Chapter 30

Induction




1. Introduction

We have seen that a current produces a magnetic field. The reverse is true: A
magnetic field can produce an electric field that can drive a current.

This link between a magnetic field and the electric field it produces (induces) is
called Faraday’s law of induction.




https://www.youtube.com/watch?v=3hj98E5K c4

2. Two experiments

We start by discussing two simple experiments before
discussing Faraday’s law of induction.

First Experiment

The figure shows a conducting loop connected to an
ammeter. A current suddenly appears in the circuit if
we move a bar magnet toward the loop. The current
stops when the magnet stops moving. If we move the
magnet away, again a sudden current appears, but in
the opposite direction.



https://www.youtube.com/watch?v=3hj98E5K_c4

2. Two experiments

First Experiment

By experimenting this set up we can conclude the
following:

1. A current appears only if the loop and the magnet
are in relative motion.

2. Faster motion produces greater current.

3. If moving the magnet’s north pole away produces a
clockwise current, then moving the same north pole
toward the loop causes a counterclockwise current.
Moving the south pole toward or away also causes
currents in the reversed direction.




2. Two experiments

First Experiment

The current produced in the loop is called an induced
current. The work done per unit charge that produces
that current is called an induced emf. The process of
producing the current and emf is called induction.




2. Two experiments

Second Experiment

The figure shows two conducting loops close to each
other. If we close switch S, a sudden brief induced
current appears in the left-hand loop. Another brief
induced current appears in the left-hand loop if we
open the switch, but in the opposite direction. An
induced current appears only when the current in the
right loop is changing.

The induced emf and current in the two experiments
appears when some physical quantity is changing. Let
us find out what that quantity is.




3. Faraday’s Law of Induction

Faraday concluded that an emf and a current can be induced in a loop by changing
the amount of magnetic field passing through the loop. He also concluded that the
amount of magnetic field can be visualized in terms of the magnetic field lines

passing through the loop.

Faraday’s law of induction can be stated in terms of the two experiments as
follows:

An emf is induced in the loop at the left in the two figures above when the number
of magnetic field lines that pass through the loop is changing.




3. Faraday’s Law of Induction

Quantitative Treatment

We need a way to calculate the amount of magnetic field that passes through a
loop. In analogy with the electric flux & = fE - dA, we define magnetic flux. The
magnetic flux through a loop of area A is

q)Bsz)'d/_l)

As before, dA is a vector of magnitude dA that is perpendicular to a differential
area dA.




3. Faraday’s Law of Induction

Quantitative Treatment

If the magnetic field is perpendicular to the plane of the loop, then B-dA
= BdAcos0 = BdA. If B is also uniform then we can take B out of the integral
sign, and fdA is just the loop’s area. Thus,

&y, = BA. (§ 1 A of the loop, B uniform)

The Sl unit for magnetic flux is the tesla-square meter, which has the special name

weber (Wb):
1weber =1Wb =1T-m?.




3. Faraday’s Law of Induction

Quantitative Treatment

With the notion of magnetic flux, we can state Faraday’s law as:

The magnitude of the emf € induced in a conducting loop is equal to the rate at
which the magnetic flux @5 through that loop changes with time.

You will see in the next section that the induced emf £ tends to oppose the flux
change. Faraday’s law is therefore written as

dd
£=-——2=.
dt
For an ideal N turns coil, the total emf induced in the loop is
dd
£=—-N—2.

dt




3. Faraday’s Law of Induction

Quantitative Treatment

Here are the general means by which we can change the magnetic flux through a
coil:
1. Changing the magnitude B of the magnetic field within the coil.

2. Changing either the total area of the coil or the portion of that area that lies
within magnetic field.

3. Changing the angle between the direction of the magnetic field B and the plane
of the coil.




3. Faraday’s Law of Induction

\' CHECKPOINT 1

The graph gives the magnitude B(t) of a
uniform magnetic field that exists
throughout a conducting loop, with the di-
rection of the field perpendicular to the
plane of the loop. Rank the five regions of
the graph according to the magnitude of
the emf induced in the loop, greatest first.

b, d & e tie, a & c tie.
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3. Faraday’s Law of Induction

Example 1: The long solenoid S shown (in cross
section) in the figure has 220 turns/cm and
carries a current i = 1.5 A; its diameter D is

3.2cm. At its center we place a 130-turn
closely packed coil C of diameter d = 2.1 cm.
The current in the solenoid is reduced to zero at
a steady rate in 25 ms. What is the magnitude
of the emf that is induced in coil C while the
current in the solenoid is changing?

The initial flux through solenoid C is

®p; = BAc = poyingAc = mpgingré
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3. Faraday’s Law of Induction

Now we can write
ch)B . ACI)B . CI)Bf - cI)Bl

dt At At
0 — muyingrs TUoiNgTE

At At

Substituting gives
e
dby T (4n x 10~7 T A) (1.5 A)

dt 25 ms

fturn
X (22000 T) (0.0105 m)?

= —5.76 Xx 107* V.
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3. Faraday’s Law of Induction

The magnitude of the induced emf is then

Dp
dt

= (130)(5.76 x 10~* V)

£=n|

= 75 mV.
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3. Faraday’s Law of Induction

°2 A certain elastic conducting material 1s

stretched into a circular loop of 12.0 cm radius.

It 1s placed with its plane perpendicular to a unitorm 0.800 T mag-
netic field. When released, the radius of the loop starts to shrink at
an instantaneous rate of 75.0 cm/s. What emt is induced in the loop
at that instant?
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3. Faraday’s Law of Induction

®; = BA = nBr2.

ddg dr m Wb
B 2nBr— = 21(0.800 T)(0.120 m) (—0.750 —) — —0.452—.
dt dt S S

Dp

£ =—
dt

= 0.452 V.
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https://www.youtube.com/watch?v=3-1hiBBWgSA

4. lenz’s Law

The direction of an induced current can be determined using
Lenz’s law. It can be stated as follows:

An induced current has a direction such that the magnetic field
due to the current opposes the change in the magnetic flux that
induces the current.

To get a feel of Lenz’s law, we apply it in two different but
equivalent ways to the situation shown in the figure.

18



https://www.youtube.com/watch?v=3-1hiBBWgSA

4. lenz’s Law

1. Opposition to Pole Movement: EI
The approach of the magnet’s north pole increases the —an
magnetic flux through the loop and thereby induces a current in ra-=s l
the loop. The loop then acts as a magnetic dipole, directed from ur
south to north. The loop’s north pole must face toward the
approaching north pole of the magnet so as to repel it, to

oppose the magnetic flux increase caused by the approaching N
magnet. The curled-straight right-hand rule tells us that the 4

induced current in the loop must be counterclockwise.

19




4. lenz’s Law

2. Opposition to Flux Change:

As the north pole of the magnet nears the loop with its field B — B0
directed down, the flux through the loop increases. To oppose | "”;Z l
this increase in flux, the induced current i must set up its own | | g
magnetic field §ind, directed upward inside the loop. The J
curled-straight right-hand rule tells us the [ must be
counterclockwise. f

Note that the flux of Bmd always opposes t the change in the flux Q) '
of B, but that does not always mean that B4 is opposite to B. _j/

20




4. lenz’s Law

Increasing the external Decreasing the external Increasing the external

" ﬁu " _}u w ﬁ-1-

field B induces a current field B induces a current field B induces a current

with a field B,q that with a field B;,q that with a field Bi,q that

opposes the change. opposes the change. opposes the change.
hﬁ;nd

2 o @

—*

4B
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B

}Bmd Blnd

Decreasing the external
L] %I
field B induces a current

with a field B4 that
opposes the change.




4. lenz’s Law

\'CH ECKPOINT 2

The figure shows three situations in which identical circular con-
ducting loops are in uniform magnetic fields that are either in-
creasing (Inc) or decreasing (Dec) in magnitude at identical
rates. In each, the dashed line coincides with a diameter. Rank
the situations according to the magnitude of the current in-
duced in the loops, greatest first.

a&b,c.




4. lenz’s Law

Example 2: The figure shows a conducting loop
consisting of a half-circle of radius r = 0.20 m
and three straight sections. The half-circle lies

in @ uniform magnetic field B that is directed
out of the page; the field magnitude is given by
B = 4.0t% 4 2.0t + 3.0, with B in teslas and t
in seconds. An ideal battery with emf &yt
= 2.0V is connected to the loop. The
resistance of the loop is 2.0 ().

(a) What are the magnitude and direction of
the emf &;,4 induced around the loop by field

—

Batt =105s?
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4. lenz’s Law

dPp _d(BA) _  dB

Eind =

dt dt dt
T2
Att = 10 s,
7(0.20 m)?
g = : ) 18.0(10's) + 2.0] = 5.2 V.

By Lenz’s law, the direction of the emf is
clockwise.
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4. lenz’s Law

b) What is the current in the loop att = 10 s? e o o o o e o o o o
~ €net  €ind — €pat 515V —-2.0V
"“R T R T 200

= 1.6 A.
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4. lenz’s Law

Example 3: The figure shows a rectangular loop of
wire immersed in a nonuniform and varying

magnetic field B that is perpendicular to and
directed into the page. The field’s magnitude is given
by B = 4t*x?, with B in teslas, t in seconds, and x
in meters. (Note that the function depends on both
time and position.) The loop has width W = 3.0 m
and height H = 2.0 m. What are the magnitude and
direction of the induced emf € around the loop at t
= 0.10 s?

+—dA

4%




4. lenz’s Law

The flux through the loop is

W
D, = fﬁ-dﬁz deA =f (4t2x2) (Hdx) X
0

W 4
= 4Ht2f x*dx = =Ht*W3.
0 3
Substituting for H and W gives,

4
OFEES §(2.0 m)(3.0 m)3t? = 72t%.

27
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4. lenz’s Law

The magnitude of the induced emf is

dd
c=_F

= 144 t.
dt

Att = 0.10s,
£ = (144)(0.10s) = 14 V.

The direction of the induced emf
counterclockwise, by Lenz’s law.
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5. Induction and Energy Transfers EI

magnet away or toward the loop, requiring your applied force

According to Lenz’s law, a magnetic force resists the moving — B0
that moves the magnet to do positive work.

Thermal energy is then produced in the material of the loop due
to the material’s electrical resistance to the induced current. The
energy transferred to the closed loop + magnet system while you
move the magnet ends up in this thermal energy.

The faster the magnet is moved, the more rapidly the applied
force does work and the greater the rate at which energy is
transferred to thermal energy in the loop; the power transfer is
greater.
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5. Induction and Energy Transfers

The figure shows a situation involving an induced
current. You are to pull this loop to the right at a
constant velocity v. Let us calculate the rate at which
you do mechanical work as you pull steadily on the
loop.

The rate P at which you do work is given by
P = Fv,

where F is the magnitude of your force. The
magnitude of this force is equal to the magnitude of
the magnetic force on the loop due to the emergence
of the induced current.

30




5. Induction and Energy Transfers

We thus write - N .
F =F, =IiLB.
The induced current i is related to the induced emf by
¢

[ = =

The induced emf is given by
ddg d dx
E = o = dtBLx = BLE = BLv.
Thus,
BLv

I = —

R
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5. Induction and Energy Transfers

The force is then - X .
_ B*L*v
=
The rate at which you do work is now
B%L%p?
P=Fv= :
TR

This rate must be equal to the rate at which thermal
energy appears in the loop:

B?%]2p2
- )/
P = °E R = i2%R.

32




5. Induction and Energy Transfers

\. CHECKPOINT 3

The figure shows four wire loops, with edge lengths of either L or 2L. All four loops
will move through a region of uniform magnetic field B (directed out of the page) at
the same constant velocity. Rank the four loops according to the maximum magnitude
of the emf induced as they move through the field, greatest first.

= [ T T T T

a b

c&d,a&b.
E =BLv
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