Chapter 29 — Electromagnetic Induction

- Induction Experiments

- Faraday’s Law

- Lenz’'s Law

- Motional Electromotive Force

- Induced Electric Fields

- Eddy Currents

- Displacement Current and Maxwell’s Equations

- Superconductivity



- If the magnetic flux through a circuit changes, an emf and a current are
iInduced.

- A time-varying magnetic field can act as source of electric field.

Maxwell
- A time-varying electric field can act as source of magnetic field.

1. Induction Experiments (Faraday / Henry)

- An induced current (and emf) is generated when: (a) we move a magnet
around a coil, (b) move a second coil toward/away another coil, (c) change
the current in the second coil by opening/closing a switch.

Meter Meter shows

shows zero induced current.

current.

*They cause the magnetic field through the coil to change.



- Magnetically induced emfs are always the result of the action of ngn-
electrostatic forces. The electric fields caused by those forces are E, (non-
Coulomb, non conservative).

2. Faraday’s Law

Magnetic flux:

D, :IE-dA:chos¢-dA

/)

If B is uniform over a flat area A: D, =B-A=B-A-cos@

Surface is face-on to magnetic field: Surface is tilted from a face-on orientation Surface is edge-on to magnetic field:

* B and A are parallel (the angle between B by an angle ¢: B » B and A are perpendicular (the angle
and A is ¢ = 0). o * The angle between B and A is ¢. between B and A is ¢ = 90°).
* The magnetic flux ¢z = B+ A = BA. * The magnetic flux @5 = B+A = BA cos ¢. * The magnetic flux

®p = B+A = BA cos 90° = 0.
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Faraday’s Law of Induction:

- The induced emf in a closed loop equals the negative of the time rate of
change of the magnetic flux through the loop.
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* Induced emf is positive (€ > 0). * Induced emf is negative (£ < 0).



dd,
dt

Coil: N = number of turns

E=—-N

- If the loop is a conductor, an induced current results from emf. This current
produces an additional magnetic field through loop. From right hand rule,
that field is opposite in direction to the increasing field produced by
electromagnet.

Ex: 29.4 - Generator |: a simple alternator

(a) (b)
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Exs: 29.6, 29.7 - Generator lll: the slide wire generator
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3. Lenz’s Law

- Alternative method for determining the direction of induced current or emf.

The direction of any magnetic induction effect is such as to oppose the

cause of the effect.

-The “cause” can be changing the flux through a stationary circuit due to
varying B, changing flux due to motion of conductors, or both.

(a) Motion of magnet causes
increasing downward flux
through

decreasing upward flux
through

The induced magnetic field 1s upward to oppose the flux
change. To produce this induced field, the induced current
must be counterclockwise as seen from above the loop.

(b) Motion of magnet causes  (€) Motion of magnet causes

(d) Motion of magnet causes
decreasing downward flux increasing upward flux

through through
loop. | . loop. _,

B

induced

induced

The induced magnetic field is downward to oppose the
flux change. To produce this induced field, the induced
current must be clockwise as seen from above the loop.



- If the flux in an stationary circuit changes, the induced current sets up a
magnetic field opposite to the original field if original B increases, but in the
same direction as original B if B decreases.

- The induced current opposes the change in the flux through a circuit (not
the flux itself).

- If the change in flux is due to the motion of a conductor, the direction of the
induced current in the moving conductor is such that the direction of the
magnetic force on the conductor is opposite in direction to its motion (e.g.
slide-wire generator). The induced current iries to preserve the “status quo”
by opposing motion or a change of flux.

}Change in B
A By
. _ (increasing)
!3 induced downw.ard opposing the change - —
in flux (d®/dt). This leads to induced current
clockwise. g( - ) 1
*Binduced ’




- Lenz’s Law gives only the direction of an induced current. The magnitude
depends on the circuit’s resistance. Large R - small induced | - easier to
change flux through circuit.

- If loop is a good conductor = | induced present as long as magnet moves
with respect to loop. When relative motion stops = | = 0 quickly (due to
circuit’s resistance).

- If R = 0 (superconductor) = | induced (persistent current) flows even after
induced emf has disappeared (after magnet stopped moving relative to loop).
The flux through loop is the same as before the magnet started to move -
flux through loop of R =0 does not change.




-The principle of levitation is Lenz' rule.

1) The magnetic field created by the induced current in a metallic sample
due to time-fluctuation of the external magnetic field of the coil wants to
avoid its cause (i.e., the coil's fluctuating magnetic field).

2) Thus, the induced magnetic field in the sample and the external fluctuating
magnetic field of the coil repel each other.

3) The induced magnetic field (and the sample) move away from its cause,
l.e. away from the coil's magnetic field. Then, for a conical coil (smaller
radius at the bottom than at the top) the metallic sample will move upward

due to this levitation force, until the force of gravity balances the force of
levitation. (The levitation force is larger at the bottom of the conical coil than
at the top of the coil).



Induced Current / Eddy current levitation:

- The rail and the train exert magnetic fields
and the train is levitated by repulsive forces
between these magnetic fields.

- Binthe train is created by electromagnets
or permanent magnets, while the repulsive
force in the track is created by a induced magnetic field in conductors
within the tracks.

- Problems:

(1) at slow speeds the current induced in the coils of the track’s
conductors and resultant magnetic flux is not large enough to support
the weight of the train. Due to this, the train needs wheels (or any
landing gear) to support itself until it reaches a speed that can sustain
levitation.

(2) this repulsive system creates a field in the track (in front and behind
the lift magnets) which act against the magnets and creates a “drag
force”. This is normally only a problem at low speed.



4. Motional Electromotive Force (@) Isolated moving rod
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-The electric field in stationary U-shaped conductor creates a current -

moving rod became a source of emf Within
straight rod charges move from lower to higher potential, and in the rest of

circuit from higher to lower potential.

E =VvBL Length of rod and velocity perpendicular to B.
= £ VvBL
R R

- The emf associated with the moving rod is equivalent to that of a
battery with positive terminal at a and negative at b.

Motional emf: general form (alternative expression of Faraday’s law)

de = (VX E) . di E = §({}x E) : di Closed conducting loop

-This expression can only be used for problems involving moving conductors.
When we have stationary conductors in changing magnetic fields, we need to

use: &= -d®g/dt.




5. Induced Electric Fields @ L di

- An induced emf occurs when there is a Wire loop
changing magnetic flux through a stationary  sgienoid 1{
conductor.

Tl,ﬂ

- A current (I) in solenoid sets up B along its dt
axis, the magnetic flux is:

b, =B-A=uniA A
\ Blue cylinder showi region
AP dl with magnetic field B
E=——2L=—punA—
dt dt (b)
Induced current in loop (I'): I'=€/R

- The force that makes the charges move
around the loop is not a magnetic force. There
is an induced electric field in the conductor
caused by a changing magnetic flux.




-The total work done on q by the induced E when it goes once around the
loop: W =q ¢ > E is not conservative.

Conservative E > ff)l:j .dl =0
D,
dt

Non-conservative E > &E dl = =—

- Cylindrical symmetry - I?magnitude constant, direction is tangent to loop.

SEE-df:Zﬂ-r-E — E=

1 |d®
27ar| dt

1) an emf is induced by magnetic forces on charges when
a conductor moves through B.

2) atime-varying §induces Ein stationary conductor
and emf. E is induced even when there is no conductor.
Induced E is non-conservative, “rlgn-elegtrostatic”. No
potential energy associated, but F. = q E.



6 Eddv Cu rl“ents (a) Metal disk rotating through a magnetic field

- Induced currents that circulate throughout the
volume of a material.

Ex.: B confined to a small region of rotating
disk > Ob moves across B and emf is induced
—> induced circulation of eddy currents.

Sectors Oa and Oc are not in B, but provide return
conducting paths for charges displaced along Ob to 4
return from b to O.

Magnetic
field

(b) Resulting eddy currents and braking force

Induced | experiences ?; that opposes disk rotation:

F=ILxB (right) > current and L downward.

(the return currents lie outside B - do not
experience Fp).

-The interaction between eddy currents and B causes
braking of disk.

b



(a) (b)

T Eddy
currents —
0

N 7.' 7 "-:.7 X :J. B = ‘
itti Receiver
Transmitting ¢
coil col oo

(a) Metal detector (airport security checkpoint) generates an alternating B,
that induces eddy currents in conducting object (suitcase). These currents
produce alternating B’ that induces current in detector’s receiver (I').

(b) Same principle as (a).



7. Displacement Current and Maxwell’s Equations

- A varying electric field gives rise to a magnetic field.
Ampere’s Law §l§di =Uyl,,, (incomplete)

Charging a capacitor: conducting wires carry i (conduction current) into
one plate and out of the other, Q and E between plates increase.

§;1§ dl = Mol but also = 0 for surface bulging out

Contradiction? Path for
Ampere’s law

/Bulging surface

As capacitor charges, E and & through
surface increase.

E-A ;
qZC‘V:(dj(E‘d)zg’E‘Azg’(I)E g‘

ZC:@:gdCDE Plane
dt dt surface




Displacement current (i): fictitious current in region between capacitor’s
plates.
dd .

dt

i, =&

Changing the flux through curved surface is equivalent in Ampere’s law to
a conduction current through that surface (ip)

Generalized Ampere’s Law: §1§ dl =, U +1p),0

Valid for any surface we use: for curved
surface i, = 0, for flat surface iy = 0.
i, (flat surface) = iy (curved surface)

Displacement current density (jp):

The displacement current is the source of B in between
capacitor’s plates. It helps us to satisfy Kirchoff's junction’s rule: |5 in and I out



The reality of Displacement Current

T

- Displacement current creates B between plates
of capacitor while it charges.
(r<R) +
1
Ic

R

§E.di:2ﬂ-.r.B:ﬂolencl:/LleDA S E —

. 2 2
I 5 re . re .
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- In between the plates of the capacitor: (r< R) > B=0 atr = 0 (axis) and
increases linearly with distance from axis.

- For r> R = B is same as though the wire were continuous and plates not
present.



Maxwell's Equations of Electromagnetism

§E dA :% Gauss Law for E
€y
§E . d;{ -0 Gauss Law for? (there are no magnetic monopoles)

- dP
§B -dl :ﬂo(ic + &, Ej Ampere’s law
encl

dt
~ = dP
§E -dl =——2% | Faraday’s law
dt
E . E E Total electric field = E caused by a distribution of charges
= L. tL, at rest (E, = electrostatic) + E magnetically induced (E,,

non-electrostatic).



In empty spacei. =0, Q. =0

§E-df:80ﬂ0%jl§-dﬁ

§E-di=—i B-dA
dt

F =qg(E+VxB)




8. Su percondUCtiVitv BC (T) (@) Superconduging material in an external

magnetic field Byjat 7 > T

. 0.05 | Hg | A A A A
- Sudden disappearance Normal
of R when material cooled . phase
below critical T (T,). Super-

0.02 7 conducting B,
- FOr SuperCOndUCtlng 0.01 |- phase Tc The field ill.\iji‘.‘ the Htill%‘l'iiﬂ
materla|8 TC ChangeS When | | | | | T (K) is very nearly equal to B,,.
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material under external B,,.

(b) The temperature is lowered to T < T, so
the material becomes superconducting.

A A A A A A

| / | | |

. . . . ' / / f \ \ \
- With increasing B,, superconducting transition [ Tk

| [ \ \
occurs at lower and lower T. -

- Critical field (B.): minimum B required to eliminate LY %F
\ \ -2
SC at T<TC Magnetic flux is expi‘lled from the material,
and the field inside it is zero (Meissner effect).
The Meissner effect (c) When the external field is turned off at
I'<T, the field is zero everywhere.

- SC sphere in By at T > T, = normal phase (not SC) o
magnetic flux

in the material.

- If T < T, and B, not large enough to prevent SC

transition = distortion of field lines, no lines inside
material.




- If coil wrapped around sphere - emf induced in coil shows that during
SC transition the magnetic flux through coil decreases (to zero).

- If B, turned off while material still in SC phase - no emf induced in coil
and no B outside sphere.

- During SC transition in the presence of B, all magnetic flux is expelled
from the bulk of the sphere and the magnetic flux through a coil is zero.
The “expulsion” of B is the “Meissner effect”. That results in an increased
B (more densely packed field lines) close to the sides of the sphere.



http://www.youtube.com/watch?v=G3el4SVDyME

(11:11) Emf Induction while moving a bar magnet over a conducting loop

http://www.youtube.com/watch?v=gxuGDEz8wDg&NR=1

(10:35), (17:10)
Emf induction while changing the angle phiin a loop

(38:28) Eddy currents



