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University Physics 227N/232N
Ch 27: Inductors, towards Ch 28: AC Circuits

Quiz and Homework This Week

Dr. Todd Satogata (ODU/Jefferson Lab)
satogata@)jlab.org
http.//www.toddsatogata.net/2014-ODU

Monday, March 31 2014

Happy Birthday to Jack Antonoff, Kate Micucci, Ewan McGregor,
Christopher Walken, Carlo Rubbia (1984 Nobel), and Al Gore (2007 Nobel)
(and Sin-Itiro Tomonaga and Rene Descartes and Johann Sebastian Bach too!)
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Testing for Rest of Semester

» Past Exams
= Full solutions promptly posted for review (done)

= Quizzes
= Similar to (but not exactly the same as) homework
= Full solutions promptly posted for review

» Future Exams (including comprehensive final)
= [|'ll provide copy of cheat sheet(s) at least one week in advance
= Still no computer/cell phone/interwebz/Chegg/call-a-friend
= Will only be homework/quiz/exam problems you have seen!
* S0 no separate practice exam (you’ll have seen them all anyway)
= Extra incentive to do/review/work through/understand homework

= Reduces (some) of the panic of the (omg) comprehensive exam
» But still tests your comprehensive knowledge of what we’ve done

Y JSA
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Review: Magnetism

» Magnetism exerts a force on moving electric charges

—

F=qvu x B magnitude F = quBsinf
= Direction follows right hand rule, perpendicular to both ¥ and B
= Be careful about the sign of the charge ¢

= Magnetic fields also originate from moving electric charges
= Electric currents create magnetic fields!
= There are no individual magnetic “charges”
= Magnetic field lines are always closed loops
= Biot-Savart law: how a current creates a magnetic field:

Mo IdEX’IQ

- fo =471 x 1077 T —m/A

dB =

4 r
» Magnetic field field from an infinitely long line of current I

* Field lines are right-hand circles around the line of current

= Each field line has a constant magnetic field of B Lol
A —_

%{ S———
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Review: Magnetism |l

Gauss’s Law and flux for magnetic fields
= Flux defined same way as defined for electric fields ¢ = /

» |ntegral equals zero for a closed surface ]{é CdA =0

Ampere’s Law

= Use symmetry to calculate magnetic field from current going
through surface defined by a closed path

%E - dr = UOIenclosed

» Faraday’s Law
= Changing magnetic flux produces electric fields/EMF/current

AP 5
Rt
dt

Lenz’s Law

= The EMF/current “induced” by Faraday’s law creates a
changing flux that opposes the original changing flux
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Applying Ampere’s Law: Infinite Cylinder Current

Ampere’S Law: %B) - dr = B Lfeld line = NOIenclosed

= Consider an infinite conducting cylinder of current, with the
current evenly distributed over the cross section of radius R.

= The magnetic field lines still are circles (still circularly symmetric)

= Using Ampere’s Law, for a distance r from the cylinder axis:
* What is the magnetic field magnitude forr> R ?
* What is the magnetic field magnitude forr< R ?

/ R EIA
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Applying Ampere’s Law: Infinite Cylinder Current

wefl

5 S RT[| !
- >
Ampere’S Law: %E - dr = B Lfeld line = ,UOIenclosed U

« What is the magnetic field magnitude for r > R ? i _ ol
c | is the total current / B

enclosed

Hol

r>R: 2mrB,~r =l = B,.~r =
27r

* What is the magnetic field magnitude forr <R ?

* | 0seq IS the only a fraction of the total current | R | | 7“
» Fractional current is given by the ratio of cross section areas
2
T tolr
r<R: 2mrDB = —— | = B =
r<R = Ho <7TR2> r<R = 5 Do

%
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Ampere’s Law: Solenoid

* [nstead of a current loop, we can make many circular loops
of wire with the same radius and evenly spaced
= This is called a solenoid

= A very long solenoid has a nearly constant magnetic field in
the center of the loops
= Qutside of the loops the path is long and the field is quite small

X N —— B field direction follows
Y AV LAY AAY 1 .

right hand rule around
current loops

» JSA
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Ampere’s Law: Solenoid

W A A \ —  Coliling of loops:
n “turns” per unit length

—

’]D ]{g - dT" = polenclosed = po(nLl)

= Draw a rectangular Amperian loop with three parts
= Qutside horizontal path: B ~ 0 so /E -dr =20

= Up/down sides: B L dF so B -di =0 and /E-dF:O B = ponl

% * Inside: B | d7, B ~ constant so /é -dr'= BL \_/

) JSA
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Inductive Reasoning

We've seen that...

= Moving charges (currents) experience forces from magnetic fields
= Moving charges (currents) create magnetic fields
» Electric and magnetic forces seem deeply intertwined

It gets even deeper than that

* A moving electric charge is really creating a changing electric field
= S0 a changing electric field is thus really creating a magnetic field

» Could a changing magnetic field also produce an electric field?

) JSA
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Inductive Reasoning

= We've seen that...
= Moving charges (currents) experience forces from magnetic fields
= Moving charges (currents) create magnetic fields
» Electric and magnetic forces seem deeply intertwined

= [t gets even deeper than that
* A moving electric charge is really creating a changing electric field
= So a changing electric field is thus really creating a magnetic field

» Could a changing magnetic field also produce an electric field?

* Yes! Changing magnetic fields create electric fields too!
» They therefore create EMFs and currents by pushing charges around

» This symmetry led to Maxwell's equations and one of the first great
physics “unifications”: electricity and magnetism became electromagnetism

%
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Magnets and Solenoid Coils

= Electromagnetic induction involves electrical effects due
to changing magnetic fields.

=  Simple experiments that result in induced current:

St'tionary magnet A ghtw dm g agnet

1. Move a magnet near a circuit:

= (M

A faster moving magnet A l ftwa d -movi g, magnet
re in increased curl

:':.' '...“
H
—I»

2. Move the circuit near a magnet:

%

@
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Magnetic Coils Also Interact

= More experiments that result in induced current:

3. Energize one coil to make it an electromagnet; move it near
a circuit, or hold it stationary and move a circuit near it:

Y (T (9

4. Changkewjfmﬁméwcurrent In one circuit, and thus the magnetic
field it produces:

@c
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Faraday’s Law

= Faraday’s law describes induction by relating the EMF
induced in a circuit to the rate of change of magnetic flux
through the circuit:

Move magnet right,

d@ B and more lines pass

= - — through the loop.

dt _
&S N| 3 B
where the magnetic flux is given by =
oy~ [ B-di

= With a flat area and uniform field,
this becomes

Moving a magnet near a
bp = B A cosf wire loop increases the flux
: through the loop. The result
= The flux can change by changing is an induced EMF given by
the field B, the area A, or the Faraday’s law. The induced
orientation 6. EMF dri_ves an induced
current in the loop.
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Two Examples
= Changing field:

= The loop has radius r, resistance R, and
Is in a magnetic field changing at the

rate dB/dt. The induced emf is X X
-
:_d(}i:_Ad_B:_m«?d_B X XB.,
dt dit dt « y
2
and the induced currentis [ = £ _ B X

« Changing area: i R

— The bar slides on the conducting rails,
increasing the circuit area at a rate
dA  d(lx) dx
_— = f— l— — l e
a @t dt |+
— The induced emf is R v l
d@B dA ] —~

= ———— = —-—B—=—Blv o x ox x xWUx x x x

dt dt
The induced currentis / = |¢|//R = BIVIR.
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Direction of Induced Current: Lenz’s Law

* The direction of the induced EMF and current is described by
the minus sign in Faraday’s law, but it's easier to get the
direction from conservation of energy.

» Lenz’s law: The direction of the induced current must be
such as to oppose that change that gives rise to it.

= Otherwise we could produce energy without doing any work!

= Example: Here the north pole of the magnet approaches the
loop. So the induced current makes the loop a bar magnet
with north to the left, opposing the approaching magnet.

Loop acts like a bar magnet
Wlth N pole to left.

Right-hand rule: Fmﬂers in
direction of current point
thumb in direction of N pole.

3 JSA
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It’s the Change in Flux that Matters

» Lenz’s law says that induced effects oppose the changes
that give rise to them.
= Now the induced current flows the opposite way, making the

loop’s south pole to the left and opposing the withdrawal of the
magnet.

) Loop acts like a bar magnet
Bioop with S pole to left.

Right-hand rule: iiingers in
direction of current point
thumb in direction of N pole.

= You'll end up practicing this type of logic quite a bit in this
week’'s homework.

{ G &5A
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Induction and Lenz’s Law Ponderables

B points out of paper and is increasing

= Which way does current flow in the loop of wire?

= Clockwise

. dPp
= Counterclockwise E=__""=
= Neither dt

) J
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Induction and Lenz’s Law Ponderables

B points out of paper and is decreasing

= Which way does current flow in the loop of wire?
= Clockwise
= Counterclockwise
= Neither

) @ @JSA
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Induction and Lenz’s Law Ponderables

= A magnet is being pushed towards the right through a wire
loop.
= Which way does current flow at the top of the loop of wire?
= Qut of the screen
» |nto the screen
= Neither

) @ @JSA
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Induction and Lenz’s Law Ponderables

= A magnet is being pushed towards the right away from a
wire loop.
= Which way does current flow at the top of the loop of wire?
= Qut of the screen
* |nto the screen
= Neither
= So which way is the current flowing when the magnet is
moving to the right and is halfway through the wire?
= Qut of the screen, into the screen, or neither?

%
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Induction and Lenz’s Law Ponderables

R

— MN—

a b
* A magnet is being pushed towards the right away from a
solenoid wrapped as shown above.
= Which way does current flow through the resistor?
= Fromatob
= Frombtoa
= Neither

) @E@&
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Other Uses of Induction

» Electromagnetic induction is used to retrieve information stored
magnetically on audio and video tapes and credit cards.

« Eddy currents produced by induction in moving conductors
act as a kind of electromagnetic friction.
— This may be a nuisance, sapping energy.

— Or it can be used to provide electromagnetic braking of spinning
machinery.

— Eddy currents play an important role in metal detectors.

Alternating Induced
Card current current

motion

Current

“u I detector
Nothing
between 11 1(
coils
Sl ron g current:

Tra smitter Rc e ver h 1“’

N
Magnetic—r=>" : Metal
strip Information is betwesii
contained in coils W -
magnetization .

triggers alam
Thank Y°!

pattern. 5 d dy

hag ﬂ at
receiver.
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Current

Magnetic LT

» Uses: military projectiles, possible space launch capability
= Muzzle velocities up to 3000+ m/s
= Magnetic fieldsupto 10 T
» Instantaneous current: several million Amps!
= Limited by
» Current carrying capacity of rails

» Self-inductance (roughly half of energy stored in B, half of energy
goes to kinetic energy of projectile)

{ G &5A
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* Progressive solenoid fields create acceleration

= Projectile must either be ferromagnetic, or have its own
solenoidal coil that can be influenced through induction

= Range from hobbyist single-coils to large military/NASA guns
= Limited by

» Magnetic reluctance (B field outside of center that rings back into
electrical circuit: Lenz’s Law in action)

» Magnetic saturation of ferromagnetic projectile
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= Mutual inductance occurs when a changing current in one
circuit results, via changing magnetic flux, in an induced emf
and thus a current in an adjacent circuit.

» Mutual inductance occurs because some of the magnetic flux
produced by one circuit passes through the other circuit.

» Self-inductance occurs when a changing current in a circuit
results in an induced emf that opposes the change in the
circuit itself.

— Self-inductance occurs because some of the magnetic flux
produced in a circuit passes through that same circuit.

N JI\N
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Mutual Inductance: Transformers

 J
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= An electrical transformer transmits
electrical energy through mutual
iInductance

= A purely AC device

» Requires AC current to produce
changing magnetic flux and induced
current

» AC frequency is same on both sides

= Primary and secondary solenoid
windings, usually around same core

* Note opposite directions of windings!

= Used to “step up” or “step down” AC
voltage

* Also used for AC circuit isolation

Mutual Inductance: Transformers

Primary

. Secondary
w;l"dmg [ winding
P tums 7 NS tums

Primary ——) Magnetjc

current , Flux, ¢ ——

— i
— Secondary
f+ \ l; cument

—
Primary
voltage

Sen Transformer
— Core —

Flux is approximately the same on both
sides

dPg dPp
Vo= Np B p = N OB
= P 3 s
Vs _ Np
Ve Ng
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Transformers and Electrical Power Distribution

Color Key: Substation
Black: Generation TStep POW” Subtransmission
Blue: Transmission ransiormer _f | Customer
. . p . ﬁ /_ | - B-R-N-N-]
Green: Distribution Transmission lines ‘R",:' 26kV and 69kV
765, 500, 345, 230, and 138 kV
33
Generating Station N Primary Customer
'\r‘ﬂ’_—
G . Transmlssmn Customer a a || Secondary Customer
g{]eeﬁ}lgg 138KV or 230kV == 120V and 240V
Transformer

» Transformers are crucial to electric power distribution

= High-voltage AC wires lose less power over long distribution
distances

= Lower voltage is needed for use and electrical safety in homes

= A transformer/diode combination can be used to produce DC
voltage: a rectifier

@
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