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PHYSICS ©

FOR SCIENTISTS AND ENGINEERS A STRATEGIC APPROACH 4/E

CW_QJ.ecture

RANDALL D. KNIGHT

IN THIS CHAPTER, you will learn what electromagnetic
induction is and how it is used.
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Chapter 30 Preview

What is an induced current?
A magnetic field can create a current in a
loop of wire, but only if the amount of field
through the loop is changing.

m This is called an induced current.
u The process is called electromagnetic
induction.

<{ LOOKING BACK Chapter 29 Magnetic fields
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Chapter 30 Preview

What is magnetic flux?

A key idea will be the amount of magnetic
field passing through a loop or coil. This
is called magnetic flux. Magnetic flux
depends on the strength of the magnetic
field, the area of the loop, and the angle
between them.

oy

<< LOOKING BACK Section 24.3 Electric flux
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Chapter 30 Preview

What is Lenz’s law?

Lenz’s law says that a current is induced Bt
in a closed loop if and only if the magnetic A
flux' through the loop is changing. Simply ( ‘ >
having a flux does nothing; the flux has to [ —,
change. Yo_u Il learn. hoy to use Lx?nz s law Tncreasing e
to determine the direction of an induced B current
current around a loop.
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Chapter 30 Preview

What is Faraday’s law?

Faraday’s law is the most important law X X X X X =
connecting electric and magnetic fields, e '
laying the groundwork for electromagnetic  » « 5|«
waves. Just as a battery has an emf that % x x x kX %

X X X X 23X

drives current, a loop of wire has an
induced emf determined by the rate of
change of magnetic flux through the loop.

<{ LOOKING BACK Section 26.4 Sources of
potential
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Chapter 30 Preview

What is an induced field?

At its most fundamental level, Faraday’s
law tells us that a changing magnetic field
creates an induced electric field. This is an
entirely new way to create an electric field,
independent of charges. It is the induced
electric field that drives the induced
current around a conducting loop.
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Chapter 30 Preview

How is electromagnetic induction used?
Electromagnetic induction is one of the most important applications
of electricity and magnetism. Generators use electromagnetic
induction to turn the mechanical energy of a spinning turbine into
electric energy. Inductors are important circuit elements that rely

on electromagnetic induction. All forms of telecommunication are
based on electromagnetic induction. And, not least, electromagnetic
induction is the basis for light and other electromagnetic waves.
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Chapter 30 Reading Questions
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Reading Question 30.1

Currents circulate in a piece of metal that is pulled
through a magnetic field. What are these currents
called?

Induced currents

Displacement currents

Faraday’s currents

Eddy currents

This topic is not covered in Chapter 30.

moowp
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Reading Question 30.1

Currents circulate in a piece of metal that is pulled
through a magnetic field. What are these currents
called?

A. Induced currents

B. Displacement currents

C. Faraday’s currents

' D. Eddy currents

E. This topic is not covered in Chapter 30.
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Reading Question 30.2

Electromagnetic induction was discovered by

Faraday.
Henry.

Maxwell.
Both Faraday and Henry.
All three.

moowpy
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Reading Question 30.2

Electromagnetic induction was discovered by

A. Faraday.

B. Henry.

C. Maxwell.

/' D. Both Faraday and Henry.
E. All three.
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Reading Question 30.3

The direction that an induced current flows in a
circuit is given by

Faraday’s law.
Lenz’s law.
Henry’s law.
Hertz's law.

moowp»

Maxwell’s law.
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Reading Question 30.3

The direction that an induced current flows in a
circuit is given by

A. Faraday’s law.
/B. Lenz’s law.
C. Henry’s law.
D. Hertz's law.
E. Maxwell’'s law.
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Reading Question 30.4

After thinking about electromagnetic induction,
James Clerk Maxwell was lead to propose that

A. An electric current can be induced by a changing

magnetic flux.

B. A magnetic field can be produced by an electric
current.

C. Lightis an electromagnetic wave.
D. Moving charges accelerate in a magnetic field.
E. Nothing can travel faster than the speed of light.

3/25/2019
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Reading Question 30.4

After thinking about electromagnetic induction,
James Clerk Maxwell was lead to propose that

A. An electric current can be induced by a changing

B.

E.

/' C.
D.
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magnetic flux.

A magnetic field can be produced by an electric
current.

Light is an electromagnetic wave.
Moving charges accelerate in a magnetic field.
Nothing can travel faster than the speed of light.
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Reading Question 30.5

>

moow

A transformer

©2017 Pearson Education, Inc.

Boosts the maximum current provided by a
battery.

Changes mechanical energy to electrical energy.
Changes the voltage of an alternating current.
Resists changes in current.

Converts alternating current to direct current.
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Reading Question 30.5

A transformer

A. Boosts the maximum current provided by a
battery.

D. Resists changes in current.
E. Converts alternating current to direct current.

©2017 Pearson Education, Inc.

B. Changes mechanical energy to electrical energy.
i C. Changes the voltage of an alternating current.

3/25/2019
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Chapter 30 Content, Examples, and
QuickCheck Questions
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Faraday’s Discovery of 1831

= When one coil is placed directly above another, there
is no current in the lower circuit while the switch is in
the closed position.

= A momentary current appears whenever the switch is
opened or closed.

U

0

0

&

L

i

Open or
close switch.

{ )
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Faraday’s Discovery of 1831

= When a bar magnet is pushed into a coil of wire, it causes
a momentary deflection of the current-meter needle.

= Holding the magnet inside the coil has no effect.

= A quick withdrawal of
the magnet deflects 4
the needle in the
other direction.

Push or pull magnet.

0

==
=
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Faraday’s Discovery of 1831

= A momentary current is produced by rapidly pulling a coil
of wire out of a magnetic field.

= Pushing the coil into the magnet causes the needle to
deflect in the opposite direction.

Push or pull coil.

©2017 e,
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Motional emf

X Fy x x B into page

X x X
et =
# X X
1 —_—r

=
X Xv X
X X X
b M B

Charge carriers in the conductor experience
a force of magnitude Fy = gvB. Positive
charges are free to move and drift upward.
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Motional emf
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x [F+F

1}

-

X X B
X X
X X
—
X v X
)X X
X X

The resulting charge separation creates an
electric field in the conductor. E increases
as more charge flows.
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Motional emf
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The
and ma,
charge

T+ %
X IS X X B
X X X
R
X BX X
5
=
X v X
X x
X x

rrier, the upward

is equal to the downward electric force Fg.

arge flow continues until the ¢!
etic forces balance. For a positive

magnetic force Fy
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Motional emf

14

y

X X X

Magnetic forces separate the charges and
cause a potential difference between the
ends. This is a motional emf,

Electric field inside
the moving conductor

++

x §

X
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AV =vIB

XgX

X

= The magnetic force
on the charge carriers
in a moving conductor
creates an electric field
of strength E = vB inside
the conductor.

= For a conductor of
length /, the motional
emf perpendicular to
the magnetic field is:

E =viB
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QuickCheck 30.1

A metal bar moves through a

©2017 Pearson Education, Inc.

magnetic field. The induced ‘
charges on the bar are ]
B
= ¥ 3F =l [EEaaEE +++++++
= i [ B thttbd| e oo |
A, B. [ D. E.
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QuickCheck 30.1

A metal bar moves through a

©2017 Pearson Education, Inc.

magnetic field. The induced ‘
charges on the bar are | )

B
= il E B B [ | |
A, B. C. D. E.

v
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QuickCheck 30.2

A metal bar moves through a
magnetic field. The induced

©2017 Pearson Education, Inc.

charges on the bar are ¥ e
. . B'
= I 5 s i
= 3 g - ttttttt| [ZZZTTTT
A, B. (o8 D. E.
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eck

A metal bar moves through a
magnetic field. The induced I
charges on the bar are 3 :
. . B.
V
= i [E B s EEEE |
A, & [£X D. E.
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Example 30.1 Measuring the Earth’s Magnetic

Field

EXAMPLE 30.1 ‘ Measuring the earth’s magnetic field

It is known that the earth’s magnetic field over northern Canada
points straight down. The crew of a Boeing 747 aircraft flying at
260 m/s over northern Canada finds a 0.95 V potential difference
between the wing tips. The wing span of a Boeing 747 is 65 m.
What is the magnetic field strength there?

MoDEL The wing is a conductor moving through a magnetic field,
so there is a motional emf,

©2017 Pearson Education, Inc. Slide 30-32

Example 30.1 Measuring the Earth’s Magnetic

Field

EXAMPLE 30.1 | Measuring the earth’s magnetic field

SOLVE The magnetic field is perpendicular to the velocity, so we
can use Equation 30.3 1o find
_E_ 095V

vi (260 m/s)(65 m)
Assess Chapter 29 noted that the earth’s magnetic field is roughly
53 10°° T, The field is somewhat sironger than this near the mag-
netic poles, somewhat weaker near the equator.

B =56%10°T
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Induced Current

1. The charge carriers in the Positive end

wire are pushed upward /Df wire
++

by the magnetic force.
XX X XX g X X X

Conducting rail. Fixed
to table and doesn’t move.

Negative end
of wire

2. The charge carriers flow around the

conducting loop as

©2017 Pearson Education, Inc.

an induced current,

= |f we slide a conducting
wire along a U-shaped
conducting rail, we can
complete a circuit and
drive an electric current.

If the total resistance of
the circuit is R, the
induced current is given
by Ohm’s law as
E_vB

R R

Slide 30-34
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Induced Current

The induced current flows
through the moving wire.

x1
ic force on
the current-carrying

wire is opposite the motion.

A pulling force to the right must
balance the magnetic force to keep
the wire moving at constant speed

©2017 Pearson Education, Inc.

= To keep the wire moving
at a constant speed v,
we must apply a pulling
force F = vI*BYR.

This pulling force does
work at a rate

222
vil°B
Pinpul = Fpuu" = R

All of this power is
dissipated by the
resistance of the
circuit.
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Induced Current

1. The magnetic force on the charge
carriers is down, so the induced

current flows clockwise.

X X
X X
X%
x ix
X X X X X X, X

2. The magnetic force
on the current-carrying
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The figure shows a
conducting wire sliding
to the left.

= In this case, a pushing
force is needed to keep
the wire moving at
constant speed.

= Once again, this input
power is dissipated in
the electric circuit.

A device that converts
mechanical energy to
electric energy is called
a generator.
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QuickCheck 30.3

An induced current flows
clockwise as the metal bar
is pushed to the right. The
magnetic field points

Up.

Down.

Into the screen.
Out of the screen.
To the right.

moowm»
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QuickCheck 30.3

An induced current flows
clockwise as the metal bar
is pushed to the right. The
magnetic field points

A. Up.
B. Down.

' C. Into the screen.
D. Out of the screen.
E. To the right.

©2017 Pearson Education, Inc.
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Eddy Currents

Eddy currents are induced when
ametal sheet is pulled through
a magnetic field.

Metal sheet Lu
N H

pull

q —
H S v

The magnetic force on the eddy
currents is opposite in direction to ¥

©2017 Pearson Education, Inc.

=z %

Consider pulling a sheet
of metal through a
magnetic field.

Two “whirlpools” of
current begin to
circulate in the solid
metal, called eddy
currents.

The magnetic force on
the eddy currents is a
retarding force.

This is a form of
magnetic braking.

Slide 30-39
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The Basic Definition of Flux

Imagine holding a rectangular wire loop of area A =ab in
front of a fan.

The volume of air flowing through the loop each second
depends on the angle between the loop and the direction
of flow.

= No air goes through the same loop if it lies parallel to the
flow.

= The flow is maximum through a loop that is perpendicular
to the airflow.

This occurs because the effective area is greatest at this
angle.

The effective area (as seen facing the fan) is
A.s = abcosf = Acosé

©2017 Pearson Education, Inc. Slide 30-40

The Basic Definition of Flux

The flux is the amount
of air passing through
the loop per second.

Fan Aye = ab cost
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Magnetic Flux Through a Loop

Loop seen from the side:

[ . [J—— [ —

—_— —_—

<J- e —_—

s R —

—_— _—
g=0 8 =190°

Seen in the direction of the magnetic field:

3/25/2019

X X X XgX X X
xfx x x % x|x
XX X X X X|IX X X X XagX x
b 0
xflx x x x x[x R EEEE:
XX X X X XX
XX K XX KX
Loop perpendicular to field Loop rotated through angle . Loop rotated 90°.
Maximum number of arrows Fewer arrows pass through. No arrows pass through
pass through.
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The Area Vector

Let's define an area vector A = Af to be a vector in
the direction of, perpendicular to the surface, with a
magnitude A equal to the area of the surface.

Vector A has units of m2.

Loop of 3
area A The area vector is
perpendicular to the
loop. Its magnitude

is the area of the loop.
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Magnetic Flux

= The magnetic flux
measures the amount
of magnetic field

Ihu :1|1§Ic 6 between passing thrOUgh a

A and B is the angle loop of area A if the

at which the loop p o

has been tilted |00p is tilted at an

angle 6 from the field.

The magnetic
flux through
the long is
D, =A-B

@, = A4B = ABcosf

= The SI unit of magnetic flux is the weber:
1 weber =1 Wb =1 T m?
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Example 30.4 A Circular Loop in a Magnetic Field

EXAMPLE 30.4 | A circular loop in a magnetic field
FIGURE 30.14 is an edge view of a 10-cm-diameter circular loop
in a uniform 0.050 T magnetic field. What is the magnetic flux
through the loop?

=13
A
A

Circular loop

©2017 Pearson Education, Inc. Slide 30-45
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Example 30.4 A Circular Loop in a Magnetic Field

EXAMPLE 30.4 | A circular loop in a magnetic field

SOLVE Angle # is the angle between the loop’s area vector A, which

is perpendicular to the plane of the loop, and the magnetic field E)
In this case, # = 60°, not the 30° angle shown in the figure. Vector A

has magnitude A = 7% = 7.85 % 107" m”. Thus the magnetic flux is

&, =A-F=ABcosd=20% 10" Wh

=13

P

et

>

\

Circular loop

©2017 Pearson Education, Inc.
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QuickCheck 30.4

oo w>»

Which loop has the larger
magnetic flux through it?

Loop A
Loop B

The fluxes are the same.

Not enough information
to tell.

©2017 Pearson Education, Inc.

.
.
.
.

“ e 0 s e

.

Bl

This field is twice as strong.

This square is twice as wide.
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QuickCheck 30.4

Which loop has the larger
magnetic flux through it?

v'B.

Loop A

Loop B ®, =L’B

The fluxes are the same.

Not enough information
to tell.

©2017 Pearson Education, Inc.

.
.
.
.

“ s s 0 e

* e 0 0 o

This field is twice as strong.

B.
. . . .

This square is twice as wide.
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QuickCheck 30.5

The metal loop is being e 0o 0 0 0 0 0 @
pulled through a uniform J
magnetic field. Is the
magnetic flux through R R (e
the loop changing? S GpE & & sps o
L ] L ] LJ LJ [ L] L] [ ]
A. Yes ® e o 0 0 0 0 o
B. No B
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QuickCheck 30.5

The metal loop is being e o6 06 0 06 0 0 @
pulled through a uniform J===
magnetic field. Is the
magnetic flux through A | R | b
the loop changing? e offe o o ojffe o
L] L ] L] L] L L] L] L ]
A. Yes ® o 00 00 00
v'B. No B
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QuickCheck 30.6

The metal loop is rotating
in a uniform magnetic field. g e s s ye
Is the magnetic flux through e offe o o offe o

the loop changing? TN offe ¢ o offe &
-_..0....‘ \7

A. Yes ® o o ofie o 4
L] L L ] 8 L ] L] L] L ]
B. No 5
©2017 Pearson Education, Inc. Slide 30-51
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QuickCheck 30.6

The metal loop is rotating
in a uniform magnetic field. g e s s ye
Is the magnetic flux through o offe o o oo

the loop changing? A W
e eojle o o oo o \7

VA. Yes o o o ofle o 4
e o o 0o 0 0 o 0
B. No 5
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Magnetic Flux in a Nonuniform Field

= The figure shows a
loop in a nonuniform
magnetic field.

= The total magnetic

- Small area dA. flux thrOUgh the

The flux through loop is found with

this little area is . .

A, = B+ dA. an area integral.
_ a—
Increasing field strength q]m = B-dA

area of loop
©2017 Pearson Educaton, I Slide 30-53

Lenz’s Law

A bar magnet pushed toward a loop
increases the flux through the loop.

Which direction i
is the induced S H Current meter

current? [

LDy

B,

magnet

Lenz’s law There is an induced current in a closed, conducting loop if and only
if the magnetic flux through the loop is changing. The direction of the induced
current is such that the induced magnetic field opposes the change in the flux.

©2017 Pearson Education, Inc. Slide 30-54
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Lenz’'s Law

= Pushing the bar magnet
2. The loop needs into the loop causes the

o generate an

upward-pointing magnetic flux to increase
magnetic field in the downward direction.

1o oppose the
change in flux.

0

1. The flux through

the loop increases
downward as the
ma E

To oppose the change in
Bz flux, which is what Lenz’s
A ] law requires, the loop

o dncei itself needs to generate
— current an upward-pointing
magnetic field.

&
[

: - . The induced current
upward-pointing magnetic [‘wm. ceases as soon as the
magnet stops moving.

©2017 Pearson Education, Inc. Slide 30-55

Lenz’s Law

= Pushing the bar magnet away from the loop causes the
magnetic flux to decrease in the downward direction.

= To oppose this decrease, a clockwise current is induced.

() (b) 2. A downward-pointing
1. Downward flux field is needed to
due to the magnet oppose the change.
The bar magnet 4 0 is decreasing ]

is moving away
from the loop.

Binducea « _®T

Induced
% current

. — 3
3. A downward-pointing field
is induced by a cw current.
©2017 Pearson Edeaton Side 30-56

QuickCheck 30.7

The bar magnet is pushed
toward the center of a wire

loop. Which is true? ®

A. There is a clockwise induced
current in the loop.

B. There is a counterclockwise
induced current in the loop.

C. There is no induced current in
the loop.

©2017 Pearson Education, Inc. Slide 30-57
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QuickCheck 3

The bar magnet is pushed
toward the center of a wire
loop. Which is true?

v/ A. There is a clockwise
induced current in the loop.

B. There is a counterclockwise
induced current in the loop.

C. There is no induced current
in the loop.

1. Upward flux from magnet is increasing.
2. To oppose the increase, the field of the induced current points down.
3. From the right-hand rule, a downward field needs a cw current.

©2017 Pearson Education, Inc. Slide 30-58

QuickCheck 30.8
The bar magnet is pushed
toward the center of a wire ®
loop. Which is true?

A. There is a clockwise

induced current in _

the loop.

B. There is a counterclockwise
induced current in the loop.

C. There is no induced current
in the loop.

©2017 Pearson Education, Inc. Slide 30-59

QuickCheck 30.8
The bar magnet is pushed
toward the center of a wire ®
loop. Which is true?

A. There is a clockwise

induced current in _

the loop.

B. There is a counterclockwise
induced current in the loop.

V/C. There is no induced current
in the loop.

Magnetic flux is zero, so there’s no change of flux.

©2017 Pearson Education, Inc. Slide 30-60
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The Induced Current for Six Different Situations:

Slide 1

©2017 Pearson Education, Inc.

o

C No induced

current

B up and steady
No change in flux
No induced field
No induced current

Slide 30-61
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The Induced Current for Six Different Situations:

Slide 2

©2017 Pearson Education, Inc.

=
B induced

ol

B
L 2 Induced

!
Y current

1
il i
]

1

B up and increasing
Change in flux T
Induced field |
Induced current cw
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The Induced Current for Six Different Situations:

Slide 3
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) Induced

o
i current

B up and decreasing
Change in flux |
Induced field 1
Induced current cow

Slide 30-63
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The Induced Current for Six Different Situations:

Slide 4

C ) No induced

current

-

B

B down and steady
No change in flux
No induced field
No induced current
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The Induced Current for Six Different Situations:

Slide 5

Bmducm
A
e
>
=y Induced
1 current
K

B down and increasing
Change in flux |
Induced field T
Induced current ccw
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The Induced Current for Six Different Situations:

Slide 6

; Induced

]

1
]
) current
Y

[}

B down and decreasing
Change in flux T
Induced field |
Induced current cw
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Tactics: Using Lenz’s Law

Using Lenz’s law

© Determine the direction of the applied magnetic field. The field must
pass through the loop.

@ Determine how the flux is changing. Is it increasing, decreasing, or staying
the same?

© Determine the direction of an induced magnetic field that will oppose
the change in the flux.

Increasing flux: the induced magnetic field points opposite the applied
magnetic field.

Decreasing flux: the induced magnetic field points in the same direction as
the applied magnetic field.

Steady flux: there is no induced magnetic field.

@ Determine the direction of the induced current. Use the right-hand rule
to determine the current direction in the loop that generates the induced
magnetic field you found in step 3. .
Brercises 10-14
©2017 Pearson Edcaton, n: Slide 30-67

QuickCheck 30.9

The current in the straight wire J’
is decreasing. Which is true?

A. There is a clockwise
induced current in the loop.

B. There is a counterclockwise
induced current in the loop.

C. There is no induced current
in the loop.

©2017 Pearson Education, I, Stila9r8s

QuickCheck 30.9

The current in the straight wire [’
is decreasing. Which is true?

v’ A. There is a clockwise
induced current in the loop.

B. There is a counterclockwise
induced current in the loop.

C. There is no induced current
in the loop.

5

1. The flux from wire’s field is into the screen and decreasing.

2. To oppose the decrease, the field of the induced current must point into
the screen.

3. From the right-hand rule, an inward field needs a cw current.

©2017 Pearson Education, Inc. Slide 30-69
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QuickCheck 30.10

The magnetic field is confined to the region inside the
dashed lines; it is zero outside. The metal loop is
being pulled out of the magnetic field. Which is true?

A. There is a clockwise induced
current in the loop.

| 1
‘ :
| :
B. Thereis a counterclockwise | ¥ ] =
| 1
|
| 1
'

induced current in the loop.

C. Thereis noinduced current i ______.
in the loop.
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QuickCheck 30.10

The magnetic field is confined to the region inside the
dashed lines; it is zero outside. The metal loop is
being pulled out of the magnetic field. Which is true?

v’ A. There is a clockwise
induced current in the loop.

; ]
1
|
: X x:
B. Thereis a counterclockwise 1 & | * % §
! :
I
! 1
1

[ —x

induced current in the loop.

C. Thereis noinduced current . ____ /Z___u
in the loop.

1. The flux through the loop is into the screen and decreasing.

2. To oppose the decrease, the field of the induced current must point into
the screen.

3. From the right-hand rule, an inward field needs a cw current.

©2017 Pearson Education, Inc. Slide 30-71

QuickCheck 30.11

Immediately after the switch is closed, the lower loop

exerts on the upper loop.

A. atorque <:>

B. an upward force ||
C. adownward force

D. no force or torque

©2017 Pearson Education, Inc. Slide 30-72
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QuickCheck 30.11

Immediately after the switch is closed, the lower loop
exerts on the upper loop.

A. atorque N

+/B. an upward force W
C. adownward force
D. no force or torque

. The battery drives a ccw current that,briefly, ifcreases rapidly.

. The flux through the top loop is upward and ficreasing.

. To oppose the increase, the field of the induced current must point
downward.

. From the right-hand rule, a downward field needs a cw current.

. The ccw current in the lower loop makes the upper face a north pole. The
cw induced current in the upper loop makes the lower face a north pole.

6. Facing north poles exert repulsive forces on each other.
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Faraday’s Law

= An emfis induced in a conducting loop if the magnetic
flux through the loop changes.

= The magnitude of the emfis

P,

E:‘ dt

= The direction of the emf is such as to drive an
induced current in the direction given by Lenz’s law.
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Using Faraday’s Law

Magnetic flux @, = AB = xi8 = If we slide a conducting
XX X X/ Xy X X X wire along a U-shaped
s [ X X X conducting rail, we can
o] 5 . oy complete a circuit and
! p—tp- 3 drive an electric current.
X[l X XI X X X . .
Al » + « » " Wecanfind the induced
emf and current by
R B B B N o N R using Faraday’s law and
Induced current Ohm’s law:
dd, d dx E viB
8:‘—"' = —(xiB) = —IB = vIB I=—=—
dr dt( ) dr R R
2017 PersonEaton . Side 30.75
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Problem-Solving Strategy: Electromagnetic

Induction

Electromagnetic induction
mMopEL Make simplifying assumptions about wires and magnetic fields.

visuaLize Draw a picture or a circuit diagram. Use Lenz’s law to determine the
direction of the induced current.

soLve The mathematical representation is based on Faraday’s law

dd,,
dt

For an N-turn coil, multiply by N. The size of the induced current is / = £/R.

E=

assess Check that your result has correct units and significant figures, is
reasonable, and answers the question,
Exercise 18 E

©2017 Pearson Education, Inc. Slide 30-76

QuickCheck

The induced emf around WE iR
this loop is
2cm B
A. 200V
B. 50V ot
C. 2V i
’ 0.50
D. 05V
E. 002V s
0.00 t(s)
0 0.01
[ Side30.77
QuickCheck
The induced emf around 5 @St E s
this loop is I
2em B
A. 200V
B. 50V ==
B(T)
C. 2V 050
D. 05V
VE 0.02V Szdim:A‘:;j:Aanupcofgruph 025
0.00 £+ 1(s)
0\ 001
Slope = 50 T/s
[ Side 3075
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Induced Fields

Regionof -
increasing B , % X X
xE X

X
£ £
X %
Induced /’)f ( Ji
current X X X

E E .,
X X X ¥
Conducting loop i
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b

X

X

R =YY

= The figure shows a
conducting loop in an
increasing magnetic field.

According to Lenz’s law,
there is an induced current
in the counterclockwise
direction.

Something has to act on
the charge carriers to make
them move, so we infer that
there must be an induced
electric field tangent to the
loop at all points.

Slide 30-79

The Induced Electric Field

Regionof -
increasing B, 7* X%

X

Induced — 5>
electric field £
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= When the magnetic field

is increasing in a region
of space, we may define
a closed loop which is
perpendicular to the
magnetic field.

Faraday’s Law specifies
the loop integral of the
induced electric field
around this loop:

PN dB
E-di=A|—
% ’ ‘d:

Slide 30-80

Induced Electric Field in a Solenoid Slide 1 of 3

Mt

[
|
|
\

Increasing
current

(PR

[y
| I A
LW AWAY

>
B increasing
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= The current through
the solenoid creates
an upward pointing
magnetic field.

= As the current is
increasing, B is
increasing, so it must
induce an electric field.

Slide 30-81

3/25/2019

27



Induced Electric Field in a Solenoid Slide 2 of 3

= We could use Lenz’s law
to determine that if there
were a conducting loop

= .
B increasing

P | in the solenoid, the
Tnduced B induced current would
=S be clockwise.
T Indued . The induced electric

P field must therefore be
clockwise around the
magnetic field lines.
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Induced Electric Field in a Solenoid Slide 3 of 3

= To use Faraday’s law,
integrate around a

Integration clockwise circle of radius r:

curve

jﬁﬁ-d?:sz

dB
dt

dB
dt

= =’

= Thus the strength of the
induced electric field
inside the solenoid is

dB
dt

©2017 Pearson Education, Inc. Slide 30-83

_r
inside E

Example 30.10 An Induced Electric Field

EXAMPLE 30.10 | An induced electric field

A 4.0-cm-diameter solenoid is wound with 2000 turns per meter.
The current through the solenoid oscillates at 60 Hz with an am-
plitude of 2.0 A. What is the maximum strength of the induced
electric field inside the solenoid?

MODEL Assume that the magnetic field inside the solenoid is
uniform.
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Example 3

EXAMPLE 30.10 | An induced electric field
VISUALIZE The electric field lines are concentric circles around
the magnetic field lines, as was shown in Figure 30.32b. They
reverse direction twice every period as the current oscillates.

The induced electric field
circulates around the magnetic
field lines.

-
A B increasing
S
55
e N
Induced £
[enEs]
=== -
Induced £
e
)
———
©2017 Pearson Ecation, i Slide 30-85

Example 30.10 An Induced Electric Field

EXAMPLE 30.10 | An induced electric field

SOLVE You learned in Chapter 29 that the magnetic field strength
inside a solenoid with n turns per meter is B = pynl. In this case,
the current through the solenoid is I = [,sinwr, where I, =2.0 A
is the peak current and w = 27 (60 Hz) = 377 rad/s. Thus the
induced electric field strength at radius ris

Bl _rd
2ldt| 2ar
The field strength is maximum at maximum radius (r = R) and at
the instant when coswr = 1. That is,

Epax = SpgnRoly = 0.019 V/im

(ponlysinot) = 3 pynral,cos of
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Example 30.10 An Induced Electric Field

EXAMPLE 30.10 | An induced electric field

ASSESS This field strength, although not | similar to the
field strength that the emf of a battery creat n a wire. Hence
this induced electric field can drive a substantial induced current
through a conducting loop if a loop is present. But the induced
elec field exists inside the solenoid whether or not there is a
conducting loop.
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QuickCheck 30.13

The magnetic field is decreasing.
Which is the induced electric field?

‘\T/'
N

A.

E. There’s no induced field in this case.
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QuickCheck 30.13

The magnetic field is decreasing.
Which is the induced electric field?

The field is the same direction as induced
current would flow if there were a loop in the field.

t
NV
I'4 { N
’
e !

Al B.

E. There’s no induced field in this case.
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The Induced Electric Field

A changing magnetic field creates Faraday’S law and_ Lenz's

an induced electric field. law may be combined by
i noting that the emf must

oppose the change in @,,.

Mathematically, emf must
have the opposite sign of

dBldt.
= Faraday’s law may be
written as
Region of _ Induced . dd
increasing B clectric field E E= }E dg=——"n0
dt
©2017 Pearson Ecation, i Slide 30-90

30



The Induced Magnetic Field

A changing electric field creates = As we knOW, Changing
an induced m;lgncl}lc field. the magnetic field induces
S a circular electric field.

’ A e ——
£ X 5
o T the electric field induces
z E y i i a circular magnetic field.
\>N< /} y = The induced magnetic
ey A field was first suggested
N as a possibility by James

Regionof ,  Induced 4 Clerk Maxwell in 1855.
increasing E magnetic field B

%wa : = Symmetrically, changing
e g

3/25/2019
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Maxwell’s Theory of Electromagnetic Waves

= A changing electric field
creates a magnetic field, v Direction of propagation

at speed v,

m wave

which then changes in
just the right way to re-
create the electric

field, which then changes
in just the right way to
again re-create the
magnetic field, and

I

so on. :
= Thisis an 1
electromagnetic wave. Vemwave =
V Eplig
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Generators

= Agenerator is a device that transforms mechanical
energy into electric energy.

A generator inside a hydroelectric dam uses
electromagnetic induction to convert the
mechanical energy of a spinning turbine into
electric energy.
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n Alternating-Current Generator

Sliprings

.- The induced emf
as a function of time

= N AT
i 7 YRV Y

Eoil = N&* ABNi( ) = wABNsin ot
coil = a0 = a coswit) = . SIN Wi
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Example 30.11 An AC Generator

EXAMPLE 30.11 | An AC generator
A coil with area 2.0 m® rotates in a 0.010 T magnetic field at a
frequency of 60 Hz. How many turns are needed to generate a peak
voltage of 160 V?
SOLVE The coil’s maximum voltage is found from Equation 30.29:

Emax = @ABN = 2mfABN
The number of turns needed to generate &, = 160 V is

Eunax 160 V

N= =
2mfAB  2m(60 Hz)(2.0 m*)(0.010 T)

=21 turns
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Example 30.11 An AC Generator

EXAMPLE 30.11 | An AC generator

AssSEsS A 0.010 T field is modest, so you can see that generating
large voltages is not difficult with large (2 m?) coils. Commercial
generators use water flowing through a dam, rotating windmill
blades, or turbines spun by expanding steam to rotate the generator
coils. Work is required to rotate the coil, just as work was required
to pull the slide wire in Section 30.2, because the magnetic field
exerts retarding forces on the currents in the coil. Thus a generator
is a device that turns motion (mechanical energy) into a current
(electric energy). A generator is the opposite of a motor, which turns
a current into motion.
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Transformers

= Atransformer sends
an alternating emf v,
through the primary coil. Tron core

Primary coil \ Secondary coil

This causes an N, turns N, turns
oscillating magnetic —
flux through the
secondary coil and,
hence, an induced Load
emf V,. H

The magnetic field

The induced emf of follows the iron core.
the secondary coil is
delivered to the load: v, =—v,

V| coswt V, coswr

o
|
Fa
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Transformers

= A step-up transformer, with
N, >> N, can boost the voltage
of a generator up to several
hundred thousand volts.

Delivering power with smaller
currents at higher voltages
reduces losses due to the
resistance of the wires.

High-voltage transmission lines
carry electric power to urban
areas, where step-down
transformers (N, << N,) lower
the voltage to 120 V.
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Metal Detectors

...... Receiver coil

Induced current ...
due 1o eddy currents 3

= A metal detector consists
of two coils: a transmitter
coil and a receiver coil.

= A high-frequency AC
current in the transmitter

el I coil causes a field which
# Induced current due

# tothe ransmitter coil induces current in the
receiver coil.

Transmitter coil

Eddy currents in the metal

reduce the induced current . i

in the receiver coil = The net field at the receiver decreases
when a piece of metal is inserted

between the coils.

= Electronic circuits detect the current
decrease in the receiver coil and set off
an alarm.
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Inductors

= A coil of wire, or solenoid, can be used in a circuit to
store energy in the magnetic field.

= We define the inductance of a solenoid having N
turns, length / and cross-section area A as

Du _ HoNA

Lsolcnoid = Ji i

= The Sl unit of inductance is the henry, defined as
lhenry=1H=1Wb/A=1Tm2/A

= A coil of wire used in a circuit for the purpose of
inductance is called an inductor.

= The circuit symbol for an ideal inductor is —{— -
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Example 30.12 The Length of an Inductor

EXAMPLE 30.12 | The length of an inductor

An inductor is made by tightly wrapping 0.30-mm-diameter wire
around a 4.0-mm-diameter cylinder. What length cylinder has an
inductance of 10 uH?
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Example 30.12 The Length of an Inductor

EXAMPLE 30.12 ‘ The length of an inductor
soLvE The cross-section area of the solenoid is A = v’ If the
wire diameter is d, the number of turns of wire on a cylinder of
length /is N = l/d. Thus the inductance is
o HUNJA _ #U(U‘“lﬂ'"l _ .'-‘U'm'z-"

1 1 d?

The length needed to give inductance L = 1.0 X 107 H is

L

L (0.00030m)* (1.0 X 107 H)
T pemr? (4w 107 Tm/A)w(0.0020 m)?

=0.057m=35.7cm
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Potential Difference Across an Inductor

Inductor coil
/

o % Solenoid
B =

) magnetic

Vuuu field

Current [
= The figure above shows a steady current into the left side
of an inductor.

= The solenoid’s magnetic field passes through the coils,
establishing a flux.

= The next slide shows what happens if the current increases.
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Potential Difference Across an Inductor

= In the figure, the current into

the solenoid is increasing' The induced current  The induced magnetic
is opposite the field opposes the
= This creates an increasing solenoid current. change in flux.
flux to the left. s ‘
= Therefore the induced 76? 1 —
magnetic field must point
to the right. I 42
= The induced emf AV, must Increasing

current

be opposite to the current

The induced current carries positive

into the solenoid: char riers to the left and establishes
a potential difference across the inductor.
dl
AV =-L—
dt
©2017 Pearson Educaton, I Slide 30-104

Potential Difference Across an Inductor

= In the figure, the current into

the solenoid is decreasing. T e
= To oppose the decrease > /
in flux, the induced emf AV, =
is in the same direction [
as the input current. T
. . ————————————>
= The potential difference ) AVir,
. Decreasing s
across an inductor, current
mpasgred along the . The induced current carries
direction of the current, is positive charge carriers to the right.
The potential difference is opposite
that of Figure 30.38b.
dl “
V,=—L=—
AV, Ldr
©2017 Pearson Educaton, n: Slide 30-105
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Potential Difference Across an Inductor

Resistor Inductor
+ +
dl
AV, =—IR AV, =—L—
dt
The potential The potential decreases if
always decreases. the current is increasing.
The potential increases if
the current is decreasing.
2017 Passon eaton Side30-106

QuickCheck 30.14

Which current is changing more rapidly?

A. Current [,
B. Current 1,

C. They are changing
at the same rate.

D. Not enough
information to tell.

2H PAY 1H 4V

as A

©2017 Pearson Education, Inc.

QuickCheck 30.14

Which current is changing more rapidly?

A. Current [,

I
/B. CurrentI, AV, = —LZ—{
C. They are changing
at the same rate.
+ +
D. Not enough
information to tell.
2H 2V 1H 4V

©2017 Pearson Education, Inc. onue wu-108
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Example 30.13 Large Voltage Across an Inductor

EXAMPLE 30.13 | Large voltage across an inductor

A 1.0 A current passes through a 10 mH inductor coil. What
potential difference is induced across the coil if the current drops
to zero in 5.0 ps?

MODEL Assume this is an ideal inductor, with R = 0 (0, and that
the current decrease is linear with time.

©2017 Pearson Education, Inc.
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Example 30.13 Large Voltage Across an Inductor

EXAMPLE 30.13 | Large voltage across an inductor
SOLVE The rate of current decrease is

il Al —-1.0A
2 0210%ATs

di Ar 50X 107°s
The induced voltage is

AV =-L

o o 0.010 H)(—2.0 X 10° A/s) = 2000 V
di

AsSESS Inductors may be physically small, but they can pack a
punch if you try to change the current through them too quickly.

©2017 Pearson Education, Inc.
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Energy in Inductors and Magnetic Fields

= As current passes through an inductor, the electric
power is di
Py = IAV, = —LI —
elec L di

= P, is negative because the current is losing energy.

= That energy is being transferred to the inductor,
which is storing energy U, at the rate

duy dr
—==+LI—
dt dt
= We can find the total energy stored in an inductor by

integrating:

i
U._=LIIJI=%L!7
0

©2017 Pearson Education, Inc.
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Energy in Inductors and Magnetic Fields

= Inside a solenoid, the magnetic field strength is B = y ,NI/1.
= The inductor’s energy can be related to B:

I NA 1 WAL
U= =00 Af('“” ]
2 2 2u |

l 2
Uy = —AIB”
2juy

= But Al is the volume inside the solenoid.

= Dividing by Al, the magnetic field energy density
(energy per m3) is
1 2

—B?

Up =
! 210
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Energy in Electric and Magnetic Fields

Electric fields Magnetic fields

A capacitor An inductor stores
stores energy energy

Ue=3CAVY U, =;LI
Energy density Energy density in the

in the field is field is
€ 1
up = —E? ug = —B?
2 2u
2017 Pesrson Eteston, o Siide 30-113

Example 30.14 Energy Stored in an Inductor

EXAMPLE 30.14 | Energy stored in an inductor

The 10 pH inductor of Example 30.12 was 5.7 cm long and 4.0 mm
in diameter. Suppose it carries a 100 mA current. What are the
energy stored in the inductor, the magnetic energy density, and the
magnetic field strength?
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Example 30.14 Energy Stored in an Inductor

EXAMPLE 30.14 ‘ Energy stored in an inductor

SOLVE The stored energy is

U, =L =3(1.0x 10°H)(0.10 A)*=5.0X 10

The solenoid volume is (7r?)] = 7.16 X 10 7 m*. Using this gives
the energy density of the magnetic field:

_ 50x10%)
716X 107 m’?
From Equation 30.42, the magnetic field with this energy density is

B="V2uuy = 42X 10T

uy =0.070 I/m®
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Switch closes at t = 0.

The figure shows a
capacitor with initial charge

¥

k

Initial 0, an inductor, and a
charge O switch
+++ ’
¢ = The switch has been open

for a long time, so there is
no current in the circuit.

= Att=0, the switch is closed.

How does the circuit
respond?

= The charge and current oscillate in a way that is
analogous to a mass on a spring.
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LC Circuits: Step A

Analogy:

lwwwm\f 1

Maximum capacitor charge is
like a fully stretched spring.

The capacitor discharges
until the current is
a maximum.

©2017 Pearson Education, Inc. Slide 30-117

39



Max v
LCCCCECO

Maximum current is like the
block having maximum speed.

The current continues until the capacitor is

fully recharged with opposite polarization

3/25/2019

©2017 Pearson Education, I Slide 30-118
Now the discharg
in the opposite dir
©2017 Pearson Education, I Slide 30-119
The current continues until the
initial capacitor charge is restored.
©2017 Pearson Education, I Slide 30-120
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= An LC circuit is an electric
oscillator.

The letters on the graph

in the previous slides.
= The charge on the upper

is I =1,,sinwt, where

©2017 Pearson Education, Inc.

correspond to the four steps

plate is Q = Q,coswt and the
current through the inductor

The letters match the stages
Capacitor shown in Figure 30.43.
charge O

NEVRN

T |

|
i

i

0 T

|

i

:

i i
i

oy
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QuickCheck 30.15

If the top circuit has an oscillation

frequency of 1000 Hz, the

500 Hz
707 Hz
1000 Hz
1410 Hz
2000 Hz

moow>

©2017 Pearson Education, Inc.

frequency of the bottom circuit is

Slide 30-122

QuickCheck 30.15

If the top circuit has an oscillation

frequency of 1000 Hz, the

A. 500 Hz
707 Hz
C. 1000 Hz
_ [
VD 1410Hz -
E. 2000 Hz

w
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frequency of the bottom circuitis ——

Series capacitors have equivalent C/2.

Slide 30-123
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= A cell phone is actually a very sophisticated two-way radio
that communicates with the nearest base station via high-
frequency radio waves—roughly 1000 MHz. As in any radio or
communications device, the transmission frequency is
established by the oscillating current in an LC circuit.
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Example 30.15 An AM Radio Oscillator

EXAMPLE 30.15 | An AM radio oscillator
You have a 1.0 mH inductor, What

or should you choose 1o SOLVE The angular frequency is
0 kH? (This frequency  Using Equation 30,51 for e gives
enter of the AM radio band.) I

C=—-=30X% 10" F=30pF

oL

5.78 % 10" radis.
itor:

©2017 Pearson Education, Inc. Slide 30-125

The switch has been in this position = The figul’e shows an
for a long Iimc,‘.-\l r=0itis moved inductor and resistor in

to position b, ;

series.

Initially there is a steady
current I, being driven
through the LR circuit by
an external battery.

= Atr=0, the switch is
closed.

How does the circuit
respond?

= The current through the circuit decays exponentially,
with a time constant z = L/R.
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Current /
’(1 7

I'has decreased to 37%
of its initial value at r = 7.

0.501; ;
3 I has decreased to
37 4 - - — =
0.374 13%_ of I, at t = 27.
013l +----- oo <
i I
0 T t T 4
0 T 27 37
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I = Ioe—f/(UR)

L
T=—=
R
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QuickCheck 30.16

What is the battery current immediately
after the switch has closed?

0A
1A
2A
Undefined

— 10V

Do wp

5Q

©2017 Pearson Education, Inc.
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QuickCheck 30.16

What is the battery current immediately
after the switch has closed?

VA 0A
B. 1A
2A
D. Undefined

— 10V

o

50

5 mH

©2017 Pearson Education, Inc.
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QuickCheck 30.17

What is the battery current immediately
after the switch has been closed for a

©2017 Pearson Education, Inc.

very long time? 50

A. 0A

B. 1A — 10V 5 mH
C. 2A

D. Undefined
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QuickCheck 30.17

What is the battery current immediately
after the switch has been closed for a

©2017 Pearson Education, Inc.

very long time? 50

A. 0A

B. 1A — 10V 5 mH
v/C. 2A

D. Undefined
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Chapter 30 Summary Slides
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General Principles

©2017 Pearson Education, Inc.

Lenz’s Law

There is an induced current in a closed conducting loop if and
only if the magnetic flux through the loop is changing.

The direction of the induced current is such that the induced
magnetic field opposes the change in the flux.
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General Principles
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Faraday’s Law

An emf is induced around a closed loop if the
magnetic flux through the loop changes.
4y,
dt
Direction: As given by Lenz’s law

Magnitude: &=

Decreasing B
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General Principles
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Using Electromagnetic Induction
MODEL Make simplifying assumptions.

VISUALIZE Use Len#’s law to determine the direction of the
induced current.

SOLVE The induced emf is
b,

2 dr

Multiply by N for an N-turn coil.
The size of the induced current is / = E/R.

ASSESS Is the result reasonable?

Slide 30-135
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Important Concept

Magnetic flux

Magnetic flux measures the amount of
magnetic field passing through a surface.

&, =A-B=ABcosh
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Important Concept

Three ways to change the flux
1. A loop moves into or out of a magnetic field

2. The loop changes area or rotates.
3. The magnetic field through the loop increases
or decreases.
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Important Concept

Two ways to create an induced current

1. A motional emf is due to magnetic forces
on moving charge carriers.

E=viB

2. An induced electric field is duc to a
changing magnetic field.

it sy

%E.ﬁ;-.‘f:%z ‘x:‘f‘fﬂx .

HOLE
x_x x xEw’

Increasing &
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Applications

Inductors
i oA
Solenoid inductance L puq = !
=T dr
Potential difference AV, = ~L7

Energy stored Uy = LI

s
Magnetic energy density wg = lﬁ; B

©2017 Pearson Education, Inc.
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Applications

LC circuit

Oscillates at o = \/ L
LC

LR circuit

14
Exponential change with 7 = 7
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