20.2 Lenz’s Law

Motional emf
Lenz’s law
Applications of Faraday’s Law

Demo show the eddy current effect of dropping a magnet in a conducting tube



If a wire is forced to move
perpendicular to a magnetic
field, the magnetic force on
the charges in the wire is
along the wire. This is the
most common mechanism
for the generation of
electric voltages.

Applications
The mobile negative

charges ara moved in
the opposite direction.

Mechanical energy input
to move the wire in the
magnetic field generates
the motional voltage

Voltage = vBL




Motional emf

A voltage is produced by a conductor moving in
a magnetic field

Charges in the conductor
experience a force upward

X X X X X F = qVB
x F X X X The work done in moving
v harge from bottom to
AV a charge from
X X X X top
L L W =FL =qvBL
X X X X X

The potential difference is

B into the page AV = w_ vBL

q




Motional emf

A voltage is produced by a conductor moving in
a magnetic field

Charges in the conductor
experience a force upward

X X X X X F=qvB
A ] Vo
x F I X X X -
Y 9%
AV —_—
X X X X velocity
L
v L W =FL =qvBL
X X X X X
The potential difference is
: w
B into the page AV =—=vBL

q




The potential difference can drive a current through a circuit
The emf arises from changing flux due to changing area
according to Faraday’s Law

AV X X X
\/ v
X X X X X

Changing Magnetic Flux
B into the page




18. R=6.0 Q and L=1.2 m and B=2.5 T. a) What speed
should the bar be moving to generate a current of
0.50A in the resistor? b) How much power is
dissipated in R? ¢) Where does the power come from?

iR

AV

wire
X I X X X
X X X
2 y y
X X X
L
X X X X

B into the page

j_ & _BLv
a) R R
s o IR _ 0.5(6.0)
BL 2.5(1.2)
v=1.0m/s

b) P =I’R=(0.5)(6.0)
P =15W

c) Work is done by the
force moving the bar




Lenz’'s Law
determines the direction of current flow.

N AP
At

—/




Lenz’'s Law
determines the direction of current flow.

AD,
At

s N/:t-
e N

e =-N

+
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Lenz’'s Law

The polarity of the induced emf is such that it
induces a current whose magnetic field opposes the
change in magnetic flux through the loop. i.e. the
current flows to maintain the original flux through the
loop.

B increasing in loop

B \Bin

—

B, acts to oppose the

S Nj —— - change in flux
\\\ + Current direction that
| w produces B, is as
V shown (right hand rule)

Emf has the polarity shown. € drives current in
external circuit.




Now reverse the motion of the magnet

The current reverses direction

B,

+

I\\_

L/

B decreasing in loop

B, acts to oppose the
change in flux
Current direction that

produces Bin is as
shown (right hand rule)

Emf has the polarity shown.




Lenz’'s Law and Reaction Forces

ch FmC
N
S N —‘—Nﬂ
N
|
\

A force is exerted by the
magnet on loop to produce the
current

A force must be exerted by
the current on the magnet to
oppose the change

The current flowing in the direction shown
induces a magnetic dipole in the current loop
that creates a force in the opposite direction




Example. Eddy currents

A magnet is dropped down a cylindrical conductor.
Currents are induced in the conductor to oppose the
movement of the magnet

C 5

S
N

| <ﬁ
S
creates magnetic dipole that
) opposes the movement of magnet

B increasing

\/

Bi, Induced magnetic field




Example. Eddy currents

What about the region behind the magnet?

3

S
1| B.. creates magnetic dipole that
! <%’/ " opposes the movement of magnet

B decreasing

|

S

N

|
>




Work

cm

Work done against the
in reaction force by the force

moving the magnet drives
the current flow.

w

-~/ 7

induced magnetic dipole




AB B
-——
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Induced

AB
—-
-

B

B -—
Induced

4 cases:

B AB

—_—

B =
Induced




Two coils are connected by an iron core. Is the emf
from a to b positive or negative when the switch is

increasing a

closed?
A} A} A} B A} A}
b
‘ +

) e

current flows from b to a
|, is negative therefore ¢, is negative




Electromagnetic Induction

Alternating
induced
voltage

Energy transfer
through space

Alternating
magnetic
field

Alternating
current
(varies with

tl me) © 2003 Thomson - Brooks Cole




Application of Faraday’s Law
Generation of voltage by a tape recorder

As magnetic tape moves
€ under the gap it induces
a changing flux in the coil.
The changing flux produces
Iron core a voltage that is amplified to

electromagnet give the signal.

Gap

Magnetic
tape v




20.3 Electrical Generator

Electrical Generators
Self-induction

Demo

Electrical generator- show that the motor can be used as a generator. first start the motor then switch it to the generator mode the light bulb
should go on (turn down the lights_

Magnetic induction use the iron core inductor to levitate a ring. show that the ring does not levitate if it is cut. then show that a light bulb can
be lit using magnetic induction. Energy transfer through space. Electro magnetic energy.



Hoover Dam

Electrical generators




Electrical Generator
Uses mechanical work to generate electrical current

Changing flux through a rotating coil produces emf
Faraday’s Law

Alternating current is produced

Direct current can be produced using a commutator.




Back emf in motor

10 Q coil 70V
resistance back emf
AW L

©2008 Thomson - Brooks Cole

When a motor is turning it generates a emf that

opposes the current flow -Back emf.

The Back emf is less when starting the motor or when it is
under heavy load (not turning fast). Under these conditions
large currents flow — the motor has the chance of burning out.
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Flux through a rotating loop in a B field

Normal to the plane

M 0
: N\
€
The flux through the loop

®, = BAcos0
0 =wt

() = angular velocity (radians/s)




AD
Relation between ®; and 5

B

F ==k

B

D, ®, = BAcoswt

-BA |

BAw + A(DB

AD, At
At f
-BAw — proportional to

= -BAw sinwt




The emf generated by a loop of N turns rotating at constant
angular velocity w is

. __yAe,
At
¢ = NBAw sinwt
NBAw_;
€
0

-NBAw +




35. In a model ac generator, a 500 turn rectangular coll

8.0 cmx 20 cm rotates at 120 rev/min in a uniform magnetic
field of 0.60 T. a) What is the maximum emf induced in the
coil?

e = NBAw sinwt

The maximum value of ¢

e =NBAw

e~ (500)(0.6)(0.08x0.2)12%%2%) _ gy




Electrical Generator

Alternating Current (AC) generator

Slip rings\ N

External
circuit

ROtatlonaI Brushes NS

(a)
Work »mson - Brooks Cole




Direct Current (DC) generator

Commutator

‘ (a) (b)

© 2003 Thomson - Brooks Cole




A generator is motor acting in reverse

Axis of
rotation
o

_~, ofloop
B

Splitring
commutators

pcrover ¢ drives rotation

source
© 2003 Thomson - Brooks Cole

DC motor




Axis of
_ rotation
of loop

Splitring
commutators

Rotation generates ¢

©2003

DC generator




Self-Inductance

* a property of a circuit carrying a current
* a voltage is induced that opposes the change in current

» used to make devices called inductors




a reverse emf is produce
by the changing current

AD,

~a
8:
s/ . At
P o A

Self- inductance of a circuit

© 2003 Thomson - Brooks Cole




Self Inductance of a coil

A changing magnetic field in a coil produces an emfin
another coill

€

[y s
At At

However changing fields in a coil due to changing the
current in the coil itself also produce an emf in coil a.
AD,
At €

A
At




Self-inductance of a caoil

€ , AB
+, - B increases, —
% — B At

\ \

\\ \\ \\ \\ \\ . .
T changes magnetic flux in
o the coil,
| l AP, AAB
Current At At
increasing Produces emf in coil
AD AAB
e =-N B - _N——
At At

The direction of the induced emf opposes the change in
current.




A changing current in a coil induces an emf that
opposes the change

— e — ] e

AN AN

|‘ l‘

| increasing | decreasing
induced emf induced emf
supports |

opposes |




Inductance L is a measure of the

self-induced emf , _
The self-induced emf is

AD
— € € = -N B
T )
A} A} A} A} A} but A¢B m A_I
| | At At
_Current_ proportionality constant is L
increasing N
g =-L—
At

L is a property of the coil, Units of L, Henry (H) E
A




Al
At

Inductance of a solenoid with N turns and length ¢,

wound around an air core (assume the length is much
larger than the diameter).

AB
P (I>B=BA=MO%IA
NUAUUR Ay 7Y
o At 0 At
L= MON72A

inductance proportional to N squared x area/length

Al
At




An air wound solenoid of 100 turns has a length of 10 cm
and a diameter of 1 cm. Find the inductance of the coil.

I=10 cm
| |
| [' |d=1cm
N? N? d?
L=py —A=un, —mnn—
o= M=o,y

| _ 4n107(100)’x(0.01)°

0.1(4)

=1.0x10°H




RL circuit

i S—
V\/\{
R
sl I
—Te
o é




The inductor prevents the rapid buildup of current

€ = —LA—I
At
But at long time does not reduce the current, Al _
At
/f
at t=w
E/RF-———=———=——= .
I=l.(1-e )
0632 5t ——- 7" 7=I/R
| L
[ T==
| R
! t
~




Spark generation

W | A
r— 8 - —L —
AV § L
0 At
Switch € is very high (1000 V) if
switch is opened quickly.
\ Used to generate high
voltage in spark plugs in
AN | automobile ignition
AV.T % L = €
. hE
. |




Energy is stored in a magnetic field of an inductor.

B=0 B increasing B,

| | | =
\_{ I ﬂ»_{ =lo A——1
Work is done against € to produce the B field.

This produces a change in the PE of the inductor

PE, - 11p
2

This stored PE can be used to do work




Response to a sinusoidal voltage

V sinusoidal |

t in phase with |

lags by 90°

leads by 90°

L8

different phase shift between current and voltage




Capacitive Reactance, X, imsin(ot + 90°)

X~= L
C ¢ oC
AVC :XC I v, sinot

1 X is higher at low frequency.

° »oC The capacitor block current at
long time. because more charge

=0 accumulates.
DC o
=0 Xc= infinity

@ high L Xc = low

X, has units of Ohms




A 10 microfarad capacitor is in an ac circuit with a voltage
source with RMS voltage of 10 V. a) Find the current

for a frequency of 100 Hz. b) Find the current for a frequency of
1000 Hz.

AV, = X,
AV, AV (2rfC)
X, 1
I =10(2r )(100)(10°) = 6.3x102 A

a)
/

b)  The frequency is 10 x higher, the current
is 10 x higher

[=10x6.3x10-2
=6.3x10-'A




Inductive reactance, X

XL
X, =oL
An inductor has higher back emf
when Al/At is greater, i.e. at high
@ % frequency. Inductive reactance higher
at high frequency.
imsin(mt - 90°)
, X, = oL
vmsm(:)t

L




Inductive reactance is
X.= high higher at high frequency

f high

@ ||OW%




A inductor with L= 10-° H is driven by a 10 V ac source.
a) Find the current at f=100 Hz.
b) Find the current at f=1000Hz

/ _ A VL,RMS A VL,RMS
a) RMS = XL = o fl
10

= 271(100)(1079)

=1.6x10°A

b) the frequency is 10x greater
the current is inversely proportional to f
the current is 10x lower

1=1.6x103/10=1.6x10%A




Application.

High pass and low pass filters.

amplifier

pass high frequency/block low frequency

Capacitor

pass low frequency/block high frequency

Inductor

j) tweeter

high f
woofer
. low f

stereo speakers
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RLC circuit

Currents and voltages are sinusoidal
Charge and discharge of capacitor
Power only dissipated in R

At resonance frequency maximum

energy stored in electric and magnetic
fields.

This circuit can be used to pick out
selected frequencies. e.g. in a radio
receiver.




Voltages

Voltage across R ,L , C are sinusoidal

But with different phase relative to
the current, and relative to each other

The sum of voltage

AV=AVe+ AV + AV,

But at any time the voltages are not
maximum across R, L and C but differ
because of phase shifts.




Sum of Voltages

C

=l o Sinwt

AV= AVg+ AV, + AV,

AV=AV__ sin(ot+®,)

max

OL R

AVq

AV,

AV,

AV

A




Impedance, Z

AV = (AV, - AV, )? + AV,

AV = (1X, - IX, Y +PR?

AV = 1J(X, - X, ) +R?

AV =17 Like Ohm’s Law

D) 5 L, C and R contribute to
Z = \/(XL -X.) +R Z, Impedance.




Resonance

L

()E

C

If R=0 then
[=infinity
at resonance

R>0

Z=(X,- X, ) +R?

When X| = X;
then X -X-=0
Z becomes a minimur]
| becomes maximum

resonance frequency
Xc = XL
S 1
f.C
_ 1

2nLC

fO




34. A resonance circuit in a radio receiver is tuned to a
certain station when the inductor has a value of 0.20 mH
and the capacitor has a value of 30 pF. Find the frequency
of the station.

1
f =

° 2xiLC
f =

antenna 1

2701/0.2x1072(30x107?)
f =2.05x10°Hz

[ ] f, =2.05MHz
ERE

resonance circuit amplifier




For LC circuit (R->0) at resonance

Energy oscillates between Electric and Magnetic Fields

L L L L
—OS = R
=0 C|=|max |=|n9
FLI — —
C C C C
Emax Bmax Emax Bmax
‘ t_>

15




21 Electromagnetic Radiation

Maxwell’s prediction

properties of electromagnetic
waves




James Clerk Maxwell

» Electricity and
magnetism were
originally thought to be
unrelated

* in 1865, James Clerk
Maxwell provided a
mathematical theory
that showed a close
relationship between all
electric and magnetic
phenomena

©CREIDI Ftrosmon BiYakis Wotth




Electric and Magnetic Field
Relations in Free Space

closed surface

E
Gauss’s Law Gauss’s Law for Magnetism
q
E-A€-=_= BAA:O
SUZCG : I 80 SUZCE I '

no magnetic monopoles




closed loop

[N\
]

> Does a changing E field
U AB produce a B field?

i
£ = 2 EAl, = _AAB
loop At
Faraday’s Law

Changing B field generates
an E field




Maxwell discovered that it does.

Consider a current flowing into a capacitor. The current changes
the charge on the capacitor. Changing the E field across the
capacitor. The changing E field results in a displacement current.

capacitor
B

[i
g 3

At

Displacement current
AD, AAE
Id ~— %o = 8o e
At At




closed loop

A AN
A . —
> 1:
- /=
E.

At
| BI
AAB AAE
= EAE = - = = I
& E ! ! At EBIAKI Mold Moso At
Faraday’s Law Ampere’s Law in free space
Changing B field generates
an E field

Changing E field generates
a B field




Maxwell’s relations

Gauss’ Law in Free space— Electric flux through a surface is
zero in the absence of charge

Gauss’ Law for magnetism - Magnetic lines form closed loops
(no magnetic monopoles)

Faraday’s Law - A changing magnetic field produces an
electric field.

Ampere’s Law in Free space - A changing electric field is
equivalent to a current. Thus, a changing electric field produces
a magnetic field.

Using the equations relating these ideas (Maxwell’s equations)
Maxwell predicted the existence of electromagnetic radiation.




Input

(

Induction
coil

>

Transmitter

el Receiver

Heinrich Hertz,
German Physicist 1857-1894

Showed that electromagnetic waves
could be produced
and detected.




Electromagnetic radiation

Electric and magnetic fields radiate as
waves from an accelerating charge

The waves propagate at the speed of light
The waves propagate in a vacuum.
Carries energy and momentum




Maxwell predicted the speed of light

Maxwell’s equations predicted the
speed of light to be determined by fundamental
constants.

Yoty

1
C =

J4nx107(8.85419x107'2)
¢ =2.99792x10°m/s

Experimental . _ 5 99792458x108 m/s
value P-

exact agreement




Speed of light is a universal constant.

3.00x 108 m/s

approximately 1 ft per nanosecond (109 s)

The time for light to travel halfway around the earth

2x108m is about 0.7 s




A radar system determines the distance from an approaching
airplane by the round trip time of a radar pulse. If a plane is
10 km away how long does the radar pulse take to return to
the radar.

te—=————= 6.7x10°s
c 3x10




Electromagnetic Waves

T period

A wavelength

~| =

C

Vi




Electromagnetic plane wave
E and B fields perpendicular to each other and to the
direction of propagation, in phase

© 2003 Thomson - Brooks Cole

Represention the E and B fields at one point in time for different
values of x in the direction of propagation




Production of electromagnetic waves by electric
fields in a dipole antenna

EE =3
]

I
+++

aaaaaaaaaaaaaaaaaaa

The E field due to accelerating charges on the antenna
propagates at the speed of light.

30




Production of magnetic fields by dipole antenna

I hszls




At long distances from the
antenna- plane wave

E field perpendicular
I to B field

/B direction of

ff propagation

nnnnnnnnnnnnnnnnnn




Some properties of electromagnetic radiation
Speed of light ¢=2.99x108 m/s

Electric and magnetic fields both present in fixed ratio

Energy is carried by both E field and B field
The average power / area carried by the E field
and B field are equal.

Power B:.c E; E B

max~ _ —max_ _ —max_—max

area 2u - 2u.c 2u,

o

o




A radio transmitter has a range of 50 km and a power
output of 1.0 kW. What is the max E field at the edge of the

range if the signal is transmitted uniformly over a
hemisphere?

power  p E?

max

area 2nR?® 2u.c

-7 8
E_ - /puo;:‘ _ (1000)(4nc x10 3)(23x10 ) 75102V /m
TR n(50x10%)




Antennas
Dipole antenna detects the E field
Loop antenna detects the B field

What is the direction of
the E fields and B fields?

What is the direction to the
TV station?

The direction of propagation
is perpendicular to E and B
The station is to the left or
right

© 2003 Thomson - Brooks Cole




‘equency, Hz

1022
1021
1020
1019
1018
1017
1016
1015
1014
1013
1012
101
1010
109

[
Gamma rays

B | 1nm

= Ulm\vi:olc[; ;

Microwaves

Long wave

‘Wavelength

1 pm

— 1 angstrom, A

1cm

1m

1 km

Electromagnetic radiation

L _C
f

Find the wavelength of
EM waves from a fm radio
station f=100MHz

c_ 3x10°

A== s
f 100x10

=3.0m

The size of the optimal antenna
is about 74 wavelength




equency itz Wavelength Electromagnetic radiation

1022 — T
| -
1021~ Gamma rays
4 — 1 pm C
1020 — 7\' —
1018 — — =
— 1angstrom, A f

1018
1017

B | 1nm

Radio f=100kHz-100 MHz
A= 1km-1m

106 - (SRR Ulirasioler
. e 2 Ulimiolor
101
102
1012

dipole antenna-detect electric
E

100 |- AR S 1, field

1010 — Microwaves

o N

- i ferrite core antenna- detect
magnetic field Py

B




‘equency, Hz

102 -

1021
1020
1019
1018
1017
1016
1015
1014
1013
1012
]0“
1010
109

108

107

106

A
|
|

Gamma rays

Wavelength

— 1 pm

— 1 angstrom, A

L!luvaviolci |

— 1 nm

Microwaves

Long wave

Radio waves |

i
|
1
v

Electromagnetic radiation

L _C
f

microwaves, cell phones
f~1-10 GHz
A~ 1-10 cm

dipole antenna
length =\/4




‘equency, Hz

1022
1021
1020
1019
1018
1017
1016
1015
1014
1013
1012
1011
1010
109

108

Gamma rays

‘Wavelength

C yisble light

Infrared

Microwaves

1 pm

1 angstrom, A

1nm

1m

1 km

Electromagnetic radiation

visible light
f~1015 Hz
A~ 400-700 nm

stained glass, gold particles
with diameter ~100 nm
scatter specific colors of light




Red Laser

visible light A~650 nm

I

oscillations due to excited electrons losing energy
in going from excited high energy states.

Diffraction effects occur when light passes through
Periodic structures with same length scale as the
wavelength




‘equency, Hz Wavelength
1022 — T
| =

1021~ Gamma rays
— 1 pm

1020 |-

1019 [ ] )
— 1angstrom, A

1018

1017
1016
1015
101
1013

— 1nm

Ultraviolet |

1012

jou |- B
1010

105’
108

Microwave:

Long wave

S

Radio waves

i
|
1
v

Electromagnetic radiation

X-rays
f~101° Hz
A~0.1 nm

X-ray diffraction

x-rays scatter from atoms
give information about
spatial dimensions ~0.1 nm




Summary

Electric Fields -produced by charges and changing
magnetic fields

Magnetic Fields -produced by moving charges and
changing electric fields

Electromagnetic radiation- results from changing electric
and magnetic fields- Carries energy and momentum
through space.




