PO Box 12037, 3950 Overdale Rd., Winston-Salem, NC 27117, (910)
784-4800.
“The cement used is a silica-based fireplace and furnace cement available
from hardware stores.
"*Valves used on natural gas lines have been found to work quite well with
the vacuum system and can hold vacuum at pressures of 1 mTorr.
*When Placing the heat pipe oven in storage, it is best to fill the oven with
an inert gas at a pressure slightly above atmospheric pressure.
'’S. Hansen, “'Gauges 2—the thermocouple gauge,”” The Bell Jar 1 (4),
9-11 (1992). The Bell Jar is a source of information on low cost vacuum
systems. The Bell Jar, 35 Windsor Dr.. Amherst, NH 03031.
A pressure transducer which used in conjunction with an amplifier and a
meter provides a very adequate pressure gauge. The pressure transducer
(part no. PX184-015V5V) is available from Omega Engineering Inc., PO
Box 4047, Stamford, CT 06907, (800) 826-6342.
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In 1889, Elihu Thomson (1853-1937), the founder of a
precursor to the General Electric Company, introduced a dra-
matic demonstration® of the force on an induced current. An
aluminum ring is placed on the end of an electromagnet—a
solenoid around an iron core. When the electromagnet coil is
connected to an ac generator, the ring flies into the air. The
varying current in the coil has induced an opposing current
in the ring. The repulsion between the opposing currents
pushes the ring away.

We extend Elihu Thomson’s experiment so that the sec-
ondary (i.e., of the induced current) circuit can be mostly
capacitative or resistive and not only inductive as in the
original experiment. The usual formulation of Lenz’s law for
induced currents is problematic in inductive or capacitative
circuits. ‘ '

The experimental setup is sketched in Fig. 1. A horizontal
primary coil (inductance L', resistance R') may be con-
nected to an ac generator [ermf €’ (r), angular frequency w].
A bundle of iron wires comprise the core. A secondary coil
(inductance L<L’, resistance R<R') is suspended about
the iron core of the primary coil by strings. The connection
of the capacitor to the secondary coil must be by lightweight
wires that do not prevent the coil from swinging along the
iron core. : S 2 %

The actual coils that we used are shown in Fig. 2. Our

primary coil consists of two solenoids [inner diameter (id.) -

of 9 cm] connected in parallel, each solenoid being 3400
loops of 0.65-mm-diam copper wire and having a resistance
of 62.5 Q. The diameter of the iron core is 7 em. Our sec-
ondary coil (i.d. of 8.5 cm) consists of 40 loops of 1.76-mm-
diam copper wire having an overall resistance of about 0.06
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h‘_,

). The power mains provided 220 V at a frequency of 50
Hz. Our primary coil inductance is L'=0.87 H and our sec-
ondary coil inductance is L=0.65 mH.

With the capacitor out of the secondary circuit—switch 1
closed—the secondary circuit is of the LR type with the
impedance dominated by the inductive reactance (wl). The
resistance R is small compared to (wL). When the ac current
flows in the primary coil—a second or so is enough—the
secondary coil swings away from the primary coil.

With a capacitor in the secondary circuit—switches 2 and
3 closed, switch 1 open—the secondary circuit is of the LCR
type. First, insert the values of w and L into the resonance
condition wL=1/wC to determine the initial choice of ca-
pacitance. At resonance, the secondary coil just hangs with-
out swinging when the ac current is introduced into the pri-
mary coil. -

Now decrease the capacitance so that the capacitative re-
actance (—1/wC) dominates the inductive reactance (wl)
but without too great a difference between them (so as not to
over-reduce the induced current). With the ac current in the
primary coil, the secondary coil swings toward the primary
coil. For our apparatus, the greatest effect was achieved at a
capacitance of 7200 uF. D e
- Let’s analyze what is happéning in these experiments. The
instantaneous force between the primary and secondary coils
is proportional to the product of the currents. If the product is
positive [negative], the force is attractive [repulsive]. Desig-
nate the nontransient current in the primary [secondary] cir-
cuit by " ' S At

'f'(I)Eif) sin(wr), [i(n)=i, sin(wr + §)], | ._ (1)
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Fig. 1. A horizontal primary coil is connected to an ac generator. The
secondary coil is suspended around the core of the primary coil. A capacitor
may be kept in or out of the secondary circuit.

where iy, iy are the current amplitudes,’ ¢ is the time, and &
is the relative phase.
The average force (F) is then proportional to

) ﬁm’w., ) 1 . : -
(F)e>— L, (2)i(r)dt= 3 igig cos &. 2)

The phase & determines whether the average force is repul-
sive, attractive, or zero.

From Faraday’s law, we see that the emf, €(¢), induced in
the secondary circuit is proportional to the negative of the
rate of change of the primary current:

€(t)x—di'(r)/dt=wij sin(wt+3m/2). (3)

Thus the phase of the induced emf, &(t), exceeds that of the
primary current, i'(t), by 270°. But the relative phase be-
tween the induced emf (), and the induced current, i(¢),
depends on the type of circuit.

If the secondary circuit is purely inductive, then i(¢) lags
behind e(z) by 90° so that the phase of i(t) exceeds that of
i'(f) by _

8,=270°~90°=180°. _ @
By Eq. (2), the average force is repulsive.

If the capacitative reactance dominates the impedance in

the secondary circuit, then i(z) leads €(#) by 90° so that the

phase of the secondary current, i(z), exceeds that of the pri-
mary current, i'(z), by -

- 66—27O°+90°=360° 5 B i )

: Thc average force is attractive.’

If the secondary circuit is at resonance, the unpedance 18

- purely resistive with €(r) and i(?) i in phase _Thus the phase
, _of 1(:) leads that ofz (r) by ' -

- og= 270°+0° Uy R S (6)

and the average force between the coils vanishes. :
‘It is very instructive to éxamine these expenments ‘with
regard to Lenz’s tule for the direction of the induced current.
A typlcal formulation of this law is: The induced current wﬂl
appear in such a du-ec‘uon that it opposes the change of mag-
netic flux that produced it.* This may lead one to expect for
the experiments described here that when the primary current

i'(t) is growing [falling] then the secondary current i(z)
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Fig. 2. Photograph of primary coil and secondary coil connected to a
7200-uF capacitor.

should flow in the negative [positive] direction. The simple
examples of induction where suddenly turning on or off the
emf in the primary coil induces a current in the secondary
coil reinforce this notion. But it is not always applicable for
cases where the secondary circuit can store energy.
Consider the phase dependence of i'(2), i(r), and &(z)
over one cycle in each of the cases: purely resistive [Fig.
3(a)), purely inductive [Fig. 3(b)], and purely capacitative
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Fig. 3. Phase dependence over one cycle for the primary current i'(),

induced current i(z), and induced emf (f) in the case when the secondary
circuit is (a) resistive, (b) inductive, (c) capacitative. g
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