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ST'MMARY

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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Introduction

The intention of this paper is to describe in some detail the equipment and
iacilities at Australia's first and only High Field Magnet Laboratory. However, since
:he Laboratory depends entirely for its power supply upon a unique energy storage de-
lice krtown as a homopolar generator, ffid since each electromagnetn together with
Its cooling equipment form with the homopolar generator an integrated system for the
:ra-nsformation 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
iound in references 1. 2 and 3.

The electromagnets we are speaking of consume from 5 MW d. c. upwards
io 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,
lhe 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
:*'o 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. rn. f . between the disc axis and a stationary
contact rubbing on the outer edge of the disc. By taking care to preserve cylindrical
sr-mmetry 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-
poiar (or unipolar) generator, h.p.g. for short. On the other hand if alarge degree of
:svmmetry in magnetic field is introduced, and rubbing eontacts are dispensedwith,
:ne generated currents will flow within the disc itself forming a useful braking device
rften used in watt hour metersn speedometers and the like.

The symmetrical device, the h. p.g. , is in fact reversible, i. e.

"i'hen fed with current in the reverse direction it wilt motor. The Canberra h. p. g.
tsee Figure L) has no mechanical connections to its shaft at all, but has large mas-
s ive discs which accelerate when fed with electrical energy, thus storing it in the
: r::m of kinetic energy. The energy is reconverted into an electrical output by
:::ere15' connecting the load of appropriate impedance across the discs through spe-
- ia-l brush gear. The efficiency of conversion is normilIy ggvo.

The Canberra machine has four rotatrng discs each weighing twenty
: :s. At fuli storage capacity, the peripheries of the discs are moving at two thirds
::e speed of sound, and this is the rubbing speed for the outer brushes. The electro-
:r'.asnet which forms the exciting field through the disc weighs l-500 tons and stands
- -- teet high. The equivalent electrical capacity of the h.p.g. is some b, 000 farads
".:: discharge currents of up to 1.8 million amperes, lasting fot a second or so have
' !"cn obtained. The electrical feature most essential for its application to the genera-
:- :,rf high magnetic fields, however, is the maximum stored energy--500 megajoules.



l: :s this feature which enables the powering of electromagnets requiring tens of me-
i3rr'afts for periods of several seconds--long enough for the majority of e>rperimental
:pplications and longer than is possible anywhere else in the world.

Figure 1. Diagram (half section) of the Canberra homopolar
generator showing schematically the cument paths
(arrows), brush rings (A), rotors (B), bearings (C),
and energising magnet steel yoke (D).

7.2 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
::-ce World War II and received a tremendous boost with the invention of the transistor.



:- i:ction

- -:, grew directly from the results of
:. irctor and magnetic devices, lasers
s.- cf this type of research.
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research in this field. Since then, other semi-
and the like have eventuated, showing the pro-

In many respects, the physics of the solid state is complementary to
: ::.ic physics which for so long has outshone it in prestige. For it is in the solid state,
: .-.r'e atoms and molecules crystalise and interact in orderly fashion, that one must
'-,:r{e from considering the properties of individual atoms to the consideration rather
. :.e iarge 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-
: rf study and try to build up a lcrowledge of its properties from the relation between

'.: r-,r'op€rties of the distorting influence and its observed effect. Examples of this ap-
:' lch are to be found in nuelear physics and chemistry and this essentially is how high

: ,.lretic fields are used in the study of the solid state. Most properties of matter in
'..- sclid state are influenced to some extent by an imposed magnetic field, this being
. :'r.sult of the faet that the interaction between atoms is largely electro-magnetic in
::ile. It is not surprising therefore that high field electromagnets have proved an in-
.--:able tool, comparable to some degree to the accelerators of atomic physics.

1? Electromagnets

High magnetic fields of the magnitude and duration we are considering
:'e are generated exclusively by water-cooled tfair-coredil electromagnets. Iron cored
,rlomagnets are limited by the magnetic saturation property of ferrous materials to
:t -10 kitogauss. Super-conducting electromagnets, devices which make use of the
: :hat certain exotic materials at very low temperatures have zeto electrical resis-
-,e. are limited to just over 100 kilogauss. Above this figure the most economical
:r-rS of generation appears to be with copper or copper alloy conducting materia.l
:reci into a solenoid configuration. For other than very short duration fields, water
-rng is essential. Electric current densities of up to 40 k amps/em2 and'power den-

::.S of up to 3 k\M/cm3 are common. Field intensities, dimensions andpowers of the
:'.est avaiiable electromagnets are shown in Table I.

A particularly successful design of magnet has been developed by an
'1.:ican, Francis Bitter. The Bitter design is essentially of a single layer solenoid.
-:-. simplest form, each turn consists of a set of thin copper discs, each with a cen-
,- lcle and a radial slit. The discs are interleaved with each other and with similar
. . S ,rf insulation to form a continuous helix as illustrated in Figure 2, the overlap
''.,,.-en adjacent discs being up to 90o. Specially shaped end plates are used to make
:-'.-:-.t \\-ith the end discs, thus enabling connection to the power source and to provide
'r',r.:aS of axially clamping the stack of discs together. On energising such a stack,
,..:essible magnetic field occurs in the central hole, largely in the axial direction.
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TABLE I

Country

4.J.stralia

f -:rope
,excluding
'!', S. S. R. )

Number of high field
magnet laboratories

Highest avail-
able field k. g.

Highest available Power
M.W.

continuous I pulsed

1 165 300 MWfor
1 sec.,

5 MW for
1 min.

2 90 4

32 for
4 sec.

,-apan .1 L20 +

:_.K.

'-.s.A.

3,130 3.5

7 205 8

l'. s. s.R. ?
I
I 2 ? ?
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"""". 
t"".ry

tai""i""."\o^o?'. 3 ; o

oo o o o

#"'J .rt ,t .",

{""r"r"o;*

f""""o ^oooo

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.

&

Figure 2.



Figure 3. View of Magnet with cryostat above"
the cooling water PiPes.

Busbar and cables joining magnet and isolator can b9 seen, and also crl
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The interaction of the current with the magnetic field produces tre-
: :s bursting forces and in fact the design of these magnets is in many respects
-.:' :r the design of thick-walled cylindrical pressure vessels. A magnetic field
- i. gauss is somewhat simiiar 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 unrein-forced 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
--.:-::rated with numerous eooling water holes (aligned in the axial direction) and

-:. env 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-
.--; .nd 1000 g.p.m. of coolingwater (see Figure 3). A 300 kilogauss magnet is
-: designedthis will require 200,000 amperes and require 3,000 g.p.m. of
.-:-i u-ater to remove the 30 MW of heat generated. These magnets compare
-:'ablr'with what is available now in other parts of the world as can be seen from
-'. I.

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

t1 tsotator

Fiorrro 4 Equivalent electrieal circuit diagram of homopolar generator
(capacitor = 5,000 farads), electrolytic variable resistor
(and busbar resistance) oo to -: .5 m fl , isolator and
magnet inductance and resistance (approx. 1 mH and 8 m CI ).
The variable resistor acts as current controller and circuit
breaker.

,5mn--cp
Farads



2. 1 Current Control and Circuit Breaker

The primary purpose of the erectrorytic variabre resistor is to actI d I ':cuit breaker but it also provides current control to within a few percent ofL: :"s:red law' It was built in the first place to provide a test load for the h.p.g.r'i*' S-a::ie,r' et al, reference 1). Essentiaily a z,boo rb. tank of caustic soda is-i ir-j li a,hydrau-lic servo system to submerge to varying degree a set of steel- n : ''':e plates'" The servo input is by means of easily-cut wooden cams, except:i: :-'ere is a secondary servo input operative only atthe extreme limits of travel- -: ''' :ank to bring it to rest, and a latch mechanism to disengage the primary servo; :rrrr-' The variable resistor acts as a cireuit breakerwhenevlr the tatch is op-- :'!':'"-:" the effect being to drop the tank away from the electrodes in a fraction of ai :-:" Figure 5 shows a view of the variable resistor and Figure 6 shows.an actual*r :::3g of tank height vs. time during a trial circuit break. The device is lcrown' r':3-.. currents of over a million amperes effectively and is e>rpected to operate'r:'i:3.clorily with the currents and magnet inductances anticipated.

l:zure 5. Photo of electrolytic variable resistor circuit breaker in opencircuit position, i. e. tank lowered. The wooden cam whichprovides input information to the height-controlling hydraulic
servo-mechanism can be seen clearly. The overhead busbar
system is designed to take the fuil 1.6 milrion amperes capa-
ble of being deiivered by the homopolar generator.

&



Figure 6. 
T"H:,::",""ili:ur?i3:T*ffi:",f;T,T';l:ii""l{ :
break, together *itf' U'u corresponding record of high

field magnet voltage shorving acceptable reverse voltage

at break.

2. 2 Electrical Isolator

An isolator capable of carrying 200,000 amperes has been included

:":... -,-rcuit fo, 
"easoos 

of safety and to iu"ititut" circuit checking' It is' of course'

_ "*:ial item when more than one ;]*[Ji, available for cormection to the h' p' g'

TheA.N.U.designisintendedtobecampacttomatchthegeometryof
.sr,:ir s),stem. The principle of op""ation is strowrJin Figure ?' A-single row of

,,L. j: :,ars of alternate polarity 
"rrter"the 

isolator horizontaily' turn right angles and

- '.::rcall5'to a "switching line'r" e 
"*if"r 

set of separale bars drop vertically

: ::.t' srvitching line to the level tf th" incoming bars' i:"1?t "-t-*11:1Ut"" 
and cont-

.:.'::zontaliyoutoftheisolator.tt,"t*osetsofverticalbarsareinterleaved
,. :.:::'.'r'clamped "itf'"i" 

lower ends' Theupper ends maybe slightly sprung apart

.r. ,r:, rn fact interleaved yet againwith a set of copper bridgingbars at the switching

-,. ..\-hen a hydraulic clamp acting uioog the switching line is pressurised' the circ-

: "--.: . jetr both poles of the isolator is coirptete' On tf,e other hand' when this clamp

: .":_\oi and the bridging set *oueirro"i"ootu11y, bakelite insulating sections are

: .:. :..:i-.te€rl U:r" "o"t?"i' 
tt"'" effecting electrical isolation'

rhe bridging set is moved bv hvdrall*,T?T:li:t:':i*:.i#T#;-
,= "J}:,ii;HT, n;"H;i#" "o"uit 

which derives information from
e ic q looic diaEram

',:;;::'ff ;::JJ"#'"*d;;ul"i'orut:"-^Il1ii:-'i"ii""'-#$iasram
:;:::trlf.Tii"*"en operatioos io'orued in opening and closins the



Fac ilities

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

'tswitching linert.

Water Cooling System

The water cooling system comprises the bulk of the equiprnent of the
--.:.-)raror]'. This system is capable of forcing 4,000 gallons per minute of

:.-", :ure rvater through a magnet at 200 p. s. i. It operates in a pulsed manner
- ::e rature of the power received from the h. p. g. The water travels in a
.';. rapidly during a pulse, between a cold storage tank, through a magnet to

-. ::;e tank (see Figure 9); and slowly during the period of recharging the h.p.g.,
', r :r.lrage, through a heat exchanger back to cold storage.

During the rapid part of this cycle, the flow is powered by means of
: ::r..: a:r stored in a ?-foot diameter spherical reservoir and released to the
i". '".:he n'ater in the coldwater storage tankby means of an electrohydraulic

:.:::-^ed 3 in. air valve. The servo system is in turn controlled from an
'.:.:;.able function generator whose function may be tailored more or less

i ::,: €:ror to obtain the desired water flow law. In this way water may be
* '.: .::,j matched to the magnet power law. Control of water flow by throttling
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Facilities

w&r*& p*pw&x

Figure 9. The cold storage tank (spherical), hot storage
tank and some of the piping and valves.
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^ .s ir be preferred to direct throttling of the water. Firstly, the size of the
: .,- sen'o operated is smaller for air throttling. Second1y, one obtains a

' ',t, i:er flow free from the danger of water hammer, and thirdly, there is a
r - :. :::od\-riamic advantage gained from air throttling in that the energy dissi-
- ::.e ihrottle is returned to the air causing further expansion. However, a

:-rif u'ater valve is required to prevent initial flowby gravitation and to
:-.-: ilorv after a pulse when compressed air still in the cold reservoirwould

.' :rarntain it. This valve is hydraulically operated and is equipped with a
jer-ice which limits the closing rate thus preventing water hammer.

A feature of the A. N. U. cooling system is the conservation of com-
: .::r. After a pulse, a high pressure multistage centrifugal pump is used to
:..-',,,3ter 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
:.ressed air reservoir. This feature, besides being an economical way to
.s air, ensures the minimum time between pulses.

2.3.L Dissolved air

Building a water circulating system where water and com-
. ,-r u'ere in contact for appreciable times was not engaged upon before consi-
. ::-rught was given beforehand to the problem of dissolved air in the water.
.-.. pafiicularly pertinent because of the possible deleterious effects of oxida-
' :-. :he many'electrical contacts within a Bitter solenoid. However, it wasclear
,. ,ianger 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

.:...:e air and water. A theoretical study based on the loown diffusion properties

.:' ',r, arer revealed that there was a great dependence on the mean exposure time
:- :-clecules to the regions close to the water surface adjacent to the compres-

r The study, appearing in detail in Appendix I, may be summarised by Figure
. :''- ir rvi1l be seen that short exposure times, characteristic of rapid eddies of
:-:t'-ensions, favour rapid solution. Consequent to this study, return water from

.,: :\changer was introduced into the 6 in. diameter outlet pipe of the cold storage
.'.:.:.r'thzn directly into it in order to reduce eddy velocities at the surface. Ideal-
rr !-:ns of flow dispersing vanes, it should be possible to reduce surface veloci-
.:-,- .rder of magnitude of the rate of change of water level, but because such
. -:'e bound to interfere with the rapid efflux of water from the cold storage ves-
. '. iar,-e not been considered. It is thought that the rate of change of level has a

.* .-'riect because of viscous effects at the tank waIls (see Figure 11). It was
: '.::.: surface velocities during the slow refilling of the cold store would be some-

:-i-.,,'€€rr the efflux velocity from the 6 in. pipe and the rate of rise of level, i. e.

i*:E befir'een 45 ft/min and 1/2 ft/min. Assuming a surface exposure distance
',.'ssel radius 3 ft), it was therefore concluded that exposure times should be

' .. ::e that actual values of exposure time arebetween l and 2 min.

L2
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Figure 10. Rate of solution of dissolved gas in water vs. mean ocposure time
of water molecules to surface layer. Rate of solution is expr-
essed as percentage of saturated value at atmospheric pressure
per minute. H



:r* I \r lac il itie s

AIR

1A
I=

(b)
Figure 11.

a.

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
r*. -*-:e different in the cold storage vessel. Apparently the rapid entry of compres-
r -'1 :"-: :::duces surface turbulence giving a 20-fold increase in rates of solution and
r ::,-'s:r:nding exposure time of only 7/4 second or so. This effect is worsened no
,: -. i r '. :he fact that it is customary to begin a pulse with the cold stored water at
z ' :: :€t:ic pressure. The small air space above the water hag therefore first to be
: -- ::-::,.ed. causing the initial air velocity to be quite high for a short time.

Despite the high rate of solution during a pulse, the dura-
- .. ::mparatively short and the total quantity of air introduced is in fact about the

rr-:..r", iS Curing the slower more docile part of the cycle.

The initial development of the magnet cooling system was
) r-5*.r :,:: 2n assumed average figure for air solution of. 0.5V0 per minute during a
y :r--- Car''s cycling. The percentage figure refers to the percentage of the equili-
::--::" a:r concentration at atmospheric pressure and ambient temperature. On this
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:dr:.

:':'esponds to approximately 8 p'p'm' (by weight) of dissolved oxygen

:nltr.ogen'(Thelaboratoryacquiredabiologica]dissolvedoxygen
:'.:!'.::cthisscalewhichhasprovedmostusefulinunderstandingtheme-
. -' -'.lution. ) It was planned to provide a vacuum deaerator capable of

_:.r. crlrrc€rtration overnight to a low value. The simplest way of operating

' :' '.', as to draw off from the hot water storage tank a eontinuous flow for

:'::'.teturnthedeaeratedwatertoadifferentpartofthesametank.Pro-
,,-.sgoodmixinginthestoragetank'theairconcentrationthereshould

" :.:.-^r, or,ernight, the time constant being simply volume of water stored/

- 1 :t'- ent .

In our case the stored volume was approximately 1000 galls

... -ecting a treatment rate of 1"0 g.;. *. one should_obtain a time constant of

--.lrs'srtingfroml00Totherefore,itwashopedthatin12hoursover-1 .6' L a/

.-::.e constants) the air concentration would be reduced to (;) or 7 k'

].:.]tlr'ascalculatedthatthissamedeaeratoroperatingduringtheday
-.:olimittt""or,"""trationtoS}Vo(withairdissolvingat0's7opermin)'

The important consideration' however' was to be able to

.-:'.:r'ationrapidlyatthecommencementofshutdownperiodsandinthis
..-ectionofatreatrnentrateofl0g'p'm'seemedadequate'Withoutade-
,.-ige of the mechanism and rate or lit solution and its effects, it seemed

'.utla5-anymoremoneyonthisoranyalternativemethodofloweringair

In practice we have measured a'/erage air solution rates of

::-.e assumed figure of' 0'SYoper minute' This we believeis pa'rtly, du1 to

-:-.:r'oducedduringpulsingasalreadyexplained'Over400pulseshavebeen
I :r3gn€t since August 1966 and So far no ill effect has been noticed on the

:' .'ooling charactJristics of the magnet' We are' however' designing a

,.'-r'l-r-\e and hope to introduce it at a later date'

2.3.2 Water PuritY

Water purity is monitored by means of a eonductivity celI

-::r:i iS generally below t micro mho per cm' Materials used in con'"act

...:.:.hal'ebeenselectedfortheirresistancetocorrosioninthepresenceof
:-..:.._rr.alled(upto16s,'w.g.)pipesandvesselsaregenerallystainlesssteel.
. ,, in. diameter are rnilJsieel with an internal formaldehyde coating' The

:'.ll.r,alvesandthecoldstoragetank(apressurevessel)aresimilarly
.'^Seofcorrosionresistantmaterialsandliningshasbeenextendedtoin-

::-.r:,ressedairreservoirandconnectingpipeworktothecoldstorageves-
:._.s been done to prevent scale being produced in a, regionwhere it may

, ..,, r inro the water and finally bloci the small cooling holes in the magnet

- ' rr. diameter or less)'
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A commercial demineralizing plant is in use having a capa-

-.,.s l.er-hour and a special oxygen resistant element.

2.3 . 3 Design considerations

The essential elements of the water cooling system and their
--. .i,: in Figure 12. The capacities of the storage tanks are related to the

' :-.: jr capacity of the h.p.g. If the maximum of 500 megajoules is released
:- -.: '.i.hat power level), the temperature rise in the L60 or so cubic feet of
,.:'.'--r rvill be 9oC. However, when allowance is made for margins at either

- --."' (io ensure a power pulse always occurs within the period of awater
' :' : : : reduced capacity in cases where high pressures are required, as wiil
: - , : :3.:er, a more likely figure for the water temperature rise through the
- - t'C or 30oC. Higher average water temperature rises are not advisable
" r s:-icts in a magnet are always likely to increase local water temperature

- --:.;rab15'; because for economical heat transfer in the heat exchanqer and
-r :i?t sink, magnet inlet water temperatures may be as high as 30"C; and
, ..::g u-ithin the magnet is to be avoided due to the resulting unstable heat

: :,'iflicient.

Pipe sizes in the pulse circuit have been selected as a com-
. :-.i'een cost and friction drop over the length involved (dictated by the geome-

' ' .::iding).

The design performance is given in Figure 13. Here, avail-
-i-:e at a magnet is plotted against flow for two particular values of pressure
, : s:crage vessel. Constant flow pulses are visualised during which the air

- :-:--,ii1ed in such a manner as to maintain constant pressure in the cold storage
-. ::.-:e the consequent drop in pressure in the air reservoir. Obviously the cold

'--sse1's pressure can be maintained only as long as it is lower than the air re-
- : :.-ssure. The quantity of water (Q) transferred before equality'of pressure
::: ',':ds on the dimensions of the air reservoir (volume V), the initial pressure
:-:, ::. and the pressure being maintained in the cold storage vessel (P2). Analy-

. i :i:at for adiabatic conditions in both vessels, A = *,# - 1). ( y being

: specific heats of air at constant volume and constant pressure. ) The capa-
'-, :-r reservoir, 230 cubic feet, has been chosen so that all the water may be
. ::.::: 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 :esi.gr maximum of 500 p.s.i. The upper curve is for a higher P2 inwhich
; -:::it'u' of water transferred is reduced to half .

- = S5'stem Control

The safe, efficient control of the dquipment described necessarily
: .: ;:eat deal of the designerrs attention. It is gratifying, but at the same

L6
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Figure 12.
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mr r:r*:-:g. to realize that inthe firstfew months of operation most of the safety
ffi ;:*:i:ded*'ere at one time or another called uponto prevent a dangerous sit-
1;gsril :*re-:ping. However complex the system may appear, it has shown its worth
# n Lu: ;aq since been added to rather than reduced.

roo

2()0

tooo 3000 4000
i.g.P.r.

i:g;re 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.

fm-r: r : : ; :n,ror : ff ;'"1::ix;jtffi#:ff"f,:fi: lT" lnliiTfffflL l3:
ilir i+?: r'lll be discussed here since it is this that lends purpose and consisteney
fr :tr -r::er.
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l, 4. 1 Policv

At the time of conception of the Magnet Laboratory, the

. -::.:11-tic variable resistor were going coneerns. It was imperative

-- . : aboratory control system interfere as little as possible with the

- s...stem and itwas just as imperative that the h.p.g. system should
' ,:::i io\\'ards any particular user but should remain capable of the max-

.'.... Under these circumstances there was little choice other than to
, ::agnet laboratory, an independent system, relying as little as possi-

-.'-:rn from the h.p. g. system and even possessing built-in protection
, -r- malfunctioning of that latter system.

As has already been described, the electrolytic resistor
.', ^:h an additional latch feature which converled it into a circuit breaker
.r-r-ent regulator. This resistor therefore presented a curious problem:

:. :,:,ating feature was traditionally an integral part of the h'p.g. system
..: :,,r'eaking capability, being the only means of de-energising the magnet

_.:.--.-. \\-as an essential part of the magnet control system. The policy so-
.- :--,-lou,s: it was the responsibility of the h.p.g. to provide the magnet

: : r: it was the magnet laboratoryts responsibility to ensure that this
- .'. -:hin safe limits with due regard to the quantity of cooling water flowing,

::c circuit breaker feature to trip should the safe limits be exceeded.
.--l:enismwas therefore tied into the magnet system, the restof the opera-
,., -:r'o11-tic resistor remaining tied to the h. p. g. system.

As far as automatic operation was concerned, the policy was
: r,:-ations for a water pulse, together with essential monitoring should be

-':.e reason for this was solely on account of safety and efficiency. During
::'.. slorv return part of the cycle) however, operations were entirely in the

: .,riiS except with regard to certain safety overriding features.

2.4.2 Operating modes

It was recognised that on many occasions water pulses alone
.: r'eci, rvithout necessarily involving the h. p. g. control system. There
.. ,ccasions when individual components would be required to operate with-

- ::e full sequence of events of awater pulse. These occasions would occur
" - :t:ci maintenance. To make provision for this need, the policy was ex-

-,",.:e ts'o modes of operation: rrmode oprr andttmode non-opr?. The laterwas
:-'.c n-rode where every item could be individually operated provided sueh
. :-. basically 'rsafefr. For example in rfmode non-oprr the isolator could be

, s,-,:l ar u'i11, the only restrictions being that it could not be closed on live
' :.r-C \\'hen carrying current.

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

19
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try lo*'. This was to prevent compressed air being blown through the
rDd into the hot storage vessel. An additional back up protection was

y the hot storage vessel was opened to atmosphere. These restric-
Gtre basic and always in force in either mode. Each operable item had

fllrr basic restrictions which were alwavs in force.

In contrast ffmode op'r was quite restrictive. In this mode,
in a pulse were under automatic control only. The term rtsafen now

spe because in this mode it was possible to receive electric power from

The idea of two modes could only be pursued, of course, if
t impossible to reeeive h. p. g. power while in Itmode non-optf . Provision
f lryening was incorporated in the policy of pulse initiation. The view was

lb h. p. g. could initiate a pulse at will but it was the magnet laboratory con-
't responsibility to accept the power only when it was safe to do so andwhen

#reO. (In practiee of course power is delivered when required, but the safe-
r3net should not be dependent on this being always so. ) The magnet labora-

ftml system does this by compiling automatically a check list of all essential
b be fulfilled prior to a pulse. It requires then a warning signal from the

F rconds before the h. p. g. initiates a power pulse. This signal is used to
*r flow and to close the isolator switch. When the svstem has established
blefor is closed and that water flow is adequate, the latch mechanism is
b ellowing the electrolytic resistor to be raised to the conducting condi-

I cnUal item on the check list is that the mode must be f rmode opf '. OnIy
Lns on the check list are fulfilled will the control system accept the warn-

ftom the h. p. g. To aid communication, a trreadyt' signal is sent to h.p.g.
t tltE time also.

2.4.3 Normal sequence

During normal current pulsing, the mode is, of course, set
f, d tbe following sequence of events occurs. We will assume a current pulse
mrred and we shall follow events up to the initiation and through the execu-

t A current pulse. The operator, by push button control, starts the high
1np and opens the rrbypass valve'f which allows displaced compressed air
b the air reservoir. The pump is automatically switched off by a float switch

d riler storage reservoir. At the same time a trlevel correctrf signal is re-
f tla autonatic check list.

Sometime during this frpump backrt stage another 'flevel
cf.ct list signal will have been registered indicating that there is sufficient

I8-le in the hot storage tank to receive a full pulse of water.

The operator will close the bypass valve by push button and
a t rrlve allowing the small quantity of compressed air left in the cold store

20
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'-o escape to atmosphere. The equipment is now in a ffstandbyrt condition. Only two
:!ems will normally be required to complete the check list, and the water, ncit 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-
Jered supersaturated after the reduction in pressure to one atmosphere).

Items not yet mentioned which will by now have been regis-
:ered on the cheeklist 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
c I'cle ,

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

--three manually-operated valves in correct position.

--air pressure in reservoir satisfactory

--water temperature satisfactory

--isolator switch open

--busbar and cireuit breaker insulation satisfactorv

--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

--operatorts confirmation that all is ready itrcluding the experimenter--indi-
cated by pressing a ffreadytr push button (this confirmation is automatically Iost should
any item on the check list subsequently disappear prior to the initiation of a pulse).

Once an operator has completed the list, a ttreadyt' signal
is sent to the h.p.g. control and the magnet laboratoryf s control system will now accept

2L
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s nitiating signal from the h. p. g. When this arrives, the following events occur

r -:cmatically:

--the function generator commences cycling, in a half second or so opening

:e 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

:.*en completed and a substantial quantity of cooling water is flowing. The control sys-

::.n 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 pu1se.

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

:*-o features prevent serious lack of synchronism behveen the current and water pulses.

The occurrence of any of the following during a pulse will
rause 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 ttend of cyclerr signal which opens the isolator
and closes the water valve (the function generator controlling the air valve by this
:ime having completed its cycle). At the sarne time the circuit breaker latch is with-
drawn and the system is ready for ffpump back'r.

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 rrandtt or rforrf 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
\Iagnet Laboratory which makes use of ink drawings on special drawing material.
Figure 14 shows the control panels and instruments.

2.5 Instrumentation

instrumentation),l:inH:"1i3?i:,T";i"i,:l,r;:?:iJT"?",l;3?1["il:ffi iffil"""T"
and a back-up pressure-operated contents gau$e in the hot water reservoir; a propeller
driven water flow meter (the propeller producing electqical pulses at a rate proportion-
ai 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 eleetronic integrator, and a multichannel
galvanometer recorder.

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 e>rperiment in such a field and have e>rpressed 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-
biems likely to be met with the larger magnet.

Experiments in solid state physics have been carried out with the present
magnet by Monash Universityts Physics Department under the direction of professor
Street. The results of these experiments will be published in the scientific literature
in due course. Other e><periments are planned for the near future and it is anticipated
that as facilities increase the L65 k. g. magnet will come into almost full time operation.

Design of the 300 kilogauss magnet has not yet been finalized. It is e4pect-
ed that this magnet will weigh about 3 tons and require a totaL power of some B0 MW. ,
divided approximately in the ratio of.2zL behveen outer and inner solenoid respectively.
The solenoids will be corureeted electrically in parallel, requiring 200, 000 amperes at
150 volts. It is hoped to have the magnet operational torvards the middle of 196g.

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.

23



Figure 14. Control panels and instruments,
recorder (5th pnnel frorn right),
and gauges overhead"

showing mirnic diagrarns, ultra-violet galvanometer
air valve funetion generator (6th panel), meters w
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lhe Future

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
e 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,
i:r'en the chance, of making significant contribution to science. If it is successful, it
rill 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
5erefore, 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
sore recognisable returns. It is hoped that this attitude will not prevail and that the
rroject will meet with the support it needs to become a resounding success.
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APPENDIX I

The Mechanism of Solution of Air in the Cold Storage Vessel

Consider first a ves,sel partially full of water containing no dissolved air
r:.d 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:r up to the equilibrium concentration level given by Henryrs Law.

Henryfs law applied to our case states that the equilibrium concentration of
::ssolved oxygen or nitrggen 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-
:rsion, the basic equation of which is

J = -D EC

3x

'*'here J is the diffusion flux, for example, gms of dissolved gas crossing unit area
:er second (the area being parallel to the water surface);

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

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

D = to-4 "^?/s""

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 substantiallv zero.

It can be simply shown that Z is of the order of magnitude

Z = {-I-T-
e

where t is the time the water surface has been ercposed to the compressed air.
e
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Substitution of
-n the water the relative

27

representative values will show that when there is no motion

amount of dissolved air entering the water is insignificant"

e. g. if t" = 10 mins

Z .d' 7/4 cm,

.,r'hich must be compared with an average depth of remaining uncontaminated water of

epproximately 80 cms.

Let us now consider the case where there is motion within the water of the

iorm of non turbulent eddy currents of a circulatory nature aLrout 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)'

Alr

lnterface

Plan YieH or
Air-waL lnterfa,ce

Idealized eddy curents illustrating terms used

in the analysis.
Figure 15.



"{ppendix I

The e><posure time for a surface particle will therefore be

*_y
ev

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 firilI 
"""o-e 

that this
saturated layer mixes thor.oughly with the rest of the water before being exposed to

:he surface again.

In time t therefore the total surface area exposed will be

28

A=
e

where A is the area of the interface
disturbing the surface.

*"t*r
surface, $ U"trrS the number of eddy systems

The total volume of water reaching saturation is therefore

V=Az
SC

= vtA
v

{Dt
e

.At

The average rate of increase in concentration over water volume .V is

VC
SS

c

where C" is the equilibrium (saturated) concentration

and h is the characteristic depth of water t = * I

Figure 10 is a plot of this equation for various air pressures, the water tem-

perature being about 20oC and h:^ L meter. The ordin"t" dCt, is for any compo-
dt

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

D
+
e
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dC

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

oxygen imply te A L-2 min. which as e><plained in the text is about as large as one

can expect with ideal flow re-entry geometry.
dC

During pulsing # was found to be very high indicating short exposure

times consistent with small rapid eddies.


