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SUMMARY

The High Field Magnet Laboratory at Canberra is
described. High-field water-cooled electromagnets produce
magnetic fields of hundreds of kilogauss, consume megawatts
of power and require thousands of gallons of cooling water per
minute.

Engineering details are given of the pulsed water
cooling system, electrical and control systems, and instru-
mentation.

The paper is prefaced by a description of the Can-
berra homopolar generator used as energy store and power
source for the Magnet Laboratory, and by a discussion of the
scientific uses of high magnetic fields.
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1. Introduction

The intention of this paper is to describe in some detail the equipment and
facilities at Australia's first and only High Field Magnet Laboratory. However, since
the Laboratory depends entirely for its power supply upon a unique energy storage de-
vice known as a homopolar generator, and since each electromagnet, together with
its cooling equipment form with the homopolar generator an integrated system for the
transformation and control of energy, some space will first be devoted to a brief des-
cription of the homopolar generator and its capabilities. A fuller description will be
found in references 1, 2 and 3.

The electromagnets we are speaking of consume from 5 MW d.c. upwards
to an easily conceivable 100 MW. The homopolar generator can meet these power re-
quirements and has in fact repeatedly delivered powers of 300 MW or more. Further,
the techniques are well established for increasing this threefold. However, being es-
sentially a storage device, discharge times are a function of power, the product of the
two being limited to 500 MW seconds (megajoules).

1.1 Homopolar Generators

It was Michael Faraday, towards the middle of the last century who
constructed the forerunner of the homopolar machine. He rotated a disc through which
passed a magnetic field and observed an e. m.f. between the disc axis and a stationary
contact rubbing on the outer edge of the disc. By taking care to preserve cylindrical
syvmmetry in the exciting field and in the arrangement of electrical contacts and conduc-
tors, such a device can be in fact converted into a highly efficient transformer of me-
chanical (shaft turning) energy into electric energy. Such a device is termed a homo-
polar (or unipolar) generator, h.p.g. for short. On the other hand if a large degree of
asymmetry in magnetic field is introduced, and rubbing contacts are dispensed with,
the generated currents will flow within the disc itself forming a useful braking device
bften used in watt hour meters, speedometers and the like.

The symmetrical device, the h.p.g., is in fact reversible, i.e.
when fed with current in the reverse direction it will motor. The Canberra h. p.g.
(see Figure 1) has no mechanical connections to its shaft at all, but has large mas-
sive discs which accelerate when fed with electrical energy, thus storing it in the
form of kinetic energy. The energy is reconverted into an electrical output by
merely connecting the load of appropriate impedance across the discs through spe-
cial brush gear. The efficiency of conversion is normally 99%.

The Canberra machine has four rotating discs each weighing twenty
tons. At full storage capacity, the peripheries of the discs are moving at two thirds
the speed of sound, and this is the rubbing speed for the outer brushes. The electro-
magnet which forms the exciting field through the disc weighs 1500 tons and stands
25 feet high, The equivalent electrical capacity of the h.p.g. is some 5, 000 farads

nd discharge currents of up to 1.8 million amperes, lasting for a second or so have
¢en obtained. The electrical feature most essential for its application to the genera-
“ion of high magnetic fields, however, is the maximum stored energy--500 megajoules.
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't is this feature which enables the powering of electromagnets requiring tens of me-
zawatts for periods of several seconds--long enough for the majority of experimental
:pplications and longer than is possible anywhere else in the world.
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Figure 1. Diagram (half section) of the Canberra homopolar

generator showing schematically the current paths
(arrows), brush rings (A), rotors (B), bearings (C),
and energising magnet steel yoke (D).

1.2 High Magnetic Fields and Solid State Physics
The chief experimental use of high magnetic fields is in the sphere

¢ solid state physics. This branch of pure science has steadily grown in importance
since World War II and received a tremendous boost with the invention of the transistor,
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nich grew directly from the results of research in this field. Since then, other semi-
nductor and magnetic devices, lasers and the like have eventuated, showing the pro-
~ise of this type of research.

In many respects, the physics of the solid state is complementary to
.tomic physics which for so long has outshone it in prestige. For it is in the solid state,
nere atoms and molecules crystalise and interact in orderly fashion, that one must
~ange from considering the properties of individual atoms to the consideration rather

" one large atom with millions of permissible electron orbits and new quantum proper-

In many branches of science, a method of study is to distort the ob-
ot of study and try to build up a knowledge of its properties from the relation between
‘he properties of the distorting influence and its observed effect. Examples of this ap-

roach are to be found in nuclear physics and chemistry and this essentially is how high
magnetic fields are used in the study of the solid state. Most properties of matter in
ne solid state are influenced to some extent by an imposed magnetic field, this being

. result of the fact that the interaction between atoms is largely electro-magnetic in
nature. It is not surprising therefore that high field electromagnets have proved an in-
aluable tool, comparable to some degree to the accelerators of atomic physics.

1.3 Electromagnets

High magnetic fields of the magnitude and duration we are considering
ere are generated exclusively by water-cooled 'air-cored" electromagnets. Iron cored
lectromagnets are limited by the magnetic saturation property of ferrous materials to
hout 40 kilogauss. Super-conducting electromagnets, devices which make use of the
‘act that certain exotic materials at very low temperatures have zero electrical resis-

.nce, are limited to just over 100 kilogauss. Above this figure the most economical
neans of generation appears to be with copper or copper alloy conducting material
‘~rmed into a solenoid configuration. For other than very short duration fields, water
ling is essential. Electric current densities of up to 40 k amps/cm2 and power den-
sities of up to 3 kw/ cmS are common. Field intensities, dimensions and powers of the
argest available electromagnets are shown in Table I.

A particularly successful design of magnet has been developed by an
American, Francis Bitter. The Bitter design is essentially of a single layer solenoid.
n its simplest form, each turn consists of a set of thin copper discs, each with a cen-
ral hole and a radial slit. The discs are interleaved with each other and with similar
‘=cs of insulation to form a continuous helix as illustrated in Figure 2, the overlap
mween adjacent discs being up to 90°. Specially shaped end plates are used to make
ntact with the end discs, thus enabling connection to the power source and to provide
. means of axially clamping the stack of discs together. On energising such a stack,

- accessible magnetic field occurs in the central hole, largely in the axial direction.
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TABLE 1
Number of high field Highest avail - Highest available power
Country magnet laboratories able field k. g. M. W.
continuous pulsed
Lustralia 1 165 300 MW for
1 sec.,
5 MW for
1 min.
rope
xcluding 2 90 4
S.S.R.) ; |
Japan % | i 120 4
K. 3 130 3.5
S.A. 7 | 205 8 32 for
% 4 sec.
S.S.R. ? % ? ? ?
) !

Figure 2. One turn of a typical Bitter disc comprising two copper
discs A and B and one insulating disc C, all split and
interleaved. Holes are for water cooling.
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View of Magnet with cryostat above.
the cooling water pipes.

Busbar and cables joining magnet and isolator can be seen, and also
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The interaction of the current with the magnetic field produces tre-
1s bursting forces and in fact the design of these magnets is in many respects
ar to the design of thick-walled cylindrical pressure vessels. A magnetic field
x.gauss is somewhat similar to a pressure acting in the central access hole of
p.s.i. The relationship is a square law, which points immediately to the limi-
f unreinforced copper of about 52,000 p.s.i. for 300 k. gauss.

The situation is worsened by the fact that the copper discs have to
sriorated with numerous cooling water holes (aligned in the axial direction) and
n any case operating at an appreciable temperature.

The A.N. U. Facilities

The Australian National University Magnet Laboratory has at present one
=r electromagnet producing up to 165 kilogauss and requiring 5 MW, 25, 000 am-
= and 1000 g.p. m. of cooling water (see Figure 3). A 300 kilogauss magnet is
= designed: this will require 200, 000 amperes and require 3,000 g.p.m. of
ng water to remove the 30 MW of heat generated. These magnets compare
irably with what is available now in other parts of the world as can be seen from

At the A.N.U., current is carried from the h.p.g. in aluminium busbars
:zh an electrolytic variable resistor and a hydraulically operated isolator to the
The electrical circuit is shown in Figure 4.

: Isolator
W 275 e ‘|L -
=== o \
5000 Farads 200V. | |

== \ 8//7752
siallv AN
Lracly ) ~
x50 V.

Figure 4 Equivalent electrical circuit diagram of homopolar generator

(capacitor = 5, 000 farads), electrolytic variable resistor

(and busbar resistance) eC to = .5 m @ , isolator and
magnet inductance and resistance (approx. 1 mH and 8 m Q ).
The variable resistor acts as current controller and circuit

breaker.
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2.1 Current Control and Circuit Breaker

The primary purpose of the electrolytic variable resistor is to act
¢ “ircuit breaker but it also provides current control to within a few percent of
‘esired law. It was built in the first place to provide a test load for the h.p.g.
Slamey et al, reference 1). Essentially a 7,000 1b. tank of caustic soda is
oy a hydraulic servo system to submerge to varying degree a set of steel
trode plates.5 The servo input is by means of easily-cut wooden cams, except
~iere is a secondary servo input operative only at the extreme limits of travel
tank to bring it to rest, and a latch mechanism to disengage the primary servo
The variable resistor acts as a circuit breaker whenever the latch is op-
<. the effect being to drop the tank away from the electrodes in a fraction of a
nd. Figure 5 shows a view of the variable resistor and Figure 6 shows an actual
rding of tank height vs. time during a trial circuit break. The device is known
‘eak currents of over a million amperes effectively and is expected to operate
sfactorily with the currents and magnet inductances anticipated.

Figure 5. Photo of electrolytic variable resistor circuit breaker in open
circuit position, i.e. tank lowered. The wooden cam which
provides input information to the height-controlling hydraulic
servo-mechanism can be seen clearly. The overhead busbar
system is designed to take the full 1.6 million amperes capa-
ble of being delivered by the homopolar generator.
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~ircuit for reasons of safety an
. cential item when more than one magn

ertically to a "'switching line".
. switching line to the level of

- in fact interleaved yet again wi
When a hydraulic clamp acting al
sugh both poles of the isolator is complete.
od and the bridging set moved

- .

Letween the contacts thus effecting e

witches and pressure switches on the is
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Figure 6. Upper curve shows an actual recording of electrolytic
resistor tank height vs. time during a trial circuit
break, together with the corresponding record of high
field magnet voltage showing acceptable reverse voltage

at break.

5.2 Electrical Isolator

s has been included

carrying 200, 000 ampere
of course,

d to facilitate circuit checking. It is,
et is available for connection to the h.p. g.

An isolator capable of

The A. N. U. design is intended to be campact to match the geometry of

The principle of operation is shown in Figure 7. A single row of
olator horizontally, turn right angles and

lar set of separate bars drop vertically

g bars, turn at right angles and cont-
The two sets of vertical bars are interleaved
The upper ends may be slightly sprung apart
th a set of copper bridging bars at the switching

ong the switching line is pressurised, the circ-
On the other hand, when this clamp
lating sections are

r system.
ars of alternate polarity enter the is
A simi
the incomin;

izontally out of the isolator.
Iv clamped at their lower ends.

horizontally, bakelite insu
lectrical isolation.

The bridging set is moved by hydraulic means and the whole switching
t which derives information from

- is controlled by an electronic logic circui
olator. Figure 8 is a logic diagram
- the connection between operations involved in opening and closing the
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gure 7. Diagram of 200 kiloamp isolator (actual height about 2 ft)
showing principle of operation. (A) Vertical cantilever con-
ductors clamped at lower end. (B) Bridging pieces capable
of sliding in direction shown at (C) connect two adjacent
verticals or separate them with insulation. (D) Heavy arrows
and frame represent contact squeezing system operating at
"switching line".

2. 3 Water Cooling System

The water cooling system comprises the bulk of the equipment of the
laboratory. This system is capable of forcing 4, 000 gallons per minute of
v pure water through a magnet at 200 p.s.i. It operates in a pulsed manner
- the nature of the power received from the h.p.g. The water travels in a
p, rapidly during a pulse, between a cold storage tank, through a magnet to
rage tank (see Figure 9); and slowly during the period of recharging the h.p.g.,
storage, through a heat exchanger back to cold storage.

During the rapid part of this cycle, the flow is powered by means of
csedd air stored in a 7-foot diameter spherical reservoir and released to the
ve the water in the cold water storage tank by means of an electrohydraulic
mirolled 3 in. air valve. The servo system is in turn controlled from an
variable function generator whose function may be tailored more or less
.~ error to obtain the desired water flow law. In this way water may be
< and matched to the magnet power law. Control of water flow by throttling
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Figure 9. The cold storage tank (spherical), hot storage
tank and some of the piping and valves.
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« s to be preferred to direct throttling of the water. Firstly, the size of the
servo operated is smaller for air throttling. Secondly, one obtains a

= water flow free from the danger of water hammer, and thirdly, there is a
rmodynamic advantage gained from air throttling in that the energy dissi-
= the throttle is returned to the air causing further expansion. However, a
¢ on-off water valve is required to prevent initial flow by gravitation and to
nalt flow after a pulse when compressed air still in the cold reservoir would
=« =e maintain it. This valve is hydraulically operated and is equipped with a
2 device which limits the closing rate thus preventing water hammer.
A feature of the A. N. U. cooling system is the conservation of com-
secl air. After a pulse, a high pressure multistage centrifugal pump is used to
‘he water in 5 minutes or so from hot storage through heat exchanger to cold
In so doing, compressed air is displaced through a bypass valve back into
This feature, besides being an economical way to

mpressed air reservoir.
re=s air, ensures the minimum time between pulses.

2.3.1 Dissolved air

Building a water circulating system where water and com-
air were in contact for appreciable times was not engaged upon before consi-

thought was given beforehand to the problem of dissolved air in the water.
as particularly pertinent because of the possible deleterious effects of oxida-
on the many- electrical contacts within a Bitter solenoid. However, it wasclear
= danger could be reduced by ensuring chemically pure water and in any case in
an impermeable membrane could always be inserted in the cold storage tank
A theoretical study based on the known diffusion properties

:rate air and water.
n water revealed that there was a great dependence on the mean exposure time

molecules to the regions close to the water surface adjacent to the compres-
The study, appearing in detail in Appendix I, may be summarised by Figure

e it will be seen that short exposure times, characteristic of rapid eddies of
Consequent to this study, return water from

‘imensions, favour rapid solution.
exchanger was introduced into the 6 in. diameter outlet pipe of the cold storage
Ideal-

rather than directly into it in order to reduce eddy velocities at the surface.
means of flow dispersing vanes, it should be possible to reduce surface veloci-
brder of magnitude of the rate of change of water level, but because such

= are bound to interfere with the rapid efflux of water from the cold storage ves-

nev have not been considered. It is thought that the rate of change of level has a
= effect because of viscous effects at the tank walls (see Figure 11). It was

hat surface velocities during the slow refilling of the cold store would be some-

setween the efflux velocity from the 6 in. pipe and the rate of rise of level, i.e
‘here between 45 ft/min and 1/2 ft/min. Assuming a surface exposure distance

el radius 3 ft), it was therefore concluded that exposure times should be
Recent measurements (Figure 10) on the sys-

or two seconds and 2 min.
that actual values of exposure time are between 1 and 2 min.

(g0]
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Figure 10. Rate of solution of dissolved gas in water vs. mean exposure time
of water molecules to surface layer. Rate of solution is expr-
essed as percentage of saturated value at atmospheric pressure
per minute.
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a

Figure 11, Diagrams illustrating probable flow eddy currents in cold
store (a) during slow filling (pump back) and (b) during

pulsing.

During the rapid flow pulse through the magnet, conditions

.te different in the cold storage vessel. Apparently the rapid entry of compres-

ces surface turbulence giving a 20-fold increase in rates of solution and
This effect is worsened no

- nAan
Uy

sponding exposure time of only 1/4 second or so.
the fact that it is customary to begin a pulse with the cold stored water at

soheric pressure. The small air space above the water has therefore first to be
ised, causing the initial air velocity to be quite high for a short time.

Despite the high rate of solution during a pulse, the dura-
s comparatively short and the total quantity of air introduced is in fact about the
as during the slower more docile part of the cycle.

The initial development of the magnet cooling system was
see on an assumed average figure for air solution of 0.5% per minute during a
v's cycling. The percentage figure refers to the percentage of the equili-
On this

riino da

r r concentration at atmospheric pressure and ambient temperature.
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rresponds to approximately 8 p.p.m. (by weight) of dissolved oxygen
f nitrogen. (The laboratory acquired a biological dissolved oxygen
—ted to this scale which has proved most useful in understanding the me-
solution.) It was planned to provide a vacuum deaerator capable of
+ir concentration overnight to a low value. The simplest way of operating
was to draw off from the hot water storage tank a continuous flow for
, return the deaerated water to a different part of the same tank. Pro-
tration there should

in the storage tank, the air concen
f water stored/

vas good mixing
being simply volume o

ntially overnight, the time constant
tment.

In our case the stored volume was approximately 1000 galls
one should obtain a time constant of

selecting a treatment rate of 10 g.p. m.
nours. Starting from 100% therefore, it was hoped that in 12 hours over-
would be reduced to
ting during the day

per min).

1 . 1
.. me constants) the air concentration (—e—) or %.

it was calculated that this same deaerator opera
(with air dissolving at 0.5%

Hle to limit the concentration to 50%

The important consideration, however, was to be able to
wn periods and in this

-entration rapidly at the commencement of shut do
Without ade-

ent rate of 10 g.p. m. seemed adequate.
ate of air solution and its effects, it seemed

selection of a treatm
his or any alternative method of lowering air

ledge of the mechanism and r
>utlay any more money on t

In practice we have measured average air solution rates of
‘he assumed figure of 0.5% per minute. This we believe is partly due to
ntroduced during pulsing as already explained. Over 400 pulses have been
magnet since August 1966 and so far no ill effect has been noticed on the
cooling characteristics of the magnet. We are, however, designing a

+brane and hope to introduce it at a later date.

2.3.2 Water purity
Water purity is monitored by means of a conductivity cell
- and is generally below 1 micro mho per cm. Materials used in contact
.:er have been selected for their resistance to corrosion in the presence of
enerally stainless steel.

—walled (up to 16 s.w.g.) pipes and vessels are g
in. diameter are mild steel with an internal formaldehyde coating. The

¢ & in. valves and the cold storage tank (a pressure vessel) are similarly
se of corrosion resistant materials and linings has been extended to in-
voir and connecting pipe work to the cold storage ves-

ent scale being produced in a region where it may
g holes in the magnet

mpressed air reser

nas been done to prev
1 into the water and finally block the small coolin

< in. diameter or less).

n
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A commercial demineralizing plant is in use having a capa-
zzl= per-hour and a special oxygen resistant element.

2.3.3 Design considerations

The essential elements of the water cooling system and their
vn in Figure 12. The capacities of the storage tanks are related to the
2ze capacity of the h.p.g. If the maximum of 500 megajoules is released
: what power level), the temperature rise in the 160 or so cubic feet of
ter will be 9°C. However, when allowance is made for margins at either
=¢ (to ensure a power pulse always occurs within the period of a water
‘or reduced capacity in cases where high pressures are required, as will
later, a more likely figure for the water temperature rise through the
20°C or 30°C. Higher average water temperature rises are not advisable
: spots in a magnet are always likely to increase local water temperature
< derably; because for economical heat transfer in the heat exchan%er and
neat sink, magnet inlet water temperatures may be as high as 30 C; and

ling within the magnet is to be avoided due to the resulting unstable heat
~oefficient.

Pipe sizes in the pulse circuit have been selected as a com-
tween cost and friction drop over the length involved (dictated by the geome-
ilding).

The design performance is given in Figure 13. Here, avail-

s=ure at a magnet is plotted against flow for two particular values of pressure

. storage vessel. Constant flow pulses are visualised during which the air
rottled in such a manner as to maintain constant pressure in the cold storage

spite the consequent drop in pressure in the air reservoir. Obviously the cold
zsel's pressure can be maintained only as long as it is lower than the air re-

ressure. The quantity of water (Q) transferred before equality- of pressure

rends on the dimensions of the air reservoir (volume V), the initial pressure

'n it, and the pressure being maintained in the cold storage vessel (P2). Analy-

\Y%

b2 ( v being

¢ specific heats of air at constant volume and constant pressure.) The capa-

~= air reservoir, 230 cubic feet, has been chosen so that all the water may be

n the cold store when the pressure is maintained there at half the initial
r pressure. The lower curve on Figure 13 refers to this condition when

s design maximum of 500 p.s.i. The upper curve is for a higher P2 in which
juantity of water transferred is reduced to half,

2.4 System Control

The safe, efficient control of the equipment described necessarily

= zreat deal of the designer's attention. It is gratifying, but at the same
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o <l Compressor

2'electrohydrautic servo
air corntrol valve

1200 imp Qa['s
capacity

MAGNET —

Mullistage centri.pump 100 gpm av. 500 psi

Figure 12.
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To cooling tower

Diagram of water cooling system showing essential

components, capacities, pressures.

Valves

marked ""H'" are operated on and off hydraulically.
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o realize that in the first few months of operation most of the safety
ied were at one time or another called upon to prevent a dangerous sit-
ng. However complex the system may appear, it has shown its worth

.= since been added to rather than reduced.

400

300

200

I 1 1 1 I
1000 2000 3000 4000

i-g.p.m,

Figure 13. Pressure available at a magnet vs. constant flow for two

particular values of initial pressure in the cold water
storage vessel. Upper curve, 500 imp. gals. transferred;
lower curve 1000 imp. gals. transferred.

The control problem may be divided into two broad sections: the
51: and the technical means of achieving it. It will be mainly the for-
.11 be discussed here since it is this that lends purpose and consistency
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2.4.1 Policy

At the time of conception of the Magnet Laboratory, the

~trolytic variable resistor were going concerns. It was imperative
¢ laboratory control system interfere as little as possible with the

system and it was just as imperative that the h.p.g. system should
‘ed towards any particular user but should remain capable of the max-
,,,,, Under these circumstances there was little choice other than to
magnet laboratory, an independent system, relying as little as possi-
ation from the h.p.g. system and even possessing built-in protection
le malfunctioning of that latter system.

As has already been described, the electrolytic resistor
' with an additional latch feature which converted it into a circuit breaker
arrent regulator. This resistor therefore presented a curious problem:
~ezulating feature was traditionally an integral part of the h.p.g. system
: breaking capability, being the only means of de-energising the magnet
. was an essential part of the magnet control system. The policy so-

< follows: it was the responsibility of the h.p.g. to provide the magnet

i for; it was the magnet laboratory's responsibility to ensure that this

< within safe limits with due regard to the quantity of cooling water flowing,

‘he circuit breaker feature to trip should the safe limits be exceeded.
~hanism was therefore tied into the magnet system, the rest of the opera-
trolytic resistor remaining tied t6 the h.p.g. system.

As far as automatic operation was concerned, the policy was
serations for a water pulse, together with essential monitoring should be
The reason for this was solely on account of safety and efficiency. During
‘he slow return part of the cycle) however, operations were entirely in the

nds except with regard to certain safety overriding features.

2.4.2 Operating modes

It was recognised that on many occasions water pulses alone
wuired, without necessarily involving the h.p.g. control system. There
¢ occasions when individual components would be required to operate with-
- the full sequence of events of a water pulse. These occasions would occur
~= and maintenance. To make provision for this need, the policy was ex-
lude two modes of operation: ""mode op'" and "mode non-op'. The later was
tive mode where every item could be individually operated provided such
-re basically "safe™. For example in ""mode non-op' the isolator could be
sed at will, the only restrictions being that it could not be closed on live

pened when carrying current.

Another example was the water valve, which could be operat-
that it automatically closed when the water level in the cold storage



.ow. This was to prevent compressed air being blown through the
. into the hot storage vessel. An additional back up protection was
the hot storage vessel was opened to atmosphere. These restric-
Each operable item had

asic and always in force in either mode.
ic restrictions which were always in force.

1 8

In this mode,

In contrast ""mode op'" was quite restrictive.
1 2 pulse were under automatic control only. The term '"safe' now
because in this mode it was possible to receive electric power from

The idea of two modes could only be pursued, of course, if
ible to receive h.p.g. power while in "mode non-op'. Provision
The view was

- was incorporated in the policy of pulse initiation.
could initiate a pulse at will but it was the magnet laboratory con-

pening
S ansibility to accept the power only when it was safe to do so andwhen
(In practice of course power is delivered when required, but the safe-

should not be dependent on this being always so.) The magnet labora-

=vstem does this by compiling automatically a check list of all essential
It requires then a warning signal from the

fulfilled prior to a pulse.
s before the h.p.g. initiates a power pulse. This signal is used to
w and to close the isolator switch. When the system has established

closed and that water flow is adequate, the latch mechanism is
wing the electrolytic resistor to be raised to the conducting condi-
Only

t:zal item on the check list is that the mode must be ""mode op".
n the check list are fulfilled will the control system accept the warn-

To aid communication, a '"ready' signal is sent to h.p.g.

1 the h.p.g.
s time also.

Normal sequence

During normal current pulsing, the mode is, of course, set
= the following sequence of events occurs. We will assume a current pulse
.rred and we shall follow events up to the initiation and through the execu-
«t current pulse. The operator, by push button control, starts the high
opens the '"bypass valve' which allows displaced compressed air
The pump is automatically switched off by a float switch
At the same time a 'level correct' signal is re-

2.4.3

e air reservoir.
ter storage reservoir.
zutomatic check list.
Sometime during this '"pump back' stage another 'level

signal will have been registered indicating that there is sufficient

The operator will close the bypass valve by push button and
allowing the small quantity of compressed air left in the cold store
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0 escape to atmosphere. The equipment is now in a "standby' condition. Only two
tems will normally be required to complete the check list, and the water, ndt being
‘n contact with compressed air, will remain at a steady level of air concentration (or
slightly decreasing with time due to the evolution of small air bubbles in regions ren-
iered supersaturated after the reduction in pressure to one atmosphere).

Items not yet mentioned which will by now have been regis-
cered on the checklist are:

--gauge pressure in cold store zero (necessary to eliminate excessive side
loads on the gate water control valve while opening, a situation which might cause ex-
cessive and variable delay).

--air valve ready--indicating the function generator is ready to begin its
cycle.

--hydraulic pressure okay--essential because of the dependence of opera-
tions on hydraulic power.

--three manually-operated valves in correct position.
--air pressure in reservoir satisfactory
--water temperature satisfactory
--isolator switch open
--busbar and circuit breaker insulation satisfactory
--magnet resistance satisfactory
The last two items are included to check that odd items such
as tools or wires have not been left in dangerous positions, and to check the state of the
insulators in the electrolytic resistor which are subject to immersion in caustic soda.
The remaining two items on the checklist are:
--vent valve closed
--operator's confirmation that all is ready including the experimenter--indi-

cated by pressing a ''ready' push button (this confirmation is automatically lost should
any item on the check list subsequently disappear prior to the initiation of a pulse).

Once an operator has completed the list, a "ready'" signal
is sent to the h.p.g. control and the magnet laboratory's control system will now accept
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.~ initiating signal from the h.p.g. When this arrives, the following events occur
v .tomatically:

—-the function generator commences cycling, in a half second or so opening
~c air valve and pressurising the cold storage reservoir.

--the water valve opens

--the isolator closes

Normally in two or three seconds all these operations have
cen completed and a substantial quantity of cooling water is flowing. The control sys-
‘m checks that this is so and then inserts the latch in the circuit breaker mechanism
:st prior to the rising of the tank of electrolyte.

2.4.4 Protection against faults

Should the latch be inserted too late, the tank will not follow
e cam and the circuit breaker will remair open throughout the time of the pulse.

On the other hand should the latch be inserted, but for some
eason the tank be considerably late in rising, the latch will again be withdrawn. These
~wo features prevent serious lack of synchronism between the current and water pulses.

The occurrence of any of the following during a pulse will
-ause the circuit breaker to trip:

--magnet temperature too high
--water flow too low compared with electrical power input

At the end of a pulse, the completion of the electrolytic re-
sistor control cam cycle initiates an '"end of cycle' signal which opens the isolator
and closes the water valve (the function generator controlling the air valve by this
time having completed its cycle). At the same time the circuit breaker latch is with-
! irawn and the system is ready for 'pump back''.

2.4 .5 Control hardware

Practically all the logic circuitry for the magnet laboratory
system is comprised of identical modules each of which may be made to perform the
‘ logic functions of 'and" or "or' and which contain a driver stage used to energise
indicating lights and relays. The modules, made at the A.N.U., use silicon transis-
tors mounted on plug-in printed circuits.
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Mimic displays are used extensively. An inexpensive, re-
liable and flexible method for constructing mimic diagrams has been developed at the
Magnet Laboratory which makes use of ink drawings on special drawing material.
Figure 14 shows the control panels and instruments.

2.5 Instrumentation

Instrumentation provided in the laboratory (apart from experimenters'
instrumentation) includes a float driven potentiometric contents gauge in each reservoir
and a back-up pressure-operated contents gauge in the hot water reservoir; a propeller
driven water flow meter (the propeller producing electrical pulses at a rate proportion-
al to flow); a multichannel temperature indicator using thermistors; insulation and mag-
net resistance meters, various pressure gauges, magnet voltmeter, a magnetic field
meter employing a field pick-up coil and an electronic integrator, and a multichannel
galvanometer recorder.

3. The Future

Undoubtedly the main work of the laboratory at this stage must be oriented
towards building and putting into operation as soon as possible the 300 kilogauss mag-
net. Many physicists from Australia and overseas have indicated that they would wish
to experiment in such a field and have expressed the opinion that this venture is of
great value to science.

The main purpose of the existing 165 k.g. magnet is therefore to establish
a working laboratory as soon as possible and to give us experience with the sort of pro-
blems likely to be met with the larger magnet.

Experiments in solid state physics have been carried out with the present
magnet by Monash University's Physics Department under the direction of Professor
Street. The results of these experiments will be published in the scientific literature
in due course. Other experiments are planned for the near future and it is anticipated
that as facilities increase the 165 k.g. magnet will come into almost full time operation.

Design of the 300 kilogauss magnet has not yet been finalized. It is expect-
ed that this magnet will weigh about 3 tons and require a total power of some 30 MW. ,
divided approximately in the ratio of 2:1 between outer and inner solenoid respectively.
The solenoids will be connected electrically in parallel, requiring 200, 000 amperes at
150 volts. It is hoped to have the magnet operational towards the middle of 1968.

Some effort is being channelled into solving the problem of more precise
magnet current control. It is anticipated that eventually magnetic field stability of
0.1% will be required. There are three ways this might be practically achieved: by
controlling the h.p.g. field; by providing a set of radially moveable inner brushes on
the h.p.g. which would convert the h.p.g. into a variable voltage machine; or by a
series resistor.




Figure 14. Control panels and instruments, showing mimic diagrams, ultra-violet galvanometer
recorder (5th panel from right), air valve function generator (6th panel), meters
and gauges overhead.
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The last method is now being used, but a h.p.g. current feed back would

ave to be employed to obtain the accuracy called for. The first method is not appli-
able when powers exceed 40 MW or so because the inductance of the h.p.g. field
-indings will not allow a rapid enough increase in field to compensate decreased rotor
:peed without seriously exceeding their voltage rating. The second method is the most
romising offering as it does fast response and high efficiency. R. A. Marshall of this
epartment, who developed the original brush gear for the h.p.g., is at present work-
~g on this solution.

Conclusion

Although the A.N.U. Magnet Laboratory is in its infancy, it holds promise,
ziven the chance, of making significant contribution to science. If it is successful, it
«ill be by virtue of the present monopoly it holds on large power sources and by the

alibre of the researchers it is able to attract in this present developing stage. It is
serefore, like most scientific ventures, a gamble and being just that, is prone to
alling victim to the attitude which questions its worth in favour of ventures having
more recognisable returns. It is hoped that this attitude will not prevail and that the
roject will meet with the support it needs to become a resounding success.
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APPENDIX 1

The Mechanism of Solution of Air in the Cold Storage Vessel

Consider first a vessel partially full of water containing no dissolved air
1nd having absolutely no motion. If the rest of the vessel is now filled with compress-
i air we may consider that the surface layer of the water instantaneously dissolves
.:r up to the equilibrium concentration level given by Henry's Law.

Henry's law applied to our case states that the equilibrium concentration of
‘issolved oxygen or nitrogen in water at a certain temperature is proportional to the
artial pressure of the gas in contact with the water.

Migration of the dissolved gas beyond the surface layer is a process of dif-
‘usion, the basic equation of which is

vhere J is the diffusion flux, for example, gms of dissolved gas crossing unit area
per second (the area being parallel to the water surface);

¢ is the local instantaneous concentration of dissolved gas, for example, in
gms per c.c.

x is the distance co-ordinate normal to the surface (in cms) and

D is the diffusion coefficient whose value has been taken for the components
of air as

2
D = 10 " cm. /sec

The result of the diffusion process is that the saturated surface layer grows
in depth and one may gauge the rate of growth by defining a boundary depth Z such
that from the air-water interface to depth Z the water is substantially saturated, for
example it is at or close to the equilibrium concentration level, and beyond Z the con-
centration is substantially zero.

It can be simply shown that Z is of the order of magnitude
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Substitution of representative values will show that when there is no motion
in the water the relative amount of dissolved air entering the water is insignificant,

e.g. if te = 10 mins

7Z & 1/4 cm,

which must be compared with an average depth of remaining uncontaminated water of
approximately 80 cms.

Let us now consider the case where there is motion within the water of the
form of non turbulent eddy currents of a circulatory nature about horizontal axes.
There may be a number of these currents circulating in different directions. We are
interested in those which have the air-water interface as a boundary. Each of these
may be considered as disturbing the surface over a length y and width x, the charac-
teristic surface velocity (in the y direction) being v (see Figure 15).

r,_,///nferface
R

.

.————y_—_d
— 1= 1
3k SE

Plan view of
Air-wat. interface

Figure 15. Idealized eddy currents illustrating terms used
in the analysis.
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The exposure time for a surface particle will therefore be

t =L
e Vv

When a surface particle finally submerges after time t , we may consider
‘hat the water to a depth Z below it has reached saturation. We will assume that this
saturated layer mixes thoroughly with the rest of the water before being exposed to
the surface again.

In time t therefore the total surface area exposed will be

A = vtx(
e

A
where A is the area of the interface surface, — being the number of eddy systems
disturbing the surface. i

_The total volume of water reaching saturation is therefore

V. = A z

S €

- Y& /o
y e

A C v C C

av_ _ s 8 _ f D s

t v t ) h
e

where Cs is the equilibrium (saturated\) concentration

G

and h is the characteristic depth of water (= %)

Figure10 is a plot of this equation for various air pressures, the water tem-

perature being about 20°C and h= 1 meter. The ordinate dcav is for any compo-
dt

nent of air in terms of percentage of saturation at atmospheric pressure.
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dC
av

dt
oxygen imply te = 1-2 min. which as explained in the text is about as large as one
can expect with ideal flow re-entry geometry.

dC

av
dt
times consistent with small rapid eddies.

for

It will be seen that during pump-back, measured values of

During pulsing was found to be very high indicating short exposure




