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PROBLEM TO BE INVESTIGATED

The purpose of this investigation is to make a scientific
study into the field of electrospherics and magnetospherics.
These two words are new in the field of Physics and were
coined by A, D, Moore, Professor of &lectrical Enginsering,
University of Michigan, Ann Arbor, Michigan,

In the field of magnetospherics, an attempt is made to
determine and record the various affects that an electromag-
netic field (preduced singly and in aggregats by electromag-
nets to be described in the report) of varying controlled
intensity has ﬁn groups of magnetized and unmagnetized steel
balls ranging in size from 0,007" in diameter.to 0.375" in
diameter,

In the field of electrospherics, we will study the
affects that an electrostatic field has on unmagnetized steel
spheres,

A variety of coil arrangements and spacings will be
emplqyed as well as varied ball arrangements and different
mediums of ball operation,

Abgreat variety of formations and activitises by the
steel spheres resulted from the interaction of the various
sized spheres with electromagnetic and electrostatic fields
of varying intensity., Most of these phenomena are under-
standable in terms of sciehtific principles known to exist in

such situations,



A LIST OF APPARATUS USED

Circular coil "A"
105 turns of #17 enameled electromagnst wire
4,340 inside diameter; impedance to 60 cycle-=1,03 ohms

Circular coil “B"
150 turns of #17 enameled electromagnet wire
5.625 inside diameter; impedance to 60 cycle-2,3 ohms

Spherical steel balls

Comyercial ball bearings, diameters-3/32", 1/8"%, 1/4",
3/8"

Spheroidal shot furnished by Pangborn Corporation,
Haverstown, Md, These shot vary in size, with 85%
falling between a 0,005 tolerance of the following
diameters: 0.007"; 0.016"; 0.033"; 0.064",

Variac - 115 uolts, 60 cycle A,C,, 10 ampere rating
Rheostat - 5,4 ampé, 12 ohms

Strong permanent magnet

Stop watch

Voltmeter - 15 volts A,C, full scale

Ammeter - 10 amps A,C., full scale

Stroboscope

Polyethelene plastic bowls, approximately 34" diameter

COIL DIMENSIONS
Scale: 3/4" 1!

288" R. 0.4
\
CoiL B [ E:
150 turns =
|

217"R__ 055
COIL A o
{05 turns o




INVESTIGATION I

Problem: Performance characteristics of the coils

Apparatuss Coil A, coil B, variac, rheostat, voltmeter - 15
volt, ammeter - 10 amp

Procedure:
Schematic of Connections
_(A)
\Z/
0o~ Variac Rheostat ' Vb
* Q
- o COII

FIGURE 1

1. With the variac set at 20 veolts and Coil A in the circuit,
three different reédings of voltage and current were
obtained and recorded by varying the rheostat,

2, This procedure was repeated, with Coil B only in the cir-
cuit,

3. The same procedure was again followed with Coil B on top
of, and separated from Coil A with a glass plate 0,230
inches thick, as shown in Figure 1., Readings were taken
with the following different connections:

a, Ceoils in series with the fields aiding
b, Coils in series with the fields opposing
c. Coils in parallel with the fields aiding

d. Coils in parallel with the fislds opposing



Procedure 3, on preceding page, was repeated with the

coils in wide coupling.
glass 0.6" above Coil A
and then placing Coil B

This was obtained by placing the
using three insulating spacers,

1.05" above the glass in the sams

manner,
DATE AND COMPUTATIONS -
COIL CUNNECTIUN v 1 L L
cale, | a\ua'l:'ag_e;___1
5.5 5.0 1.1
Coil A Only 2,2 2,0 1.1 1.03
0.9 1.0 0.9
: 12.0 5.0 2,4
Coil B Only 8.0 3.5 2,3 2,3
_ - 3.25 1.5 2,2
Coils A & B in Series| 15.0 3.74| 4,01
Close Coupling 10.0 2.5 4,0 4,0
Fields Aiding 6.0 1.5 4,0
Coils A & B in Series| 15,0 5.0 3,0
Close Coupling 10.5 3.5 2.9 3.0
Fields Opposing 4,25 1.5 3.1
Coils A & B, Parallel 4,0 5.0 0.8
Close Coupling 2,56 | 3,0 . 0.85 0.83
Fields Aiding 1.2 1.45 0,83
Coils A & B, Parallel| 3.0 | 4,65| 0.65
Close Coupling 2,0 3.18 0,65 0.65
Fields Opposing 1.0 1,6 0.66
Colls A & B in Series] 15.0 4,15 3.6
Wide Coupling 1.0 3.1 3.7 3.6
Fields Aiding 6.0 1.75 3.5
" Coils A & B in Series| 15,0 4,6 3,3 ,
Wide Coupling 10,0 3.11 3.3 3.3
Fields Opposing 5.0 1.6 3.2
Coils A & B, Parallel| 3.0 3.8 | 0,78
Wide Coupling 2.0 2,6 0.77 0,77
Fields Aiding 1.0 1.3 0.77
Coils A & B, Parallel| 3.0 | 4.27| 0,72
Bide Coupling 2.0 2,95 0.68 0.69
~Fields Opposing 1.0 1,48 0.67




INVESTIGATION II

Problem: To determine the effects on magnetized stesl balls
of various sizes by an eglectromagnetic field pro-
duced when Coil B is placed above Coil A and sepa-
rated by a glass plate.

Apparatus: Coil A, Coil B, glass plate 8" by 8" by ,25",

| .variac, voltmeter, ammeter, steel balls of diame-
ters 3/32", 1/8", 1/4%, 3/8",

Procedures

1, Six balls of each size were magnetized by placing them on

the poles of abpermanent magnet for 24 hours.

2, The apparatus was hooked as shown in Figure 2 and con-

nected with the coils in series with the fields opposing.

,//—'(Zoil B

3.
Coil Arrangement

Variac
| Do l
V) -

Rheostat ;;2 ' 7

\\\—(Zcﬁl A

FIGURE 2

4, The variac was set at 20 volts and the rheostat set so

that no current was flowing through the coils,

5



Magnetized balls, 3/32" in diameter were placed on the

glass plate, inside Coil B, The currsnt through the

coils maé slowly increased by sliding the rheostat con-

tact.

This procedure was repeated, using magnetized balls 1/8"

in diameter,

The procedure was repeated, using magnetized balls 1/4"

in diameter. |

The procedure was repeated using magnetized balls 3/8"

in diameter,

The entireAprocedure, steps 4 to 7, was repeated after

coﬁnecting the coils with their fields aiding.

In order to establish the direction of the field at the

base of the inner circumference of Coil B and the spin

axis of the rotating balls, three methods of procedure

were employed, |

a, The first consisted of placing unmagnetized

steel balls 0,016" in diameter on the glass
plate in Coil B. The standard current of 3
amperes was then applied, The balls, magnetized
by induction, wers then attracted to the bottom
circumference of Coil B and formed short strihgs
tilted up at the end, toward the center of Coil
B, at about a 45 degree angle, thus indicating
the resultant direction of the fields ét that

point, This is shown in Figure 4,



Coil B~ | Direction of Field
2 A =3
" Cail A
FIGURE 4

b. Secondly, if with no field applied, the ball is
started with a push mith the finger, the spin
axis would have to be inclined at some angle
since the ball makes contact at two points,
floor and wall, unless the three forces involved
were greatly out of balance and causing slippage
at one of the two contact points. Horizontally,
there wers centrifugal, frictional, and magnetié
forces actihg on the ball, and vertically, there
were gravitational, frictional, and magnetic
forces acting., If these forces approached
equality resultants in both directions, a spin
axis tilted at 45 degrees should result, Evalua-
tion and calculation shown later indicated an

approximate balance,



AB=Magnetic Axis
CD= Spin Axis

N

COII B

Glass Plate

A D

FIGURE 3

To determine the rate at which the balls were
rotating and the circumference or circumferences
on which they were rotating the following calcu=

lations were evolved,

Rate of Rotation on Hc Rate of Rotation on Fc
Coil Circ, = 17.7"
0w
3% Balls d =-$%; = 066 d .= ,066"
= .207" = ¥ Fc = ,207"
= . e c = 17.7 - ,094 = 17.6"
42 TPM. 7 rps x 17.7 .7 x 17.6 = 12£3 = 59.6 rps
= 12%%$ = 59.4 rps )
1]
% Balls d = :$%%§ = ,0885y d = .0885"
) " T . ‘ F = .277“
= 277" = Hg c® = 17.3"
57 r . c 64,3
25 PM - .95 rps vx 17.7 .95 x 17,3 = ~5 = 59.5 rps

6.7 Y

=_éD.3'rps‘



Variac

)
O

Rate of Rotation on H, Rate of Rotation on Fe

11 ' ‘
% Balls d = -‘-;-g% = 17" d .= 177"

_ . F. = ,56"

= ,5_6 Hc CE = 16,8" _

TPM - 2 rps x 17.7 2 x 16.8 = 238 = 60 rps
_35.4 _ 4n .

= —.5-6- = rpS

The third method consisted of wiring the coils
in parallel circuits, and regulating the current
in each coil by means of two rheostats so that
the coils would produce equal fieids. It could
then be shown by vectors that the resultant

field would be at 45 degrees, See Figure 5,

Bv Col) B
A AL Col B}
- R
— WWWNA V-
' 45° Bu CE-OI‘A)
Bv = Bu .
FIGURE 5 So, B 1s at 45

As further verification, a 1/4" ball was black-
ened by dipping in a concentrated nitric acid
solution, magnetized, and its poles marked with
gold colored paint spots, The ball was then
made to roll around the coil with standard cur-
rent applied, while the marked poles were
observed, Since tha ball rotated quite rapidly,
it was necessary to employ the use of a strobo-
scope to "stop it" for visual inspection, It

was observed that the poles of the magnetized
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ball rotated in a plane at about 45 degrees
abave the horizontal, thus quite definitely
establishing the field direction, magnetic axis
of the ball, and spin axis of the ball normal to
the magnetic axis of the ball,
Results of Observations: |
Using the 3/32" balls, as the current and magnetic field
intensity were increased the balls quivered and rolled around
in a disorganized manner at first and then started to revelve
in single file around the inner perimseter of Coil B, Current
changes betwaen limits of 0.5 amps and 5.0 amps had no affect
on the uslbcity of revolution, At currents below 0.5 amps
the balls bumped‘into each other and stopped. The widély
spaced balls gradually caught up to each other until the dis-
tances between the balls were uniform. This distance was
proportional to the current intensity for balls of one size,
Larger balls maintained longer spacing for the same current
values, Using a stop watch, the balls were timed for oné

minute to determine their angular velocity around their path,

" ‘Current RPM Minimum
Around Coil Current
3 42,25 8.5
3 41,75 0.5
3 42 0.5
Average 3 42 0.5

Using 1/8" balls, the same results were obtained except
that the balls will not orbit themselves but had to be
started with a manual force, The speed of revolution was

also different, as shown on the following page.
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Current RPM Minimum
Around Coil Current
3 57 0.75
3 57 0.25
3 57 0.5
3 57 0.5
Average 3 57 0.5

The 1/4" balls also had to be started manually. Counts

on their speed produced the following datas

Current RPM Minimum
Around Coil Current
3 119 2.0
3 121 1.8
3 120 1.8
Average 3 120 1.8

The 3/8" balls failed to orbit, Only a slight quivering
or vibration was obserﬁed and no amount of effort could
induce them to start rotating.

Results with coils wired to produce aiding fields were
unsatisfactory because in actuality, the fields at the point
of rotation of the balls are opposing even though the fields
as a whole are aiding, Thus, magnetic induction of the balls
was slight due to decreased field intensity, and produced
insufficient torque to overcome the inertia and friction of
the balls, so rbtation could not be induced., .

Interpretation 6? Results:

All available data indicated that tha "race track" phe-
nomenen here demonstrated is a variation of the simple syn-
chronous electric motor principle, that is, if a magnet capa-
ble of rotating is placed in an alternating magnetic field
with its magnetic axis at right angles te the field, a torque
is produced which causes rotation the rate of which is equal

to the rate of rotation or alternations of the field,
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Trial and error experimentation with various ceil arrange-
ments and slectrical hook~ups proved the above arrangement
with fields opposing the most satisfactory for demonstrating
this phenomenon, Actually, with this hook up, application of
the right hand rule shows that the fields are additive at the
lower edge of Coil B where the balls revolve.

Perhaps the best explanation of how and why the balls
operate is this hypothetical example, A magnetized ball with
a magnetic field and axis much like the sarth's is placed on
a horizontal glass plate with its magnetic axis oriented by
chance in any direction with respect to the‘horizontal plate,
Suppose the ball is then subjected to a uniform vertical alter-
nating magnetic field, If the magnetic axis is in any posi-
tion except vertical, a varying torque will be produced.  The
ball will start to accelerate, rolling (end over end, so to
speak) on its vertical axis, It will continue to accelerate
until it is épinning at synchronous speed (one-half rotation
For.each alternation of the field), and is producing zero
torquavmhen the final velocity is reached. This acceleration
to synchronism occurs,apparently, even in the face of friction
losses, There is one limiting factor, howsver, which is the
size of the balls, As the size of the balls increases, the
moment of>inertia increases at a rate greater than that of
the torque produced. In this event, the balls merely vibrate
in the field., This was the case with the 3/8" balls which

were used,
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This simple hypothetical case explains how rotation may
be induced, but does not fully explain why and how the balls
circle the inner circumfe:ence of the coil. The diagram in
Figure 6 is instrumental to this explanation,

A-B - Magnetic axis of ball

c B -
<:g:£:i\ | _H C-D - Spin axis
{ =
A/ D
~~Coil A -

FIGURE 6
Uhen the magnetized balls are placed in Coil B, their
various magnetic axes have no‘particular orientatien., Uhen

the current is turned on, the balls are immediately‘subjectad

- to two magnetic forces., In one case, the imaginary flux

lines, acting like stretched rubber bands, draw the balls to
the inner circumference of the coil. At the same time, the
magnetic poles of the balls are subject to the uniform alter-
nating magnetic field produced by the coils and inclined at a
45 degres angle as proved by Procedures 9a, 9b, and 9c in
this report, This field will apply 2 torque to the poles of
the balls and will line up the magnetic axes of the balls as
AB in Figqre 6. The fact that the magnetic axes of the balls
do line up ﬁarallel to AB and that the spin axes are normal
to AB, e.,i., as CD in Figure 6, was shown by Procedures 9a,
9b, and 9¢c, It was first hypothesized that the balls acceler-
ate to synchronism, that is, sixty rotations per second to

correspond with the 60 cycle current which causes 120 field
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reversals per second, This hypothesis was verified by
Figure 3 and the calculations shoun on that page, It was
found, as shown by Figure 3, that the ball rotates on two"
shortened circumferences, F which contacts the glass plate at
point E, and H, which contacts Coil B at G. By computation,
the following figures were determined which definitely indi-

cate that the balls are traveling or rotating at synchronous

speed:
Circumference F Circumference H
3/32" balls 59,4 rps 59.4 rps
1/8" balls 59,9 rps 60.3 rps
1/4" balls 60.0 rps 63,0 rps

The distance travelsd around Coil B is slightly greater
for circumference H than for circumferehce'F; therefors,
there must be slippage at either point G or point E. The
question aross, dn whibh circumference, F or H, is the ball
rotating and on which does slippage occur? This called for a
re-evaluation of the forces involved although the rotational
‘velocities of either circumference is highly significant, as
the Figures shouw,

The coefficient of friction between the balls and the
coil at the point G is 0,56 and between the balls and the
glass plate at point £ is 0.2. In the case of the 3/32"
balls, the force down, mg, is 5.4 dynes, and the centrifugal
force horizontally, Fc’ is 6.2 dynes., Etlectromagnetic forces
in each case are equal since ths resultant field is at 45
degrees, A horizontal force of 6.2 dynés and a horizontal
coefficient of friction of 0.56 being greater than the douwn-

ward force of 5.4 dynes and coefficient of 0.2 indicate that
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the true rotation occured about circumference H and Coil B at
point G, and that slippage occurred betwsen the ball and the
glass plate, A similar situation occurs with the larger balls
so it éeems evident that the true rotation takes placse

betwesn the ball and the coil, although the calculations of
the velocities of the F circumference more nearly approach

the 60 rps speed, Both sets of calculations, however, lis
well wiﬁhin the error of experimentation,

One further aspect of this phenomenon requires explana-
tion: that‘is, the spacing the balls acquire as thsesy fol=-
lowed each other around the coil. When started, the balls
were irregularly spaced around the coil., As they circled the
coil they tended to draw closer and closer together until a
certain sven or uniform spacing was attained which they then
maintained indefinitely. The diagram in Figure 7 illustrates

the cause of this peculiarity.

G- O
FIGURE 7

All balls running around the ﬁoil maintain parallsl mag-
netic axes, By analyzing the varying.Forces operating
between rotating synchronized balls, it is found that the
force between them varies between plus and minus values, but
that there is a net force of attraction over the whole cycle.
In Figure 7 it is seen that the total attractive force

betwesn 51 N2 and 52 N1 is greater than the total repulsion
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between N, N, and 5, 5, because the attractive forces (N, S,
in this case) are always closest and these forces vary
inversely as the square of the distance. Thus, the balls
tend to slip and draw closse to each othsr,

Since, however, they do not come together, some other
force must hold them apart, This force is, of course, the
magnetic repulsion of the balls, This was illustrated by the
fact that if two magnetized balls are stuck together and
placed in the coil, a sufficient current strength caused them
to repel and separate,

The circling balls would then, if too far apart, draw
closer together until a balance is reachéd between attractive
forces and repulsive forces, If placed too close togsther,
they would separats to the same spacing.

Final spacing was found to vary directly as the field

intensity or current strength, and the size of the ball,



INVESTIGATION III

Problem: To determine the affects of an alternating magnetic

field on unmagnetized steel spheres,

Apparatuss Coil A, Coil B, glass plate, variac, voltmetsr
ammeter, steel balls 1/8" diameter, two sheets of
flat rubber with hexagonal cspenings cut and
notched as in Figure 8, These were made from an

ordinary kitchen sink mat,

» NOTCHES

Mz | -é—" WIDE

FIGURE 8
Procedure:

Only ons coil was used first, placed with the smaller
rubber sheet in its center. A number of 1/8" spheres were
placed in ﬁhe hexagonal opening, When 5 amperes of 60 cycle
alternating‘current were flowing in the coil, the spheres
began to arrange themselves in a definite orientation resem-
bling a crystal structure. The proper number of balls were
then added until a perfectly symmetrical pattern was obtained.

This occured with 61 balls, which arranged themselves in

17
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four shells arpund a single center ball, the first shell con-
taining 6 balls, the second 12, the third 18, and the fourth

24, as shown in Figure 9,

" FIGURE 9

The larger hexagon was then placed in the coil and the
crystal arrangement again formed in the same manner except
that there were 7 shells about the center ball, containing a
total of 169 balls, This formation was not quite as uniform
and symmetrical as the first, as the balls crowded towards
the outside, thus causing the outer shells to be crowded
closer togethsr than the inner shells,

The preceding procedure was then followed using both
coils hooked in series, the large one above the small one as
in Figure 2,‘their fields opposing. No apprediable change in
the results were observed, With the fields hooked in series
aiding, however, it was thought that perhaps the rubber retain-
ing sheet was not needed, With the-sﬁeet removed, the balls
tended to form a circﬁlar pattern within the area of the
smaller coil, The shells were again not as pronounced as
when using the retaining rubber sheets, Negative results
were obtained with no rubber retaining sheet and fields

hooked in opposition.
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Interpretation of Results:

The orderly arrangement of the balls under these condi-
tions can be explained in terms of magnetic induction due to
the alternating magnetic field, When the field was in one
direction for one-half cycle, all balls were magnetized alike,
with all N poles in one direction and S poles in the other,
This caused each to repel its neighbor, Guantitatively then,
since all balls were the same size,‘had the same permeability,
and in an essentially uniform Fiald,’each were magnetized the
same and so would repel all others with the same mutual force.
Thus, each ball tried to move as far away from its neighbor
as possible, and all, in doing so, formed the uniform pattern
observed,

When the fields were connected in series aiding, the
balls formed a pattern within the area of the smaller coil
without the use of the rubber sheet, This can be explained
by first analyzing the shape of the field, as shown in Fig-
ure 10, ¢

Area of concen=

l//,//;zié/” trated verti=-
/ cal field

Coil B

Glass
Plate » 1 3

CoxiA

FIGURE 10
There being few vertical lines of force outside the area

formed by the smaller coil, the balls, being magnetized by
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induction, would be attracted by the field and hence stay
within the area described, Again thsy tend to form a pattern
as previously explained.

With the fields in opposition, the field of force draus
them ocut to the large coil because the lines are no longer

vertical and concentrated within the small coil area,



INVESTIGATION IV

Problem: To determins the effects of a strong alternating
magnetic field on unmagnetized steel spheres,
Apparatus: Coil A, Ceil B, variac, voltmeter, ammeter, steel
balls of diameters 0.,170", 0,125", 0.093", and
0.033%,
Procedurss

It was noticed in Investigation III that under higher
currents and thus stronger magnetic fields, the 0,125"
spheres began to act strangely which prompted the puréuit of
this course bf investigation, |

With one coil (either A or B) connected and carrying a
current of about 7 amperes the spheres began to pile up, one
on top of another while still being retained within the rubber
sheet used in Investigation III. Upon a still further
increase in current, the balls jumped up and over the rubber
and went outward to the coil, The rubber sheet was then
removéd for this Investigation,

Abgut 60 to 80 balls were placed within the coil arsa at
random and the current turned on and slouwly increased. The
balls were drawn to the outside where they began to line up
in rows, At about 10 amperes the rows began to raise until a
current of 12 amperes was reached, whersupon the ball strings

were in vertical positions, one ball on top of another in

21
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columns up the inside surface of the coil, and spaced quite
evenly around the ¢ircumference,

This was repeated except that this time the current was
turned on guite suddenly instead of slowly. In a fraction of
a second the balls raced to the outside and again lined up in
uniformly spaced vertical columns up the inside surface of
the coil,

This procedure was repsated several times and counts
were taken on the number of columns formed. Also, different
sizes of balls were usedrand sgveral counts taken on the num-
ber of rows each size formed, These results are shown tabu-

lated in Figure 11,

Ball Dia, Number of Columns Formed
in Inches | Trial 1| Trial 2 | Trial 3 | Trial 4] Average
8.170 21 22 21 20 21
0.125 29 28 27 28 28
0,093 37 36 35 35 36
0.033 62 61 67 65 63
FIGURE 11

Interpretatien of Results:

Under higher'currents and the resﬁlting intense magnetic
field, the spheres were magnetized more intenssly by induc-
tion. At any one instant two adjacent balls were magnetized
with N poles on top and S poles on the bottom or vice versa

thus becoming two-.small magnets as shown in:Figure 12,

FIGURE 12 FIGURE 13
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When the force of attraction between the opposite poles
became strong enough to overcome the force lining the bail in
the field, one ball was rotated 180 degrees and attracted to
its neighbor, The force of attraction was strong enough to
overcome the force of gravity and the ball jumped on top of
its neighbor thus matching opposite poles as shown in Figure
13.

When the rubber retaining sheet was removed the balls
were drawn outward toward the more intense magnetic field
until they encountsred the coil and were stopped. Here the
field was so strong that more balls jumped on top of the two
as explained in the preceding paragraph, until a complete
string or column was formed up the inside of the coil and held
in position by the field of force.

Adjacent columns repelled sach other with a definite
force determined by the cross sectional area of the balls,
Each column may be considered at any instant to be a permanent
magnet with N poles at the top and S poles at the bottom,
since‘the direction of the field producing the induction is
the same in both columns, The columns then spaced themselvss
in a definite number of rows around the coil as is shown in
Figure 11, The number of rows formed is an inverse function
of the square root of the area of cross.section of the balls.
This can be shown mathematically in the following manner:

Total flux of electrdmagnetic induction @ is given by

§=BA
or, the amount of induction in the balls is a function of the

~area of cross section, A, The force of repulsion of the two
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columns is F': 77, 17

M 5?

Since the strength of the magnet produced depends on the

flux density f, it can be stated that m is a function of A.

SZOC“é‘ and SOC}/Z\_

where s is the distance of sebaration of the columns, The

So,

total number of columns around the coil N, is inversely pro-

portional to s, so

h‘“:j%f s OF,

e | S /r?_%‘__g_z_
N T T T FRY

Substituting values from Figure 11:

21 . 125 . . . ’
38 = 175 Cross-multiplying yields 3,57 3.50
and 42 = 2322 yields 3.50 3.34

which are within the limits of experimentation,



INVESTIGATION V

Problem: To determine the effects of a uniform vertical elec-
tromagnetic field on small steel magnetized and
unmagnetized balls of 0,007" diameter which are
floating on water in a polyethelyne container
placed centrally in the field,

Apparatus:; Coil A, and Coil B hooked as in Investigation IV;

variac; ammeter; permanent magnet; plastic spoon,

Procedure:

1. The coils were arranged and spaced as in Figure 14, and

wired to produce uniform vertical fields in series aiding.
The bowl with 1/2" of water in it was placed in this

field as shown also in Figure 14,

Coil B

~ Plastic Bow!

A e e e st e S

35" 7 - | Glass Plate
)
.6"
I
Coil A
FIGURE 14
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Using unmagnetized steel balls of 0,007" diameter (larger
ones could not be made to flpoat) and with a current of
three amps applied to the coils, the balls were laid on
the surface of the water with small forceps, one at a
time. Resulting arrangements were recorded,

To build a floating raft of many balls, the unmagnetized
balls were placed in a plastic spoon, With a field cur-
rent of three amperes, the spoon was lowered slopingly tq
a point near the water surface, The balls magnetized by
induction, activated by the magnetic field hopped off and
floated individually and then moved towards each other,
down the depression in the water surface caused by their
weight and being supported by the surface tension of the
water.  Using shot rafts of two different sizes, ons size
being about 1/4" in diameter and the other about 1/2" in
diameter, the current was then varied between 0 and 10
amps and the results were recorded.

Active floated formations were produced by depositing
magnetized balls on the water surface by the process des-
cribed in Procedure 2 previously, Results at various cur-

rents were recorded.

Results:

1.

As the unmagnetized balls were floated one at a time, as
in Procedure 2, they tendsd to float together in the same
depression of the water surface, 0On the other hand, the
vertical magnetic field magnetized them and caused them
to hold each other apart by magnetic repulsion, hence,

the distances which they maintained from each other varies
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as the strength of the field., Stable formations were

observed repeatedly, at every trial, as shown in Figure
15, for the respective number of balls floated in each
case, No other formation could be induced permanently,

by any manual manipulation.

° ® o .. ¢ o ¢ s
b ¢ d. ‘e :
[ ) ® . * o o ... ... 0.'
e o o ® o o © (Y .. e o ® o o..
* ¢ ¢ o e .:o e ® o e ® .

FIGURE 15
Shot rafts of both sizes (1/2" and 1/4" diameters) at
zero or very low currents or field strength appeared much
the same, tightly packed in a single layer, roughly circu-
lar, and depressed in the center like a shallow cone,
However, as the field current was increased, the two shot
raft sizes exhibited different behavior patterns, Because
the rafts wers in a plane normal to the field, the field
caused magnetic repulsion., As the current increased,
this repulsion in the case of the smaller rafts caused a
symmetrical many-rayed star to appear as shown in Figure
16, At lower currents the center was still solid. At
increased currents, the ssparation increased until a
field of individual balls spaced symmetrically in concen-

tric circles formed, If the current was lowered, the
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balls collected into the original tightly packed forma-

tion.

FIGURE 16 ‘

In the case of the larger rafts, a very different behav-
ior davelqped. With the gradual increase of the current,
the balls remained tightly packed but began to bulge doun=-
ward more and more, Forming»a deep dry pocket. As the
pocked bulged downward deeper and desper, the upper edges
of the raft drew closer and closer together until they
finally met, entrapping a bubble of air, The then spheri-
cal mass of balls, entrapped bubble, and all, sank to the

bottom, See Figure 17,
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FIGURE 17
3, When magnetized balls were deposited on the water surface,
an almost endless variety of formations and movements
resulted., Sometimes one, two, or several balls aggrégated
and whirled rapidly in é fixed position., Often, lifelike
orgahisms formed and swam around. These had a "backbone"

of several short ball chains, with gaps between them, and
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had many "legs" or outriders. The whole structure swam
around like an animated centipesde, At other times,
fairly stable organisms (See Figure 18) formed and "swam"
around the magnetic axis of the coils in circles roughly

2 inches in diameter,
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FIGURE 18
Interpretation of Results:

Results of Part 1 indicated that the equilateral triangle
is the basic stable formation from ﬁhich the more complex
formations were constructed, This seemed to be the most logi-
cal explanation, since the masses of the balls were constant,
and the magnetic repulsion of the balls was constant, it fol=-
lowed that the distance betwsen balls must be constant, The
equilateral triangle is the only formation that can meet all
these requirements,

The many rayed star formed in Part 2 when the small (1/4"
diameter) unmagnetized shot raft was subjected to increasing
field current is more easily explained, The induced magnetism
increases with the field current causing increasing repulsian
between the balls, thus producing greater and greater separa-
tion, This phenomenon might be used as a simplified modsl of
the "expanding universe" theory.

In the case of the larger sinking shot raft, other forces
were acting, In Figure 18, the larger raft, due to increased
weight, caused a deepsr depression on the water surface.

Thus the repulsive force of the balls, due to increased field
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strength, was unable to produce horizontal separation, as was
the case with the smaller rafts, because radial horizontal
movement of the balls was prevented by a combination of forces
greater than the spreading repulsive force of the magnetized
balls. The fo:ces opposing lateral movement were gravity and
inertia which were also acting on the smaller rafts, and sur=-
face tension, which, acting normal to the surface, would have
a much greater component due to the increased depression of
the surface. Since lateral radial movement was thus inhib-
ited, the only way the balls could move, as a result of repul-
sive forces, was downward. As the balls nesar the center of
the raft were forced down, the angle of the depression
increased, thus the repulsive force of the balls was acting
more vertically and less horizontally, The forces opposing
radial movement would therefore be correspondingly greater

and Forcevthe edges of the raft closer and closer together as
the center descended, until fimally they met, encompassing an

air bubble and sinking, This is shown in Figure 19,
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FIGURE 19
The dynamic results produced when magnetized balls‘mere
floated in the field were beyond the abilities of the experi-
menter to explain in most cases, Some of the forces involved

were explainable, however, Chaining was recognized as the
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simple tendency of the unlike poles of the balls to attract
and attach, Observation of the reacting balls through a
microscope showed them te be vibrating and rotating horizon-
tally, but not vertically as synchronous motors, This vibra-
tion and oscillation set up easily discernable, strong stand-
ing waves which undoubtedly affect the ball movements in some
way, As further proof of this, it was recognized that verti-
cal rotation would wet the balls and cause them to sink,
Sinking did not occur, Thus, the movements of the active
floaters were produced by vibratiqn or oécillation as the pri-
mary motivating principle, The balls reacted magnetically
with each other, their interaction with the water surface
undoubtedly produced forces, and the standing waves effected
movements in some manner. A combination of all of these
forces and perhaps some others not mentioned contributed to
the production of the most erratic movements observed,

Various other odd formations were observed which strongly
resembled general shapes of galactic arrangements which
astronomers tell us exist. One such was a formation consist-
ing of a center bar and a tail ét right angles at either end
which imparted to the whole, a slow rotary motion, Another
was a circular monoplaner formation in which the constituent
particles were in constant vibratory movement,

Other Formafions under certain circumstances highly
resembled living bacteria in the process of bacterial chain-
ing, and still Others.resémbled one celled animals such as

exist in water,



INVESTIGATION VI

Problem: To charge a polystyrene plastic bowl with static
electricity and observe the effects of such a charge
on small steel spheres placed in the bowl,

Apparatus:s Polystyrene plastic, flat bottom bowl approxi-

mately 3-1/2" in diameter; steel spheroids 0,007"
diameter; silk cloth,

Procedure:

For this Investigation, atmospheric conditions had to be
such that they were conducive to bodiss acquifing and holding
static electric charges, The primary procedure followed was
guite simple, A few hundred of the steel balls'were placed
in the bowl, The bowl was then rubbed briskly on the bottom
with the silk cloth, thus putting a static elsctric charge on
the bowl, When the cloth was moved away, the spheres began
to move about in a most confusing and erratic manner, The
most obvious movemsnt that was first noticed was a rapid
transfer of the balls up the side of the bowl to points whers
the investigator's hand or fingers were contacting the bouwl.
This indicated an attraction between the balls and the fingers
which then prompted the touching of the bottom of the bowl,
The balls wers attracted again and would collect and stick
to a small area directly above the point where the finger

touched, The finger was then brought up, over the side, and
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approached the bottom of the container from the inside, The
balls were immediately repelled and moved away, The bottom
was then actually touched and rubbed in a small area with the
finger, and the balls then failed to collect at that area,
but instsad, completely avoided it,

This strong attraction of the balls for the hand outside
the bowl was quite evident in another mannser., When the bowl
was rubbed vigorously and the cloth drawn away very rapidly,
many of the balls actually jumped completely out of the bowl
and came to rest on top of the hand which was holding ths
bowl.

At this point, the charge on the bowl was tested with an
electroscope., The electroscope was first charged negatively
by conduction with a rubber rod rubbed on fur, The bowl was
then brought near the electroscope and the leaves diverged
indicating the presence of a negative charge on the bowl,
This evidence later seemed inconclusive because of other
observations,

Other interesting phenomena were observed by tilting ﬁhe

bowl, after being charged guite strongly. As the bowl was
tilted to about 45 degrees, the spheres rolled down and many
of them massed together; but, many sprang back up the inclined
surface to distribute themselves at random over much of the
bottom surface, The bowl was then rotated a little bit.
Some of the balls rolled down the sdge of the mass collected
at the bottom; but others, defying gravity, left the edge and
moved upward away from the edge to roll across and among the
distributed balls and came to rest somewhere near the oppo-

site edge of the bouwl.
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It was suspected that the bowl was being electrified in
small localized arsas at times, To test this, the silk was
wrapped over one finger and then the bowl was rubbed briskly
in one spot on its side. As the cloth was drawn away, some
balls were immediately attracted to that spot and they jumped
up to if and stuck in that area, This was'repeated at a spot
about 2 inches away from the first and again in a third spot
about 4 inches away, In each case, the result was the forma-
tion of a group of balls on those small areas,

When a medium charge was put on the bowl in some
instances, the balls would act in such a manner as te remind
one of certain actions of pith balls in ordinary electrostatic
demonstrations, Two masses of balls formed in small local
areas about 1/2" apart, A steady stream of balls was noticed
going back and forth between the two masses, A ball would
touch one mass, reverse its direction and go back to the other
mass, Upon contacting it, the ball would again reverse and
repeat the operation many times, This is very similar to the
action of a pith ball bouncing back and forth between a
charged rod and its ring stand support.

Under ideal atmospheric conditions (low humidity) the
balls could be made to electrify‘thémselves by simply shaking
them around the bottom of the bowl, Friction betwsen the
ball and the dielsctric charges each with opposite polarity,
This was accomplished for a few minutes at one time, but in
general, the boul had to be electrified by external rubbing,

In addition to specific observations herstofoere described,

many more strange and thought provoking phenomena were
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observed which can hardly be descfibed in words, These fasci-
nating antics have to be seen to be really appreciated,
Interpretation of Results:

All of the observed actions werse, oflcourse, based upon
the laws of attraction and repulsion of unlike and like elec-
tric charges, The interpretation of these laws and applica-
tion to specific movement was not so easily accomplished., It
is quite obvious that as the bowl was being given a general
negative charge, the balls were in general acquiring a posi-
tive charge, a fact which was tested with a rubber rod charged
negatively; however, this simple observation does not at all
suffice to explain everything,

The extreme attraction between the balls and the hand
holding the bowl can be explained in the following manner:

It seems plausible to believe that although the bowl was
charged negatively, some of the balls failed to acquire the
positive charge mentioned, so would strongly repel the bowl,
The hand, being of opposite charge or even nsutral, would
attract them, and these combined forces, acting on the very
small mass of the balls would cause them to move quite
rapidly, as was observed, Always this attraction for the
hand or finger outside the bowl was evident, In noting this
and other similar actions, the investigator was convinced
that it was possible to electrify the bowl only in small
localized areas, This was only theorized and certainly not
provedvconclusively. It was realized that a much deeper
knowledge and understanding in the Field of plastics was nec-
gssary to prove or disprove.this - an understanding which

was lacking in the investigator,
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The analogy related to pith balls previously described
can be explained much on the same terms as are the pith balls,
A ball became charged negatively, by contact, and thus
repelled the group of balls which charged it. The ball then
moved‘across an area to another group and by contact again,
gave up some electrons to this group which in turn would
repel it, causing it to move back to the first group and
repeat the process again and again,

Much was left unexplained at this point, partly due to

lack of equipment and lack of time to pursue it further,



INVESTIGATION VII

Problem: To observe the effects of alternating magnetic
fields on very shall magnetized and unmagnetized
steel balls, |

Apparatus:s Coil A, Coil B arranged as in Investigation V,

with spacers; small plastic bowl with flat bottom;
steel_Spheroids with 0,007" and 0.016" diameters;
stroboscope; magnifier,

Procedure: 7 v

A few hundred balls 0,016" in diameter were put in the
bowl and magnetized by placing the bowl on a strong permanent
magnet for several minutes, The bowl was then placed inside
the top coil and resting on the glass plate, The coils were
hooked in series, fields aiding, to produce a vertical field
through: the bowl, As the current was turned on and raised to
two amperes, some of the balls began to shuffle and vibrate.

As the current was increased slowly up to about four amperes,

nearly all the balls were in action., Some were rotéting in

one spot, others were whirling about in small circles, while
most were rolling wildly about the bottom of the bowl in quite
erratic patterns and motions. They moved in straight lines
for a distance, then in curved paths of varying radii. The"

whole group of balls was one swirling mass of movement,
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As the current was increased still further, the activity
slowed and the balls started to pile on top of each ofher,
forming many small protrusions from the bottom of the bowl
which resembled trees in a forest.

The current was then reduced to a low value of two amps
or less and short chains of balls began to form, Thsse
chains wers about 1/2" to 3/4" long and were very irregular
in shaps, They wiggled about, looping first one direction,
then another resembling chains of liviﬁg bacteria,

At this point,‘the balls had lost much of their magnet-
ism due te the alternating field present and had to be remag-
netized, After remagnetizing, they again performed in the
same manner and this was repeated as often as was desired.

The "forest" before mentioned was then repeated using
several thousand unmagnetized balls 0,007" in diameter.

These gave striking resemblance to a pine tree forest as they
piled up broad at the base and tapered up tb a point at the
top, As the current was increased to 10 or 12 amperes, the
"trees" grew larger and moved outward until they were stopped
by the eége of the bowl and collected there maintaining, how-
ever, appreciable distances between each one and its neighbors,

A couple hundred 0,016" balls were then plated ﬁith cop-
per in an attempt to set more of them into action. They were
washed in dilute nitric acid and then stirred in copper sul-
fate solution for a few minutes, The copper displaced the
iron and the balls became covered with a heavy, dull copper

plating, They were laid out to dry and then polished by -
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rubbing them between the thumb and a plastic bowl, These
balls did seem to perform better after being magnetized and
placed in a field before described.,

About 10 of these balls were placed in the bowl in an
attempt to analyze their movements more blosely. After being
set into motion, they were studied with a magnifying glass, |
As far as could be determined, in all their haphazard rolling
about, they never bumped into another rolling ball but did
collide with an occasional stationary ball, a few of which
were always present, More balls were added and still they
seemed to roll in and out among and around the other balls,
but probably collisions did occur. Attempts to "stop" the
balls with the stroboscope in ofder to verify this proved
unsatisfactory.

Interpretation of Results:

The observed erratic movements of the balls can be under-
stood on the basis of interaction of magnetic fields, thus
producing varying torques, attraction and repulsion of mag-
netic poles, changing friction, and probably many other condi=-
~tions, The principal reason for the balls rolling at all is
the same as that expiained in Investigation II; namely, each
ball was acting like a small induction motor rotor., Since it
is magnetized, it is attempting to rotate at synchronous
speed with the alternating field. There were many deflecting
influences in this investigation which prevented the balls
from circling as they did in the "race track",

IF a rolling ball is acted upon by deflecting influences,

such as by crossing a field of changing density, or suffering
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a change of friction with the bowl, or in starting to climb
the slope of the bowl sides, forces between itself and the
bowl induce gyroscopic action., Precession of the axis will
cause larger and smaller contact circles against the bowl,
and so the linear speed and direction of motion will change.
A ball may come into the field of force of another ball and
the resulting attractive or repulsive forces contribute to
change its speed and direction, Hence, the ball would move
in a very erratic path,

The "bacterial" chains took place when the balls had
lost much of their magnetism. As long as they are strongly
magnetized, they tend to rotatevand repel others; but, as
reduced activity occurred under reduced current, balls are
rolled to positions where the south pole of a ball may catch
onto the north pole of another and a chain would begin to
form, When several were linked pole to pole, the whole group
acted as one flexible magnet, still retaining enough magnetism
to be acted upon weakly by the applied field and were caused
to wiggle and loop one way and another,

hen only a few balls were in the bowl, they had a lot
of area in which to move around. It seemed probable that
their magnetic fields, both permanent and induced, were strong
enough to keep them from colliding. As they rotated in syn-
chronism with the field, like poles of adjacent balls should
have always been opposite, thus causing them to repel, UWith
sevaral hundréd*balls in activity, howeyer, the area‘available
for movement of each ball was ceonsiderably less so it seems
-probable that collisions did take place, at least between the
faster balls._‘
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The "forest" was a partial ramification of Investigation
IV in which the balls piled up in strings, one on top of
anocther, For‘soma reason, the extremely small balls used now
were less mobile than the larger ones used then and failed to
fly rapidly to the outside., This was probably because of
their small mass they did not become such strong magnets due
to induction, Under greatly increased currents they did tend
to move to the outside of the bowl, More time needs to be
spent on this phase of investigation also before complete

enlightenment is attained.
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