Faraday’s Law




Induced Fields

Magnetic fields may vary in time.

Experiments conducted in 1831 showed that an emf can be induced in a circuit
by a changing magnetic field.

= Experiments were done by Michael Faraday and Joseph Henry.
The results of these experiments led to Faraday’s Law of Induction.
An induced current is produced by a changing magnetic field.
There is an induced emf associated with the induced current.
A current can be produced without a battery present in the circuit.

Faraday’s law of induction describes the induced emf.
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Michael Faraday

1791 — 1867

British physicist and chemist

Great experimental scientist
Contributions to early electricity include:

= |nvention of motor, generator, and
transformer

= Electromagnetic induction

= Laws of electrolysis

Introduction




EMF Produced by a Changing Magnetic Field, 1

A loop of wire is connected to a Whena niasniet s oved
L toward a loop of wire
sensitive ammeter. connected to a sensitive
. ammeter, the ammeter
When a magnet is moved toward the shows that a current is
loop, the ammeter deflects. inducedimiheloop.
-

= The direction was arbitrarily

chosen to be negative. “_T—W." - 3

g@;
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EMF Produced by a Changing Magnetic Field, 2

When the magnet is held stationary, When the n;lagne_t is held
there is no deflection of the ammeter. Soeiaaiat

induced current in the
loop, even when the
magnet is inside the loop.

Therefore, there is no induced current.

= Even though the magnet is in the /
loop | |
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EMF Produced by a Changing Magnetic Field, 3

When the magnet is

The magnet is moved away from the 001 oy fnom (e
|00p_ loop, the ammeter shows
that the induced current
The ammeter deflects in the opposite is opsite that shown in
. . art ).
direction. e
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Induced Current Experiment, Summary

When a magnet is moved
toward a loop of wire
connected to a sensitive
ammeter, the ammeter
shows that a current is
induced in the loop.

When the magnet is held
stationary, there is no
induced current in the
loop, even when the

magnet is inside the loop.
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When the magnet is
moved away from the
loop, the ammeter shows
that the induced current
is opposite that shown in

part EJ.
-
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EMF Produced by a Changing Magnetic Field, Summary

The ammeter deflects when the magnet is moving toward or away from the loop.

The ammeter also deflects when the loop is moved toward or away from the
magnet.

Therefore, the loop detects that the magnet is moving relative to it.
= We relate this detection to a change in the magnetic field.
= This is the induced current that is produced by an induced emf.
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Faraday’s Experiment — Set Up

The emf induced in the secondary circuit

A primary coil is connected to a switch is caused by the changing magnetic field

and a battery through the secondary coil.

The wire is wrapped around an iron

ring. When the switch in the ;ﬁf" “ ]

o primary circuit is closed, / o

A secondary coil is also wrapped the ammeter reading in the ;:

around the iron ring_ secondary circuit changes (;ﬁ" XL
momentarily.

There is no battery present in the v

secondary coil.

The secondary coil is not directly é\] 7
. . Battery ron
connected to the primary coil. -

Primary Secondary
coil coil
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Faraday’'s Experiment

The emf induced in the secondary circuit
is caused by the changing magnetic field
through the secondary coil.

: §

|
When the switch in the ! ’m
primary circuit is closed, [ i,
the ammeter reading in the )«" ::
secondary circuit changes | XA
momentarily. /

Primary Secondary
coil coil

Close the switch and observe the current readings given by the ammeter.
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Faraday’'s Experiment — Findings

At the instant the switch is closed, the ammeter changes from zero in one
direction and then returns to zero.

When the switch is opened, the ammeter changes in the opposite direction and
then returns to zero.

The ammeter reads zero when there is a steady current or when there is no
current in the primary circuit.
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Faraday’s Experiment — Conclusions

An electric current can be induced in a loop by a changing magnetic field.
= This would be the current in the secondary circuit of this experimental set-up.

The induced current exists only while the magnetic field through the loop is
changing.

This is generally expressed as: an induced emf is produced in the loop by the
changing magnetic field.

= The actual existence of the magnetic flux is not sufficient to produce the
induced emf, the flux must be changing.

Section 31.1



Faraday’s Law of Induction — Statements

The emf induced in a circuit is directly proportional to the time rate of change of
the magnetic flux through the circuit.

Mathematically,

__do,
dt
Remember @5 is the magnetic flux through the circuit and is found by
O, = [B-dA

If the circuit consists of N loops, all of the same area, and if ®j is the flux through
one loop, an emf is induced in every loop and Faraday’s law becomes

L

dt




Faraday’'s Law — Example

Assume a loop enclosing an area A lies in
a uniform magnetic field.

The magnetic flux through the loop is Normal

®g = BA cos 6. to loop
The induced emf is € = - d/dt (BA cos 9). \ o
— Loop of
area A
B
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Ways of Inducing an emf

The magnitude of the magnetic field can change with time.
The area enclosed by the loop can change with time.

The angle between the magnetic field and the normal to the loop can change with
time.

Any combination of the above can occur.

Section 31.1
D ECEEOEBECEBERERERERDORSS



-
Example 31.1 One Way to Induce an emf in a Coil

A coil consists of 200 turns of wire. Each turn is a square of side 18 cm, and a
uniform magnetic field directed perpendicular to the plane of the coil is turned
on. If the field changes linearly from 0 to 0.50 T in 0.80 s, what is the magnitude
of the induced emf in the coil while the field is changing?

®p = BA = (0.50 T)(0.0324 m?) = 0.0162 T-m?

AD ) cm2 —
B _ gpp (0-0162T m* — 0)
At 0.80 s

€] =N

=41T-m%2/s= 41V

show that 1 T-m?%/s = 1 V.
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EEEE————————
Problem 31.2

A flat loop of wire consisting of a single turn of cross-sectional area 8.00 cm? is
perpendicular to a magnetic field that increases uniformly in magnitude from
0.500 T to 2.50 T in 1.00 s. What is the resulting induced current if the loop has
a resistance of 2.00 Q7

|A®,| A(B-A) (250 T-0500T)(8.00x10"* mz)( IN-s j(l V.Cj

&
4 At | At 1.00 s 1T-CmA\1N-m
d=160 mV and Iy, == = 220 ™Y _ 15800 mA
PTR 200Q
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EEEE————————
Problem 31.5

A strong electromagnet produces a uniform magnetic field of 1.60 T over a
cross-sectional area of 0.200 m2. We place a coil having 200 turns and a total
resistance of 20.0 Q around the electromagnet. We then smoothly reduce the
current in the electromagnet until it reaches zero in 20.0 ms. What is the current

induced in the coil?

B-A _B +200(1.60 T)(0.200 m*)cos 0° , _
8:—Nd( ):—N(O BlAcosﬁ): ( ) ( 1N-s j(lV Cj:3200V
dt At 200x107° s I1T-CmA\ N-m
_& 3200Vt
R 2000
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Problem 31.13

A long solenoid has n = 400 turns per meter and carries a current given by | =
(30.0 A)(1 — e1-60t), Inside the solenoid and coaxial with it is a coil that has a
radius of 6.00 cm and consists of a total of N = 250 turns of fine wire. What emf
is induced in the coil by the changing current?

n turns/m

B = pgnl = pgn(30.0 A)(1-e )

Oy = [BdA = pgn(30.0 A)1-¢ ) [ dA

Oy = 1en(30.0 A)1-¢e )z R?

N turns

g=-N di’ﬂ = —Nun(30.0 A)z R?*(1.60)e %

£ =~(250)(47 <107 N/A%)(400 m™)(30.0 A)|7(0.060 0 m)*}1.60 5 ¢ "

e=|(68.2 mV)e " counterclockwise
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Motional emf

A counterclockwise current /is

A motional emf is the emf induced in a O e
. induced in the loop. The magnetic

conductor moving through a constant force Fyon the bar carrying this

magnetIC fleld current Opp()SCS the motion.

The electrons in the conductor B
experience a force,

F.=qvxB
that is directed along { . Fapp
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Sliding Conducting Bar

A counterclockwise current /is

induced in the loop. The magnetic
-

force Fyon the bar carrying this

current opposes the motion.

—_lel= Bty

A conducting bar moving through a uniform field and the equivalent circuit
diagram.

Assume the bar has zero resistance.

The stationary part of the circuit has a resistance R.
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Sliding Conducting Bar, cont.

The induced emf is

_9%s _ X _ _pyy
dt dt

Since the resistance in the circuit is R, the current is

& =

I € _Brv
R R
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Sliding Conducting Bar, Energy Considerations

The applied force does work on the conducting bar.

= Model the circuit as a nonisolated system.
This moves the charges through a magnetic field and establishes a current.

The change in energy of the system during some time interval must be equal to
the transfer of energy into the system by work.

The power input is equal to the rate at which energy is delivered to the resistor.

82

P=F,v=(I(B)v=—
R

app
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Problem 31.20

Consider the arrangement shown in the Figure. Assume that R = 6.00 Q,
| =1.20 m, and a uniform 2.50-T magnetic field is directed into the page. At what
speed should the bar be moved to produce a current of 0.500 A in the resistor?

v=1.00 m/s | Fapp




