Chapter 31

Faraday’s Law

31.1 Faraday's Law of Induction

31.2 Motional emf
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** We knew that the electric fields produced by stationary charges and the
magnetic fields produced by moving charges.

¢ In this chapter explores the effects produced by magnetic fields that vary
In time.

¢+ Experiments conducted by Michael Faraday in England in
1831 and independently by Joseph Henry in the United

States that same year showed that an emf can be
Induced in a circuit by a changing magnetic field.

¢ The results of these experiments led to a very

i ] , Michael Farada
basic and important law known as Faraday s law R e e c,,‘;,,,ist

of induction. (1791-1867)

* An emf (and therefore a current as well) can be induced in various
processes that involve a change in a magnetic flux.
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= How an emf can be induced by =
a changing magnetic field.

= Consider a loop of wire connected to a sensitive
ammeter.

A. When a magnet is moved toward the loop, the
galvanometer needle deflects in one direction,
arbitrarily shown to the right.

B. When the magnet is brought to rest and held
stationary relative to the loop , no deflection is
observed.

C. When the magnet is moved away from the loop,
the needle deflects in the opposite direction.
Finally, if the magnet is held stationary and the
loop is moved either toward or away from it, the
needle deflects.

D. we conclude that the loop detects that the magnet
IS moving relative to it and we relate this detection
to a change in magnetic field. Thus, it seems that
a relationship exists between current and changing
magnetic field.

a current is set up even though no batteries are

present in the circuit! We call such a current an
induced current and say that it is produced by an
induced emf .
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An emf is induced in the circuit when
the magnetic flux through the circuit
changes with time.
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= The experiment conducted by Faraday

Primary Secondary
coil coil

Battery

A primary coil is connected to a switch and a battery. The coil is wrapped around an iron ring,
and a current in the coil produces a magnetic field when the switch is closed. A secondary coil
also is wrapped around the ring and is connected to a sensitive ammeter. No battery is present in
the secondary circuit, and the secondary coil is not electrically connected to the primary coil.
Any current detected in the secondary circuit must be induced by some external agent.

At the instant the switch is closed, the galvanometer needle deflects in one direction and then
returns to zero. The current in the primary circuit produces a magnetic field that penetrates the
secondary circuit which changes from zero to some value over some finite time, and this
changing field induces a current in the secondary circuit.

When switch is opened, the needle deflects in the opposite direction and again returns to zero.
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¢ Faraday concluded that an electric current can be induced in a circuit
(the secondary circuit in our setup) by a changing magnetic field.

¢ The induced current exists for only a short time while the magnetic field
through the secondary coll is changing, so that an induced emf is
produced in the secondary circuit by the changing magnetic field.

*» An emf is induced in the circuit when the magnetic flux through the circuit
changes with time.

The emf induced in a circuit is directly proportional to the time rate of change of
the magnetic flux through the circuit.
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Faraday’s law of induction

‘

dPg
di

where ®; = | B+ dA is the magnetic flux through the circuit.

If the circuit is a coil consisting of N loops all of the same area and if ®p is the

magnetic flux through one loop, an emf is induced in every loop. emfs add:

dd,
dt

€= -
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A conducting loop that encloses an area A in A

the presence of a uniform magnetic 2
field B The angle between B and
the normal to the loop is 6

induced emf can be expressed as

d
E = BA 6
" ( cos 0)

* The magnitude of B can change with time.

* The area enclosed by the loop can change with time.

e The angle 0 between B and the normal to the loop can change with time.

* Any combination of the above can occur.
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Qu ICK QUiZ I Aciraar loop of wire 18 held in a uniform magnetic field,
with the plane of the loop perpendicular to the field lines, Which of the following wil
nof cause a current to be induced m the loop? (a) crushing the loop; (b) rotating the

loop about an axis perpendicular to the field Ines; (c) keeping the orientation of the
loop fixed and moving it along the field lines; (d) pulling the loop out of the field.
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QUiCk QUiZ 31.2 Figure 31.4 shows a graphical representation of the field
magnitude versus time for a magnetic field that passes through a fixed loop and 1s ori-
ented perpendicular to the plane of the loop. The magnitude of the magnetic field at
any time 1s uniform over the area of the loop. Rank the magnitudes of the emt gener-
ated 1n the loop at the five instants indicated, from largest to smallest.
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Figure 31.4 (Quick Quiz 31.2) The time behavior of a magnetic field through a loop.
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Example 31.1 One Way to Induce an emf in a Coil

A coil consists of 200 turns of wire. Each turn s a square of
side 18 cm, and a uniform magnetic field directed perpendic-
ular to the plane of the coil 15 turned on. If the field changes
linearly from ( to 0.50 T m 0.80's, what is the magnitude of
the induced emf in the coil while the field is changing?

Solution The area of one turn of the coil is (0.18 m)* =
0.0324 m*. The magnetic flux through the coil at (=0 is
zero because B =0 at that time. At £ = 0.80's, the magnetic
flux through one turn is O3 = BA = (0.50 T) (0.0324 m?) =
00162 T-m* Therefore, the magnitude of the induced emf
is, from Equation 31.2,

=y Ay 00062 w0

At 0.80's

=41T-m¥/s= 41V

You should be able to show that 1 T-m?/s = 1V,

What If? What if you were asked to find the magnitude of
the induced current in the coil while the field is changing?
Can you answer this question?

Answer If the ends of the coil are not connected to a
circut, the answer to this question is easy—the current is
zero! (Charges will move within the wire of the cotl, but they
cannot move into or out of the ends of the coil.) In order
for a steady current to exist, the ends of the coil must be
connected to an external circuit. Let us assume that the coil
is connected to a circuit and that the total resistance of the
coil and the circuit is 2.0 (). Then, the current in the coil i
& 41V

I:—:—:.A
R 200 .
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Selected Solved Problems (Chapter # 31)

2. A flat loop of wire consisting of a single turn of cross-
sectional area 8.00 cm® is perpendicular to a magnetic
field that increases uniformly in magnitude from 0.500 T
to 2.50 T in 1.00 s. What is the resulting induced current if
the loop has a resistance of 2.00 ()?

)

5. f " A strong electromagnet produces a uniform mag-
netic field of 1.60 T over a cross-sectional area of
0.200 m*. We place a coil having 200 turns and a total
resistance of 20.0 () around the electromagnet. We then
smoothly reduce the current in the electromagnet until it
reaches zero in 20.0 ms. What 1s the current induced 1n
the coil?
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¢ In previous section, an emf is induced in a stationary circuit placed in a magnetic
field when the field changes with time.

*» Here, motional emf is the emf induced in a conductor moving through a
constant magnetic field.

o Straight conductor of length [ is moving through a K + Bi,
uniform magnetic field directed into the page. * X1+ | X ”

o The conductor is moving in a direction perpendicular F,
to the field with constant velocity under the influence w w % 5
of some external agent. 4 Fj

o Electrons in the conductor experience a magnetic force
that is directed along the length [, perpendicular to both . : B
VandB.

o Electrons move to the lower end of the conductor and X Ty
accumulate there, leaving a net positive charge at the R2 —
upper end.

o Electric field E is produced inside the conductor.
o Magnetic force is downward gV B on charges
remaining in the conductor is balanced by the

upward electric force qE.
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The condition for equilibrium requires that

gL = quB or E = vB
AV =FEf
Thus, for the equilibrium condition,

AV =FE{ = Bv

Thus, a potential difference is maintained between the ends of the
conductor as long as the conductor continues to move through the
uniform magnetic field.
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O How a changing magnetic flux causes:ansinduced-current in a closed circuit.

Consider a circuit consisting of a conducting bar of length
[ sliding along two fixed parallel conducting rails

A uniform and constant magnetic field B is applied
perpendicular to the plane of the circuit.

As the bar is pulled to the right with a velocity V under
the influence of an applied force F,,,,,,

Free charges in the bar experience a magnetic force
directed along the length of the bar.
This force sets up an induced current because the
charges are free to move in the closed conducting path.
In this case, the rate of change of magnetic flux
through the loop and the corresponding induced
motional emf across the moving bar are proportional to
the change in area of the loop.
If the bar is pulled to the right with a constant velocity,
the work done by the applied force appears as internal
energy in the resistor R.
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= The area enclosed by the circuit at any instant is [x, where X is the position of the bar.

= Magnetic flux through that area is L
() B — Bx

x changes with time at a rate % = v, we find that the induced motional emf is

d(I)B d dx
_ — —_— (B — —_B{ —
dt o (B ¢

dt
Motional emf £ = — Blv

&E =

= The resistance of the circuit is R, the magnitude of the induced current is

7 — | €| = Bf€vo
R R
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= The applied force does work on the conducting bar, thereby moving charges through
a magnetic field. Their movement through the field causes the charges to move along
the bar with some average drift velocity, and hence a current is established.

= The bar moves with constant velocity, the applied force must be equal in
magnitude and opposite in direction to the magnetic force.

O The power delivered by the applied force is

BQ{?Q 2 82
(I¢B)v = Rv ==

P = Fppv =
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QUiCk QUiZ 31 .5 In Figure 31.10, a given applied force of magnitude Fapp

results in a constant speed vand a power input . Imagine that the force is increased
s0 that the constant speed of the bar 1s doubled to 2v. Under these conditions, the new
force and the new power input are (a) 2Fand 2 (b) 4Fand 2P (c) 2Fand 4% (d) 4F
and 4%.

QUiCk QUiZ 31.6 You vish to move a rectangular loop of wire Into a region
of uniform magnetic field at a given speed so as to induce an emf in the loop. The
plane of the loop remains perpendicular to the magnetic field lines. In which orienta-
tion should you hold the loop while you move 1t into the region of magnetic field n
order to generate the largest emf? (a) with the long dimension of the loop parallel to
the velocity vector (b) with the short dimension of the loop parallel to the velocity
vector (c) either way—the emf 1s the same regardless of orientation.
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13.

‘

A long solenoid has n = 400 turns per meter and carries a
current given by 7 = (30.0 A) (1 — ¢ 1:09%) Inside the sole-
noid and coaxial with it 1s a coil that has a radius of
6.00 cm and consists of a total of N = 250 turns of fine

wire (Fig. P31.13). What emf is induced in the coil by the
changing current?

n turns/m 1

%%&%&%%%&%%w%&&&&%%%&&

N turns

Figure P31.13
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20. Consider the arrangement shown in Figure P31.20. Assume
that R = 6.00 (), € = 1.20 m, and a uniform 2.50-T mag-
netic field is directed into the page. At what speed should
the bar be moved to produce a current of 0.500 A in the
resistor?

SRy | —
app

\J

Figure P31.20 Problems 20, 21, and 22.
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Q24. A straight conductor of a length 60cm is moving with a velocity of 2.5 m/s through a

uniform magnetic field 1.5 T vertically into the page. The induced € is:

e bases daly alalia undline Jae IO @by 1.5 /s 4o gy 40 cm gl aifione s Ja ga & 24
&l Al A a5 i A ) 38y s

p20sv  Bpasv a1y D)-1.26 V E)-5.10 V

Q25. Based on the previous question 24, and if a resistance of 10 € is connected in series. Then
the induced current will be:

. ) LAl ol 1 e 10 Q Aya gl R gl oy 5 1305 € 24 iy il U1l ) okl 25
A) 245 mA B) 125 mA C) 345 mA D)710 mA 1225 mA

Al e S pd e gagee 4T MMQAM‘ (lage e 1m dﬁndmyébu Yo
g e 4 /s A o (el N ol gl 0 1ok ol 160 Ly Jhie cig \a\
Q25- A bar of length 1 m moves on two horizontal frictionless rails as
shown in the figure. If R=16 Q and a 4 T magnetic field is directed
perpendicularly into the paper, the applied force required tomove thebar x| ||
to the right at a constant speed of 4 m/s equals to: IR

2 (mJ o¢ D
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AUl e gagae 3T pushling Jlae B @S] ¢y g0y (ol sl Lo 1 4 gl Gl oy 23,
(_gJLuu IOm/skc)wu.w.“ U'“ L.u...aﬂ‘ d.a_);.du')m‘ o_,ﬂ\ J\mub 6Q) M_,Lu]\ _)\.MAL.»\S\J\ ds.ul\.\e.a}q
Q23- A bar of length 1 m moves on two horizontal frictionless rails as
shown in the figure. If R=6 Q and a 3 T magnetic field is directed .
perpendicularly into the paper, the applied force required to move the bar ~ =r | l—
to the right at a constant speed of 10 m/s equals to:

Yy

e | Q) 125N D) 200 N

16 by Gald) Sy guandalisnall Jlaall Jlia 30 4 JU 40 st (= 1200 turns/m) digh s)ls e 2405

Q24- A long solenoid (# = 1200 furns/m) has a current of a 30 4 in its winding. The magnitude of the
resulting magnetic field at the center point on the axis of the solenoid is:

C) 52 uT D) 0.60 mT

Aol gy Gl Coatian 0 7 ) (Sadl) o 2250
Q25- Induced current can be produced in a coil by:

ards the'coul” ;_ ™ #B) applying a constant magnetic ﬁeld in the coil
e magnetic flux D) making the magnetic field equal zero
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. A [ 5 gl O _}LFJIJ(UA;‘J;J‘»)\_:;.“&;Sg'IJ\JUUJJ‘A -260s
Q26- Faraday’s law of mduchon relatmg the electromotive force &, magnetic flux @, and

time ¢ is:

A) &=-di/do B)t=-d &/dD ﬁd@/dt) D) @ =-d &7dt
Toaal ton ) Lun i JTREERRCETTS 177 5 sy eablad) Jadl OIS 13 27 m
Q27- If the magnetic field is 15 mT', what is the magnetic energy density? .

A)179.1 ( B)89.5 ) O 11.9 D) 5.96

il e e Uk Ll 3y il g Gl SN &l Jales (i 8 e
Q28- The inductance of a solenoid is proportional to the square of its:

A) length I B) area 4 C) current I @

(b b 3 a o ) 4aslall 5 g8l -9

Q29- The induced electromotive force between a and b equals:

«—Conductor
) im  [H20ms
b l o Sliding Conducting
s Bar

A) 10) B) 40 C)2.5 D) 1.25
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