptions
that a 50mm overhang occurred at each end of the armature core and that

the cbi]s were bent at 30° to the armature.

3900 * 1

pole pitch = g mm
= 613mm
L = [(550 +100) + —213 1 %2 mm
c sin 60°
= 2716mm
total conductor length = 2800 * 2716 * 10™° km

7.6 km .
7.6 x27.8* 8.9 * 10-3 tonnes
1.88 tonnes.

1]

conductor weight
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The total series resistance is thus:
8 7.6 *10°

1.7 * 10 6

S 27.8 * 10°
4.65¢

R

Y]

Rs

The armature resistance is:

Ry = RS/(Ng-parallel paths)2 (Ng-para11e1 paths = 2 x N
poles for a duplex lap winding)
_ __4.65
* 40
= 2.9mQ cold or 3.5mQ hot.
1%R Toss = 5,000° * 3.5 * 1073 watts
= 88KW.

Adding on the eddy current loss the total losses in the copper are

110 KW or 1.1% efficiency drop.

13-2-4 Slot Design

The frequency of the flux reversals within_the conductors for
the machine is 33Hz. The depth of individual conductors should be there-

fore limited to below 19mm, preferably near 15mm.

The number of slots must be an integer multiple of the number of pole
pairs so that equalising connections are possible. With ten conductors per
slot then 560 slots are required which enables equalising connections. Thus

the available width per slot and the corresponding armature tooth is 21.9mm.

The tables below 1ist the allowances made for the materials that are
‘contained within each slot and hence the slot dimensions. To maintain the
conductor depths below 15mm it was decided that each coil would consist
of two parallel conductors 10mm deep by 1.4mm wide. This method would add
to the cost of the machine because of the added complication in forming

the coils and making the end connections.
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slot Width
conductors 5 * 1.4mm 7mm
mica wrap 10 * 0.3mm . 3mm
tape and lining 0.8mm
~slack allowance ...0.6mm
11 .4mm
Slot Depth
conductor 4 * 10mm - 40mm
mica wrap 4mm
tape and lining 0.8mm
bakelized fabric wedge Smm
micanite layer separator 0.5mm
slack allowance 3mm
53.3mm

13-2-5 Armature Core’

The allowable flux density in the armature core should not exceed
1.25 tesla. A value of 1.1. tesla was selected because of the flux
reversal frequency of 33Hz. The path in the core has to carry one half

of the useful pole flux, i.e. 0.105 weber.

flux

core thickness (fTux density) * (core Tength)

il [}

— |

~ .

S

3 %

3 ¥
ﬁ
=3
[}
(72}

" inner diameter of core = 3900 - 2 * 53.3 - 2 * 174mm

3445mm.

. armature iron mass (core volume + teeth volume) * density
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core volume = 1 * (3645+174) * 174 * 550 * 107° m’
= 1.088 m°.

teeth volume = 560 * 550 * 53.3 * 10.5 * 107° m°
= 0.172 . |

.. armature iron mass 7.8 * (1.088 + 0.172) tonnes

9.83 tonnes.

13-2-6 Commutator

For this design an estimate of the commutator diameter was necessary

to ensure that it is compatible with other dimensions.

With an allowance of 4mm for each commutator bar then:

N9-bars * width
]'[ .
2800 * 0,004

= T metres

Commutator diameter

1l

3.56 metres.

This diameter allowed sufficient space for the brush gear; hence it

was acceptable.

13-2~7 Field Poles

The field pole flux on load was chosen as 20% higher than the effect-
ive field pole flux because of armature reaction fluxes and leakage

fluxes. A working flux density of 1.5 tesla resulted in a pole area of:

pole flux

pole area = flux density

1.2 % 0.21 2
— 1.5 M

‘0.168 m2

0.168 2
0.75 "

allowance for laminations pole area

0.177 m
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~. Timb breadth = I/ o metre
’ : (armature length 550mm)
= 33Tmm  (spacing allowance

15mm)

The space available for each pole limb is 613mm hence there is

adequate space for the Timb, windings énd interpoles.

Pole Length

The design of the field windings was based upon the permissible heat
loss per unit surface area of the field coils and that the field ampere
turns was 25% higher than the armature ampere-turns. To obtain the
required field flux physical adjustments to the airgap between the pole
shoes and the armature surface are necessary.

(conductor current)*(NQ-coi1s)

armature ampere turns per pole = “humber of poles

1§§28_2§99_ ampere-turns

17,500 ampere-turns

. field pole ampere turns 1.25 * 17,500 ampere-turns

‘p

21,900 ampere-turns.

The fo]]owing derivation related the permissible heat loss per unit
surface_arealof the field windings to the required field pole MMF and

the field cof] dimensions.

IS
n

average length of turns (metre)

h = height of winding (metre)

d = depth of winding (metre)

o = winding space factor

a = current density (amp/metrez)

P-= heat Toss per unit area (watt/mz)
p = conductivity of wire (ohm-m)

Z = field pole MMF (ampere-turns)
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coil surface area = 2 ¢ h

total conductor area = o dh

cdha =17

field pole ampere turns .

2 . (turn length) * o
p (total copper area) -

Z

power loss

2 2 p
(0 dh a) *;;7TT;

= dzoﬂ,dhp
", coil surface area = powe; loss .
"22h = o’ o dhop
' P
or o = ( ZZ )% = Zp
o TdR
h= Z/ V2P o d/p

With representative values of P, o and p, h can be calculated in

terms of d.
P = 660 watt/m2
o = 0.65
p = 2% 1078 ohm-metre
Ch 21900 . 1
) 3
/2 * 660 * 0.65 9
2 % 108
. 0.106
. h = d%

The values of d and h which could be easily accommodated in the space

available are d = 60mm and h = 430mm.

The total mass of the field copper was estimated at 5.67 tonnes and

the mass of the field pole 1imbs was 11.8 tonnes.

- 13-2-8 Yoke

The full load flux density was limited to 1.2 tesla and the full
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Toad yoke flux was one half the full load pole flux or 0.126 weber
(section 13-2-8).
flux

flux density

_0.126 2
T2 ™

2

yoke area

= 0.105 m

For a yoke length of 800mm the required yoke thickness is 130mm and

the weight of the yoke was estimated at 12.1 tonnes.

13-2-9 Machine Mass

Copper
armature 2.6 tonnes
field 5.67 tonnes
Iron

armature core 8.49 tonnes
armature teeth 1.34 tonnes
yoke 12.1 tonnes

pole Timbs 11.8 tonnes

Total 42 tonnes

With an allowance for the shaft, end bells, bearings and interpoles
the machine weight would approach 47 tonnes thus giving the machine a

specific weight ratio of 4.7 tonnes/MW.

13-2-10 Efficiency
Only the electrical losses were considered and they were:
armature copper loss 120KW
field copper loss 22KW
armature iron loss (3 watt/kg) 25KW
brush contact loss 10KW

177KW or 1.7% efficiency drop.
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13-3 . Superconducting Homopolar Machine Design

13-3-1 Armature

The fWo forms of the homopolarmachine are the segmented disc type -
- figure 13-1 and the drum type - figure 13-2. The disc type armature |
was chosen because of its greater simplicity. The limitations of the
homopolar machihe are the current collection problems and the stage voltage
of the armature segments. To obtain a convenient terminal voltage, thus
decreasing the armature current, and to maintain an-écceptab]e voltage
between segments, the series parallel connection developed by IRD (13-8)

was chosen for the armature configuration - figure 13-1.

If the maximum stage voltage allowed is 25 volts then the machine flux

is given by .
¢ = stage voltage/speed
= 25 * 60/200 weber
¢ = 7.5 weber.

For a terminal voltage of 500 volts, 40 segments per side of a double
sided armature using the series parallel connection are required. A
rating of TOMW ét 500 volts requires an armature current of 20,000 amperes;
thus the brush current, which equals the armature conductor current, is

10,000 amperes.

The rating of a homopolar machine can be expressed by the following

design equation:

PN = cqeD (13-3)

P = power (watts)

N = speed (r.p.s.)

q = total slip ring current per metre of circumference

per slip ring (amp/metre).
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D

outer brush gear contact diameter (metre)

C 21 for double sided armature.

A realistic value of q was obtained from the following considerations:

For the Fawley machine high copper content carbon brushes were used.
From dimensions given in reference 13-9, q was estimated at near 8000 ampere/

metre. In reference 13-8 it is stated that 8000 HP could be developed

within the same frame si;e. This would require that: .
e 8,000 - -
q = 8,000 * 33 ampere/metre (Fawley machine rating 3250 HP)

20,000 ampere/metre
With q

20,000 ampere/metre the actual value of q under the
brushes would be a little greater than 40,000 ampere/metre for the disc

type homopolar machine.

If instead of using high copper content carbon brushes liquid metal -
brushes are used then q could be as high as 50,000 ampere/metre (13-8 to
13-10). The ofher alternative is the carbon fibre brushes developed by
the IRD which suggest that q could be in the vicinity of 30,000 ampere/
metre (13-11).

The carbon fibre brushes were selected because they did not involve
any hazardous materials as is the case with Some liquid metal brushes nor
is thére any need for special ancilliary equipment which maintained and

cleaned the Tiquid metal.

Thus with carbon fibre brushes the values of q and D chosen were

q
D .

29,000 ampere/metre

2.2 metres.

The s1ip ring speed is thus 23 m/sec.

At this point it should be noted that 2.2 metres is approximately

the same diameter as the Fawley armature which produced 2.42MW at 200 r.p.m.
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The above design therefore requires over four times the output from the
same armature as the Fawley motor. The Fawley motor however employed
conventional brushes capable of a current density of 300 kA/m2 at a slip
ring speed of 40m/sec whereas the carbon fibre brﬁshés are capable of

930 kA/m2 at 40m/sec or over three times tﬁe current density of the
conventional brush (13-9). For four times the power with only three times
the brush cu}rent density the above desigﬁ probably favours the cause of .

the homopolar machine in the final comparisons

~ The current -collection at the inner diameter is achieved with a
commutator with only 40 segments and the restrictions on q for the outer
diameter are not applicable. However, the length of the commutators cannot

be too large.

13-3-2 Shaft Design

The design of the shaft was based upon the theory given in

TIMOSHENKO and GOODIER's book Theory of Elasticity (13-12).

The shear stress o1 at radius r in a shaft of radius a subject to a

load torque T is given by equation 13-4.

1~ ZTZ (13-4)
na
The maximum shear stress occurs at r = a
TIMAX 'JZ%? (13-5)
I o

If the maximum permissible sheer stress in the shaft is Timited to

69MPa(10,000 psi) then the shaft diameter is given by equation 13-6.

2 * P 1/3
d = 2 * ( - ) . (]3'6)
s n*N¥* OIMAX
P = machine rating (watt)
N = machine speed (radian/second)
. , 7 .
ds = 2% ( 2 * 10" * 60 6)I/3 * 1000mm
n*200*2*n1*69 *10
d. = 328mm.
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Choose the shaft diameter as 330mm.

The weight of the shaft was thus 0.667 tonne/metre.

13-3-3 Brushes and Commutators

Quter Brushes

The diameter of the armature and the need for 40 segments per side
provided less than 170mm of the armature circumference per brush. At the
surface speed of 23 metre/sec. current densities near 930kA/m2 are
possible. To allow a small margin of safety the required brush length at

a current density of 8OOkA/m2 and a brush current of 10,000 amperes is

given by:
_ 10,000 1,000
% = g0 70 ™
&, = 73.5mm.

Thus the outer diameter brush size required is approximately

165mm x 75mm.

Inner Brushes

If the active length of the commutators is limited to near 400mm
and a brush current density of 0.8 amp/mm2 is used then the required
diameter of the commutators is:

10,000 o
0.8 * 400

31.3mm.

Brush width

To eliminate the possibility of the brushes short circuiting the
armature each brush was assumed to be 95% the width of a commutator bar
and that a spacing of 3mm between each commutator bar was necessary.
Thus the inner commutator circdmference required is:
¢ = (B +3) * 4om

1440mm.

Thus the minimum commutator diameter is 458mm.
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The actual length of the commutators would be near 500mm which allows
for ten separate brushes, which make up the required brush area, with a

spacing of 10mm between brushes.
The required dépth of each commutator bar was estimated as follows.

With good current sharing between brushes the current distribution
along the 1ength of each bar would be as in figure 13-3. The best design
~for the commutator bars when considering the actual current density would
pfbduce tapered bars but it is considered that constant cross sectional
area bars are the best choice using 1/ /3 * (RMS armature conductor current)
as the design current. The fact of 1/ /3 leads to the same 12R losses
in the commutator bar as the assumed current distribution. The RMS
conductor current was calculated using the esfimated dimensions of the
brushes and commutator segments and the resulting conductor current

waveform - figure 13-4,

Thus the design current 5360 ampere

/3
= 3,440 ampere.

With a current density of 4 amp/mm2 the bar cross sectional area is

2

860mm~ and the bar depth required to achieve the cross sectional area is

26mm.

These dimensions result in a commutator inner diameter of near 400mm

which gives adequate clearance between the shaft and the commutators.

The total weight of‘the copper in both of the commutators is given by:

W 80 * 860 * 500 * 8.9 * 10™) tonnes

o

0.306 tonnes.

13-3-4 Afmature Conductors

The RMS value of the armature conductor cukrent as obtained from
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figure 13-4 is 5,960 ampere. The maximum width available for each
conductor (assuming zero spacing between bars) ranges from 36.1mm at the

commutator to 173mm at the outer armature diameter?

To maintain a constant conductor current density Would require bars
of constant cross sectional area which necessitates either varying the
conductor thiékness or varying the spacing between baks or both. For ease
of manufacture constant thickness. and constant spacing between bars is

desirable, hence the current density is not constént.

In largé conventional DC machines current densities are normally
Timited to 4.5 amp/mm2 but with the freely ventilated armature conductors
of the homopolar machine and the possibility of forced cooling greater
current densities are possible. The shape of the conductors results in a
5-fold reduction in current density from the inner to the outer radii.
The heat generated in the region of the greatest current density is -
conducted to and dissipated from the region of 1ower current density.
With a current density of 7.5 amp/mm2 at the inner radius the average
current density is 3.1 amp/mm2 which is a representative value for force

cooled heavy current conductors.

At a current density of 7.5 amp/mm2 at the inner radius and allow a

spacing of 5mm between conductors.

Conductor depth = 7—§§g§%T—T- mm
= 25.6mm
Approximate weight of copper =2 * I * 25.6 (HOO2 - 2302)

* 8.9 * 10'9 tonnes

= 1,66 tonnes.
1.1

. -6
1480 . 1.7 * 10
"3y T EFT* 2.5 M3t

= 7.7u8

Resistance of each conductor

5,960 * 80 * 7.7 * 1070 watt

22KW or 0.22% efficiency loss.

Total armature 12R Toss
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13-3-5  Superconducting Field Coil

The superconducting field coil is required to produce a flux of
7.5 weber between the radii of 230mm and 1100mm. The restrictions on the
desfgn are that it should use as little superconductor as possible, have
the minimum volume possible, and that the maximum flux density within

the coil does not exceed the critical flux density.

The superconducting wire chosen for the coil was the IMPERIAL METAL
INDUSTRIES multifilamentry niobium titanium wire NIOMAX FM c361/142 -

Appendix H.

The inner diameter of the superconducting field coil was estimated as

below.

Armature outside radius 1100mm

Clearance from armature to cryostat' Smm

Cryostat outer section metal thickness 10mm

Insulation path_to radiation shield 35mm

Radiation shield thickness 3mm

Insulation path of helium chamber 35mm

Cryostat helium chamber metal | 10mm

Helium flow passage between coil and the

cryostat. 10mm
Total 1208mm

Thus the coil inside diameter was chosen at 2420 mm.

The insulation allowance exceeds that necessary from insulation
considerations only to simplify construction through increased tolerances.

Metal thicknesses are confirmed in section 13-3-8.

First Design

The design of the coil was based upon obtaining the minimum coil

volume which produced the required central flux density - Appendix J.
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- For the superconductor chosen a wire current density of 300 amp/mm2

or an excitation current of 475 ampere were considered to be satisfactory
values. This decision took into account the characteristics of the wire
and the flux densities expected in the field coil.. If a packing factor
of 0.67 is achieved withiﬁ the coil then the coil current density would

be 200 amp/mmz.

As a guess, until further experience with coil design is obtained,
the ratio of the average flux density within the active region to the
central flu} density was taken as 1.1. The average flux density B, and

hence the central flux density B0 were obtained from the following

B 2

B = 7.5/m(1.1 2

- 0.23")tesla
= 2.063 tesla
* B = 2.063/1.1 tesla

= 1.88 tesla.

The technique discussed in Appendix J was used to determine the
optimum coil with B, =1.88 tesla, J = 200 amp/mmz,'and R, = 1.21 metres.

The results of this search are tabulated below.

Volume 2A/R0 ZB/R0 BoRo Comments on

Yy I final Column
0.02 0.01722 0.1833 1.96 too large
0.10 0.0496 0.3131 0.398 too small
0.085 0.04475 0.296 0.467 too small
0.0813 0.044 0.2876 -0.488 just too large
0.08185 0.0442 0.288 0.486 final answer

With 2A/Ro = 0.0442, ZB/R0 = 0.288 and B, = 1.88 tesla, the maximum

flux density within the coil was estimated as 7.2 tesla - Appendix I.

The quench flux density is 7.4 tesla, so the coil is only just safe

if the wire performs up to its short sample characteristic.




13-22

Second Design

The next step is to use the first design to obtain a better estimate
of the flux density distribution for the final coi]; The flux density
across the bore was caléuIated (Appendix I) hence the'useful flux was
calculated. From this a better value of the ratio (average flux density
in active region)/(central flux density) was obtained and a second coil

with the new central flux density was designed.

The ratio of E/B0 was given by equation 13-7. .

) > ROZ RZ/RO
B/B. = ]{ g (r)r dr (13-7)

° Ry R

]/Ro
R2 = outer active radius
Ry = inner active radius
: B(r) R0
B(r) = T I = coil ampere-turns
0 :
r =

non dimensional radius.

The flux density distribution of the first coil (figure 13-5)
indicated that the ratio I§/B0 = 1.64. This value is much greater than

the assumed value of 1.1 hence a second design is necessary with §/B0 = 1.64.

The second design has the same current density and imner radius but

~ the central flux density required is only 1.26 tesla.

Repeating the search process results in the following

e | aam, | o, 2 | Gaeents on
0.0442 0.08185 0.288 0.325 too small

0.05 0.0316 0.248 0.529 too large
0.054 0.0334 0.253 0.49 just too large
0.05433 0.0336 0.2531 0.4872 final result
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_ The calculated flux density distribution of the second coil (figure
13-6) indicated that E/Bo = 1.68 which compared favourably with the

eétimated ya]ue of 1.64.

‘This design was considered to be adequate and its characteristics are
tabulated below. The coil thickness is only 40.6mm hence adequate cooling

would be achieved without having to resort to pancake coil construction.

HOMOPOLAR MACHINE
FIELD COIL CHARACTERISTICS

Inner radius 1210mm
Outer radius 125Tmm
axial length 306mm

average current density 200 amp/mm2

conductor current density 300 amp/mm2

~ conductor current 475 amp
active flux 7.7 weber
central flux density 1.26 tesla
maximum flux density 5.2 tesla
quench flux density 7.4 tesla

ampére turns
number of turns
conductor length
conductor weight
inductance (13-13)

stored energy

2.5 * 106 ampere'

5263

40.5 Km
0.515 tonnes
121 Henry
13.7 M Joule

It is of‘interest to compare this coil design with that of the
Fawley coil which has 5 tonnes of conductor yet suppliés the same flux.
This indicates the progress made in superconductor technology since the

- design of the Fawley maéhine.'
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13-3-6 Armature Strength Disc

The copper conductors have to be supported by a stainless steel
strength disc which has to withstand the hoop and radial stresses due to

rotation as well as-transmit the load torque of the machine to the shaft.

The solution to the design of the strength disc is discussed in
Appendix K and the results are tabulated below. . The inner radius of the
strength disc is greater than the radius of the shaft so that adequate

space is available for attaching the disc to the shaft.

Total copper thickness . 51.2mm-
Machine shaft radius 165mﬁ
-~ Selected disc radius 175mm
maximum speed 250 r.p.m.
strength disc thickness 40mm
~principal stresses 69MPa and -56MPa
Maximum shear stress 62.4MPa
. Shear due to load torque 62MPa
Strength disc weight 1.15 tonne

It is of interest to note that the shear stress due to the machine
torque was 62MPa hence the stresses caused by rotation are negligible

in comparison with the Toad torque stresses.

The above design took into account shear stress due to the normal
load torque and neglected the possibility of fault currents which can
produce shear forces at least five times greater than the full load torque :
shear stress. There is however a factor of safety of over two applied
to the maximum allowable shear stress so twice full load torques would be
acceptable. If the design included the possibility of fault currents
the disc would neéd to be at Teast 100mm thick and its weight would

approach 3 tonnes or a very high percentage of the total machine weight.
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13-3-7 Torqué Reaction Conductors

The very high current carrying torque reaction conductors are
stationary bars which can be easily cooled. To ensﬁre appropriate conductor
proportions a current density of 3 amp/mm2 is neceséary. The torque
reaction bars require suitable support because they experience the entire
machine torque when considered as a group. The frahework which supports
the two sets of torque reaction conductors has also to support the brush

gear and the cryostat.

The current in the torque reaction conductors is constant and for the
series parallel armature connection under consideration it equals one half

of the full armature current, i.e. 10,000 ampere.

Thus the torque reaction conductor area required is 3330mm2

. The
Tength of the return conductors is less than the active length of the
armature because of the brush gear. With a length of 0.67 metres the total

weight of the torque reaction conductors is 0.8 tonnes.

The total series resistance of these conductors is 0.137mq hence the

2

IR Toss is 14 Kd or 0.14% efficiency drop in the machine.

13-3-8 Cryostat

The cryostat consisted of an outer, room temperature stainless
steel section which had to withstand a pressure differential of 0.1MPa
and the full machine torque if the design is such that the torque reaction
conductor support is in turn supported by the cryostat; a radiation shield
which is not subject to any loading hence it is designed on thermal consid-
‘eration only; and an inner 1iquid helium and coil container which has to
withstand the extreme éo]d as well as a pressure of up to 0.8MPa. The
high pressure was required because of the helium compressor considerations

and a safety margin for the release valves to operate.
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A structural design program produced by Dr. R. Rish, Senior Lecturer-
at the University of Tasmania was used to calculate the thickness of
the cryostat sections. For the helium chamber British Standard BS 1515
was followed which allowed a maximum stress of ]48MPa at the cryogenic

temperatures for the stainless steel AISI 304L.

Cryostat Dimensions

Inner Can

- The coil dimensions were:

Inside diameter 2420mm
outside diameter 2502mm
Tength 306mm

From section 13-3-5 the mean inner diameter of the can is 2386mm.

A clearance of 40mm from the coil to outer diéméter'of the helium
chamber reqﬁired a mean diameter of 2592mm (10mm for the metal thickness).
The length of the'chanber was determined as.356mm after allowing 20mm
clearance from the end of the coil to the cryostat wall and 10mm for the

metal thickness.

From the design program the following results were obtained for the

above dimensions

Metal Thickness Maximum Stress
10mm 156MPa
10.5mm 150MPa

A thickness of 10.5mm was selected which resulted in a weight of

0.53 tonnes for the inner section.
Quter Can

The design'of_this section assumed that a framework supported the

cryostat and that the framework also transmitted the machine torque
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to the foundations. This meant that the cryostat outer section had only

to withstand the pressure differential of O.1MPa.
The dimensions of the outer section were determined as follows.

From sec;ibn 13-3-5 inner diameter is 2210mm and the outer diameter
is 2758mm. The length of the outer cryostat was determined by the overall
length of the armature of the machine because this method resulted in an

easy design for the bearing and cryostat supports.

Length 500 * 2 + 40 + 2 * 25.6 + 50mm

1145mm

The following results were obtained from the design program.

Metal Thickness ' Maximum Stress
Smm - 158MPa
5.5mm 132MPa
émm 111MPa

A thickness of5.5mm was selected which resulted in a weight of

0.96 tonnes.

Radiation Shield

- If a copper radiation shield is used extreme speed in construction-
and evacuation of the cryostat would be necessary to avoid tarnishing of
the surfaces. For this reason a stainless steel shield was selected of
Tmm thickness. The weight of'the shield is approximately one tenthvthat

of the inner section of the cryostat or 56Kg.

13-3-9 Efficiency
The ‘efficiency calculated considers only the electrical losses

within the machine and neglects the power consumed by the helium
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refrigerator, which for a requirement of 100 watts of cooling at 4.2K

could consume near 75 KW or 0.75% drop in efficiency. . -

The 12

R losses were calculated in sections 13-3-4 and 13-3-7 as 36 KW
or 0.36% efficiency drop. The major loss in the machine was the brush
contact loss. If an average contact voltage for the positive and negative
brushes of 0.2 volts occurs (13-11) then the total contact loss would be
160 KW or 1.6% drop in efficiency. Thus the overall e}ectrica] efficiency

of the machine would be near 98.0%.

13-3-10 Overall Machine Mass

Arma ture

conductors 1.66 tonnes
strength disc 1.15 tonnes
commutatoré 0.31 tonnes
3.12 tonnes
Cryostat
outer section 0.96 tonnes
radiation shield 0.06 tonnes
inner section 0.53 tonnes
1.55 tonnes
Other
superconductor 0.515 tonnes
torque reaction
conductors 0.80 tonnes
2000mm long shaft 1.33 tonnes
brush gear 0.2  tonnes
bearings 0.1 tonnes
framework 0.3 tonnes
3.245 tonnes

Total machine weight is therefore approximately 7.915 tonnes or near

1/6th that of the convéntiona] heteropolar machine.
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13-4  Superconducting Heteropolar Machine

13-4-1 Armature

The design of the armature followed the basic DZL relationship and
the average voltage between commutator segments was limited to near

15 volts.

The design of the conventioral machine producéd a é]ot width to iron
tooth width ratio of near unity; hence, in the superconducting machine,
some of the armature surface normally occupied by iron can be occupied by
the armature conductors. The entire surface cannot be easily utilised
. because the coil end connections require at least 40 percent more circum-
:ferentia1 space than the armature bars occupy, thué there is approximately
40% more space per metfe of circumference available for conductors. The
radial depth of the conductors can be increased provided they are straﬁded
and properly transposed to reduce eddy current losses generated by the
difference in the magnitude of the field flux density at the different
radii. The space that is not occupied by the conductors allows improved
cooling and hence higher conductor current densities. An armature
specific electric loading greater than the 60,000 ampere/metre used in
the conventional machine is possible. Considering that there is 40% more
of the armature surface available for conductors and better coo]ing is
possible a value of 90,000 ampere/metre was selected. A generated voltage

of 2000 volts was selected; hence the required armature current is 5000

ampere.
2 p

DL = —

’ ni~ qB
7

= A]O 2* 60 * l— metre3
200 * m- * 90,000 B
DZL = 3.38/ B metre3
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Vb a/p i
DL € s ¥ —
2%*200/60 5
ma X
Vb * 2 * 60 1 ’
= —— * an o o
2 * 1 * 200 5 m fOf a duplex lap winding
ma x
_— v
DL = 0.0955 * —
Bmax
D > gader ¥ 2 metres
B Vb
B a
D > 35.4 -MX  petyres
B * Vb
L < 0.0027 V¢ * B /B2 metres
: b max

B is the average over the entire pole

(ood ]

max is the maximum average over any axial direction

Bmax is the maximum point flux density

At this stage it is necessary to distinguish between two forms of
field systeh. |
: (é) A field system consisting of circular coils with a rectangular
cross-section; . coil type field - figure 13-7. |
(b) A field system consisting of pancake windings which occupy

the entire area shadowing the armature; armature type field (Appendix L).

(a) Coil Type Field

An initial assumption that é/émax = 0.73 for a coil type field
indicated that D > 2.44 metres and L <0.781/§max metres for an average bar

voltage of 14.5 volts or Vb = 19.9 volts.

(b) Armature Type Field

An initial assumption that é/émax = 0.55 for an armature type field
indicated fhat D > 2.44 metres and L < 1.035/§max metres for an average

bar voltage of 14.5 volts or V, = 26.4 volts.
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13-4-2 Number of Field Poles and the Commutator

The factors which influence the number of poles and the design
of the commutator are the maximum current that can be successfully
collected ffom the commutator, the average value of the voltage between
bars, and a commutator diameter that is compatible'With the armature

diameter.

With an average bar voltage of 14.5 volts and a terminal voltage of
2000 volts, 138 bars per pole are required. A minimum bar plus insulation
width of 4mm_resu1ts in the relationship below between the commutator, DC,
and the number of poles, p.

Dc = l&(_ng.'_.loi * p . metres

0.176 * p metres

With p = 16, D

c 2.8 metres which, although greater than the diameters
of the armatures, was considered to be the correct choice because with
p = 18, the commutator diameter would be too large and with p = 14, the

current per brush arm would be unacceptably high.

To ensure that equalising connections can be made, the number of Commu-
tator bars per pole selected was 144. The resulting commutator diameter
was thus 2.93 metres; the current per brush arm required is 625 ampere,

and the commutator peripheral speed is 30.7 m/sec.

With a brush current density of 0.062 amp/mmz, the required brush area

per arm is 10,000 mm’

. A brush width of 16mm required a brush length of
625mm. With 15 brushes per arm, each with a length of 40mm and a spacing
of 5mm between brushes, the commutator length required is 670mm. A bar

depth of 10mm resulted in a commutator weight of 0.41 tonnes.

13-4-3 Armature Condubtors

For a duplex lap winding and a current per brush arm of 625 ampere,
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the conductor current is 156 ampere. The possibi]{ty of improved armature
cooling permitted a current density of 5 amp/mmz; hence, the cross-

sectional area of the conductors required is 31 mmz.‘4

The number of armature conductors required for a 16 pole, 144 commuta-
tor bars per pole machine is 4608; hence the total armature copper area
required is 0.143 m2. An increase of 40% in the actual copper area to
allow for the insulation and the extra space required by the end connections
Aresu]ted in an armature cross-sectional area of 0.200 m2. The mean

diameter of the armature winding was estimated at 2.43 metres; hence,

the depth of winding is:

cross-sectional area
I * mean diameter

= %—,2(22—1—3— metres

26mm.,

armature winding depth =

It is necessary to estimate the armature winding radial depth at
this stage so that the design of the field systems can proceed. The
remaining armature characteristics, copper weight, and resistance cannot

be estimated until the length of the armature is selected.

13-4-4 Field System Design
| (a) Coil Type Field

The shape of the coils was selected to be circular rather than
rectangular on the basis that a successful design technique had been
developed for circular coils. The stresses in circular coils could be
better allowed for than those in rectangular coils as stress concentration
can occur in the corners. The inner diameter of the helium chamber -
figure 13-7 - was estimated as follows for a peak and average bar voltage

of 19.9 volts and 14.5 volts respectively.
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" mean armature diameter 2427mm

armature outer diameter 2440mm
rotafional clearance ‘5mm
comoensatihg winding thickness = 45mm
cryostat metal thickness 20mm

cryostat insulation paths' 40mm

inner diameter of helium

chamber = 2440 + 2(5+45+20+40)mm
= 2660mm
space available for each
field coil = E—:Téé-@gmm
= 522mm.

With an armaturé length of 520mm, the peak flux dénsity required at
the armature is 2.0 tesla - section 13-4-1. The design of the field
coils necessitated a know]edge of the coil bore flux density. This was
obtained by guessihg an angle of 120° subtended from the bore of the coil
to the mean armature-diameter; hence, the bore flux density was
approximéte]y:

2.0/sin3120/2 tesla

loe)
[

3.08 tesla.

A mean current density of 200 amp/mm2 was selected and the coil

design followed the procedure described in Appendix J.

Estimated coil inner radius 240mm

BoRo _ vBo * 1
u I ~ pRJ 2R, 2B
0 00 a et
o Ro Ro
= . 3.08 | 2A gE)']
-7 65 ‘R. R
4 *n* 10" *0.24 * 200 * 10 0o o
_ 2A , 2B -]
= 0.0511 * (§~ *r)
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Volume 2A 28 o'
I S A S B
° from Appendix J | calculated
0.5 0.142 0.523 0.454 0.688
0.7 0.179 0.571 | 0.445 | 0.57
0.8 ' 0.195 0.595 | 0.44 : 0.44
- Estimated coil outside>diameter = 2 * 240 * 1.195mm
= 574mm (too large)
Estimated coil axial length = 240 * 0.595mm

= 143mm

From the results in Appendix I :
bore flux density = 3.08 tesla

peak armature flux density = 1.75 tesla (2.0 tesla required)

For the second coil design, a bore flux density of 3.08 * 2.0/1.75 =
3.52 tesla and a bore radius of 240 * 510/574 = 213mm were selected.

BoRo 3.52 o (A« 28]
Mo I gapx1077%0.213%200%10°  Ro  Ro
2A , 2B (-1
= 0.06575 * (SR * £
Ry R,
B R
Volume _ %A %E- ° ?
R3 0 0 Yo
0 From Appendix J | calculated
0.8 0.195 0.595 0.440 0.567
0.9 0.209 0.621 0.437 0.507
1.00 0.223 0.642 0.433 0.459
1.06 0.231 0.655 0.431 0.435

2 * 213 * 1.231mm
524mm (too Tlarge)

Second coil outside diameter
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218 * 0.642mm

Second coil axial length

140mm

From the results of Appendix I:
bore flux density = 3.49 tesla

peak armature flux dé%sity = 1.8 tesla (2.0 tesla required)

For the third coil design, a bore flux density of 3.49 * 2.0/1.8 =

3.88 tesla and a bore radius of 200mm were selected.

BoRo 3.88 NI
Mo I g4ape1077%0.2%200¢10°  Ro Ry
2A , 2B,-1
= 0.07712 * (52 * £8)
R0 RO
Volume 2A 2B _o_f_o_

0 From Appendix J | calculated
1.06 0.231 0.655 0.431 0.510
1.25 0.257 0.686 0.426 0.437

1.30 0.263 0.695 0.425 0.422

Third coil outside diameter 2 * 200 * 1.263mm

505mm
200 * 0.695mm

Third coil axial length

139mm

—t
.o

From the results of Appendix
bore flux density = 3.9 tesla

peak armature flux density - 1.92 tesla (2.0 tesla required)

For the fourth coil design, a bore flux density of 4.07 tesla and

~inner radius of 300mm were selected.

oRo 4.07 W (2A L 2y
bo I 4110770, 20%200%10°  Ro - Ro
| ] ' (2R . 2By-1

= 0.08007 * (ZA « Z)

o 0
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5Ro
Volume 2A 2B T
Rg R0 R0 0
) from.Appendix J |calculated
1.30 0.263 0.695 0.431 0.443
1.36 0.27 0.706 0.423 0.424
Fourth coil outside diameter = 2 * 200 * 1.27mn
= 508mm
Fourth coil axial length = 200 * 0.706mm
= 14Tmm

From the results of Appendix I:
bore flux density = 4.05 tes]a

peak armature flux density = 2.00 tesla.

For the fourth coil design and allowing for the effects from other
field coils, the fo]]owingvflux densities at the armature were estimated:

-7 6

*0.27*0.706%0.2 tesla

Peak pbint flux deﬁsity 0.2317*4* 1 *10 " *200*10

2.22 tesla

Maximum average flux density = 0.18065 * 2.22/0.2317 tesla

1.73 tesla

Pole average flux density 0.125 * 2.22/02317 tesla

= 1.2 tesla
Peak bar voltage = 1.73 * ZFZM » 28 w5 yolts
| = 23 volts

. Average bar voltage = 1.2 * 23/1.73 volts
- = 15.9 volts
Terminal voltage = 15.9 * 144 volts
= 2300 volts.

The armature specific electric loading with 144 commutator bars per
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pole and a terminal voltage of 2300 volfs would be 81,700 ampere/metre
which is less than the assumed design value of 90,000 ampere/metre.

A terminal voltage of 2090 volts would require an armature specific
electric loading of 90,000 ampere/metre to achieve fhe 10MW rating for
the dimensiohs previously estimated. The average and peak bar voltages
become 14.5 volts and 20.9 volts respectively. The field excitation

average current density can also be reduced to 182 ampere/mmz.

The assumed va]ue'for the ratio é/émax of 0.73 was five percent
greater than 0.694 estimated for the above coil design. To retain the
designs for the coils and the armature, a corresponding increase of five
percent in the maximum bar voltage to 20.9 volts was required to satisfy

the basic design equations.

The characteristics for this field system are:

coil average current density 182 ampere/mm2
cof]‘conductor current density 273 ampere/mm2
excitation current 430 ampere
critical flux density 7.3 tesla
maximum coil self flux density 6.77 tesla
armature peak field flux density 2.02 tesla
armature average field flux dengity 1.09 tesla
field coil inside diameter - 400 mm

field coil thickness 54 mm

field coil length 141.2 mm
number of turns per coil v3227

coil ampere furns 1.388 * 106
total conductor Tength 73.6 km

total conductor mass . | 0.929 tonnes
coil self inductance (13-13) 5.21 henry

It was apparent from the above data that the safety margin between

" the coil self peak flux density and the guaranteed critical flux density
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of the superconductor used is insufficient. This is further aggravated
by the contribution of a further 0.5 tesla from adjacent coils to the

peak flux density within a field coil.

This situation was alleviated by reducing the peék armature flux
density from 2.02 tesla to 1.5 tesla, and reducing the peak bar voltage
to 18 volts. The required armature outside diameter becomes 2680mm and
the armature active length required is 570mm. These values were se]ected
as the circumferential space available for each coil at the inner diameter

of the helium chamber equals the active length of the armature.

Helium chamber inside diameter 2680 + 220mm

2900mm

Space available for each field coil I * 2900/16mm

570mm

The design of the field coils drew upon the result from the previous
design that has the coil flux density at twice the armature peak flux

density.

A mean current density of 200 ampere/mm2 was retained and the coil

design followed the procedure described in Appendix J.

Estimated coil inner radius = 220mm
BoRo 2 % 1.5 « (2 4 2B )1
Mo I ge1077%200%10%%0. 22 Ro Ry
2A , 2B -1
= 0.0543 * (5— * 5~ )
Ry Ro
_ B R
Volume 2A 2B ag;fl
Rg Ry Ry 0
from Appendix J | calculated
0.8 -0.195 0.595 0.440 0.468
0.85 0.2 . 0.615 0.439 0.442
0.855 0.202 0.612 0.438 . 0.439
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Coil outside diameter 2 * 220 * 1.,202mm

529mm

0.612 * 220mm

Coil axial length

135mm
From the results of Appendix I:
coil bore flux density = 3 tesla

peak armature flux density = 1.54 tesla

The space available for each coil is 570mm; hence, the coil inner

radius was increased to 235mm.

BoRo _ 3 *1.5/1.84 (2R« 281
Mo T 4xp*1077%200%10°%0.235 Ro  Ro
= 0.04947 * (2R« ZBy-1
0 (0]
B R
Volgme 2A ] uo ?
R0 R0 R0 0
_ from Appendix J {calculated
0.855 0.202 | 0.612 0.438 0.400
0.80 0.195 | 0.595 0.439 0.426
0.75 0.185 | 0.59] 0.442 0.453
0.77 0.189 | 0.592 0.442 0.442

2 * 235 * 1.189mm

Coil outside diameter

559mm

This provides 5mm clearance on the radius.

Coil axial length 0.592 * 235mm

139mm

From the results of Appendix I :
.coil bore flux density = 2.92 tesla

peak flux density at the armature = 1.57 tesla.
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With the influence of adjacent coils taken into account, the following
field flux parameters at the armature were obtained. The coil mean

current density used was 200 ampere/mm2 - figures 13-8 and 13-9.

peak point flux average = 1.75 tesla
peak average flux density = 1.4 tesla
pole average flux density = 1.0 tesla:

From these values, the bar voltages were obtained.

peak bar voltage 22.3 volts

15.9 volts

average bar voltage

With these values, the terminal voltage woujd be 2275 volts, or
275 volts higher than the design value. To overcome this, a reduction in
the field coil average current density to 175 ampere/mm2 was necessary.
A better approach would have been to maintain the average curfent density
and redesign the coils again. Retention of the design gave the following

field parameters.

coil average current density =175 ampere/mm2
coil conductor current density =264 ampere/mm2
excitation current = 418 ampere
critical flux density quaranteed  =7.4 tesla
critical flux density typical =7.7 tesla
maximum flux density at field coil = 6.5 tesla
armature peak field flux density = 1.53 tesla
armature average field flux density = 0.873 tesla

armature peak average field flux density 1.222 tesla

field coil inside diameter = 470 mm
field coil thickness = 44.4 mm
field coil length =139.1 mm
number of turns per coil = 2586

' = 1.081 * 10°

coil amperée turns
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COIL TYPE FIELD FLUX
DENSITY DISTRIBUTION

Through the pole centre

' FIG 13-9
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“total conductor length = 66.9 km
total conductor mass | = 0.844 tonnes
coil self inductance, reference (13-13) = 2.2 henry
adjacent coil mutual inductance =0.22 henry
peak bar voltage =19.5 volts
average bar voltage = 13.9 volts

Thé total inductance of the field system would be greater than
sixteen times the self inductance of each coil because of the additive
f]ux,linkages of adjacent coils. An estihate of the total inductance
was obtained from the mutual inductance of adjacent.coils and assuming
that the total flux 1inkage of a given coil is due to itself and the two
adjacent coils oniy; With mutual induétahce M,‘and‘se1f inductance L,
the total flux linkage of a coil wou1dvbe I(L + 2M); hence, the total

inductance of the field system is given by equation 13-8.

P(L + 2M) - (13-8)

LT =
P = number of poles
LT = +total field inductance

The mutual and co{l self 1nductancéé were cé]cu}ated using reference
']3?10 as 0.22 and 4.2 hehry respectively, this resulted in a total
inductance of 74 .2 henfy; Which represents a stored energy of 6.5 MJoule:
'in'thé magnetic field of the field system:at the design excitation current.
This result gives an indication of the complexity of field protective
equipment required to dissipate inductively stored energy in the event

of a field system quench.

Another point arising from the designs is that a reduction in field
flux density increases the size of the machine, but reduces the quantity
of superconductor required. With increased size,-theAefficiency of the

machine is reduced; hence, an economical design between running costs
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and capital costs could be determined.

(b) Armature Type Field Winding

An amarature type field was considered becausé_thg coil type field
winding added considerably to the overall diamete} of the machine. A
large cryostat is.thus required, which fs inefficient in terms of the
field coil volume when compared with the total volume of the helium
chamber. The support of the armature type winding is easier because it is
a compact unit rather than a set of individual coils as with the coil

type field system.

The number of poles was selected as sixteen, the same number as the
coi]'type'systEm. The required inside djameter-of the field system was

estimated from theestiméted armature diaméter -section 13-4-1b - of 244Q0mm.

armature outside diameter ‘ - 2440 mm
fotationa] clearance -5 mm
compensating winding thickness - 45 mm
cryostat metal thickness - 20 mm
cryostat insulation paths - 40 mm
inner diameter of field system - 2660 mm

For a maximum average flux density at the armature of 2 tesla, which
for the armature type field is the same as the peak flux density, an

active armature length of 520mm is required - section 13-4-1.

The design of the armature type field system assumed an infinitely
long armature core and based on the results of Appendix L, the design

procedure is as follows.

P = number of poles

R = armature conductor mean radius (metres)
R, = field system inner radius (metres)

2A = field system thickness (metres)
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R, + 2A = field system outer radius (metres)
émax = maximum average radial component of flux
: density at the armature (tesla)
J = average current density (ampere/mz)
R = (2440 - 26)/2 = 1207mm .
R0 = 1330mm
R/R0 = 0.9075

An ihitial value for 2A/R0 = 0.01 was selected and, for a sixteen

pole system at R/R0 0.9075 - Appendix L.

Bmax
0o
h S : 2 2
ence J = =7 ampere/m
4*1*10 "*1.33*0.00335

357 ampére/mm2

With an average current density of 342 ampere/mmz, the conductor
current density would be 513 ampere/mm2 with a corresponding guaranteed
critical flux density of 3.8 tesla. The maximum flux density at the field
winding waS calculated to be 8.9 tesla or well above the quench flux
density. This unacceptable situation can be correcfed by two methods:

(a) increase the field winding thickness, thus reducing the
required conductor current density and increasing the guaranteed critical
flux density, or

(b) reduce the required maximum flux density at the armature by

increasing the active length of the armature.

The first alternative requires an excessive quantity of superconductor;

hence, a reduction in the required maximum flux density was necessary.

A maximum average flux density at the armature of 1.1 tesla, instead

of 2 tesla, was next assumed. For a 144 commutator bar per pole machine,
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an average bar voltage of 13.9 volts is required. With the assumption
that the ratio B/Emax = 0.55; the maximum bar voltage is 25.3 volts.
From the basic design equation in section 13-4-1, the design data below

was derived.-

P = 16 poles
R = 1270mm
L = 860mm
R, = 1380mm
'émax = 1.1 tesla
R/R, = 0.9203.

An initial guess value of five layers of field conductor per coil,
an assumed packing factor of two-thirds, and a conductor diameter of

1.42mm resulted in an initial value for 2A/R0 of:

1
1.42 * 5« (321)%)y350

2A/R 5

0.00558

From the results of Appendix L, the required average current density
is 296 ampere/mmz.v To reduce this current density to near 200 ampere/mmz,

eight layers of conductor per pole are required.

2A/R 1.42 * 8 * (§-§-59%/1380
. .

0.008935

The required average current density to provide a peak flux density
of 1.1 tesla at the armature was estimated at 187 ampere/mmz. The
maximum flux density at the field winding was éstimated as 4.64 tésla or
well below the guaranteed quench value of 7.2 tes]a, -With seven layers
of conductor, the required average current density is 213 ampere/mmz, and
the maximum flux density at the field winding is 4.8 .tesla or well below
the guaranteed quench value of 6.6 tesla. For these field windings,

B/B ox = 0.56 instead of the assumed value of 0.55. The length of

ma
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conductor required for the seven layer winding is approximately 50.7 km:

The large safety margin between the quench and the maximum flux
density, over correction, enabled an increased maximum average flux
density of 1.45 tesia. The higher value of é/ﬁmax‘=’0.56 resulted in the

design below.

P = 16 poles
Vb = 13.9/0.56 = 24.8 volts
R = 1270mm (as before)

- L = 640mm

R, = 1380mm (as before)
Bmax = 1.45 tesla
R/R0 = 0.9203 (as before)

A winding with ten layers required an average current density of
200 ampere/mmz. The maximum flux density at this winding is 5.9 tesla,
which is sufficiently below the guaranteed quench f}ux density of 6.9 tesla.
The radial component of the field flux density at the armature - fiaure
13-10 - indicated that the ratio E/Emax = 0.56 which compares well with

the assumed value aboVe.

A summary of the characteristics of this armature type field is given

below.
field system average current density =200 ampere/mm2
field conductor current density = 300 ampere/mm2
, field system excitation current = 475 ampere
: peak field flux density at the armature = 1.45 tesla

average field flux density at the armature 0.831 tesla

peak field flux density at the ‘field

5.9 tesla
guaranteed quench flux density at 475 ampere= 6.9 tesla
2760 mm
2790 mm

field system inside diameter

field system outside diameter
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ARMATURE TYPE FIELD SYSTEM
FIELD FLUX DENSITY DISTRIBUTION

FIG 13-10
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field ampere turns per coil = 836,000
number of layers per coil =10

number of turns per coil = 1,760
active field coil length =640 mm
overall 1engtﬁ of each coil = 1170 mm
circumferential width of each coil = 542 mm
total length of superconductor = 58.4 km
total mass of superconductor = 0.72 tonnes
peak bar voltage | = 24.8 volts
average bar volfage =13.9 volts

As with the coil type field system, high field flux densities have
reduced the size of the machine but havé increased the quantity of super-
conductor required. Thus the Sane economic design approach, for eXamp1e,
minimising fhe total annual operating and capital charges, can be

employed.

13-4-5 Cryostat

As with the design of the homopolar machine, the design of the
cryostat was obtained with the aid of the program developed by Dr. R. Rish.
The helium chamber was designed to withstand an internal pressure of
0.8 MPa and the design pressure for the room temperature section was 0.1

MPa.

(a) Coil Type Field System

The dimensions of the cryostat required to house the coil type field
system are:

Helium Chamber -

2680 + 2 * (5 + 45 + 10 + 40) mm

section inside diameter

2880mm .

section outside diameter= 2900 + 2 * (139.1 + 10 + 10) mm
: 3220mm



section length

required metal thickness =

Room temperature section

inside diameter =

outside diameter =

'1ength =

required metal
thickness
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470 + 2 * (44.4 + 20) mm
600mm '

17mm

2680 + 2 * (5 + 45) mm

2780mm

3220 + 2 * (40 + 10) mm
3320mm

600 + 2 * (40 + 10) mm

700mm

5mm

The total weight of the cryostat, including the radiation shield, was

estimated at'2.83 tonnes. The volume of the helium chamber is 980 Titres

of which 160 litres is occupied by the field coils, hence, a helium

charge of 820 litres is required.

(b)

The dimensions of the cryostat

Armature Type Field System

field system are:

Helium Chamber

section inside diameter

section outside diameter

section length

required metal thickness

Room temperature section

inside diameter

required to house the armature type

2540 + 2 * (5 + 45 + 10 + 40) mm
2740mm

2760 + 2 * (15 + 20 + 10) mm
2850mm |

1170 + 2 * (10 + 10)mm

1210mm

10mm

2540 + 2 * (5 + 45) mm
2640mm
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outside diameter = 2850 + 2 * (40 + 10) mm
= 2950mm

length = 1210 + 2 * (40 + 10) mm
= 1310mm |

required metal

thickness - Smm

The total weight of the cryostat, including the radiation shield, was
estimated at 2;74 tonnes. The volume of the helium chamber is 584 litres
of which 141 litres is occupied by the field winding. A helium charge

of 443 Titres is consequently required.

13-4-6 Armature Winding

(a) Coil Typé Field

The design data for the armature required with the coil type field

is given below.

machine rating =10 MW
rated voltage =2 kV

- rated current =5 kA

~ number of poles =16
commutator bars per pole - =144
conductor current density =5 ampere/mm2
armature active length = 570 mm
armature 6utside diameter = 2680 mm

For a duplex lap winding, the conductor current is 156 ampere; hence,
a conductor area of 31mm2 is required. With an end winding angle of 45°
and an allowance for insulation, an armature surface occupancy of 65 per-
cent by the conductbr copper is expected. The allowable conductor width
is hence 2.4mm and the depth is 12.9mm. The overall winding depth would

be near 30mm when insulation and stranding is allowed for.
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The length of each turn was estimated at 2.65 mefres which resul ted
in a total conductor length of 6.1 km and a mass of 1.68 tonnes. The
total series resistance of the cbnductor would be 3.35Q; hence, the
armature resistance would be 3.27ma. The armature Toss would be 82 kW or

a drop in efficiency of 0.82%.

(b) Armature Type Field

The design data is the same as for the coil system, but the armature
outside diameter is 2540mm and the active léngth is 630mm. The allowable
~conductor width is 2.25mm for an armature ‘surface occupancy of 65 percent.

To obtain the necessary conductor area of 31mm2 a conductor depth of

13.8mm is required.

The length of each turn was estimated at 2.7 metres which resulted in
a total conductor length of 6.22 km and a mass of 1.71 tonnes. The total
series resistance of the conductor would be 3.420; hence, the armature
resistance would be 3.34mq. The armature Toss would be 83.4 kW or a drop

“in efficiency of 0.83%.

13-4-7 Compensating Winding

The principle of the compensating winding is twofold:
(a) to shield the superconducting field winding from the armature
reaction fluxes.

(b) to transmit the machine torque to the foundations.

The form of the compensating winding considered was an armature type
winding which carries the full armature current. A sixteen pole wave
winding was proposed as it does not involve potentially difficult end

connections.

Along the geometric neutral axis, the'magnitude of the maximum armature

reaction flux density at the field system was estimated at 0.034 tesla
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for both the field systems under consideration. This is considerably
less than the peak self flux densities of the field systems, which is near
six tesla; hence the possibility of a field quench as a result of

armature reaction is remote.

The designs of the compensating windings were based on the balancing
of the machine torques. With the proper aligning of the armature and compen-
sating windings there is no interaction between them; hence torque balanc-

ing is through interactions with the field system, which cancel.

The specific electric loading of the compensating winding required to

produce torque cancellation at full load is given by equation 13-9.

9. *© %‘* > (13-9)

q. = compensating winding specific electric loading (ampere/m)
T = machine full load torque (Newton-metre)

D. = compensating winding diameter (metre)

L. = compensating winding active length (metre)

B_ = average pole field flux density at the compensating
winding (tesla)

(a) Coil Type Field Compensation

200 * 2 * 1

10 * 10% / -

N-m

Full Toad torque

477 kN-m

From an analysis of the coil type field flux density distribution in
the region of the compensating winding, the average flux density was

estimated as 1.13 tesla - figure 13-11,

The length of the compensating winding was se]ecfed to be the same as
that of the armature which is 570mmn. The diameter of the compensating

winding was estimated to be 2730mm.
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= 2. 477*]03
% T 2.73 * 2.73 * 0.57 * 1.13 ampere/m

= 63,260 ampere/m.

The required depth of the compensating winding with a conductor
current density of 5 ampere/mm2 and an allowance of fiftypercent increase
in area for spacing and insulation is 19mm. The available space of 45mm
was considered to be adequate for the winding and the support structure.

The mass of the conductor was estimated at 1.29 tonnes.

The maximum resultant armature and compensating winding magnetic
field in the'region of the field coils was estimated to be 0.0023 tesla

at full load.

The compensating winding carried the full armature current. Thus,
for a wave winding, the conductor current would be 2,500 ampere at full
load. The winding resistance was estimated at 2.44mq and the correspond-

ing power loss is 61 kW or 0.61 percent drop in efficiency.

(b) Armature Type Field Compensation

From an analysis of the armature type field flux density
distribution in the region of the compensating winding, the average

flux density was estimated as 0.963 tesla - figure 13-12.

The length of the compensating winding was selected to be the same
as that of the armature which is 640mm. The estimated diameter is 2590mm.
The required specific electric lToading to develop full load torque is

73,450 ampere/metre.

The requiked winding depth is 22mm and the estimated mass of the
copper in the:winding is 1.45 tonnes. The calculated resistance of the
compensating winding is 27.5m2 and the power loss at full load would be

68.9 kW or 0.69 percent drop in efficiency.

The maximum resultant armature and compensating winding magnetic
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ARMATURE TYPE FIELD SYSTEM
FIELD FLUX DENSITY AT THE COMPENSATING WINDING
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field in the region of the field winding would be near 0.0016 tesla at
full load.

13-4-8 Conductor Support

The conductors of the armature and compensating windings require
a-techniqde by which they can be supported against forces due to load

torque and rotation (for the armature).

To gauge the requirements of the support structures, the following

parameters for the machine with the armature type field were considered.

rated output 10 MW
rated speed 200 rpm
armature diameter 2450 mm
armature length 640 mm
2

conductor area 31T mm

| The centrifugal force experienced by- the support structure due to
the rofation of the armature ahounts to 154 N/m/conductor, which is equi-
valent to a bressure of 0.089 MPa over the surface of the armature. If
the rotational forces were constrained with a stee1 cylinder, the metal
thickness required would be 0.8mm and the mass of the cylinder would be
only 30.5 kg. This technique is undesirable because eddy current losses
will occur and the cylinder will require insulation to withstand the full
terminal voltage. However, the foregoing indicates that rotational forces
can be contaihed without a large increase in the overall mass of the.
machine. An alternative support technique using epoxy resins and/or

carbon-fibres is possible.

The circumferential force required to balance the load torque is
0.376 MN.  To prevent conductor movement, steel armature "teeth" with
a combined thickness of onTy 8mm are sufficient. If ninety-six

conductors were suppofted per "tooth", then the individual thickness
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would be 0.17mm. As the thicknesses required are small, an alternative

technique using epoxy materials is possible.

The problem of maintaining a cylindrical armature and transferring
the Toad torque to the shaft can be solved with suitably spaced spider

arms.

13-4-9 Machine Efficiency

The armature conductor losses amount to a drop in efficiency of
1.43 and 1.52 percent for the coil and armature type fields respectively.
Brush contact losses and friction losses both resufted in drops in
efficiency 6f 0.1 percent. This compares With 1.6% loss in the homopo]ar.
machine. Wihdage and bearing loss would result in a decrease in efficiency
of near 0.05 percent (13-4). The machine efficiency, excluding

refrigeration requirements, would be near 98.25 percent.

13-4-10 Machine Size and Mass

(a) Coil Type Field

armature outside diameter . 2680 mm
armature overall length 1090 mm
armature plus commutator length 1760 mm
cryostat outside diameter 3320 mm
cryostat length - 700 mm
~armature copper mass 1.68 tonnes
compensating winding copper mass: 1.29 tonnes
cryostat mass 2.83 tonnes
commutator mass 0.41 tonnes
superconductor mass 0.84 tonnes
shaft, bearings, brush gear mass ...1.6 .tonnes

Total mass 8.65 tonnes



13-61

(b) Armature Type Field

armature outside diameter 2540 mm -

armature overall length 1130 mm
armature plus commutator length ~ 1800 mm
cryostat outside diameter 2950 mm
cryostat length | 1310 mm
armature copper mass 1.71 tonnes
compensating winding copper mass 1.45 tonnes
cryostat mass o 2.74 tonnes
commutator mass | 0.41 tonnes
superconductor mass 0.72 tonnes
Shaft, bearings, brush gear mass 1.6 tonnes
Total hass 8.63 tonnes

13-4-11 Commutation

When investigating the commutation of an armature coil, the

following points require consideration:

1. The total induced voltage of the coil which consists of
dynamic and static voltages. The dynamic voltages result
from the movement of the coils through a stationary flux
and the static voltages arise from changing currents
(self and mutual inductances).

2. The effect of the brush contact resistance.

3. What actually causes the current to reverse in the coil
undergoing commutation.

4. What is the cause of §parking and what energy is associated
with spdrking. The energy is required to indicate the

severity or otherwise of the sparking.

The answers to some of the above questions were obtained by
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considering the simple equivalent circuit of a coil undergoing commutation
- figure 13-13. The resistances Rbt and Rbl represént the brush contact
resistance$ to the trailing and leading commutator bars respectively.
During comﬁﬁtation, Rb] changes from open circuit to a low value, whereas
Rbt changes from a Tow value to open circuit. In'noﬁ-interpo]e machines,
changes in R,y and Ry, cause the reversal of current. In interpole
machines, the reversal is achieved by the combination of the_interpo]e

dynamic voltage and the brush resistance changes.

Sparkiﬁg occurs if, when Rbt becomes open circuit, the coil current,
IC, does not equal the armature conductor current, I. If the coil current
is less than the conductor current when the brush leaves the trai]iné
commutator bar, then the coil current has to suddenly increase. The
required energy to achieve this is supplied from the external, constant
current circuitry. If the coil current exceeds the required va1ue,‘then
the energy has to be dissipated from the coil undergoing commutation.

The magnitude of the spark energy was estimated as follows:

Summing vo]téges around the loop resulted in equation 13-10.

ES + Ed + 'IC(Rc + Rbl) = (1 - 'IC)Rbt =0 (13-10)
dIc dIi
where ES = Lﬁ_ + %-Mi'at—

and Ed constant during commutation.

The summation term was included to account for the mutual effect

of coils undergoing commutation simultaneously.

With the assumptions that coils which are completing commutation do
so together and that their currents are the same, and that the rate of
change of current during sparking is large in comparison with that of

any other coils which are in the process of commutation, then:



Rc. coil resistance
— — ' Eg= static voltage
o—/FIYO ———]
High external _ :
inductance I-1. Eq4 = dynamic voltage
> I = constant

Brush resistance I Brush resistance
Rpbt Rl

EQUIVALENT CIRCUIT OF A COIL UNDERGOING COMMUTATION
FIG 13 -13
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dIC
LM 5

m
1]

dI

= < =
Leff at where Leff' L + M.

Neglecting all resistive voltage drops, then-the'spark voltage is
- equal to ES + Ed and the instantaneous spark power is given by equation

13-11.
PSp = (Eg + Eq)(I - 1)) : (13-11)

Integration of equation 13-11 over the spark duration gives the

spark energy, equation 13-12.

tsp
Ep ~ / (Eg + (I - 1) dt (13-12)
- 0
tsp
. et (1-1.9% +€ (1-1)dt (13-13)
2 c0 d C
O . .

The second term cannot be evaluated unless the actual spark current
is known. An upper limit was obtained by assuming that the spark current

remained at the pre-commutation conductor current.

The armature coil self inductancés and the total mutual inductance
from two coils which are identically positioned electrically and commutated
by adjacent brush sets are given in the table below. The full load
armature reaction flux density and the cohpensating winding flux density
along the geometric neutral axis at the armature conductors are given

in the table below.

The calculation of the spark energy assumed no reversal of the coil
current until the onset of sparking. For this reason, the estimate could
be an order of magnitude or more above the actual value. The energy
involved is apparenfly small; hence, little or no damage may occur to

the commutator. This spark energy represents an average total power loss



13-65

coil type armature type
Item. field field

coil self inductance 2.32 yh 2.32 yuh
total mutual inductance 0.72 yh 0.75 yh
armature reaction flux density 0.14 tesla | 0.146 tesla
compensating winding flux density 0.063 tesla 0.071 tesla
dynamic voltage (Ed)' 2.43 . volts 2.53 volts
Leff : 3.04 yuh 3.07 uph
Ico(no reversal) -156  ampere| -156 ampere
tsp | 50 pSec - 50 uSec
spark energy 0.186 joule| 0.188 joule

of near 23 kW. The spark voltage for the worst case condition and a
short spark duration of ten microseconds was estimated at near

-95 voits.

13-5 Commutation Improvements

The major reasons why the heteropolar machine ratings have been
limited to near 15 MW are the problems associated with current collection
and commutation. The prdb]ems include: |

(a) the']owivoltagé 1imit between commutator bars;
(b) - the need for cdmp]ete and consistent current reversals;
(c) the maintenance of an electrical contact between a stationary

and a rotating surface.

This thesis shows the feasibility of the use of superconducting wire
in the field systems of heteropolar D.C. machines; hence, commutation
and. current collection have not been exténsive]y investigated. However,
the study would not be complete without,shbwing that -there is a strong

possibility of'overcoming the commutation and current collection problems.

1In the previous section, natural commutation was considered. The



13-66

following sections cover methods by which current collection and

commutation can be assisted.

13-5-1 Current Per Brush Arm

The problems of commutation and current collection can be sub-
stantially reduced if the magnitude of the current per brush arm can be

decreased.

A reduction in brush arm current can be obtained by either increasing
the number of poles in a machine or by increasing the voltage per
commutator bar limit. Increasing the number of poles cannot be seriously
considered because the time available for commutation is proportionately
reduced, which vitiates the reduction in the brush current. Increasing
the number of poles also has the disadvantage of increasing the required

~diameter of the commutator for a predetermined terminal voltage.

In conventional machines, the average bar voltage fs limited to near
twenty volts. This is a severe restriction to the acceptable dimensions
of a machine. If bar voltages above this value are used, then there {s
the possibility that damaging flashover can occur at the commutator. The
flashover can be severe in that the machine may have to be shut down as
a result of overcurrents, or the erosion of the brush housings and brush
arms may be excessive or, more rarely, the commutator becomes badly

damaged.

References suggest that the main reasons for the low value of the
acceptabie volts per bar limit are the presencé of ionised air, which
results from the brush sparking, and carbon dust which accumulates from
the brushes as they wear. The elimination of these could substantja]ly
increase the volts per bar limit. A technique by which their removal can
be achieved is described by Briderlink (13-7). A slotted and force

ventilated commutator is suggested which enables the removal of the
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ionised gases and the carbon dust particles.

13-5-2 Cdi] Inductances

The elimination gf iron in the magnetic circuits of superconduct-
ing machines results in a reduction in the reactance voltages induced
into coils undergoinag commutation. The smaller coil sizes possible with
the use of superconductors also reduces the reactance voltages. Reduced
reactance voltages and coil inductances are conducive to improved

commutation.

Another technique by which the effective coil inductance can be
reduced makes use of the transformer effect a short circuited secondary
has on coil inductances. Damper wind{ngs weré investigated by Trettin
in the 1930's and were intended to be the sole means of controlling
commutation. However, it is an historical fact that damper windings have

not come into widespread use.

Unlike. the damper windings, which are intended to have an effect
throughout the commutation period, Taylor (13-14) describes a methéd by
which the severity of sparking can be reduced by the use of flux traps
- which have an effect only at frequencies associated with sparking. The
function of Contro]ling commutation is left to the interpoles and the

brushes.

13-5-3 Environment

It has been known for many years that correct atmospheric conditions
and suitable materials are vital for successful commutation and long

brush 1ife.
g

Materials research in the past has resulted in superior commutator
materials (13-15); and investigations have shown that the presence or

absence of some compounds or elements does affect commutation (13-16).
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For example, low humidity substantially reduces the 1ife of a brush;
minute traces of hydrogen sulphide can cause poor ‘commutation; and

chlorine gas can dramatically improve commutation.

The surface condition of the commutator barS-iS'paramoqnt for success-
ful commutation. The formation of the correct surface film, which assists
commutation, can only take place under suitable atmospheric conditions.
Small concentrations of'some elements and compounds result in the forma-
tion of incorrect surface films; thus poor commutation can.result. Work
on this aspect of commutation (13-17 to 13-24) has led to a better under-
standing of the influence of prevailinag conditions upon commutation and

has resulted in improved commutation.

13-5-4 Brushes

Probably the most important components which determine the
successful operation or otherwise of D.C. commutating machines are the
brushes. The role played by the brushes in D.C. machinery is three-fold
_in that they are required to transfer energy to or from rotating surfaces,
to reduce coil short‘circuit currents during commutation, and act as

fast recovery circuit breakers and makers.

For the conventional form of brush to transfer current whilst incur-
ring small losses and preventing large coil short circuit currents leads
to opposing requirements in the contact and interna]lresistances of the
brush. The needs for low brush losses and-the ability to repeatedly make
and break circuits lead to contradictions as to which brush material
should be used. For Tow resistance, metals are required, but heating at
point contacts tends to cause local melting, a fact which results in

brush degradation and poor energy transfer conditions.

The carbon brush has proven to be a very satisfactory compromise,

but further developments are required to improve their performance and
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to ease their duty cycles.

The contacf drop of carbon brushes and its infiuence on commutation
has been the subject of many papers (13-22). Differing contact
characteristics of the available types of carbon brusﬁ were used by Mayeur .
(13-23) to improve commutation by forming é single brush from two slices
of differing types of carbon brush. Mayeur concludes that this technique

improves commutation.

The so]id carbon brush relies upon many small points of contact which |
operate at high current densities (13-26). The inflexibility of solid
carbon brushes can combine with their contact characteristics to result
in poor commutation and current transfer as a consequence of even slight
commutator surface imperfections. Improved brqsh performance and ease of
operation, in particular for homopolar machines, has been obtained from
the use of Bfushes made from coated carbon-fibres (13-11). These brushes
have many more points of contact than do conventionél, solid brushes and
are less subject to surface imperfections. The combination of conventional
brushes and carbon-fibre brushes in parallel has been tested by Bates and
quell,(13-27) on a conventional D.C. machine. Their tests indicated
that the carbon-fibre brushes enabled considerably greater currents to
be transferred and that they have great promise when applied to improve-

ments in commutation.

13-5-5 Diode- and Thyristor-Assisted Commutation

With the advent of thyristors, methods of commutating machines
electronically became feasible. The present form of commutator would
appear to be a most effective means of changing the armature circuit
connections and would almost function as a slip ring if it could be relieved
of switching current. Switching can be arranged by circuits involving

thyristors, without mechanical breakage of current. A paper by Andrews
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(13-28) describes a system which utilises a segmehted_brush and thyristors
in which the thyristors have the switching duty and-thg brush retains

the duty of changing the armature connections. Tests with this system
have indicated the possibility of improving electronically the commutation

. of a D.C. mchine that has a conventional commutator.

Early investigations into the use of the diode-assisted and thyristor-
assisted commﬁtation in small D.C. machines were very successful. However,
their application in larger machines resulted in special contact problems
which resulted in severe burning of the commutator segments. This burning
occurred immediately for diode-assisted commutation and after a period
| of running and the formation of surface films for thyristor-assisted
 commutation. Carbon-fibre brushes were found to pro]ong the period of
spccessfu] operation, see Bates (13-29 to 13-32). Bates has since
developed a 300 kW, 3000 r.p.m. D.C. machine using.thyristor-assisted
commutation. With the aid of thyristor suppression circuits, the machine
has overcome the contact problems which were caused by the very high rates
of rise of brush current (13-33). The system has two commutators and '
brbsh gear and these are of conventional construction. A paper describing
the terminal characteristics of tﬁe machine suggests that equalising

connections are unnecessary (13-34).

There are now available Toshiba 600 ampere, 1300 volt gate turn-off
- thyristors and ASEA 1650 ampere, 2000 volt ordinary thyristors which
suggests a promising future for very large thyristor-assisted D.C.

machines.

13-5-6 Voltage Injection

For successful commutation, most machines require an induced
~ voltage in the coils undergoing commutation, which assists the current

reversa].' Even the thyristor-assisted machines described by Bates rely
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on interpoles, which is the conventional method of inducing the necessary

reversing voltage.

The superconducting machine could require an induced voltage as
pure resistive commutation may not be adequate. As a consequence of the
elimination of iron, interpoles are not feasible as they would require
excessive space, reduce the machine efficiency, and induce a torque in
the field system. With this in mind, an alternative method of inducing

the voltage is required.

With the use of se