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Abstract

A 1iquid-metal-wetted rolling-contact currént collector which
should be particularly suitable for the homopolar machines, was
investigated. The rolling contact was obtained through.the use of steel
baills held in races whose surfaces were wetted by Wood's Metal.

Three fundamental aspects of the current collector were
analysed: a) the magnitude of the contact area of a ball pressing againsi
a plane surface, b) the existence and magnitude of the repulsive and the
constrictive electrodynamic forces on contacts, and c) the relation
between the voltage and the temperature of a symmetric contact.

The electrical properties of stationary contacts between two
bare brass surfaces, and then between two brass surfaces coated with
Wood's Metal, were experimentally investigated. Then the voltage-current
characteristics of the rolling contacts between surfaces, both bare and
coated were investigated. Finally, rolling-contact current collectors
with bare surfaces, and also with surfaces wetted heavily with 1iquid
Wood's Metal, carrying currents up to 250 A, were investigated.

The results for the wetted case showed that the voltage drop
per contact interface was 1ess than 0.05 V wh1ch compares favourab\y
with about 0 5V voltage drop for the carbon brush. This indicated that '

further research on this type of current collector seems to be warranted.
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1. Introduction

1.1. Air Pollution due to Automobile Emissions

Pollution of the natural environment is causing growing
concern among the public, industries, ngenrments, and natiohs.
‘Evidences for this concern are many: discussions (oﬁcasiona11y occurred
in daily conversations) among individuals on the disposal of bottles
and cans; efforts by industries to produce, for eXamp]e, Tow-emission
automobiles and phosphate-free detergents; recycling of used newsprint,
currently being practised, for example, in Ottawa; “"clean-up” of the
Great Lakes to be jointly carried out by_Canada and ﬁhe United States;
and the United Nations' conference on the human environment in Stockholm
(June, 1972).

Our natural environment can be broadly divided into three
sectors: air, water, and soil. The pollution of air comes from a variety
of sources, of which the automobile is a major one in urban areas. It is
claimed (1) that an average automobile, probably without anti-pollution
devices, emits each year 770 kg of carbon monoxide, 230 kg of unburned
hydrocarbons, 40 kg of oxides of nitrogen, and 2 to 5 kg of particulate
matter. In the United States emissions from automobiles account for
about 50% of the air pollution (2). The seriousness of air pollution by
automobiles is evident from the stringent U. S. federal reguTations on
automobile emissions applied to models of 1968 and later years. In Canada
the same concern is evident from the regulations which first came into
effect on January 1, 1971, and frém the "International Conference on

Automobile Pollution" held in Toronto during June 26-28, 1972.
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1.2. Solutions to Automobile Pollution

An obvious solution to the problem of poliution by automobiles
is to ban or restrict their use. However, a complete ban is unacceptable
because .they are an essential means of transportation. Even a partial
restriction of their use'woqu cause a serious disruptioh in industries
and society. Although the evolution of a new transportation system in
the form of modules running on roadbeds and controlled by automatic
guidance systems is foreseeable (3), there is as yet no other alternatives
capable of replacing the automobile transportation system. Consequently
the only acceptable solution to the problem for the immediate future is
through designing non-polluting automobiles.

The emiésions from the present-day automobile are mainly
from three sources: crankcase, exhaust, and fuel §ystem. The chief
pollutants in automobile emissions are lead, unburﬁed hydrocarbons,
carbon monoxide, and oxides of nitrogen. It 1is techno]ogical]y,feasfb]e
to reduce these po11utants.to within acceptable 1imits? Lead emission
‘can be eliminated by the uée of unleaded gasoline? Crankcase emissions
are reduced by using a crankcase ventilating system. The fuel vapours
from the fuel system can be prevented from escaping into the atmosphere
by directing them to a charcoal filter for absorption and also to the
intake manifold for combustion. The pollutants in the exhaust can be
significantly reduced by detailed jmprovements in the designs of the carburetor,

intake manifold, and combustion chamber to achieve near-complete combustion,
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* Two Japanese firms recently had claimed, based on performances of their
test automobiles, that they could. produce, on a mass scale, automobiles

to meet the anticipating 1975 U..S. anti-pollution requirements. One

firm equipped their test automobile with a rotary engine, while the other,
viith a modified version of the conventional internal combustion engine

using stratified charge.




and by‘the purification of the combustion product. Purifﬁcat{on is
achieved'by injecting fresh air into the eXhaust manifold to oxidize
the unburhed hydrocarbons, and by passiﬁg the exhaust gas through a catalytic
converter (1,4) tb eliminate certain noxious compounds. However, the

addition of emission control devices increases not only the capital cost

but also the maintenance costs of the automobile, therefore making it a
greater financial burden to the owner. Moreover, the manufacture of these
devices aﬁd their later disposal will further aggravate the problem of
pollution.

Some commercial firms (5) have been successful in modifying
the internal . combustion engine to operate on cleaner fuels such as butane
or propane, which give a much cleaner exhaust. HoWever; the production of
such 1iquid petroleum gases ijs sufficient to satisfy only 5 to 10% of the
automobile demand (1). Consequently, using them as fuels for the internal
combustion engine is not likely to solve the pollution problem.

It seems necessary to look for alternatives to the internal
combustion engine. Several are already available: the Stirling engine* (6),
the steam engine, the gas turbine, and the electric motor, but it is
difficult to predict if any of these will become acceptable Neverthe1ess,
some of their inherent characteristics and re1at1ve merits re1evant to
the poliution problem are known for certain.

The Stirling engine was invented by a Scottish priest; Robert Stirling,
in 1816. Similar to the steam engine, it is an external combustion engine.
The workinag fluid of the Stirling engine is usually helium, and obtains
its heat energy by conduction from a heater outside the cylinder. Now at
high temperature and pressure, it is driven into the cylinder, and then
allowed to expand, giving a power stroke. It is subsequently returned to

a cooler and eventually to the heater via a regenerator for another cycle.



In the Stirling engine, the steam engine, and the qas turbine,
heat is supplied to the working fluid which then drives some moving parts
to do mechanical work. In theory the heat can be obtained directly from
a non-polluting source such as the sun; in practice, however, it must
come from the burning of fossil fuels. In contrast to the intermittent .
explosions in the internal combustion engine, the combustion in all of
these three engines is cohtinuous, and hence can be made nearly complete
by feeding excess air into the combustion chamber. The Stirling engine
is distinctive from the steam engine and the gas turbine in that its
working fluid operates in a closed system and does not have to be discharged
to the atmosphere at the end of a working cycle.

The familiar electric motor is often noted for its being
relatively silent, reliable, maintenance-free, and vibration-free. In
addition, it is fumeless and thus virtually non-polluting. Its use for
automobile propu151on would shift the source of pollution from hundreds of
millions of automobnles to a small number of power-generating plants, wh1ch
supply energy for operating the electric automobile. This shift is of
importance, because the pollution problem would become much easier to
solve. For example, locating these plants in remote areas would isolate
their pollutants from most of the population. Further importance would
accrue through the use of non-polluting hydro-electric power rather than
nuclear power (discharging nuclear wastes) or fossil-fueled pover (producing
harmful combustion products). Canada has an abundant hydro-electric suppiy
and is, in this respect, in a favourab1e position for the use of electric

automobiles.



The eiectric automqbilé as an alternative to its internal
combustion counterpart.has often been discussed (2,3,7,8,9), and
seriously assessed (10,11). It wii] suffice to say that it is
technologically feasible to build an electric autombbi1e comparable
to the internal combustion one in acceleration and top speed, but, as
yet, considerably inferior in driving range. The range of a battery-
powered automobile between recharges is only about 50 miles. Fortunately,

fuel cells show promise of extending this range.



1.3. Electric Motors for Automobile Propulsion

Batteries and, recently, fuel cells as power soufces in
electric automobiles (10,11,12) are dc. Therefore it is logical to use
dc motors for aﬁtomobi1e propulsion, and, historically, tﬁey‘were used
in electric automobiles. With the advent of modern, low-loss, low-cost,
solid-state devices, it has become feasible to convert dc into ac, and
thus ac motors can also be used.

In general, dc motors are of three types: series, shunt, and
compound. The torque-speed characteristic of the first satisfies the
requirements of automobile propulsion much bettef than the latter two
(F1g 1) Among the various ac motors, the induction motor is more suitable
for automobile propulsion because of jts s1mp11c1ty, ruggedness, and reasonably
good starting torque. Therefore, the dc ser1es motor and the ac induction
motor have attracted the most serious attention (13).

Generally speaking, spegd control for the series motor is much simpler
than for the induction motor. When design simp1icity and overall cost are the main
objectives, the series motor is preferred. However, its max1mum speed is
limited by the dynam1c ba]ance of the heavy wound rotor and the commutat1on
of the armature current. In comparison, the induction motor, because of
the inherent-ruggedness of its rotor and ihe lack of commutation, can run
at a much higher speed. Since higher speed implies higher power output,
the rating of the induction motor is generally larger than that of the
series motor of similar weight and size. Therefore, the induction motor
is preferred when the requirement demands a motor of 1argé power rating
(ﬁore than 30 kV¥). Data for some typical motors of these two typés are

shown in‘Tab1e 1.



Putomebile Prepulsion Requirement

Series Cm.pouu( -

/Slw.n‘l" '

100 eeeeecenens

fer cent of Rated Full Load ‘Torque

0 {00

fere cent of Rated Full Load Speed

Fl'g.l : Tarque—speeal Ckarac’fert's'“es of 4 ¢ Meotors (37)



Table I

Examples of Motors for Electric Automobiles (13,14)

dc series motor 3-phase ac
- _ induction

a 4 b motor
(continuous) power rating (kW) | 8 30 - 67
speed (vrpm) © 3200 ' 8000 13000
efficiency (%) 84 90 93
voltage. (V) 72 - 120 | 536

cooling . open,fan cooled| blower ventilated| oil cooled
length - (cm) 47 39 36
diameter (cm) 23 24 ' 27
weight (kg) 75 _ 73 - 59
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There is another type of dc motor, the homopolar motor, which-
_ has been considered as'avpossible pover plant for the electric automobile
(8,15). Its advantages are many. 1t is inherently a low voltage maéﬁine,
thereby eliminating the hazards of electric shock. This is important from
the safety point-of-view. Furthermore, the low operating vo]tage reduées
the overall leakage losses (insulation losses). Hysteresis-and eddy

current losses, and armature reaction, which are important considerations

in some conventional motors, do not pose problems for the homopolar motor,

because it operates:in a different way. The rotor of the homopolar motor
js usually a cylinder (hollow or solid), or a disc, as shown in Fig. 2.
The inherent ruggedness of the rotor ihcreases the reliability of this
motor. The simple geometry of the stator favours the use of permanent
magnets, instead of field windings, to provide the stator field. Thus,
it is possible to construct a{homopo]ar motor with no wires at all, and
eliminate the failure due to the_deterioration of wire insulation. The
most distinctive feature of this dc motor; however, is that it does not
require a commutator, but only a current collector. Thus, the problem
of commutation is eliminated. |

The road speed of an electric automobile must vary constantly
to suit the driving situation and hence the motor that drives the
vehicle should be highly responsive. The responsiveness of an electric

motor can be indicated by what is commonly called the power rate,



Pormanest Diaqne’f' o

Direckion of Flux

Solid Brush

Fig. 2: A Simple Disc~Type Homo polar Motor
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12 %
—%%5 , where Tmax is the maximum torque, and J is the moment of inertia

of the rotor. This is a measure of how quickly the motor can increase
its output power under no external load. It has been estihated (16)
that, on a basis of pef kilogram of motor weight, the'power'rate of the
homopd1ar motor is 85 kW/s. This 15 highef than that of the shell-type
dcomotor (60 kW/s, (17)). ' |

The output power of a motor is given by the product of the
torque and the angular speed. In practice, the maximum torque will be
determined by the available magnetic field and by fhe makiﬁum current
that the rotor can safely carry. Further increase of output power without
increasing the motor size must come from ra1s1ng the maximum operat1ng
'speed In view of a re1ated deve1opment for an e1ectr1c motor (18), it
is expected that the maximum speed of the homopolar motor will be in the
reg1on of 10 000 rpm. This h1gh speed can be coped with, however, by

incorporating a speed reduction unit such as an epicyclic gearbox (18).

dP - d(Tw) _ dw + %l
t

where P, t, and w are the output power of the motor, time, and the
angular velocity of the rotor. In practice, if the rotor current and
the stator field are kept constant at their maximum values while the

motor accelerates, the torque will remain constant at T ... Therefore

max

%%—in the above expression becomes zero. In the absence of external load,
. . dp Tmax

%%‘= T?x , where J is the moment of inertia of the rotor. Thus, e
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The homopolar motor, thén, appears to be well-suited to
automobile propulsion. We envisage an electric automobile of small to
medium size, with a body of Fiberglas (Fibreglass) on a tubular frame.
It will have a four-wheel-drive with a 1ight—weigh£ homopolar motor
incorporated in each wheel. The power source will be a bank of
batteriesf or in the future fuel cells. The motor speed will probably
be controlled by a solid-state switching device (19) that operates,
for example, by turning the power‘source on and off éyc1ica11y at a

constant frequency but with variable on-period.

The use of a flywheel for storing ehergy to propel an electric
automobile has been proposed recently (50). An optimally-designed
flywheel made of Fiberglas and rotating at 38 000 rpm could store, on

a weight basis, 20 times as much energy as the lead-acid battery.
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1.4. Current Collectors for a Hombpo1ar Motor

The homopolar motor has a long history'datihg.back to 1831
when’Faraday.demonstrated the principle of electromagnetic induction by

rotating a metal disc in a magnetic field. Despite this, it has not yet

found widespread use, largely because of the problem.of current collection.

The large rotor current, typical of this type of machinet poses a serious
problem fof the current collector. If the ohmic loss (IZR) of the
collector is to be tolerable, the collector muét have very low resistance.
To date, there is no completely satisfactory current collector for the
homopolar motor.

Current collection in the homopolar machine can be effected
by using brushes and slip-rings (Fig. 3a). Steel and copper, both of
which can withstand higher peripheral speedsf* are the materials commonly
used for slip-rings (21,22); graphite or metal-impregnated graphite is
usually used for brushes. Excessive brush wear is avoﬁded by 1limiting
the operating speed,for the copper-graphite brush, to about 30.m/s when
in continuous operation (23). The normal operating speeds for natural
graphite or electrographite brushes are higher, 40 to 60 m/s. However,
these suffer the drawbacks of relatively low operatﬁﬁg current density
and high contact voltage (typically 110 kA/m2 and 2 V) in comparison with
the copper-graphite brushes (e.g. 220 kA/m2 and 0.25 V). Except in an
elaborate design (24), graphite or metal-graphite brushes are not
suitable for use in a homopolar motor because of its high—currehﬁ and

*
low-voltage characteristics.

* For example, 6 kA and 1V (25).
* - -
Copper at a working stress of 7.6 x ]07.N/m2 (5 tons/1n2) can withstand

a peripheral speed of about 100 m/s (25).
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Significant advantages can be gained by using Tiquid metal

as the brush material. Not only may the operating current dens1ty for

the 1iquid-metal brush be increased to about 5000 kA/m (20,26), but,

most important of all, the contact voltage may be reduced to a few
millivolts (25). Furthermore, the ohmic loss due to the resistance of

the brush material is much smaller because the 1iquid metal is a better
conductor than graphite by a factor of about 300. Due to these excellent
characteristics of the liquid-metal brush; the efficiency of the homopolar
machine can be as high as 98% (27).

The use of liquid-metal brushes has by no means completely
solved the problem of current collection in homdpo]ar machines. Indeed,
they introduce problems of their own. Commonly used 1iquid metalsfor
current collection are mercury, NaK (the eutectic of sodium and potas;ium),
and Galn (the eutectic of gallium and indium). None of these are without
drawbacks. Mercury vapour'is toxic, and its cummulative effects are
fatal. NaK is highly reactive, and has to be handled with extreme caution.
Although Galn is considered safe to handle, our experience has shown'

that it degrades rapidly from reaction with the atmosphere when in

. operation. In order to maintain the efficiency of the 11qu1d—meta1 brush

of Galn, it would be necessary to purify this metal continuously by
circulating it through an auxilliary purifier--an uneconomical complication.:
In view of the above drawbacks, it seems that the use of
liquid-metal brushes would be limited to large power generators 1in ‘the
megawatt range (27,28), or to special devices such as high pbwer density
torque converters (26), marine-propulsion systems, and power supplies for

electrolytic processes. For such installations, the advantages gained by

using such brushes far outweigh the disadvantages. Wle do not foresee using

1iquid-metal brushes in homopolar motor for automobi]e application. Thus,
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the need exists to develop an appropriate current collector for use in
a hohopo]ar motor for propelling an.autcmobile.

The sliding motion between a rotating slip-ring and a
stationary carbon brush (Fig. 3a) causes friction and wear. The brush
and slip-ring, however, could be rep1§ced by a set of metal balls
placed between two metal races (Fig. 3b). By so doing, the sliding
motion is replaced by a rolling one, thus reducing the friction and wear.
A possible disadvantage arises, because, as the ball makes contact with
both races, two contact interfaces are created, as compared with only
one in the case of the brush ahd slip-ring contact. Since an additional
contact interface contributes further contact resistance, its presence
is definitely undesirable. Fortunately, experiments with freshly c1eaned
and stationéry silver or gold contacts under light Toad (0.001-0.002 N)
have shown that their contact resistances are less than those of carbon
contacts by three orders of magnitude (29). Therefore, the combined
resistance of the two metal-to-metal contacts wouid still be much less
than the resistance of a sing]e-carbon-to—metal contact.

Ideally all of the balls should be of eﬁact1y the same diameter
so that they can be in contact with both grooved tracks simu]taneous1y |
(Fig.3b). In practice, the diameters of the balls vary slightly due to
variations in manufacture. The separation between the two races is determined
by the diameters of the larger balls, and the smaller ones may not touch

both races at the same time. To overcome this problem, we propose to

coat the tracks with a low-melting-point alloy, which will be melted by
. ) ‘
the heat generated by the current , and will act as a cushion. As the balls

roll, the liquid metal viill deform, and the work done in defOfming it will

I
- - em - - = s e ws =

- - - -
_——_————-—-_—_—-.-

*
See Sect. 4.4.3.
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appear'as friction. The thicker the layer of liquid weta1, the more severe
the deformation will be, and the larger the friction. On the other hand, the
actual contact area will be larger, and'therefore the contactAresistance
smaller, if the layer is thicker. The best compromise between these two

need to be determined.

Due to the lack of a sliding motion which, through wear,
generates new surfaces, the self-cleaning action of a rolling contact is
expected to be poor. Consequently all of the contact surfaces should
be wetted by, or totally immersed in, oil to protect newly-generated
surfaces from oxidation. An insulating oil will, at the same time, reduce
arcing.

The purpose of this thesis is to study the use of 1iquid?meta1-
wetted rolling contacts for current collection, to devise 1iquid-metal-

vetted rolling-contact current collectors, and to assess their

praéticabi]ity.
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11. Review of Literature

There is an abundance of 1iterature on electric contacts (30,
47), but it deals almost exclusively with stationary contacts and
stiding contacts. There has been very 1ittle research on the electrical
aspects of rolling contacts, and, to the author's knowledge, no serious
study* has been made of applying rolling contacts for transferring
large currents. In the following we will review the previous work '
concerning rolling contacts.

The lubrication of a bearing can normally be described as
fluid-film or boundary. Fluid—fi)m lubrication refers to the case when
the surfaces in relative motion are completely separated by the lubricant;
boundary lubrication to the case when there is some direct contact
between the surfaces. The mode of lubrication of a ball beafing in
operation has been studied by measuring its electrical resistance (32).
This resistance was high when the bearing carried no load, indicating
the presence of Tluid-film lubrication, but decreased when a load was
applied, indicating a change to boundary lubrication. The current
carried by the bearing caused corrosion. Mecke observed that the corrosion
became considerable when the current was of the order of 10 A (32).

Lidenblad described, in a patent (33), the use of rolling
contaéts to provide electrical continuity between movable members. His
invention probably derived from a design for generating pulses of short
duration and high power for radar application. One possible application
: * According to Holm (31), metal rollers had been used as current collectors
in dynamos at the end of the nineteenth century, and Meyer had measured

the contact resistance between steel balls.
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of his invention, as he suggested, concerned current collection in
electric machines, as-i]]ustrated in Fig. 4. The use of springy belts
in this application appears to be impractical. The output current of
the generator passes through the belts and will normally be sufficient
to soften them after a short time. The loss of springiness by these
belts will result in a disruption of the current.

In oceanographic studies, some of the data to be collected
are the temperature and salinity of the sea water at various depths
and locations. These can be measured from an ocean vessel by submerging
a probe that carries the appropriate sensors. The electrical signals
(typically less 100 uV) from them are transmitted by a cable to the
on-deck readout system (Fig. 5a). Continuous readout as the cable is
wound on a rotating drum is obtained by means of a rotatable contact
at the end of the cable. Dauphinee et al. developed a rolling contact
device (Fig. 5b), giving thermal emfs of .a few tenths of a microvolt
and resistance variations less than 0.01 @ (34,35).

McMab et al. (23) considered.using ball or roller bearings, as
well as copper leaves, wires or braids, for current collection. However,
it is not clear if they experimented with these bearings for transferring

current.
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I1I. Theoretical Considerations

3.1. Nomenclature and Nature of Contact

In the‘nomenc1ature* used in the literature on electrical
contacts the tefh "contacts" means the junction between two conducting
members physically touching each other. Provided no misunderstanding will
arise, these members themselves are also called the "contacts". The | |
voltage across the contact interface is called the "contact voltage".

A macroscopically smooth flat surface possesses humps and
valleys, or asperities, on a microscopic scale; then two such surfaces
are brought into contact, some of the asperities touch each other. The
force bringing them together is usually referred to as the contact load,
and, in most practical cases, is sufficient to cause the asperities to
deform elastically or plastically, thus generating a number of tiny
contact areas, or spots. Since the contact load is borne over these
areas, they constitute what is called the 1oad—bearingvarea. The local
pressures at the contact spots may not be the same, as there may be
elastic deformation at one spot and plastic deformation at another.

A contact spot may be partially conducting, when it is partly covered

by an insulating film, or wholly conducting, when.it fs clean. If the

film is less than 0.002 um thick, as in the case of a layer of chemisorbed
oxygen atoms, it can usually be penetrated by electrons due to the

tunnel effect (36). Thick films such as visible tarnish are practically
non—conducting (Fig. 6).

* The nomenclature here follows that of Holm (36).
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3.2. Contact Area of a Ball pressing against a Plane Surface

One of the important factors determining the resistance of a
contact is the actual contact area. Since most of the experiments in this work
are concerned with a ball rolling on a surface, we must determine the

o

wragnitude of the contact area for such a case.

When two ela;tic spherical bodies of radii g and rs respectively
are pressed against each othef under a light load P (Fig. 7a), they deform
vihere the contact is made, the intersection being a circle of kadius a. If
a is much Tess than 8 and o it ﬁs g{ven by Hertz's formula, as cited
by Holm (38),

TR DR S 3
iR ) o

where v, (02) is the Poisson's ratio and E, (Ez) is Young's modulus for
the matéria\ of sphere 1 (2).

This formula can be applied to the case.éf a ball pressing
against the plane surface of a body (Fig. 7b) by letting one of the

radii, say ry, be infinitely large. Eq. (3.1) then becomes

a=[’qTP( E‘l + Ez )rz:\ (.)
Eq. (3.2) can be rewritten in the form |
1 _
a=k (Pr) | (3.3)
2 2 1
1 -v 1 -v =
. _ 3 1. 2 3 )
where k=0gz(—F—*% % ) 1 (3.4)
1 2
and r = radius of the bai]

- - - e wm  wm  em e
- - am we = em
———_-_—_———————-—--——_—

* This also appears in Ref. (39).
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3.2.1. Numerical Example

Consider a stainless steel ball resting on a brass surface

(Fig. 7b). Taking u]=0.33 and E]=117 x 109 N m—2 for brass (40), and

assuming u2é0.29 and E2=200 x 10° N m"2 for stainless steel, we obtain

from Eqs. (3.4) and (3.3)
-4

k=2.1 x10

wij—

21 %104 (pPr) m

a

If r is 0.0016 m (~ 1/16 in) and P is 0.1 N (approximately equivalent to
a 10-gram weight), then

=1.1 x 107° | m

This 1is approximately 1/50 of the radius of a No. 18 AWG copper wire.

3.2.2. A Design Criterion for the Rolling-Contact Current Collector

Consider the two cases as 111ustrated in Fig. 8. The contact

2

2 (% ), and

area-of each ball-to-disc contact in case (a) is Aa =7 K

~|o

2
that in case (b) is Ag =™ k2 (P2¢ )3-. The total contact areas in.the
two cases are 4Aa and 2Ab respective1y.‘The volume needed to accommodate the
two balls in case (a) is Va =7 (2¢E )2 2 € *, and that in case (b) is
Vb =q (2¢ )2 4 £ . On a per unit volume basis, the ratio between the
total contact areas in the two cases is
'NNAR z

3
=2” =1.59
2 Ay Vo

Therefore, case (a) utilizes space better. In a machine where the space for
the ro11ing-contact current collector is 1imited (Fig. 3b), it is more
advantageous to use a larger number of small balls than a smaller number of

large balls.

- - = = =
e e e em == & - - -

- - = _.._————..--.——

P -

* »
This is being generous.
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3.3. Electrodynamic Forces on Contacts

When a pair of contact surfaces physically touch each other,
vconstrictions" are formed at the spots at which they are in contact. One
of these is depicted in Fig. 9. The conduction of current between the
surfaces is through these cqnstrictions, so-called because the current
becomes constricted when going through them. It is known (41,42) that
the presence of current constriction gives rise to forces which tend
to pinch the constrictions, and to repel the contact surfaces further

apart. The combined effect is to break the contact.

3.3.1. Repulsive Force

Let us follow Dwight's example (42) to derive an expression
for the repu]siveiforce.
Consider a cylindrical current-carrying conductor having a
tapered portion whose radius increases uniformly from r] to ry (Fig. 10).
We neglect the skin effect, and assume uniform current density, i.e. for

any value of x the current density does not vary with r. The current

density for the cross-section of radius r is 12 , where I is the total
T .-
current carried by the conductor. The current passing through the circle

2 . )
of radius y 1is Ixﬁ-. By applying Ampere's law in circuital form, we obtain
r

. . 1
the magnetic induction at points distant r from the axis as 2?__¥2 .
T

Consider 'a straight current path MN carrying a particular current from M
to N. Obviously, to satisfy this condition and the uniform current density

assumption, its cross-sectional area must increase along MN. An elementary

dx

portion of this path has a Tength of ds= 555

. For every ampere of

current it carries, the force on it is
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_ _dx wily
df COS a

‘ 3.5
2w Y‘z } . ( )

The longitudinal compohént of df is

‘ 2 2
¢f, = sin o df = tan a dx B_E_X?.= Qlik_l_¥§.= Qé.&.l_if
’ 2wy X2 ¢ p& XZT\'Y‘Z_

The longitudinal component of the total force on the current path MN

per ampere of current is.

i

2

1 Z
£ =7 ﬂdfx=1ni-2- ula
l1 1 2.17?‘24

If similar paths like this make up a thin shell having a,éross-sectiona]
area of 2w a dé, then the total current carried by this shell is I ?-—31222- .
‘z ' r
2

The longitudinal component of the total force on this current shell is

The longitudinal componeht of the total force on the tapered portion'of

the conductor is

ro 12 .rz .
- “ = X & .
Fx fo de g In ™ , (3.6)

This is the expression given by Dwight. jhe following éreAa few
jmportant remarks related to it

(a) u is the permeability of the materia] of the tapered portion.

(b) the direction of df remains the same, even if the current flow is
reversed. Therefore, the direction of Fx is indgpendent of the
difection of the current. |

(c) Instead of tapering uniformly, the conductor may change its radius
uniformly from vy to r; and then from r, to r,. The total longitudinal

force on the two tapered portions is

/a
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Thus, it does not depend on the intermediate radius.

(d) It is important to realize that Fx is obtained by considering the
interaction of the current with its own magnetic field. Bron treated
the problem differently by considering the magnetic pressure that
accompanies a magnetic field, and obtéined a slightly different

result (Appendix A).
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3.3.1.1. Numerical Example

Fig. 11 shows a stainless steel ball in contact with two brass
discs parallel to each other. In order to make use o% the numerical
example in Sect. 3.2.1, we let the radii of the ball and the discs be
each equal.to r=0.0015975 m, and the contact load be Py=0.1 N". Then,
the radius of each circular contact area is a0=1.137079 x 10-5 m. If
now a current, I, of 10 A > flows from one disc to the other through
the ball, there wi11.be forces acting on them at each disc-to-ball
contact due to the current constrictions. However, the. forces on.the
ball are symmetrical about the plane XX, passiné through the centre of
the ball and parallel to the discs. Therefore, the net force on thé ball
is zero. The force, FO’ on each brass disc is obtained'by applying Eq.(3.6).
ance brass and stainless steel are non-magnetic materials, it will suffice
to let their permeabilities be each equal to 4 7 % 1077 3 2 ¢ m™'. Thus,

Fg = 4.9 % 1077 - N
Since Fy opposes Pg> the net contact load becomes
| Py =Pg - Fo = 0.099 999 51 N
From Eq. (3.3), the radius of the contact area becomes
a, = 1.137 077 10° om

Va]ﬁes at successive iterations are shown in Table 1I. At the 83rd
iteration, FéB is larger than P83‘ At tﬁis point the contact'Wii1 opeh,
and there will be no current flow. However, the forces due to current

constrictions will also vanish, and the contact will close again,

resulting in the bouncing of the contact surfaces.

¥ The implication of the subscript '0' will be apparent later.

* This current is sufficiently large. If the diameter of each of the copper

rings in Fig. 3b is 0.1 m, approximately one hundred of the balls considered
here can be accommodated By the grooved track of the ring. In this case, the

rotor current will be 1000 A if each ball carries 10 A.

B ]
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Table 11

Net Contact Load, Radius of Circular Contact Area, and

Repulsive Force on a Contact Surface at Successive Iterations

Net Contact|Radius of Circular Repulsive Force

i Load Contact Area on Contact Surface
P, (M) Ry (m) Fi (N)
0 0.1000000 0.00001137079 0.0000005
1 N.0999995 0.00001137077 N.0000020
2 0.0999975 N.000N0N1137C69 n,.000004L4
3 0.0999931 0.00n01137053 0,.0000079
L 0.0999852° 0.00001137025 N.0000123
5 0.0999728 0.00001136976 0.0000178
6 £.0999551 0.00001136903 n.00002L2
7 0.0999309 0.0000N1136817 n.0N00N316
3 0.0998992 0.00001136697 n.0000400
9 0.0998592 0.00001136545 0.0000L9L
10 0.0993098 0.00C01136358 0,0000598
11 0.0997501 0.00001136131 0.0000711
12 0.0996739 0.000N1135861 0.0000835
13 0.0995855 '0.00001135543 0.0000968
14 N.0994986 0.00001135175 0.0001112
15 0.0993875 0.00001134752 N.0001265
16 0.0992610 0.0N0N01134271 0.0001428
17 0.0991182 0.00001133727 N.00016A01
- 18 0.09849581 N.00001133116 0.0001784
19 0.0987796 0.000011324L34 n,0001977
20 0.0985819 | . 0.00001131673 0n.0002180
80 0.0137070 0.0N00N0586279 0.0036750
31 N.0100320 0.0000052834L7 0,0038363
82 0.0N61957 n.000N0NLELOT3T n.0040411
83 0.0021546 0.000003164L038 n.0Cu3875
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3.3.2. Constricting Force

Consider a cylindrical conductor of radius R carrying a current

I (Fig. 12). As before, we assume uniform current density, 1 5 - The

2 1r
current carried by the cylinder of radius r is L E . By applying Ampere's
R

law in circuital form, we find the'magnetic induction at a point distant

v from the axis to be = I 'é. The cy1indrica1 shell of length 7, and
2 mR

radii r and (r + ar) can be considered to be composed of a large number
of current paths each of cross-sectional area AA approximately equal to

r Ar A8 . The current carried by each path is then I_I;Aﬁigﬁi. The
= R
force on each path is

uIZZY‘Z

2 - R
acting radially inward. It follows that the vector sum of all the forces

AF = Ar A8 (3.7)

on the current paths is zero. The force AF is distributed over the whole
current path and can be considered as due to the pressure difference

existing between the outer and inner surfaces of the current shell.lt

follows that

AF = F F 7 (r + ar) 86 - P, 1 r Ad

rear” T T Praar

v

= - = ' 3.8
(Prsno P.) T v A8 =2p AR (3.8)

where p is the pressure.

Comparing Eqs. (3.7) and (3.8), we obtain

2
~pl x (3.9)
Ap = AY
21\'2 R4 ,
As Ar approaches an infinitesimal, Eq. (3.9) becomes
2
I™r
dp = L dr
2 172 R4

The difference in pressure between the axis and the surface of the

conductor is
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Ppb =/ dp = ——= (3.10)
R 7o 4 % R® |
Thus. a current passing through a conductor generates a radial pressure

tending to constrict the conductor. This phenomenon is commonly known as

<

the "Pinch Effect". If the conductor is a 1iquid metal, the pinching will

reduce its radius, and in turn magnify the radial pressure until it

finally collapses.

3.3.2.1. Numerical Example

Making use of the example in Sect. 3.3.1.1, we let

u=4—'n'><'|0-7

I1=10 A
-6 *

R=3.16 x 10 m

Substituting these values in Eq. (3.10), we obtain the pressure at the

periphery of the constriction,

Pp = 3.2 x 10° N m2 |
. . 7 -2
This is much less than the ultimate tensile strength of brass (~40 x 10° N m

(43)); Therefore, it will not cause the metal constriction to collapse.

- - - - ws  Em e e
- ——-———_———— -
- e e em mm ew e e me we = ew = = = -—

This comes from the last row of Table II.



3.4 . Relation between Voltage and Temperature of a Symmetric Contact

vhen a potential difference is applied across a pair of contacting
members, current flows from one member to the other through the constrictions.
The temperature of these members rises because of Joule heating and can
become so intense that local melting occurs in the constrictions where the
current densities are very high. The relation between the voltage across
the contact and the constriction temperature has been studied (44,45). A
simple one-dimensional ané1ysis of a symmetric contact (Fig. 13) is
considered here under the following assumptions:
(a) An equipotential surface is also an isothermal surface. An argument
supporting this assumption can be found in Ref. (44).
(b) The medium surrounding the contact members is a perfect electric and
thermal insu]ator; that is, there is no heat or electric leakage to
the medium.
(¢) Both contact members are jsotropic, having the same electrical
conductivity o and thermal conductivity x.

(d) The contact is symmetric about the plane of contact (x=0).

(e) The temperature in the contact is a maximum at this plane. This also
implies that there is no flow of heat across the contact plane.
(f) Thermo-electric effects are ignored.
The rate of heat generated in the region bounded by the contact

plane and the surface A is

qe=VI
. Si I = - av and
where V and I are voltage and current respectively. >ince : dR °
dR = %;%%», where R is resistance, then
s AV dv (3.11)

9e¢ & 7 Tdx
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The heat flow across thé surface A due to the thermal gradient
is |
dT : -
qt =x A ax . (3.12)

By the aforementioned assumptions, no heat flows across the contact
_ plane nor is lost to the surrounding medium. Therefore, at equilibrium,
qe must.equal.qé, and, from Egs. (3.12) and (3.11),

- %—dT =V dv ©(3.13)

Integrating both sides of Eq. (3.13), we obtain

) o .
2 gr = L
oo dar =5 | (3.14)

vhere Tm is the temperature at ‘the contact plane.

According to the Vleidemann-Franz law,

A =LT
ag

where L is considered to be constant. After integraticn, Eq. (3.14) becomes

ENC e DR (3.15)

For metals, a good value for L is 2.4 x 10'8 v2 K'2 (44). 1f the surface A
is sufficiently distant from the contact plane, T is equal ts thg temperature

o C . : .
of the bulk material of the contact , T.» and V is equal to &5 » where V

js the voltage across the two contacting members. Substituting for L and V
in Eq. (3.15), we obtain

2

7 | 3.16) .
Ve ( )

2 _12 - 4
Tm—TC 1.04 x 10

. Assuming T_ to be 300 K, i.e. near room temperature, Eq. (3.16) becomes

7 42 4

2 v& - 9 x 10
C

T2 = 1.04 x 10 (3.17)

The value of Vc that causes melting to occur is known as the

"melting voltage". In the experiments to f0l1ow, we dealt with steel balls,
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bare brass surfaces, and brass surfaces coated with VWood's Metal. The

melting voltages for these materials, calculated according to Eq. (3.17),

are tabulated in Table III.
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Table 111

Melting Voltages of Steel, Brass, and Wood's Metal

(Temperature of Bulk: 300 K)

Material Composition (%) | Melting Point (°c) | Melting Voltage (v)
(40)
Steel 99 Fe, 1 C 1430 0.519
Brass 67 Cu, 33 In - 940 0.364
‘Wood's Metal ?g.g" in2,51‘;'f§ cd 70 0.052
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V. Exheriments and Experimental Results

4.1. Introduction

A number of experiments were berformed to provide data for
quantitatiVe considerations of the.ro111ng—contact collectors, particu]ar1y
of those wetted by 1iqu1d'meta1.'The experiments were divided
into three groups. The fiksf group dealt with the voltage drop acrdss a
stationary contact between two discs. The contacting surfaces were bare
brass, and also brass coated with Wood's Meta1*, an aj1oy that melts at
70°C. The second group of experiments dealt with the voltage drop across
two discs with a steel ball between them. As before, the contact surfaces of
the discs were bare brass, and brass coatéd with Wood's Metal. Both the
stationary case, in which the discs and the ball were stationary, and the
rolling case, in which one disc rotated and the ball ro]]ed, viere studied.-
The last group of experimentSAdea1t with the voltage drop for three
different ro11ing—conta¢t chffeht collectors: a commercially avai]ab1é

ball bearing used as a current collector, and two experimental current

collectors, one wetted by the iiquid metal, Galn, and the other by 1iquid
Wood's Metal. '

* See Table IIT for its composition.
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4.2. Stationary Brass Disc to Brass Disc Contacts at Fixed Contact Load

4.2.1. Bare Surfaces at Fixed Current and Room Temwperature

The surfaces of two brass discs of the same dimensions were
machined flat in a lathe, and then polished with abrasive paper. The
Final and finest paper used was a Crocus cloth. During the polishing, the
paper vas wetted by 0il, and was lying on the flat surface of a machine
table. The final diameter, thickness, and weight of each disc were 4.7 cm,
1.3 cm, and 0.191 kg respectively. A current lead and a potential lead
vere soldered to each disc. A brass-to-brass contact was formed by placing
one disc coaxially on top of the other (Fig. 14). Thus, the contact load
due to the weight of the upper disc was-1.87 N.

First, a current of 1.0 A was passed through the contact from 2
regulated dc power supply (Kepco CK18-3M), and the voltage across-the discs
was measured. Then the upper disc was raised, rotated by approximately
30 degrees, and replaced. With the current still at 1.0 A, the voltage
was again measured. The above procedures were repeated until a total of
79 readings were obtained. These measured voltages ranged.from 0.4 V to
3.5 V. This range was divided into 31 equal intervals. The number of
Vo1tage readings (normalized with respect to their maximum) in each 0.1V

interval is plotted in Fig. 15(a) as a function of the voltage. The

distribution shown has a peak between 1.0 and 1.1 V.



— 4L —

_Curre nt Lead

v
Brass Disc | Po'f‘en‘f‘{al Lead .
N / .
| | - Su.F'Por'f
s
| P

q $”m’“on477 Con""ac'rs

\

F‘:c]. 14 - EXFeY;meu“‘a‘ Se’(up‘l:or 51-“0“1'"



A Az L8°1= _.‘:3\_ ._‘uﬁ:ou ¢ Yo'l = ._‘s,wt_su £ wo h.,.v = 251 Y292 4 Q)
u_u_f. ww 190 .w.son _ﬁ.uE m_ 3 Yim .1&.95 wwu.@;sw QV ¢ 59270 u?sw 2AV9 AS
sas1q mmsm f....ustsu om| 550479 mrs:; +o mri_%m& % é_.ﬁj;ﬁ_p : 9 T_w

_ : " , 0
R T
AR 1\ y: a__#”..__ 4
e A —
e S S R
b |
. : ' i} " .
) . , i
e : i — T
to : , ,
) Cor ! |
; PR : . i 4.
: , _ , i ; _ j
: : ‘ N ,. “
pimes - .” et ‘l.@.o
Cog b | i . |-
. S S
b | .
IEIR AN A R -
L _ . et
SRR o B : . |
P i _ .
PR e O
i : . —" : H . u
SR B S ; e : 0
S b -
IR TR ERTR A I S— ;
_ ' I ol ‘ M \-/
; : ; _ | =
¢ i : I i i W 1 m
P i i 4 !
e At —1g0 2
b ot | S
oo ! - - -
b . . W
ot “ Lo _ Wl
i i
w : (4
t
[ __
M . N
i i
i .
i i




- 48 -

4.2.2. Bare Surfaces at Varying Current and Room Temperature

Using the same experimental setup as in Sect. 4.2.1, the
current was increased ffom 0 to 1.0 A and back again in steps of 0.2 A.
The voltage across the brass discs was measured at each step, giving a
set of voltage and current readings. As beforé, the upper disc was raised,
rotated, and replaced on the lower one. Again, a set of voltage and
current readings was obtained. These procedures were repeated to give
a total of three sets of readings, shown in Fig. 16(a).

For each individual set, the points fall closely on a straight
line, showing that each individual contact was ohmic, 1.e. voltage is

proportional to current, and that the measurements were reproducib1e.'

4.2.3. Surfaces coated with Wood's Metal at Room Temperature

The contact surfaces of the two brass discs used. in Sect. 4.2.2-
were each coated with a layer of vood's Metal about 0.01 mm thick.
The measurements described in Sects. 4.2.1 and 4.2.2 were repeated with
the results shown in Figs. 15(b) and 16(b).
It is evident that the presence of Wood's Metal reduced the

voltage across the brass discs.
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a.2.4, Surfaces coated with Wood's Metal at Fixed Current and Elevated

Temperatures

4.2.4.1. Thin Coating

The experimenta\ setup used in Sect. 4.2.3 was placed in a

thermostatically controlled oven at rocm temperature. The voltage across

the discs for a current of 1.0 A was measured and then the oven temperature
was raised slowly. Perjodically it was stabilized for about 20 min, and

the voltage measured. When the temperature reached about 839C, the oven

was turned off, and the discs were 1eft inside overnight. The next morning
it was noticed that the contact faces of the brass discs did not stick
together, in spite of the coatings of Wood's Metal. This experiment was
rerun twice.

The voltage readings for each run were plotted against the
temperature in Fig. 17(a). The plot shows that the voltage slightly
increased with temperature up to about 70°C, remained constant to about
72°¢ and then decreased, reaching a minimum.at 74°C. Further increase of
temperature resu]ted in a sharp rise of. voltage. This was regarded
as an indication that the high spots of the contact surfaces became
exposed after the Wood's Metal was thoroughly melted and allowed

to drain to the low spots.

4.2.4.2. Thick Coating

The brass discs were removed from the oven, and their surfaces
recoated by a thicker layer (about 0.05 mm) of Wood's Metal. The voltage
across the discs was measured at a constant current of 1.0 A as described
in Sect. 4.2.4.1, while the oven temperature was raised to 93°C. This time
the discs adhered to each other firmly after cooling. . |

The voltage readings, plotted against the temperature in Fig..17(b),
show an abrupf decrease from 0.35 mVat 65°C to about 0.02 myv at 70 °c.
The above results jndicate that the minimum thickness of coating

prompting the adherence of the surfaces is between 0.01 and 0.05 mm.
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4.3. Steel Ball to Erass Disc Contacts

4.3.1. Description of Apparatus

An apparatus* (Fig. 18) was constructed to study steel balil
to brass disc contacts. A chrome-plated steel ball was placed between
two brass discs of 4.7 cm diameter. The lower disc rested on'a poiyurethane
foam pad, which was 0.3 cm thick when not compressed. This pad in turn lay
on top of a cylindrical nylon block. The upper disc was permanently .
attached to one end of a brass shaft of 0.95 cm diameter. Using a motor
and gears, the shaft could be rotated at 1.9, 5.8, or 17.4 rpm. The
assembly included four nylon bushings for supporting the brass shaft in
an upright position, a spring for exerting pressure on the upper disc, and
a short glass tube to prevent the ball from falling outside. A current
lead and a potential lead were.attached to the brass shaft. Part of the
shaft served as a bobbin, on which these leads were wound when it rotated.

A current lead and a potentia1 lead were also connected to the lower disc.

__.._.__————————————-_"-“--
——.__...___._———_—

1 am grateful to Mr D. P. Kingswell for constructing this apparatus.
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4.3.2. Bare Brass Surfaces

a.3.2.1. Stationary Contact

The current leads of the apparatus described in Sect. 4.3.1
were connected, in series with a 5-@ resistor, to a regulated dc power
supply (Kepco CK18-3M) (Fig. 19). To.eliminate the transient voltage
fluctuations, an RC-integrating circuit with a time constant of 10 s was
connected across the potential leads. The voltage across the capacitor
of this circuit was fed to a high impedance voltmeter (Fluke 845AR)
whose isolated output was connected to a chart recorder (LN Speedomax)
for a continual display of the capacitor voltage.

With the shaft of the apparatus stationary and using a steel
ball of 0.64 cm diameter, the current was varied in steps, and the voltage
across the discs was recorded on a paper chart (Fig. 20). Since the ball
was in contact with both discs, the measured voltage accounted for two
ball-to-disc contacts. However, the horizontal scale of Fig. 20 was
1abelled in such a way that the time-voltage trace would read half the
measured value to correspond to the voltage across a singte contact. The
contact load was ma{n1y due to the weight of the upper disc and the shaft,
and was about 1.5 N.

Fig. 20 shows that the voltage was proportional to the current
while the latter was increased in 0.1 A steps from O to 0.3 A. Further
increase of current from 0.3 to 1.0 A in the same steps, and from 1.0 to
2.0 A, resulted in progressively diminfshing voltage increases. However,
after this initial 2 A current, further current changes in this range
(0 - 2 A) produced fairly proportiona1 voltage changes, with a constant
of proportionality different from the initial one. The change of
proportionality probably indicated that the contact area had increased

due to the softening of the brass when the voltage exceeded 0.16 V.
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4.3.2.2. Rolling Contacts

2.3.2.2.1. Fluctuations of Voltage at Constant Current

The rotation of the ball (0.64 cm diameter) in the apparatus
described in Sect. 4.3.1 caused fluctuations of the voltage across the
discs even at constant current. At first the quality of the current
regulation of the power supply was investigated, using the experimental
setup shown in Fig. 21a. With the shaft stationary and the current at
0.2 A, the current trace was displayed on an oscilloscope (Tektronix
Type 555) and photographica11y recorded as shown.in Fig. 22a. Without
adjusting the power supp]y; the shaft was rotated, causing the ball to
roll. Again a current irace was recorded on the same picture. With the
power supply off and the shaft stationary, 2 zero'current trace was
recorded for reference.

Usinag the experimental setup as shown in Fig. 21b, the voltage
across the two brass discs was now dispTayed on the oscilloscope. The
voltage traces were recorded as before and are shown in Fig. 22b.

The current traces 1in Fig. 22a show that the current in the
rolling case was 10Wer than in the stationary case.by approximately 3%,
but it did not fluctuate. However, the voltage in the ro]1ing case
fluctuated and was highervthan in the stationary case,'as shown in Fig. 22b.
In terms of resistance, this means that the resistance of the rolling

contact was higher than that of a stationary one.
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£.3.2.2,.2. Dependence of Yoltage on Current and Speed

Using the apparatus and the experimental setup as shown in
Figs. 18 and 19 respéctive1y, the voltage across the brass discs was
measured while the current was varied from 0.1 to 1.0 A wifh-the ball
rolling. Steel balls of four different sizes were uséd, their diameters
being 0.16, 0.32, 0.48, and 0.64 cm respectively. The shaft speeds.USéd
vere 1.9, 5.8, and 17.4 rpm. | | |

Fig. 23 shows the voltage-current characteristics for balls of the
four sizes. In general, the voltage increased with current up to about
0.7 A, and then levelled off with further increase of current. A superficial
examination of the experimental data showed no systematic correlation
between the voltage and the éhaft speed. However,.thé fesu]ts indicate
that, other conditions being equal, the use of a larger ball resulted
in a lower voTtage drop across the brass discs. This agrees with the |
intuitive reasoning that a larger ball would have a larger ccntact area

with the discs, and thus a smaller contact resistance.
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4.3.3. Surfaces coated with Vlood's Metal

'4.3.3.1. Stationary Contact :

Each of the two brass surfaces in contact with the steel
ball in the apparatus shown in Fig. 18 was coated with a layer of Wood's
Metal about 0.05 mm thick. Using a steel ball of 6.4 mm diameter, an
experiment similar to that described in Sect. 4.3.2.1 was performed.

The correéponding chart record is shown in Fig. 24.

In the current range between 0.1 and 1.0 A, the voltage
fluctuated violently ab-ut a value that remained more or less constant
independent of the current. This was regarded as an indication that the
Wood's Metal at the points of contact was melted by the heat produced
by the current. It was observed that the voltage was proportfona1 to

the current when the latter was below 0.02 A.

4.3.3.2. Rolling Confact

With the shaft rotating at 17.4 rpm and using the same steel
ball as in Sect. 4.3.3.1, the voltage across the brass discs was measured
at various currents as described in Sect. 4.3.2.2.2. This experiment was
repeated with a coating of Wood's Metal about 0.01 mm thick.

Fig. 25 shows the voltage-current characteristics for the two
cases. In general, the characteristic corresponding to the thicker
coating 1ies below the one correspondﬁng.td the thinner coating, showing

that the contact resistance was lower in the former case.
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4.4. Rolling-Contact Current Co]Tectors

4.4.1. Ball Bearings as Curreht Collectors

Three commercially available ball bearings were spaced
approximately 7.6 cm from centre to centre along a common brass shaft
of 1.27 cm diametér (Fig. 26), and mounted on brass supports ‘to which
current and potential leads were connected..Each beéring had eight steel
balls of 0.32 cm diameter, 1.27 cm bore,'and 2.86 cm outside diameter.
With the shaft rotating at 360 rpm and carrying no external load, two of
the current leads were connected to a regulated dc power supply (Sorensen
DCR20-250A). The current was varied from 10 to 100 A in steps of 10 A, and
from 100 to 250 A in steps of 50 A. The voltage across the corresponding
pair of bearings was noted in each step. Similarly, voltage and current
readings were obtained for each of the two remaining pairs of bearings.

For a particular current I, the voltages V_, Vi, and V., across

the three bearings were obtained by solving the simultaneous equations,

Va * Vb = Vab
Vb * Vc'=.Vbc
Vc * Va - Vca

where Vab’ Vb , and V were the voltages acroés the pairs of bearings.

By plotting the vo]tages across the individual bear1ngs, and by repeating
the procedures for the other currents, the voltage-current characteristics
for the bearings were obtained. These characreristics'were similar to one
anotﬁer, and one of tnem is shown in Fig. 27(a). It shows that the voytage
slowly increased from about 6.7 V at 10 A to less than 1V at 250 A.

Since the balls made contact with both the inner and the outer races, the
voltage as plotted accounted for two contact interfaces electrically in

series. Therefore, the voltage per contact interface varied from 0.3 to 0.5V,
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and did nct exceed the melting voltage of steel (0.52 V).

The balls and races of a similar ball bearing were wetted by
the 1iquid metal, Galn. However, because of the close tolerances in
manufacture, the balls failed to roll in their races after wetting. This

failure prompted the construction of the experimental current collectors

described in the next two sections.

4.4.2. Experimental Current Collector wetted by Galn

An experimental current collector of the form shown 1in Fig. 28
was constructed. Steel balls and aluminum discs were used, and the grooved
tracks and balls were wetted by Galn, which is 1iquid at room temperature.
An attempt was made to measure the voltage across the outer discs at
various currents. However, because of the heat generated by the current,
the 1iquid metal degraded rapidly and also attacked the aluminum discs.

Therefore, this experiment was discontinued.



4.4.3. Experimental Current Collector Hetted by Liaquid Yood's Metal

The experimental currentAcollector shown in Fig. 28 was made
of three coaxial brass discs. The opposing faces of the discs had pairs
of V-agrooved circular tracks of 2.54 cm diameter, each pair accormodating
twenty five steel balls of 0.32 cm diameter. Initially, the tracks were
bare brass. With the inner disc rotating at 360 rpm, the outer discs vere
held stationary and connected to the power supply (Sorensen DCR20-250A).
The voltage across the outer discs was measured while the current was
increased stepwise from 50 to 250 A. The voltage readings corresponding
to these various currents are plotted in Fig. 27(b).

An ample amount of Wood's Metal was then melted in each track,
and allowed to drain away under gfavfty. The voltage readings of the
resulting ]iquid-meta1—wetted* collector for various currents vere
similarly obtained, and plotted in Fig. 27(c).

The results show that the presence of liquid Uood s Metal reduced
the voltage drop across the two outer discs to less than 0.2 V for currents
up to 250 A. This voltage drop acéounted for four contact interfaces
electrically in series, because there were two sets of balls, one on each
side of the inner disc. Therefore, the voltage drop per contact interface
was less than 0.05 V. and did not exceed the'me1ting vo1tage'of Viood's Metal.

This experiment seemed to be very promising, and therefore
further viork towards its improvement shou1d follow. However, it would
probably be better to carvry out such work in another research proaect due

to the time limitation for the submission of this thesis.

- - ————_———_—
—-——_-_.._——-——-——_—_—-———_ -

* The heat produced by the current was sufficient to maintain the bood's
Metal in the molten state, and it was not necessary to heat the current

collector thermally.
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V. Summary and Conclusion

The problems arising from current collection in electric motors
and generators have existed since the invention of the first rotary electric
machine, i.e. since about 1831 when Michael Faraday generated electricity by
mechanically ratating a metal disc in a magnetic field.

These problems originated from the necessity of transferring a
current across the contact interface between two electrical conductors moving
with respect to one another. Such a relative motion produces a number of
undesirable phenomena: a voltage drop across the interface; bouncing of
contacts, and the accompanying arcing; mechanical wear and tear, and the'
_resulting frictional loss. No satisfactory solution to all of these problems
has been found.

The most commonly used current collection systems employ carbon,
or metal-impregnated carbon brushes. They suffer from relatively high voltage
drops; dnd-aré unsuitable for hdmopd]ar motors. The wdrk on thié thesis was
an attempt to solve the current collection problem in homopolar motors,
particular for automobile propulsion, by using 1liquid-metal-wetted rolling-
contact current co11eétors._

To the author's knowledge, such collectors have not been mentioned
in the literature. Because of this lack of references to previous work, the .
investigation here had to begin with the elementary cases.

In the first place, the electrical properties of stationary contacts
between two bare brass surfaces, and then between two brass surfaces coated with

Wood's Metal, were investigated. The presence of Wood's Metal significantly
reduced the voltage drop across the contact interface, by about an order of
magnitude.

Secondly, slow-speed (up to 17.4 rpm) rolling contacts between
surfaces, both bare and coated, at room temperature were investigéted for .

small currents (up to 1 A). The results indicated that a layer of Wood's
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Metal, initially about 0.05.mm thick, did not reduce the vc1tage drop,
prcbably because such a layer was insufficiently thick and the high spots

of the contact surfaces became exposed affek running in. Further éxperiments
should be performed with thicker layers, and at temperatures above the melting
po1nt of Wood's Metal.

Finally, higher speed (360 rpm) rolling- contact current collectors
carrying larger currents (up to 250 A) were 1nvest1qated us1ng bare surfaces
and also surfaces wetted heav11y by liquid WQod s Metal. The results for
the wetted case showed that the vo]tage drop per contact 1nterface vas less
than 0.05 V. This is promising, and therefore further exper1ments might be
worthwhile, such as measuring the voltage drop at higher speeds up to about
10 000 rpm, at which a homopoTar motor is expectcd to operate.

In addition to the experimental investigation, theoretical analysis
of three fundamental aspects was presented. The first part of this analysis -
showed that, for a given size of rolling-contact current c011ector; the
total contact area resulting from using small balls is greater than from '
using large balls. The second part showed the existence of electrodynamic
forces, due to the currents being constricted at the contact spots, tending
to separate the contact surfaces 1f the currents through the constrictions
are sufficiently large, the accompanying e1ectrodynan1c forces will be large
enough to nullify the contact 1oad and thus separate the contact, resulting
in the bouncing of the contact surfaces. The presence of liquid metal reduces
the magnitude of the current constriction by increasing the actual contact
areas at the contact spots, thus reducing the electrodynamic forces. This

should be investigated further both theoretically and experimenta11y.

_,,._.-——.—.-———
_—_——.——-—-—-"-
-

e em e e e em wm e ==

" The layers of 1iquid Wood's Metal were as thick as what could ce by adhesion

and under gravity.
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The last part shoved the rise of temperature at the contact interface,
due to the Joule heating effect, as a function of the voltage drop across the
contact members. For Wood's Metal, the heat generated by the current
corresponding to a voltage drop of on\j 0.052 V is sufficient to cause melting
to occur at the contact interface. It seems necessary to circulate oil for
heat removal. This should not be regarded as a serious drawback, because the
heat removed can be utilized in several ways, for example, defrosting the
windshield of the electric automobile. In addition, the.oil will preVent the
contact surfaces from degrading through}oxidation, and can serQe as an agent
both for melting the Wood's Metal when startinélthe MOtor,'and<for lubricating
the rolling parts when it is runn1ng |

To sum up, the results of the work of this thesis 1nd1cate that
further research on the T1qu1d-meta1-wetted rolling-contact current collectors
seems to be warranted. Such research should explore the effects of speed,
choice of 1iquid metal, poss1b1e improvement by wett1ng the contact surfaces
heavily by circulating a liquid metal, and the effects of the use of oil.

This thesis should be regarded as. a start1ng point, rather than
the completion, of the investigation of the liquid-metati-wetted rolling-contact
current collectors. A complete investigation ijs far beyond the scope of this

work, but it is hoped that it will be continued in other theses work.



Appendix A. Electrodynamic Repulsion due to Current Constriction

This problem was first studied by Dwight (42) by considering

the interaction of the current in 2 constriction with its own magnetic
fie]d..Bron treated the problem differently by considering the magnetic
pressure arising from a magnetic field (49). His analysis is presented below.

when there is a magnetic induction B existing in a medium, we can
construct, at any point of the medium, a system of stresses that lead to
correct explanations for the known experimental findings concerning
magnetic induction. This is due to Maxwe11.(48). In an isotropic magnetic
medium, such as free space or air, in which the magnetizing force H and
the magnetic induction B are parallel and the permeability is a scalar, the
stress system becomes simply a compression perpendicular to, and a tension
along, the lines of force, both of magnitude 7%;-(Fig. 29). This compression
is called the “"magnetic pressure”, and will be used to derivg an expression
corresponding to Dwight's [Eq. (3.6)1. |

Consider a conductor composed of two cy]inﬁrica] portions hayﬁng
radii ry and ry respectively (Fig. 3C). The plane that bisects these two
portions will be referred to as the plane of transition. Let us picture
three surfaces. Adjacent to one side of the transition'plane is a circular
surface S, belonging to that portion having radius ry- Adjacent to the
other side of the transition plane are two surfaces: a circular surface S],
belonging to that portion having radius vy, and 2 fictitious annulus S' of
radii r and Yo- S' is considered as Qe1onging to neither of the two portions.
e will find the force on each of these three surfaces due 1o the appropriate
magnetic pressure. If Qe assume uniform current distribution and apply Ampere’s
law in circuital form, the magnetic induction at a point on surface S, at a

distance r from the axis is
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B=uIY‘

r 2
2-trY‘1

shere u is the permeability of the conductor, and I is the total current it

carries. The magnetic pressure at this point is

2
Br _ I2 Y‘2
2w 81!2??

The force on an elementary annulus of area ds = 2 © r dr and radii r and

r + dr is
2 .3
_wl r :
dF1—-————4-dr
4 w ™
The total force on surface Sy is

Y‘-‘. '
Fo=/ dFy = 7
0

Since this is nof a function of the radius of the conductor, the force F,
acting on the surface 52 will be of the same magnitude as F1. They act-iﬁ
opposite directions, and cancel each other. Similar reasoning wi11 show
that, for v > 15, equal and opposite forces act on both sides of the
transition plane, and the net force on this plane js determined solely

by the force F' acting on the annulus S'.

r y 2 2 r
2 B 1 2
Fro=o YR 2nrdr = o ny
. :

Wheré W is the permeabi]ity.of the medium surrounding that part of the
conductor where the radius changes. It can be shown that F' does not

depend on the shape of the transition (49).

L4 1 3 1
The last expression is not the same as Dwight's, because Dwight's

iti conductor
expression contains the permeability 'u' of the conductor. If the
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is of non-magnetic material and the medium is air, u and ' are numerically
very close. In that case, either expression would give practically the same
numerically value. However, in the case of a magnetic conductor, the two

expression will lead to different results.
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Appendix B. Resistivity of Wood's Metal

L]

The apparatus shown in Fig. 31 was immersed in a temperature-
controlled water bath. With the current through the specimen of Yood's

Metal kept at 1.0 A, the voltage across the two potential terminals was
measured while the temperature of the bath was slowly increased from the

ice point to 90°C. The voltage readings were plotted against the temperature

(Fig. 32). The resistivity o of the specimen at a certain temperature is

given by the equation,

R A

p =g

where R, A, and & are the resistance, cross-sectional area, and length
. 4s .34 (o]
of the specimen respectively. . The resistivities at 20°¢, 60°c, 70%C, 80°C,

and 90°C were computed and are tabulated in the following table:

Temperature (°c) Resistivity (uq cm)
20 43
60 48
70 50
80 95

a0 98
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