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Week 9:
Faraday's law of induction
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Faraday’s Law of Induction DEMO

https://auditoires-physique.epfl.ch/experiment/612/induction-terrestre

https://auditoires-physique.epfl.ch/experiment/226/mise-en-evidence-de-

linduction-11

When a magnet is moved
toward a loop of wire
connected to a sensitive
ammeter, the ammeter
shows that a current is
induced in the loop.
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When the magnet is held
stationary, there is no
induced current in the
loop, even when the
magnet 1s inside the loop.
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When the magnet is
moved away from the
loop, the ammeter shows
that the induced current
is opposite that shown in

part [

J
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https://auditoires-

physique.epfl.ch/experiment/568/mise-en-
evidence-de-linduction-i

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

When the switch in the ‘Em
primary circuit is closed, e
the ammeter reading in the i@
secondary circuit changes N
momentarily.

Primar}.r Sec(mdar}r
coil coil
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Magnetic Induction

e in the previous lectures, we found that electric current can
give rise to a magnetic field

Question: Can magnetic field give rise to an electric current?

Observation: electric current is induced if magnetic flux
through closed circuit (e.g., loop of wire) changes

/1

o constant magnetic flux does not induce a current
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“Change” may or may not require observable (macroscopic) motion

e a magnet may move through a loop of wire
e a loop of wire may be moved through a magnetic field

I ;gg
—V

move magnet toward coil
this part of the loop is

closest to your eyes Change area of |00p
inside magnetic field

rotate coil in
magnetic field

94
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Magnetic Induction

changingl .
= induced I

= ﬁD
changing B

e changing current in wire loop gives rise to changing

magnetic field which can induce a current in another
nearby loop of wire

In this case, nothing observable (to your eye) is moving, although
of course microscopically, electrons are in motion.

Induced current is produced by a changing magnetic flux.
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Magnetic flux (open surface)
Magnetic Flux through a loop (open surface): D = fﬁ-d}‘

Unit of magnetic flux: Weber, Wb: 1Wb =1T-m?. ’/Z’o
. . oL (-
The variables in the flux definition: ““““\

- VectorAisin the
direction of B Magnetic flux @5

is proportional to the number of

(DB — jﬁ i d;& — BAcos@ lines of B that pass through the loop.

-

- always positive ~B_7
The integral is taken over an open surface—that is, .

one bounded by a closed curve such as a circle or >

o

square. 0 = 9()° 0 = 45° 6=0°
Determining the flux In the present discussion, the area is that enclosed o
through a flat loop of wire. This loozp by the loop under discussion =0 $p=BAcos45° dp=BA
is square, of side £ and area A = ¢-. . ) .
d The area is not an enclosed surface as we use in (El) (b) (C)
Gauss’s law.
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Gauss’s Law in Magnetism (closed surface)

The magnetic field lines generated by a current and of a bar magnet do not begin or end at
any point. For any closed surface, the number of lines entering the surface equals the
number leaving the surface; therefore, the net magnetic flux is zero. In contrast, for a
closed surface surrounding one charge of an electric, the net electric flux is not zero.

Gauss’s law in magnetism states that

the net magnetic flux through any closed surface is always zero:

%ﬁ-dﬁzf}

Z_

The electric flux
through a closed
surface surmunding

The net magnetic flux one of the charges

% thrnugh a closed surface
q S

) 15 not zero.
surrounding one of the

poles or any other

/ * \ closed surface is zero.
/

Flg ure 30.22 The magnetic field lines of a bar mag- FigI.II'E 30.23 The electric field lines surrounding
net form closed loops. (The dashed line represents an electric dipole begin on the positive charge and
the intersection of a closed surface with the page.) terminate on the negative charge.
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Faraday’s Law of Induction

Faraday’s law of induction: the emf € induced
In a circuit is equal to the rate of change of
magnetic flux through the circuit:

dd W

e=- 5 ®,=[B-dA

dt
or

If the circuit contains N loops dD
that are closely wrapped so E=-N il
the same flux passes through dt Flux of the B field calculated
each, the emfs induced in [ N 1oo S] through the surface bounded by
each loop add together, so P a circuit (OPEN SURFACE)

This fundamental result is
known as Faraday’s law of
induction and is one of the basic
laws of electromagnetism.

emf & = electromotive force

The phrase electromotive force is an unfortunate historical term,
describing not a force, but rather a potential difference in volts.
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Normal
to 1{1{1[}

\ 1
RIS

Faraday’s Law of Induction

— Loop of

area A

Suppose a loop enclosing an area A lies in a uniform
magnetic field B as in Figure.

The magnetic flux through the loop is equal to BAcos#,
where 0 is the angle between the magnetic field and the
normal to the loop;

hence, the induced emf £ can be expressed as

1
E = —L(BA cos 0)
dt

From this expression, we see that an emf can be induced
in the circuit in several ways:

* The magnitude of B can change with time.
 The area A enclosed by the loop can change with time.
* The angle 6 between B and the normal to the loop can

change with time.
* Any combination of the above can occur.
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Faraday’ s Law of Induction

Magnetic flux will change if the angle

between the loop and the field changes.

xx%xx B

X X X X B
X X X X XX X X X X (inward)
X X X X X X

X X X X X X

X X M x xxxXNX X Flux
X X X X X X ¢X X decreasing
X X X X XM X X

X X X X X X

X X X X MIX X X X X

X X X X KIX X X X X

(a) Maximum flux

Magnetized |

. Pickup
portion of coil
string \ *
4 Vi o 4 5 S
N;S N (1 (( (,S» PP
\ Magnet
To amplifier

Guitar
string

XXX XX XXX XX
XXX XX XXX XX

X X X X MaX X
X XXX XX X RX X

X XXX XX XX
X XXX X X X X
XXX XXX XX XX

X

XXX XX XXX XX

(b) Zero flux

XXX XXX XX XX

XXX XX XXX XX

E=_ B

© Cengage Learning/Charles D. Winters

[
™~

Magnetic flux will change if
the area of the loop changes.

X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X
X X X X X X X X %X xIxx x X
XX X X X X \NuxEx S —————
X XX X X XEx¢.x X Ml X X X X X X S

- XX XMEX ,XWX
X X X X X% ~ X X X X X X X X X
X X XXX XXX XX (invlv;ard) X X X X X X X X X
X X X X X X X X X X X X X X X X X X X
X X XXX XXXXX X X X X X X X X X

Magnetic flux will change if the intensity of
the magnetic field through the pickup loop

changes.

£=_2"8
dt

. d[B-dA
ot

y

XX X X XXX X X X
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Lenz’s Law

dd

O

The direction of the induced reaction

(I.e. current) is such as to oppose the
change in flux through the loop.

How the system compensate for it:

1. Generate its own opposite magnetic field

2. Make the loop smaller!

I_emf_ld B dA—l BdA
R Rdt "R dt

F

Solenoid is switching on:
Flux increases

https://auditoires-physique.epfl.ch/experiment/608/tour-de-
Dem

jufer-courants-induits
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Aluminum Can in a Magnetic Field

Current 1 changes from 0 to I; Demo

https://auditoires-
‘%) physique.epfl.ch/e
g xperiment/355/for
—  ces-de-lorentz-

%) sur-canette

b 4

e Current i in solenoid makes magnetic field -
(Ampere-Law) &

« Change of magnetic field induces emf (Faraday)
and a current I=emf /R (Ohm) in the coke-can

 Direction of I is opposite to I (Lenz); Induced &
current makes induced magnetic field (Ampere) to (&
reduce the solenoid magnetic field inside the can. ‘.

* Due to the induced current in the can, there is a
magnetic force on this current is toward inside of
the coke-can (Lorentz)

Coke-can resists to the Increase of the
magnetic flux by reducing its cross-section !
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A loop of wire in a magnetic field

A square loop of wire of side /=5.0 cm i1s
in a uniform magnetic field B=0.16T.
What is the magnetic flux in the loop (a)
when B is perpendicular to the face of the
loop and (b) when B is at an angle of

30° to the area A of the loop?

(c) What is the magnitude of the average
current in the loop if it has a resistance of
0.012 Q and it is rotated from position (b)
to position (a) in 0.14 s?

SOLUTION The area of the coil is A = 2 = (5.[] X 1072 rn)'2 =25 %1073 m2

and the direction of A is perpendicular to the face of the loop (Fig. ).
(a) B is perpendicular to the coil’s face, and thus parallel to A (Fig. ), so

— =

(I)B - B'A

= BAcos0° = (0.16T)(2.5 X 103 m?)(1) = 4.0 X 10 “Wh.

(b) The angle between B and A is 30°, s0

— —

b, = B-A

= BAcosf = (0.16T)(2.5 X 107 m?)cos30° = 3.5 X 10°* Wh.

(¢) The magnitude of the induced emf is

Ad, (4.0 X 10*Wb) — (3.5 X 10 *Wb)

€ = = = 3.6 X 10°*V.

At 0.14s

The current is then

& 36 X104V
I = — = — 0.030A = 30mA.
R 0012 Q m
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emf Generators

e a generator is a device that produces electricity (specifically, an emf) from motion

2. Flux change if a wire loop expands

1. Flux change if a wire loop or contracts in a magnetic field
rotates in @ magnetic field

Rotating loop generator

slide-wire generator

9.14
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e a generator is a device that produces electricity (specifically, an emf) from motion

3. Conductor moving in a
magnetic field: motional emf

—

B \%
QOOOOO

©OOO0OOO
ONONONONORN!
OOO0OOO
OCOOOO ’

motion produces voltage
difference between wire ends

DRI RIR
DRI RIR
DRI RIR

4. Flux change if a wire loop moves
into or out of a magnetic field

®
®
®
()
()
()
()
()
®
®

XD APR ¥ QR AR ® R

emf Generators

X INPR ¥ QR PR ® R

X INPR ¥ QR PR ® R

X INPR ¥ QR PR ® R

DRI RIR
DRI RIR
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In steady state, the electric and
magnctic forces on an electron
in the conductor are balanced.

- s
1 B,
_:.,
i
R
{ & Fp
gﬁ
—
¥ IS

Due to the magnetic force on
electrons, the ends of the
conductor become oppositely
charged, which establishes an
electric field in the conductor.

Motional emf

An emf can be induced in a conductor moving through a

constant magnetic field
%

fBZ(]Tf)XB

e Under the influence of this force, the electrons move to the
lower end of the conductor and accumulate there, leaving a net
positive charge at the upper end.

* As aresult of this charge separation, an electric field E is
produced inside the conductor.

gt = quB or FE = vB

AV = E{ = B{v

A potential difference is maintained between the ends of the conductor as
long as the conductor continues to move through the uniform magnetic field.
If the direction of the motion is reversed, the polarity of the potential
difference is also reversed.
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Pulling a coil out from a Magnetic Field

- A square loop of side | is B perpendicular down

moving at speed v out of a speed v

region of uniform field B.

* The induced emf Is |
E=—d®, /dt= Bvl

e The direction of current is
such to induce a magnetic

field in the same direction of In time dt the loop will
move distance vdt, so the
the external one

area outside of magnetic
(to compensate for the variation-- field will be vdt-.

Lenz’s law).

9.17
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Example: emf Induced in a Moving Conductor

Force on moving rod in magnetic field.
(a) Determine the magnitude of the required force.

(b) What external power is needed to move the rod? E{ — 1f X E
(8) ®=BS, £=- e I—— F = IBlsin0
dr’ R’
dFE _ dA dx _ d(l-x) _ © O O - © O &
——= v=Bilv Rl ||
dt dx dt dx O|O_0O | OO0 _,
]:Ez_ldF:—Blv Fm 4 | | Fex
R Rd R Olo OTOIOT
BZIZV —
F_=-F,=BIll =BIBlv= ONECEECIECNECENC
R R B (outward)

(a) vdt

0y P=Fv=I°R
E,..=1/2-mv?; ¥F=0 => v=const.

9.18
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Example: Magnetic Force Acting on a Sliding Bar

The conducting bar illustrated in Figure moves on two frictionless, parallel rails in the
presence of a uniform magnetic field directed into the page. The bar has mass m, and its length

is /. The bar is given an initial velocity v to the right and is released at t = 0.

The magnetic force is F = —ILB, where the negative sign indicates that the force ﬁin
is to the left. The magnetic force is the only horizontal force acting on the bar. [
_ _ . dv
Using the particle under a net force model, apply New- F,=ma — —I{B=m m
ton’s second law to the bar in the horizontal direction: ' R F =
dv  B? ¢ - —
Substitute 7 = Bfu/R from previous example mo =" g ?
dv B2¢? Ly
Rearrange the equation so that all occurrences of the P = dt I
variable v are on the left and those of ¢are on the right: " - H
_ o . y Yo B[ 4
Integrate this equation using the initial condition that —= = dt - X —>
— — : 209/ : : vy U mR J,
v = v;at { = 0 and noting that (B=€¢=/mR) is a constant: ;
22 . : Y
n (E) S (B ¢ )z This expression for v indicates
vi mh that the velocity of the bar
. oo ‘ B decreases with time under the
Define the constant 7 = mR/B?€? and solve for the (1) v= ve "

velocity:

action of the magnetic force

9.19
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Relation between Electric and Magnetic fields

A Change of Magnetic Flux Produces an Electric Field

The induction of a current in the loop implies the presence of an induced 108 chiariges in tinse, an electne
electric field E , which must be tangent to the loop because that is the direction f::d i:’]:':d‘t'l‘;‘f“ l‘l“ ;‘i:f“fr“i]"" .
. . . . . . ange L8] € CIrc erence o
in which the charges in the wire move in response to the electric force. theg,(,op.
. Faraday’s law L
Kirchhoff's rule: D <, EA
The emf for any closed path can be expressed — B /
as the line integral of E - dl over that path dt I 5 l

5=<j>171-d2 PE-dl=——2

TR |

This is a generalization of Faraday’s law.

The electric field will exist regardless of whether there are any conductors around.

The induced electric field E is a nonconservative field that is generated by a changing magnetic field. The

field E that satisfies the generalization of Faraday’s law cannot possibly be an electrostatic field because were
the field electrostatic and hence conservative, the line integral over a closed loop would be zero.

9.20
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Example: E field produced by changing B field

Magnetic field between two round poles of an
electromagnet is nearly uniform.

The current in the coll of the electromagnet alternates
as: | = l,cosw t. This generate a magnetic field B(t) o< I(t).
Maximum field is B,

Determine the electric field at any point P at distance r
from the center of the poles.

. dd .
SPE dl=-— B;gSE dl=2nrE
dt
dF, _dB .
B=al = al coswm 7 a4l |
dB | ®
B,=al,=|B=B, cosa)tl — =—wB, sin ot

1

wB, prisinwe = 2prE — |E == rwB,sinm

N
L
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Example: Motional emf Induced in a Rotating Bar

A conducting bar of length [, rotates with a constant angular speed v about a pivot at one
end. A uniform magnetic field B is directed perpendicular to the plane of rotation.
Find the motional emf € induced between the ends of the bar.

Evaluate the magnitude of the emf B

induced in a segment of the bar of d€ = Buv dr =

length dr having a velocity v /‘%\(/
. . 3

Find the total emf between the ends > /

of the bar by adding the emfs induced & = J Bu dr

/ dr

. ¢
across all segments: £ / |
The tangential speed v of an element Pivot” \

is related to the angular speed v ¢ : ,
through the relationship v = wr ; € =B|vdr= Bo| rdr= 5Bwt
use that fact and integrate: 0

We can increase € by increasing B, [ or v. For the rotating rod, however, there is an advantage to increasing the
length of the rod to raise the emf because [ is squared. Doubling the length gives four times the emf, whereas
doubling the angular speed only doubles the emf.
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DC Electric Generator (Faraday disk)

Disc is conductive, spinning counterclockwise with @

B is directed down.

Consider a portion of disk at distance 1 from the center, the
Lorentz force on free electrons is:

—

F=qg-vxB V= wr

=> charge separation =>
Potential difference (EMF)

emf = AV = Fl/e

[ 1s the lengh across which we accumulated the charges,
1n this case [ = R, the radius of the metallic disc.

AV Capable to generate very
Tdisk high currents: 10°A'!

T4isk 1S the disk resistance,
which can be very low But low emf
if made our of thick metal

Imax

9.23



AC Electric Generators
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An alternating currents (ac) are generated by an electric generator or dynamo, one of the most important practical results of
Faraday’s great discovery. A generator transforms mechanical energy into electric energy, just the opposite of what a motor does

A generator consists of many loops of wire (only one 1s shown) wound on an armature that can rotate in a magnetic field.
The axle is turned by some mechanical means (falling water, steam turbine, car motor belt), and an emf is induced in the

rotating coil. An electric current is thus the output of a generator.

\‘\ Loop

Thus the current and the emf produced is

alternating!

gnm:\'

\\ f\\ ///\\\ /,/[

: \

46 External |
. . /
) circuit \/ \ /
./

(b)

External

rotator Brushes

(a)
Active Figure 31.21 (a) Schematic diagram of an AC generator. An emf is induced in
a loop that rotates in a magnetic field. (b) The alternating emf induced in the loop
9.24

plotted as a function of time.
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AC Electric Generators

Much more efficient generator, respect to a DC one, involves a
loop, (or a coil of many loops), rotating in a magnetic field
generated between the poles of a magnet.

The brushes are in constant electrical contact with the slip rings,
which are always connected to the same sides of the loop:

slip rings

If the flux through the
loop increases:

- Lenzlaw

Current is induced into the
loop with a direction is such
as to reduce the magnetic
field in the loop.

9.25
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AC Electric Generators

In an electric generator, the axle is rotated by an external force
(e.qg., falling water or steam).

When the frame is horizontal (6=90°), the flux is O.
It then increases and at 6=0° is max, flux is BS.

It then reduces, etc.. D= — + — + — +

By Lenz’ law: €=+ — + —+ — Alternating current (AC)
_ _ slip rings
If rotation is constant: 0(t) = wt + 6, l

__42. ® = BScosO(t
€= ——"; = BScosf(t)

d
£ = —BS% [cos(wt + 6)]

d cosy d(wt + 6,)
dy dt
¢ = BSw sin(wt + 6,)

e =—BS

9.26
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AC Electric Generators

sinusoidal emf

[\ /

¢ = BSw sin(wt + 6,) emf
For the case of N loops: Sof
¢ = NBSw sin(wt + 6,) 0

£ = gy sin(wt + 6,) o = NBSw
IV = VO Sin(ZT[ ft + 00)

\/ /"

0(t) = ot+6,

Power by alternating current (AC) on a resistor:

Instantaneous V2 V2 sin2(2m ft
power P(t) =V(@®)I(t) = - _ 0 R( ft)
T=1/f T
Averaged 1 VOZ . VOZ
Power (P) = T j P(t)dt = ﬁj sin“(2m ft) dt (P) = 2R
over a period 0 0

sin®x+cos’x =1 (sin’x+cos’x)=(sin’x)+(cos’x) =1

(sin®x)=(cos’x)=1/2;

9.27
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Induction by AC: Induction stove

An induction stove contains a coil of copper wire
underneath the ceramic plate, the “burner” (a burner that
never gets hot). When a cooking pot is placed on top of it,
an alternating electric current 1s passed through it. The
resulting oscillating magnetic field induces a magnetic
flux, producing an eddy current in the ferrous pot.

Why will it heat a metal pan but not a glass container?
The eddy current flowing through the resistance of the pot heats it.

dd d d d assuming for a solenoid
— ~ —A—B = —Aun— I = —Aun— (Iycos wt) B = unl,
dt dt dt dt with n is the number
of loops per unit length

E =

(V%) _ (Aunlyw)?
R R

V =~ Aunlyw sinwt  (P); = ((sin wt)?),

(A unl 0 w)z m <LK m<<m Important: For induction to work, your cookware
(P )t — IR glass 0 metal must be made of a magnetic metal, such as cast iron

or some stainless steels.
9.28



=PrL

Eddy Currents

Circulating currents, called eddy currents, are induced in
bulk pieces of metal moving through a magnetic field.

As the conducting plate enters When slots are cut in the
the field, the eddy currents conducting plate, the eddy
are counterclockwise. currents are reduced and the by Lenz’s law, the

plate swings more freely induced current must

provide its own
the field, the currents magnetic field out of

As the plate leaves through the magnetic field.

are clockwise. the page
Y Pivot Y Pivot
DEM
1 2 1 2 0
Y/ - )/ — https://auditoires-
,,-43:"; Bin R Bin physique.epfl.ch/experi
fe) o;.r 4 ment/595/freinage-dans-
H J\ A v champ-magnetique-gros-
N~V - v - aimant
F B F FB
B

<
\¢

As the plate enters or leaves the
field, the changing magnetic flux
induces an emf, which causes
eddy currents in the plate.

9.29



=PrL

Summary

Field E created by a distribution
of static charges

For problems with
"symmetries" also used:
1
f E-ds=—¢ pdV

)
S v

/ (Gauss’ law)

Surface integral

l'\‘\\‘\’

[
B o
& 7
B A

aussian

Field B created by a distribution
of stationary currents

For problems with
“symmetries” we also use:

9.30
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Summary

The flow of the electric field

jﬂﬁ-ds= 2y
€0

S vV

V-E=£
€0

L

>

The flux of the magnetic field

fB-ds=O

S
V-B=0

JZ//_:
o

//f?\’

Interpretation:
Absence of “magnetic charges” (monopoles)
Field B lines are always closed (no springs or wells)
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Summary

Electric field Magnetic field
of a point charge of a long wire
Energy density Energy density

electrostatic

1

magnetostatic

1
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Summary

electric dipole
In a electric field

Magnetic dipole
In a magnetic field

T=mXB
UB: —m:B

9.33
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