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Unipolar Induction Revisited: New Experiments
and the “Edge Effect” Theory

Francisco J. Miiller

Physics Department, Florida International University, Miami, FL 33144 USA

A brief historical review is made of the 180-year-old debate on Faraday’s unipolar inductor. By introducing two convenient modi-
fications of Faraday’s original experiment of 1832, pertinent answers are experimentally found to the most debated problems: 1) Can
Faraday’s law be used? Yes; 2) Do the magnetic field lines rotate when the magnet rotates? No. 3) Can the seat of induction be unam-
biguously determined? Yes. 4) Is there a fundamental difference between rotational and translational motional induction? Yes: the “edge
effect”, whereby a negative v x B field appears whenever a magnetic edge moves perpendicularly to itself. An additional experiment is
presented to verify the theory. Finally, 5) Can Relativity Theory be applied? The Special Theory, no; the General one, yes.

Index Terms—Edge effect, electromagnetic motional induction, relativity theory, seat of emf’, unipolar induction.

I. INTRODUCTION

N 1962, E. W. Bewley, a General Electric engineer, wrote

that “fo this date Faraday'’s disk” (the first DC generator
ever created) “remains the least understood of all electric gen-
erators” [1]. Has the situation improved in the last half century?
It does not seem so. Writing 20 years after Bewley, A. 1. Miller,
an expert in relativity theory and its historical emergence, again
said that the problem “still awaits a complete solution” [2].

Perusal of the literature after Miller’s book still shows
a great variety and even opposition between authors con-
cerning Faraday’s generator of 1832 [3], sometimes labeled as
“Faraday’s paradox”, others as Faraday’s “paradoxical gener-
ator” [4].

In 180 years theories have gone to such extremes as: 1)
Denying that Faraday’s Law can be applied to Faraday’s disk.
Notably, Feynman [5] had this position; also Cohn [6] and
Kaempffer [7]. 2) Others, on the contrary think that, if prop-
erly integrated, Faraday’s law can be applied, [8]-[10]. 3) A
favorite “solution” to the emf generated by Faraday’s disk is to
use Lorentz’s force, F' = (v x B), as applied to the charges
rotating with the disk. But a problem arises when the magnet
also rotates with the disk as done by Faraday in 1832. Then the
meaning of the velocity term, v, becomes ambiguous, to say
the least. 4) The latter ambiguity is connected to the problem
of deciding if the magnetic field (lines) rotate or do not rotate
when the magnet rotates. 5) Finally several authors disagree
concerning the applicability, or not, of Special Relativity theory.
Kennard [11] will say that the induction depends only upon the
absolute rotation of the system and, hence, that it is a “stumbling
block in the way of [the] ultra-relativists”. But many authors
like Trocheris [12], Cullwick [13], Guala-Valverde [14][15],
Berg and Alley [16], forcefully defend the applicability of
Special Relativity, to the point that the latter authors consider
unipolar induction to be “the only table-top demonstration
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of Special Relativity”. Panofsky and Phillips, [8], in a more
nuanced fashion, say that strictly speaking Special Relativity
cannot be applied to the rotating system. Instead, they indicate
that General Relativity must be used, and refer their readers to
a paper written by Schiff in 1939 [17]. In the latter paper Schiff
attributes unipolar induction ultimately to the “counter-rota-
tion of the distant galaxies of the Universe”, which warps a
space/time term in the matrix, and then the unipolar voltage
appears.

The purpose of this paper is to find a more “down-to-earth”
solution, not only by introducing two convenient modifications
of Faraday’s original set up but also by using a comparative
experimental strategy, ie., by contrasting the case of rotational
unipolar induction with a regular case of rectilinear motional in-
duction. It will be seen that in rotation there is no need of relative
motion between magnet and conductor for induction to occur,
whereas in translation relativity of motion is crucially required,
as stated by Einstein in 1905 [18]. Rarely this comparison is
found in the literature although Crooks ef al. [4] came closest
to it. They, however, do not present realistic experiments to test,
and explain, what will be called in this paper the “edge effect”.

II. DETAILED HISTORICAL DEVELOPMENT

Faraday’s original experiment of 1832 can be described in
three basic steps. Fig. 1A shows the familiar copper disk rotating
over a cylindrical permanent magnet. Through sliding contacts
at the center and rim of the disk Faraday could collect and mea-
sure the induced current in the external circuit, which remained
fixed to the Lab. In step B Faraday glued the disk to the magnet,
rotating both together. He obtained the same current “as when
only the copper rotated above the magnet”. That being the case
and since iron is a good conductor, Faraday removed the disk
altogether in step C and still obtained the same induced current
in circuit ECRI as before. This is the configuration later called
“unipolar induction” by Weber (probably because only one pole
of the magnet is involved).

After the remarkable result of Step C, Faraday concluded that
the field lines did not rotate with the magnet, so the latter could
“cut” them and produce a voltage along the internal radius of
the magnet, IR, (dotted line in the figure).

But around 1854 Faraday changed his mind, thinking that the
lines did rotate with the magnet. The “cutting action”, then, was
not along IR but along the External Connector, (ECR).
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Fig. 1. Faraday’s 3-step experiment: (A) Copper disk rotating above magnet;
(B) magnet and disk rotating together; (C) magnet rotating alone. In all three
cases the induced current was the same in the external circuit.

Hence, the debate started: Is the seat of induction along IR or
along ECR? Do the lines rotate or not? Is relative motion needed
between the magnet and the conductor where the seat of emf'is
located?

No experiment could discriminate between these alternatives,
since the emf'is the same in all cases, both mathematically and
experimentally. The closest to a solution was provided by E.
H. Kennard, who in 1917 [11] removed the external connector
ECR and measured an electrostatic voltage between I and R
when rotating the whole system. The effect, then, appeared to
be absolute, not relativistic. But Kennard used a solenoid as
source of the field and a cylindrical capacitor to increase the
charge separation between I and R. In a critical review of the
experiment in 1922, Tate [19] limited Kennard’s results only to
solenoids, not to rotating permanent magnets.

It was at this juncture that [ planned to repeat Kennard’s ex-
periment, but using permanent magnets. The enterprise, how-
ever, proved impossible in spite of thirty years of repeated at-
tempts. Electrostatic noises appear, which being hundred times
bigger than the expected induction obliterate the results. In ad-
dition, other theoretical conflicts had already appeared on the
scene when in 1962 Feynman [5] asserted that Faraday’s Law,
emf = -d®/dt, could not be applied to Faraday’s disk. It was
clear for him that in Fig. 1, the flux through the rectangular cir-
cuit is constant, (even zero, since the B field is parallel to the
area of the circuit). Yet, an emf exists, contrary to the zero pre-
diction of the Law.

In contrast, Panofsky and Phillips [8] stipulated that the cur-
rent path is not IR in Fig. 1A and 1B, but IR’, where the point R’
at the rim should move with the disk. In reality what is needed
here is a microscopic analysis of the actual path of the electrons.
But this will take us too far off from the main problem. To cir-
cumvent this adventitious debate it is better to introduce a com-
pletely filamentary circuit, realizing that the source of confusion
is due to the extended nature of the disk. Hence, the following
method was used.

III. METHODOLOGY

A. Modifications of Faraday s Original Experiment

Two basic modifications were introduced.

The legend of Fig. 2 describes how, using ring ceramic mag-
nets, the circuit ECRI of Fig. 1 can be turned into a completely
filamentary circuit that is separated from the magnet, yet is im-
mersed in the same magnetic field as before. The internal radius,
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Fig. 2. Ring ceramic magnets, (left), are stacked together (right) to mimic a
cylindrical magnet with central hole and an equatorial gap through which a rect-
angular circuit ECRI is inserted. A mercury cup at R allows slight angular
motions as indicated by the double arrow. The wire is totally insulated except
at the tips dipping into the mercury.

Fig. 3. The system of Fig. 2 is totally enclosed within a ferromagnetic frame
HIKL which essentially shields the ECR branch from the B field. Size of circuit
ECRI is exaggerated for clarity’s sake. At R the mercury cup of Fig. 2 can still
be inserted and also the connections to the meter at E.

IR, “sees”, basically a homogeneous B field in the gap, parallel
to the cylindrical axis. Wires are twisted at E, leading to a volt-
meter capable of measuring sub-millivolt quantities.

A second modification to Faraday’s original experiment
was also introduced by inserting four ferromagnetic mild steel
plates, HIKL, as shown in Fig. 3.

With this arrangement, instead of eliminating the external
connector ECR as done by Kennard, it is shielded from all mag-
netic fields, (see B field arrows in Fig. 3). Thus, ambiguities
about the seat of emf are avoided as will be seen below. By me-
chanically controlling the motion of each part of the system,
namely: IR, ECR and the central magnet, so that each one can
be moved independently of the other, there will be eight pos-
sible combinations of motion to be tested, as shown in Table II.
Motions are confined to slight oscillations as indicated by the
double arrow in Fig. 3 and they were controlled by means of
inter-connecting rods, as shown in Fig. 5.

For comparative purposes, as explained in the Introduction,
eight additional tests were performed, but moving IR, ECR and
the magnets in rectilinear fashion, with a system similarly en-
closed in a ferromagnetic frame as illustrated in Fig. 4. Instead
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Fig. 4. Rectangular ceramic magnets (48 X 22 X 10 mm) are stacked together
at the center, leaving a gap between two of them so that the circuit ECRI can
be inserted as shown. The rectangular iron bars confine the B field exactly as in
Fig. 3. Motions are rectilinear oscillations as indicated by the double arrow.

of cylindrical ceramic magnets, rectangular ones are used, to be
displaced as shown by the double arrow in Fig. 4.

In all experiments, rotational or translational, the frame HIKL
always remained fixed to the laboratory.

B. Detailed Operational and Measurement Techniques

Figs. 5 and 6 and their legends describe the practical way to
assemble and operate the rotational (Fig. 5) and the translational
(Fig. 6) inductors.

In rotation, (Figs. 3 and 5) when the central magnets rotate the
magnetic flux through the iron plates remains constant thanks
to the axial symmetry of the B field. In translation, however,
(Figs. 4 and 6) when the magnets move rectilinearly the length
of the magnetic circuit along the plates decreases on one side
and increases on the other. This produces a change of B flux
and hence an emf around ECRI due to transformer induction.
If a similar loop L is inserted as in Fig. 6, so that it links the
changing flux inside the top plate, and if properly connected,
the net transformer emf can be eliminated.

Given the moderate strength of the magnets and the small
velocities used the emf’s obtained were in the submillivolt
range. Hence, some electronic amplification was needed before
feeding the signals into the final recording device. Fig. 7 is a
flow diagram of the components used. The legend describes
some operational details.

Fig. 8 gives the details of the ring ceramic magnets used and
the positioning of the wire IR in the radial direction in Fig. 5.
Table I collects the intensity of the magnetic field measured in-
side the gap at various radial positions along IR using a tes-
lameter from Tel-Atomic Inc.

IV. RESULTS

A. Overall Qualitative Results

The basic results of the 16 experiments performed are col-
lected in Table II. Further experimental details and quantitative
treatment of the data are relegated to the next section, not to
darken the logic of the results which behave almost like in a
truth table, having 0, 4+ and — values only.

Case 1 is trivial. Nothing moves, nothing happens.

Case 2, both in rotation and translation yields a positive emf’
result, clearly showing that when IR moves it “cuts” (to use
Faraday’s language) the main B field lines within the gap.
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Fig. 5. Front, side and top view of rotational inductor of Fig. 3. All lightly
shaded areas are aluminum. The iron frame HJKL has dimensions 10" x 4" x
4" and 3/4" thickness. Motion of IR, ECR and central magnets is effected via
threaded rods 1, 2, 3, which can be independently attached to the top lever SX.
Oscillatory motion is applied by hand at screw S synchronically with an acoustic
signal. The axis XX is an aluminum tube through which wire XI enters at X and
exits at I through a lateral hole to form branch IR. The latter is attached to a
copper disk (dashed horizontal line) which is connected to rod #2 through a
thin handle. Wire ECR enters the tube through a collar ring at E and exits at
the top X together with wire XI for electrical connections at posts @, b. ECR
oscillates when its supporting plate is connected to rod #3. Both wires, IR and
ECR, dip into mercury pool mp at R. An aluminum jacket AA’ embraces the
central magnets and has a handle Hh connected to rod #1 to move the magnets.
To facilitate motion plastic “washers” are inserted between the magnets and the
bottom iron plate. At the top a small gap is left between the magnets and the
iron plate H.

Case 3: the zero emf’s here demonstrate that branch ECR has
been effectively isolated from the B field, as intended. (Some
leakage, however, was also present, due to the gap between the
magnets and the upper and lower plates).

Case 4: now a dramatic difference is seen between rotation
and translation. In rotation, no induction results when the cen-
tral magnet slightly rotates in oscillatory fashion. In translation
the opposite is true: an emf results which has the same inten-
sity, but opposite polarity, as when only IR moved back and
forth. Thus, rectilinear induction is perfectly symmetric and rel-
ativistic: motion of IR with respect to the magnet (and Lab ob-
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Fig. 6. Practical details of the rectilinear inductor of Fig. 4. In addition to the
four iron plates, the central stack of rectangular magnets and the circuit ECRI
the system has four wooden blocks, 1, 2, 3, 4, and a compensating loop L. Blocks
1 and 4 can slide left and right (see double arrows) to move the wires IR and
CE respectively (by hand). The wires are attached to the blocks by means of
a central screw. Blocks 2 and 4 are stuck between the iron plates and serve as
limiters for the magnets’ motion. Vertical wires CR (front) and EI (back) cannot
have independent motion (no mercury pool was used). Circuit ECRI is flexible
although rigid enough to keep its general shape. A wooden post P receives the
exiting wires which pass through small holes a, b. and then exit to the amplifier.
The compensation loop L is connected in series with the loop ECRI to cancel
the variable reluctance effect (see text).

]
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Fig. 7. The circuit ECRI is connected from E to an Operational Amplifier 741,
then to a Keithley Electrometer, KE. The output of the electrometer goes to an
interfacer VE-CS, (a Velleman CompuScope-164) that delivers the signal to a
Laptop for digital recording and analysis. The capacitor C after the electrometer
is essential to minimize electronic noises.

server) produces the same (but opposite) induction as motion of
the magnet with respect to the IR and Lab observer. In contrast,
rotational induction is asymmetric and non-relativistic: rotation
of the wire IR with respect to magnet and Lab observer pro-
duces a definite induction, but identical rotation of the magnet
with respect to IR and the Lab observer, produces absolutely no
induction. In the language of Faraday we can say that the B field
lines do not rotate when the magnet rotates, but they do trans-
late when the magnet translates rectilinearly. All this being so,
cases 5 to 8 are easily explained, as follows:

Case 5: the result is identical to that of Case 2, when only the
IR moved, both in rotation and translation. Adding the motion
of ECR changes nothing, given that ECR is isolated from the B
field as shown in Case 3.
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Fig. 8. The ring ceramic magnets had ID = 1.7 cm and OD = 4.5 cm.
Wire IR extended from center to about 5 cm (or 0.5 cm beyond the edge of the
magnet). The oscillations were made through an angle 0 23.6° at a frequency of
1 HZ (Wave = 0.824 rad/sec). The magnetic intensities along IR (perpendicular
to the paper) were measured in milliTesla and the values are given in Table I.

TABLE I
INTENSITY OF B FIELD ALONG RADIUS IR IN FIG. 8

"los| 10|15 |20 |25 30|35 |40 |45 |50

cm

W?T 45 | 69 | 147 | 204 | 216 | 207 | 207 | 184 | 149 | 77
TABLE II

INDUCED EMF’S RESULTING FROM MOTIONS (1) OF THE COMPONENTS OF
FIGS. 3 AND 5 (ROTATION) AND FIGS. 4 AND 6 (TRANSLATION)

ECRor | Mag- | Emf results
Case IR | (DECR net Rotation Translation
1 0 0 0 0 0
2 m 0 0 +€ +e
3 0 m 0 0 0
4 0 0 m 0 —¢
5 m m 0 +€ +€
6 m 0 m +€ 0
7 0 m m 0 -£
8 m m m +€ 0

Case 6: again the result is identical to that of Case 2 in ro-
tation, since the rotating magnet is irrelevant (Case 4). But in
translation a net zero emf results, by cancellation of the +em f
of Case 2 and the —em f of Case 5. This case shows that without
relative motion no emfresults in the rectilinear case. In contrast,
the emf “‘survives” in rotation, even without relative motion be-
tween magnet and wire.

Case 7: In rotation this case combines the zero result of Cases
3 and 4. Hence the result is identically zero. In translation we
are adding the zero result of Case 3 with the negative result of
Case 4. Hence a negative emf'is observed.

Case 8: all three things moving: IR, ECR and the magnet.
Spectacularly, a positive emfresults in rotation but a net zero emf
in translation. In both situations the result is simply the addition
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Fig. 9. Rotational experiments. (A) IR moving alone (Case 2 of Table II);
(B) magnet moving alone (Case 4); the arrow indicates the start of magnet os-
cillations; (C) all components moving together: IR + ECR + magnet (Case 8)
Vertical scale = 50 mV/division; horizontal scale = 1 sec/division.

of Cases 2, 3 and 4, which means +¢ + () + 0 = +¢ for rotation
and +¢ + 0 — & = () for translation.

B. Some Quantitative Results

Fig. 9 shows the graphs obtained for three selected cases of
the rotational unipolar induction experiments.

It is remarkable that graph (C) when all components are ro-
tating together (Case 8 of Table II) is practically identical to
graph (A) for the motion of IR alone. This means that motions of
the magnet and of ECR are irrelevant. The magnet alone yields
graph (B) which is practically zero, almost identical to the back-
ground noise seen at the left of the start arrow.

For comparison, the curves obtained with the rectilinear in-
duction experiments are shown in Fig. 10.

These results show the expected relativistic symmetry be-
tween curves (A) and (B). Moving the IR conductor relative to
the magnet gives identical results as moving the magnet relative
to the conductor, but with opposite signs.

Predictably, when magnet and conductor move together
(Curve C) the result should be zero. And it is zero, except for
the electronic noises, especially the low frequency blips which
cannot be filtered by the capacitor. The arrows in Fig. 10C
indicate the “start” and “stop” instants of the measurement
interval.

The numerical values of the peak-to-valley voltages corre-
sponding to Figs. 9 and 10 are reported in Table III, including
their standard deviations, (except when the results are zero or
close to zero). The values include the overall amplification of the
system which was 434 X for rotation and 323 X for translation.

The overall amplification of the system was not linear and
had to be re-calibrated for each specific intensity range of the
expected signal.
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Fig. 10. Rectilinear experiments. (A) IR moving alone; (B) magnet moving
alone (C) all components, IR + ECR + magnet, moving together. The arrows
indicate the start and stop moments of measurement. The scale is the same as
in Fig. 9.

To judge if the observed results were in agreement with some
expected “theoretical” value an attempt was made to estimate
the induced emf using the values of the B field along IR in the
magnetic gap reported in Table I. If these values average to some
value B,.,,, the usual integration of the Lorentz field v x B along
IR would yield, for a rotating system (v = wr),

R2
emf = Bgupw/ rdr = Bgapw(l?/g2 — R12)/2. )
R1

The average B, was 150 mT between radial positions R; =
0.5 and Ro = 5.0 cm from Table I. With w = 0.824 rad/sec and
amplification of 434 X the predicted emf was 133 mV, slightly
higher than the observed 123 mV for IR rotating alone.

For the rectilinear case with a Bgap, 0f232mT, v = 0.042 m/s,
wire IR length of . = 2.2 cm and amplification of 323 X the
calculated emf was BvL. x 323 = 138 mV, very close to the
observed 131 mV for IR moving alone.

There are two probable reasons why an observed value could
be smaller than the calculated one: (1) the influence of the capac-
itor in parallel with the output signal (Fig. 7). In fact, all peaks
of Figs. 9 and 10 showed two “shoulders” due to the exponential
behavior of the capacitor, which retards the signal going up and
coming down. (2) The other decreasing factor is the unavoid-
able B field leakage at all gaps between the magnets and the
iron plates, (more of this in the Discussion).

V. THEORETICAL EXPLANATION OF THE RESULTS: THE
“EDGE EFFECT” THEORY

Looking at the plots of Figs. 9 and 10 the remarkable dif-
ference between the rotational and the rectilinear experiments
comes out in a striking way. Curves (A) in both figures are per-
fectly in agreement with all expectations: moving the wire IR
inside the magnetic gap produces a definite motional induction,
easily predicted by the Lorentz voltage, BvL, or even by the
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TABLE 111
QUANTITATIVE INDUCTION RESULTS

ECR or | Mag emf _results
Case | [R | ECR(l) | net (milivolts)
Rotation Translation
1 0 0 0 0 0
+123 +131
Rt Y RS
3 0 m 0 3 2
- 129
4 0 0 m 3 e
+121
) m m 0 +40 (129)
+121
6 m 0 m 72 2
0 0 m m 4 (-127)
+122
8 m m m 192 3

*Single digit results were obtained after subtracting a back-ground noise of
2 mV; numbers in parentheses were calculated by adding previous cases,
for ex. Caseb = Case2 + Case3.

magnetic flux “swept” by the moving wire, (Feynman not with-
standing).

But then, the results of plots (B) and (C) are exactly reversed
for both experiments. In rotation the moving magnet induces
no emf; in translation it does, (curves B). This entails the rever-
sion of Curves (C): in rotation a positive emf is obtained moving
magnet and wire, together, whereas in translation, no emf re-
sults without relative motion between magnet and wire. The
“down-to-earth” theory that is proposed in this paper is simply
this:

When an axi-symmetric magnet rotates about its axis of sym-
metry, absolutely no change of magnetism occurs anywhere in
the universe. As far as magnetic intensities are concerned one
could say that the magnet, or the B field, is not rotating at all.
Hence the moving wire, IR, can produce its BvL effect regard-
less of whether the magnet rotates or not, (Curves A and C)

In contrast, when the rectangular magnets of Fig. 4 and 6
are displaced, huge magnetic “storms” start to happen at points
near the leading and trailing edges of the magnet. Panofsky and
Phillips [8] have expressed these changes by means of the con-
vective operator, (v - V), so they write Maxwell’s third law in a
generalized form as:

JB
VxE=_-"2__
X dt ot

JB

+v-V)IB=0+(v-V)B (3
where the zero term comes from the obvious fact that the mag-

nets are permanent.
Applying now a well-known vectorial theorem

Vx(vxB)=v(V-B)-B(V-v)+(B-V)v—(v-V)B (4)
and recalling that B has no divergence and that for constant

linear velocity the second and third term of the right hand be-
come zero, the previous theorem reduces to

Vx(vxB)=—(v-V)B. Q)
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Applying (5) to the last term of (3), finally leads to

VxE=-Vx(vxB) (62)

or simply,

E=—-(vxB). (6b)
This negative -(v x B) field is what will be called in this paper
the “edge effect”. Its function is to combine with the positive
v x B that still is operative along the wire IR when it moves with
the magnet, so that the net result is zero as seen by experience
in the rectilinear case 8.

Special Relativity also predicts this negative -v x B effect,
by the Lorentz transformation of the fields, and it explains why
there is no net induction when wire and magnet co-move in a
straight line. The E’ field “seen” by a laboratory observer when
the magnets move with velocity v, say to the right, is

E' =+(E - v x B) @)

where 1 is the Lorentz factor (1-v2/¢?)~1/2_ Since the magnets
have no intrinsic E field to begin with (E = 0) and since the
speeds are very small (v = 1), we get:

E = —v x B. (8)

In addition, a charge ¢ in the moving wire IR “feels” a Lorentz
field,

E=F/g=+vxB ©)

So the combination of (8) and (9) yield the zero result predicted
by Special Relativity theory as experimentally observed.

But then Special Relativity cannot explain why the same
transformation leaves intact the positive v x B effect in ro-
tation, even when magnet and wire move together. It is here
where Panofsky and Phillips [8] and also A. I. Miller [2] note
that the persistence of E = v x B in rotation invalidates the
use of Special Relativity. The resulting field, E = Bwr, has a
non-vanishing divergence,

V-E=2Bw=p/e (10)

and leads to the appearance of a volume charge p. Through this
charge a co-moving observer could detect (and measure) the
absolute rotation of the system. This is contrary to the special
relativistic principle.

Hence, the previous authors [2], [8] say that the General
Theory of Relativity must be used for the rotational inductor,
not the Special Theory.

But continuing with our “down-to-earth” explanation, it is
also possible to use Faraday’s Law (Maxwell’s “flux rule”) to
arrive at the same conclusion about the edge effect. Recalling
that Faraday’s law can be applied to any closed region of space,
even if its boundary does not coincide with an actual material
boundary [20], [21], then Fig. 11 can be used to explain the
dramatic difference between rotating a magnet and translating
it.

In the figure the B field is perpendicular to the paper in all
cases and is confined to the region of the magnets and the iron
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Fig. 11. The edge effect and Faraday’s law. All B fields are perpendicular to
the paper and confined to the magnets and iron plates. Panels A, B, rotational
experiment; panels C, D, translational experiment.

plates thanks to the confining enclosure used in this paper. Fo-
cusing on the area ECRI, the dots represent B field lines “coming
out” of the magnets and the crosses an equal number of field
lines “going down” through the left vertical plate of the system.
Hence, the net B flux is zero, exactly as in the original vertical
circuit ECRI, to which the horizontal ECRI is electromagneti-
cally equivalent.

Then, when wire IR co-rotates with the magnet (Fig. 11B)
there is a “swept flux” represented by the shaded sector in the
figure which, indeed, increases the total flux traversing the area
ECRI as it becomes ECRR’I. Hence, a positive emf'is observed.

In contrast, when wire IR co-moves with the magnet in
Fig. 11D, the flux swept by the wire as it moves to 'R’ (shaded
rectangle) is equal to the flux “lost” at the trailing edge of
the rectangle (dotted area). Elementary as it sounds one can
imagine that of fifteen lines coming out of the magnet in
Fig. 11C, ten (solid circles) belong to the flux through ECRI
(compensated by ten crosses going down through the left plate)
while five open circles are “waiting” to be enclosed into the area
when the magnet moves to I’R’ But then when this happens,
five (open circles) are “lost” at the trailing edge of the magnet.
The result is no net change of flux. Hence, no emf is observed.

Admittedly it is difficult to visualize how the vertical cir-
cuit ECRI with real wires is equivalent to its horizontal version
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Fig. 12. Arrays of rectangular ceramic magnets of decreasing widths. On the
left side figures only the radial wire IR oscillates. On the right side, both, the
wire and the magnets M oscillate together. The inscribed circle is indicated with
dashed lines in each case. The B fields are perpendicular to the paper and con-
fined to the magnets in all cases. Each individual magnet was 22.4 x 48.5 mm
(surface) and 10 mm thick. Average B was about 200 mT.

ECRI. But as long as the flux sweeping element, IR, is the same
in both, the rest of the connecting circuit, real or imaginary, can
have any shape whatsoever, provided it does not cross any ad-
ditional field lines.

The advantage of the horizontal projection of the ECRI cir-
cuit is that it graphically shows how the trailing edge of the
rectangular magnet (the “edge effect”) looses the flux gained by
the sweeping wire IR. In contrast, in the cylindrical magnet the
fourth quadrant of the circle has no edge, and keeps the flux con-
stant as the magnet rotates. (In rotation no edges move perpen-
dicularly to themselves). One can even define the phenomenon
of unipolar induction by saying that it is a type of motional in-
duction that can take place even when magnet and conductor(s)
move together. The mathematical treatment of the “edge effect”
can be done via (3)—(6) above as done by Panofsky and Phillips
[8], or using Dirac’s delta function as will be shown below.

VI. SUPPLEMENTARY EXPERIMENTS VERIFYING THE “EDGE
EFFECT” THEORY IN HYBRID MOTIONS AND GEOMETRIES

Any good theory should not only be capable of explaining
pre-existing phenomena but also new phenomena that could be
related to the known ones. Such is the case of induction exper-
iments in which a “hybrid” mixture of geometry and motions
is used. For example, instead of rotating a cylindrical magnet it
could be simply translated. Similarly a rectangular magnet could
be rotated about its geometric center rather than being laterally
displaced.

This new case is illustrated in Fig. 12 in which a rectangular
array of ceramic magnets can be oscillated around the central
axis of the system, (perpendicular to the paper), while the total
width of the array can be stepwise decreased by eliminating one
row of magnets from each side at a time.

When performing this experiment the idea is to study if the
induced emf that was previously observed when both wire IR
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TABLE IV
INDUCED EMF’S IN WIRE I R, PLUS RECTANGULAR MAGNETS OSCILLATING
TOGETHER AND WITH DECREASING WIDTHS OF THE MAGNETS

Radius of | Observed emf of IR+magnets
inscribed | emffor IR moving together (mVolt)
circle moving calculated
calculated with angle
(cm) alone (mV) | observed via Eq.(18) correction
4.85 8.04 8.14 8.05 8.26
+0.95 +1.27
3.36 7.08 5.95 5.58 5.7
+0.46 +0.88
1.12 6.17 1.87 1.86 1.89
+0.50 +0.29
0.0 5.56 0 0 0
extrapolated extrapolated
10

[millivolts]

0 T T T T T
0 1 2 3 4 5 6
Radius of inscribed circle (cm)

Fig. 13. Plot of the emf values from Table IV. Open circles (top curve): emf
when IR oscillates alone (left diagrams of Fig. 12); Closed circles: emf when
IR + magnets oscillate together (right diagrams of Fig. 12); solid line (X): cal-
culated values using (18).

and magnet rotated together is now affected (decreased?) by the
presence of the edges, especially when the edges come closer
to the wire as the magnet’s lateral dimension progressively de-
creases. The experiment was done as usual with the same type
of shielding iron frame as in Figs. 3 to 6. (For details see legend
of Fig. 12)

The observed data for three different widths of the array are
collected in Table IV and are also plotted in Fig. 13. As men-
tioned in the legend of Fig. 12 the wire IR oscillates alone in the
left side figures. The corresponding emf’s observed are reported
in the second column of Table IV and plotted in the upper curve
of Fig. 13. The values tend to decrease slightly, although the fre-
quency and length of the oscillating wire (5.0 cm) was always
the same.

On the right side of Fig. 12 the magnets oscillate fogether
with the IR wire. Now there is a more dramatic decrease of the
induced emf as indicated by the third column of Table IV and
the lower plot of Fig. 13. In fact, the emf values extrapolate to
zero, when the width of the magnet becomes zero. Not so with
the IR wire oscillating alone, in which the values extrapolate to
some 5.6 millivolts at 7 = 0

Interestingly the magnet + IR emf's are proportional to the
radius of the circle that can be inscribed in the rectangular array
of magnets in each case (dashed circles in Fig. 12). A quick
explanation of this decrease is that only that portion of the wire
IR which is contained within the inscribed circle seems to fully
receive the induced emf. Or to put it in different words: only
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the cylindrical portion of the magnets behave as the rotational
unipolar inductor of Fig. 3.

Strictly speaking, however, if only the “inscribed” portion of
the magnet produced the observed emyf s then their values should
decrease as the square of the inscribed radius, according to (1),
cmf = 1/2B(UR2inscribed~

But this is not observed. How can the linear decrease of the
emf's with the inscribed radii be explained?

It appears that the vectorial theorem given above, (4), must be
re-interpreted for the rotating rectangular magnets. The —v x B
effect taking place when a magnet is linearly displaced might
not be fully operative when the same magnet is rotated about
its center of figure. To quantify the “edge effect” in the latter
case the velocity v must be interpreted in terms of an angular
velocity w. Thus v = wr, and (4) will become

Vx(vxB)=0-0+Bw—(v-V)B =Bw—(v-V)B (11)

The new term, Bw, in (11) which was not present in (5) is due
to the fact that (B - V)v = w(B - V)r = wB and will play
a crucial role here. Thus, solving for the last term of (11) and
inserting the result in Maxwell’s third law, (3), results in

VxE=-Vx(vxB)+Buw. (12)

Taking the surface integral of each term and applying Stoke’s
theorem to the curl integrals, yields

R R

/E~(lr:—/erdr—|— #wals

0 0

(13)

where R is the length of IR in Fig. 12. The last term of (13)
has to be integrated with care. The relevant area is the lower
left quarter of the magnet as demarcated by the circuit ECRI in
Fig. 11A. In the case of the rotating rectangular magnet, how-
ever, the changing area (shaded area in Fig. 14) is more difficult
to calculate since the edge introduces an abrupt step function of
B in the calculation.

In addition, the B field seems not to be constant but to de-
crease with the width of the magnet as indicated by the top plot
of Fig. 13. So dB/d¢y is not zero. Only the parameter w is con-
stant and can be taken out of the last integral in (13). A possible
way to proceed is to use the delta function as done by Crooks et
al. [4], but in two dimensions and in polar coordinates 7, .

Thus, shifting the differential of (13) to the B field and
leaving the area as AS after the magnet has rotated some angle
A the integral becomes

¥3

Bé(p — ¢')d
Imﬁ:w/MAS(Lp).

™

(14)

0

To calculate AS(p) we imagine the magnet rotating as shown
in Fig. 14. The relevant area is the trapezoid I0123R composed
of a rectangle Rr;,, and a triangle 101 of area 1/2(r;,,? tan Ayp).
Since the rotated angles were small (around 4°) the previous
area can be expressed as AS{) = 1h(rin2A¢) + Rry,.
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Fig. 14. Magnet rotated through angle A¢. The values of > at points 0, 1, 2,
3 are as follows: o = 0501 = Ap; g2 = Ap 4+ tan " (R/rin); w3 =
Ap + w/2.

Inserting the latter value in (14) and evaluating the integral
between ¢ = 0 and 3 = Ap + 7/2 to ensure that the ¢ angle
“sweeps” the whole shaded area, yields, after some algebra,

@ 1 @ Tin
Int=Bw (¥ +- mR(l —.—) 15
n w (77 + 2) T t5 R (15)
where the difference Ag has been simply expressed as ¢ given
that ¢y = 0 at the origin of coordinates for the polar angle,
which is at point 0 in Fig. 14.
For very small rotation angles as used in this paper, ¢ can be
neglected in the parentheses terms of (15), thus becoming
Int = 1BwlRry,. (16)
Replacing the last term of (13) by (16) and performing the other
two integrations from 0 to R yields, for the emf due to the magnet
oscillating through small angles (less than 4°),
e77l,f771(1,gnet = '1/2B(UR2 + 1/QBWR7",jn. (17)
The latter emf is the one resulting when the magnet oscillates
alone. When both magnet and IR oscillate together then the emf’
due to the wire alone should be added to the previous result. So
the net value of the induced emf will be

= [1/2BWR2]Wire + ['1/2BWR2 + l/ZBWRTin]Inagnet
= 1hBwRryy,. (18)

em’fnet

Equation (18) neatly explains the linear dependence of Fig. 13
(lower plot) on the first power of the radius of the inscribed
circle. In particular, when r;,, = IZ, (18) yields 1/ngR2, ex-
plaining the coincidence of the biggest values of Fig. 13 for the
two plots.

This coincidence is the best indication that the theory devel-
oped throughout (11)—(18) is experimentally realistic given the
fact that the experiment moving IR alone is independent of the
theory. So the coincidence of emfs when r;,,, = Ry, functions
as a confirmation of the theory.
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In spite of this the parenthetical terms in (15) which were
neglected for small angles were considered in the calculation
of predicted values appearing in the last column of Table IV.
It is seen that the added correction does not improve much the
calculations done using (18), ie, without the angle correction.

The actual experimental parameters used for this refined cal-
culation were:

@ = 1.4° w = 0.59 rad/s; B = 200 mT; R = 4.85 cm; the
Rins were taken from the first column of Table IV. The amplifier
gain was 58x.

VII. DISCUSSION

Several authors cited in the body of this paper have antic-
ipated some of the solutions to the problems connected with
Faraday’s unipolar inductor in ways similar to the solutions of-
fered here. Others, on the contrary, have given solutions or view-
points plainly in contradiction with the results of this paper.
Above all else, it is to be noted a certain lack of experimental
realism in the previous authors and papers when compared to
the experiments described in the present one. These three points
will be discussed now.

a) Anticipation of Similar Solutions: Crooks et al. [4] have
certainly described the edge effect as a step function whose sur-
face integration leads to BvL in straight line motion and whose
negative sign is predictable by Lenz’s law. On the other hand,
Panofsky and Phillips [8] are contented with briefly quoting the
vectorial theorem ((4) above) and concluding that —v X B is
“also the effective electric field in the moving medium”. 1t is
not clear if the latter statement means that this —v x B field will
oppose (and cancel) the +v x B or not, since —v x B acts at the
edge and +v x B acts where the wire is, ie, far from the edge
(some 24 mm in Fig. 6). It seems, in this respect, that Crooks’
et al. use of the flux integration better allows to understand how
the —vBL at the edge opposes the +BvL along the wire, (which
in their case is just an imaginary line fixed in space but residing
along the boundary of the flux area). The distance between the
edge (where the B field changes abruptly) and the wire IR at the
middle of the magnet and which is part of the flux contour, has
no influence on the intensity of the emfinduced around the cir-
cuit. The distance could be small or large, but the net effect (in
this case a cancellation effect) would be the same. Such is the
virtue of Faraday-Maxwell’s Law of induction, as exemplified
by the loop around the iron plate in Fig. 6. The emf in the loop
is the same regardless of the size of the loop and its distance to
the plate.

None of the previous authors [2], [8], mention realistic exper-
iments to support their views (as discussed below). In addition,
they do not consider the “hybrid” cases of Fig. 12. The advan-
tage of a hybrid case is to show that the difference between ro-
tating and translating a magnet is not so much connected with
rotation and translation per se (that is, with the difference be-
tween accelerated versus inertial motion) as with the shape of
the magnet in relationship to its motion. It is only natural to ro-
tate a cylindrical magnet about its axis of magnetic symmetry;
but if it were rotated about another axis, for example, one per-
pendicular to the symmetry axis, then the unipolar induction
emf will completely disappear since then the cylindrical edges
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would be moving perpendicularly to themselves. Similarly, if
the cylinder of Fig. 3 were to be translated linearly, instead of
rotated, the emf would be zero for the same reason as before. (I
have performed both experiments only to verify the zero emfin
both cases).

b) Lack of Experimental Realism of Previous Authors: Both
groups mentioned before, ideally use either an infinite magne-
tized bar moving along its length [8] or a flat plate magnet “long
enough” [4] so that the “returning magnetic field through space
around the magnet can be made as small as desired” so that it
will not interfere with the positive results of the v x B field in
the wire co-moving with the magnet. But there are problems
here. First, the magnet, of course, cannot be really infinite, but
even if it were “long enough” the unavoidable effect of the re-
turning field lines will always and totally cancel the unipolar
v X B induction. The only way to effectively eliminate all ef-
fects of the “returning field lines” is by enclosing them, as done
in this paper, in a fixed and totally confined ferromagnetic frame,
although some small leakage will be always present.

With respect to this leakage and in response to some criti-
cisms in the past, contending that all the effects reported in this
paper are 100% due to the unavoidable leakages, I constructed
a version of Fig. 5 in which all the gaps (between magnet an
upper plate, and between the upper plates and the vertical walls)
were greatly exaggerated, by interposing pieces of wood. Then
it is seen that motion of ECR (case 3 in Tables II and III) yields
a definite non-zero emf, while the main IR induction (Case
2) is greatly weakened. As the gaps were stepwise reduced it
was beautifully seen how all the results extrapolate back to
the values reported in Table III. Thus, the leakages rather than
producing the reported emfs destroy and blur them. In short,
small leakages are unavoidable but they are not the “cause” of
the observed results in Table II and Table III.

¢) Applicability, or not, of Special Relativity Theory: Con-
cerning this point, I disagree with Berg and Alley’s thesis
that the rotating unipolar inductor is a “proof”, in fact, “the
only table-top demonstration of Special Relativity” [16]. Their
reasoning is a repeat of Panofsky and Phillips’ [8] relativistic
demonstration that a magnetization M moving with a velocity
v relative to a non-proper observer (at rest), becomes electri-
cally polarized (vector P’ in the observer’s frame) according to

(19)

Berg and Alley write the simpler version of this equation, which
is (7) above. But then instead of using it, withE = 0 andy =1
to obtain the —v x B effect, which cancels the net induction in
a co-moving wire, they simply write that

P’ =~(P — v x M/c?).

E' =vB = wrB (20)
ignoring the negative sign of (19) as if (20) were the positive
unipolar induction predicted by (1) above. This interpretation
is at variance with their referenced source authors, Panofsky
and Phillips, [8], who clearly saw that the wrB field of (20)
has a “non-vanishing divergence and thus a volume charge is
developed”, ((10) above), and that, therefore, “the absolute ro-
tational motion of the disk... can in principle be determined”.
This is at variance with Special Relativity, prompting Panofsky
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and Phillips to say that General Relativity must be used. In fact,
A. 1. Miller, another author referenced by Berg and Alley, also
stated in [2] that “Minkowski's equations [ie, special relativity]
are not applicable in non-inertial reference systems, rather, gen-
eral relativity...is required”, which is exactly what Panofsky
and Phillips concluded about the rotating unipolar inductor.

VIII. CONCLUSIONS

Concerning the problem-questions mentioned in the Abstract
it can simply be reiterated that:

1) With the filamentary ECRI circuit used here, Faraday-

Maxwell’s Law can be clearly applied, as done in Fig. 11.

2) That the magnetic field of an axi-symmetric magnet, or its
subsidiary “B field lines”, do not rotate when the magnet
rotates about its axis of symmetry, as evidenced by the zero
results of Cases 4 of Tables II and III and by Curve B in
Fig. 9.

3) That the “seat of emf” can be clearly located along the
length of wire IR in all cases yielding positive emf’s, as
opposed to location along the external branch ECR. The
proof is that motion of ECR alone, never results in any
emf, (Cases 2 of Tables II and III). Thus, by “default” any
induction must reside along IR.

4) That the essential difference between the rotational and
the translational motional inductors resides not so much
in the nature of the motion (inertial vs. non-inertial) but
in the fact that the magnet has, or does not have, “edges”
that move perpendicularly or longitudinally to themselves.
If the edges move perpendicularly (either in rotation or
translation) an “edge effect” appears through —v x B or
through —Bwr that tends to oppose the absolute v x B
field.

5) Finally, Special Relativity is applicable to the rectilinearly
translating magnet, where the —v x B resulting from the
Lorentz transformation of the fields, cancels the +v x B
of the Lorentz force, yielding a net zero result as expected
when magnet and wire co-move together. In rotation, how-
ever, the Special Theory cannot be used because it would
yield always a zero emf contrary to observation. Being a
local field theory, (as all field theories are), Special Rel-
ativity cannot account for the difference between a trans-
lating magnet with edges moving perpendicularly to them-
selves, and a rotating cylindrical magnet in which all edges
move tangentially to themselves. The edge effect, being
“far away” from the location where the conductor IR is,
does not enter at all in any of the (local) field transforma-
tion equations of Special Relativity.

For rotation, therefore, the General Theory must be used. But
this approach is out of the scope of this paper, and it can be
evaded by using, instead, the more “down-to-earth” edge effect
theory.

The absolute nature of the rotational experiments, clearly
showing that a conductor can receive a motionally induced
voltage, even when the source of the field (the magnet) co-ro-
tates with the conductor, might have novel future applications
in the field of geomagnetism and even in planetary and astro-
physical magnetic field theories. Current “dynamo” theorists
purporting to explain the origin of the Earth’s magnetic field
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do not seem to be aware of Faraday’s “old fact” of 1832. This
is somehow intriguing and one can only speculate how much
these “dynamo” theories might have to be modified if that
amazing experiment, as further developed and interpreted in
this paper, is recognized as having full scientific value.
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