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Faraday’s law of induction

* When the magnetic flux through a single closed loop changes
with time, there is an induced emf that can drive a current
around the loop:

........
.....

Faraday’s law: aentiennn, "equals the negative of
The induced emtf ===+, A d(bB the time rate of change of
In a closed loop ... dt magnetic flux through the loop.

 Recall that the unit of magnetic flux is the weber (Wb).
1 T-m?=1Wb,so1V=1Wbls.
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CPS 32-2

A circular loop of wire is placed next to
a long straight wire. The current /in the

long straight wire is increasing. What (

current does this induce in the circular
loop?

A. a clockwise current
B. a counterclockwise current
C. zero current

D. not enough information given to decide



Q294

A circular loop of wood is placed next <

to a long, straight wire. The resistivity ( )
of wood 1s about 102V times greater

than that of copper. The current / in the

long, straight wire is increasing. Compared Loop
to the emf that would be induced if the loop of ;
WO0O

were made of copper, the emf induced in
the loop of wood 1s

A. about 10-20 as great.
B. about 10-10 as great.
C. about 10— as great.
D. the same.

E. greater.
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Q29.5

A flexible loop of wire lies in a (A
uniform magnetic field of

magnitude B directed into the
plane of the picture. The loop is

pulled as shown, reducing its
area. The induced current flows I

A. downward through resistor R and 1s proportional to B.
B. upward through resistor R and is proportional to B.

C. downward through resistor R and is proportional to B2.
D. upward through resistor R and is proportional to B2.

E. None of the above i1s true.
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Q29.6

The rectangular loop of wire 1s being (b) I

moved to the right at constant

velocity. A constant current / flows 1n
the long, straight wire in the direction

A
d
v
shown. The current induced 1n the T
loop 1s y
A. clockwise and proportional to /. l
W —>

B. counterclockwise and proportional to /.
C. clockwise and proportional to /12,
D. counterclockwise and proportional to /2.

E. zero.
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Q29.7

The loop of wire 1s being moved to
the right at constant velocity. A
constant current / flows in the long,
straight wire 1n the direction shown.
The current induced in the loop 1s

A. clockwise and proportional to /.

B. counterclockwise and proportional to /.
C. clockwise and proportional to /12,

D. counterclockwise and proportional to /2.

E. zero.
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Motional electromotive force

* When a conducting rod moves perpendicular to a uniform
magnetic field, there 1s a motional emf induced.

Rod connected to stationary conductor

DI

-

b
The motional emf £ in the moving rod creates
an electric field in the stationary conductor.

Motionalemf. @ e Conductor speed

.
conductor length and velocity > & = vBL<" Conductor length
. - » .« ~
perpendicular to uniform B & o s
Magnitude of uniform magnetic field
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Induced electric fields

Galvanometer & dl

. « 1 . , |
* A long, thin solenoid is Wire loop “T

encircled by a circular - 1\(
conducting loop. W e"‘"\

* Electric field in the loop 1s T"(’Tf
what must drive the current. \

- A
 When the solenoid current / TR

changes with time, the magnetic with magnetic field B.
flux also changes, and the induced emf can be written in
terms of induced electric field:

Line integral of electric field around path

Faraday’s law soresnnennnnnn, , T _ :
: T dD Negative of the time
for a stationary : B . .
int ¥ il E . dl == rate ol ch;mgc ol
integration path: S
o pe dr ~magnetic flux through path

............

.
.

. .

Trannnnt

© 2016 Pearson Education Inc.



Two equivalent statements:

Faraday’s law: seeeetenne equals the negative of
The induced emf ===, A = _ d(I)B the time rate of change of
in a closed loop ... dt magnetic flux through the loop.

Line integral of electric field around path

Parada"’s Ia“’ Seesssnes “easnsnnn, B = = 3
A dD Negative of the time

for a stationary — - : :

: . . E-*dl = ——— rate of change of

integration path: dt

magnetic flux through path

.
.............



Q299

The drawing shows the uniform magnetic
field inside a long, straight solenoid. The
field 1s directed 1nto the plane of the
drawing and 1s increasing. What 1s the
direction of the electric torce on a
positive point charge placed at point a?

A. to the left

B. to the right
C. straight up

D. straight down

E. Misleading question—the electric force at this point 1s zero.
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Q29.10

The drawing shows the uniform magnetic
field inside a long, straight solenoid. The
field 1s directed 1nto the plane of the
drawing and 1s increasing. What 1s the
direction of the electric torce on a
positive point charge placed at point b?

A. to the left

B. to the right
C. straight up

D. straight down

E. Misleading question—the electric force at this point 1s zero.
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Eddy currents

* When a piece of metal moves through a magnetic field or 1s
located 1n a changing magnetic field, eddy currents of
electric current are induced.

* The metal detectors used at
airport security checkpoints
operate by detecting eddy
currents induced 1n metallic
objects.

l,,

T~ Eddy
currents

A s
S \
=== Receiver

Transmitting
coil

I

coil
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Displacement current

* Ampere’s law 1s incomplete, as can be shown by considering the
process of charging a capacitor, as shown.

 For the plane circular area
bounded by the circle, /_, 1s

the current i 1n the left

Path for
Ampere’s law

/Bulgmg surface

conductor.
3  But the surface that bulges
ic dl ic out to the right 1s bounded
e "~ by the same circle, and the
current through that surface
1S Zero.

Plane

WS e This leads to a

contradiction.
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Displacement current

* When a capacitor 1s charging, the OONE
electric field is increasing between
the plates.

* We can define a fictitious
displacement current i, in

the region between the plates.

* This can be regarded as the source
of the magnetic field between the
plates.

.......
.

- ' : Time rate of chanege of
Displacement current --..., . (I(I)E S :
Yl = €——— electric flux through area
through an area D ;

Permittivity of material in area
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Maxwell’s equations of electromagnetism

* All the relationships between electric and magnetic fields and
their sources are summarized by four equations, called
Maxwell’s equations.

 The first Maxwell equation is Gauss’s law for electric fields
from Chapter 22:

Flux of electric field through a closed surface

('h‘ll"'L‘ &‘IIL'IU\CU
- ° > ~ A* < -
Gauss’s law for E: i - encl \
E e+ dA = —— by surface
60"

l‘_]CL‘ll'iC constant

* The second Maxwell equation 1s Gauss’s law for magnetic
fields from Chapter 27:

Flux of magnetic field through any closed surface ...

Gauss’s law for B: e &
BedA = Q4 ... equals zero.



Maxwell’s equations of electromagnetism

 The third Maxwell equation is this chapter’s formulation of
Faraday’s law:

Line integral of electric field around path

Faraday’s law v R csatnsas , ; : : :
for a stationary = d(I)B I\cguu.\'c S e
integration path: Evdli= == Sl L"hll‘l'lf_‘C %

dr _magnetic flux through path

.
-
---------

* The fourth Maxwell equation 1s Ampere’s law, including
displacement current:

Line integral of magnetic Time rate of change of
field around path Electric electric flux through path
i constant

s sssat Sannnnns
- . .
anet tan,

Ampere’s law ' : 57 o
for a stationary P T . “ E
or a stationary %B dl = /"“O(’C o €o )encl

integration path: ~S o

. )
Magnetic’ Conduction current  Displacement current
constant  through path through path
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Maxwell’s equations in empty space

* There 18 a remarkable In empty space there are no charges,
symmetry in Maxwell’s so the fluxes of E and B through any
equations. closed surface are equal to zero.

 In empty space where there 1s }{ Bedi = A%
no charge, the first two :

. . ° . . e L:.
equations are identical 1n 7{ Bk =0
form.

5 o ddg

» The third equation says that a E-dl=——7=4-
changing magnetic flux

ging magne dl—uedd)E,:
creates an electric field, and 050 j, ¥
the fourth Says that a In empty space there are no c(nulqclinn .
changmg electric flux creates  currents. so the line integrals of E and B
a magnetic field. around any closed path are related to the

rate of change of flux of the other field.
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Superconductivity in a magnetic field

* When a superconductor 1s cooled below 1its critical
temperature T, 1t loses all electrical resistance.

- For any superconducting material the critical temperature 7,

changes when the material 1s placed in an externally produced
magnetic field.

» Shown 1s this dependence for B, (T)
mercury. 0.05 -
» As the external field 0.04 Normal

magnitude increases, the 0.03
superconducting transition Super-
occurs at a lower and lower conducting
temperature. 0.01 ~ phase

0.02 -

| A
Ol 1 2 3 4 5
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The Meissner effect

* If we place a superconducting material in a uniform applied
magnetic field, and then lower the temperature until the

superconducting transition occurs, then all of the magnetic
flux 1s expelled from the superconductor.

 The expulsion of magnetic flux is called the Meissner effect.

| ) | A A \
/ ) \

[ / \ \ \

| / \
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Magnetic flux 1s expelled from the material,
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and the field inside it 1s zero (Meissner effect).



