Transmission lines carry electric
power over great distances, at
very high voltage for greater
efficiency. To reduce high
voltage to usable voltage,
transformers are used, whose
operation depends on
electromagnetic induction.
Induction is also the basis for
electric generators, which
produce the electric power in the
first place.

C H A P T E R

ELECTROMAGNETIC INDUCTIO|
AND FARADAY’S LAW;
AC CIRCUITS

ism are related: (1) an electric current produces a magnetic (§

(2) a magnetic field exerts a force on an electric current of
electric charge. These discoveries were made in 1820-1821. Scicn|
began to wonder: if electric currents produce a magnetic field, I
ble that a magnetic field can produce an electric current? Ten y¢
the American Joseph Henry (1797-1878) and the Englishmun
Faraday (1791-1867) independently found that it was possiblc, I
tually made the discovery first. But Faraday published his resul
and investigated the subject in more detail. We now discuss this )
non and some of its world-changing applications.

I n Chapter 20, we discussed two ways in which electricity and

pA SN Induced EMF

In his attempt to produce an electric current from a magnetic ficld;
used an apparatus like that shown in Fig. 21-1. A coil of wire, A,
nected to a battery. The current that flowed through X produced i
ic field that was intensified by the iron core. Faraday hoped that 1y




Galvanometer

9 ° o
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§ cnough battery, a steady current in X would produce a great enough
hietic field to produce a current in a second coil Y. This second circuit,
ntained a galvanometer to detect any current but contained no bat-
klc met no success with steady currents. But the long-sought effect
[inally observed when Faraday saw the galvanometer in circuit Y de-
flrongly at the moment he closed the switch in circuit X. And the gal-
bincter deflected strongly in the opposite direction when he opened the
bh. A steady current in X had produced no current in Y. Only when the
Ol in X was starting or stopping was a current produced in Y.

Juraday concluded that although a steady magnetic field produces no
lUnt, a changing magnetic field can produce an electric current! Such a
unt is called an induced current. When the magnetic field through coil
iinges, a current flows as if there were a source of emf in the circuit.
{herefore say that an

induced emf is produced by a changing magnetic field.

{raday did further experiments on electromagnetic induction, as this
llomenon is called. For example, Fig. 21-2 shows that if a magnet is
yod quickly into a coil of wire, a current is induced in the wire. If the
het is quickly removed, a current is induced in the opposite direction.
{hcrmore, if the magnet is held steady and the coil of wire is moved to-
| or away from the magnet, again an emf is induced and a current
%, Motion or change is required to induce an emf. It doesn’t matter
{her the magnet or the coil moves.
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SECTION 21-1

FIGURE 21-1 Faraday’s
experiment to induce an emf.

Constant B induces
no emf

Changing B
induces an emf

FIGURE 21-2 (a) A current

is induced when a magnet is moved
toward a coil. (b) The induced
current is opposite when the magnet
is moved away from the coil. Note
that the galvanometer zero is at the
center of the scale and the needle
deflects left or right, depending on
the direction of the current. In (¢) no
current is induced if the magnet does
not move relative to the coil.
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Magnetic flux defined

FIGURE 21-3 Determining
the flux through a flat loop of
wire. This loop is square, of side /
and area A = I°.

FARADAY'S LAW
OF INDUCTION

Lenz’s law

FIGURE 21-4 Magnetic flux
®; is proportional to the number of
lines of B that pass through the loop.

—B— 14}
6=90° 6=45° 06=0°
(@ (b) (c)

Maraday’s Law of Induction; Lenz’s

Faraday investigated quantitatively what factors influence the i
of the emf induced. He found first of all that it depends on time(§
rapidly the magnetic field changes, the greater the induced cmfl
emf is not simply proportional to the rate of change of the muji§
B. Rather it is proportional to the rate of change of the magnetl¢
passing through the loop of area A, which is defined as

&, =B, A= BAcos 6.

Here B, is the component of the magnetic field B perpendicular | i
of the coil, and 0 is the angle between B and a line drawn perpeil
the face of the coil. These quantities are shown in Fig. 21-3 fof
coil of side | whose area A = [2. When the face of the coil is purii
6 = 90° and ®; = 0. When B is perpendicular to the coil, § = ('

&, = BA. [B L coilf

As we saw earlier, the lines of B (like lines of E) can be drawi
the number of lines per unit area is proportional to the field strei)
the flux ®, can be thought of as being proportional to the fotal 1
lines passing through the coil. This is illustrated in Fig. 21-4, whit
is viewed from the side (on edge). For 6 = 90°, no lines pass 1l
coil and ®; = 0, whereas ®; is a maximum when 8 = 0°. The unif
netic flux is the tesla-meter?; this is called a weber: 1 Wb = 1 Tom'

With this definition of the flux, we can now write down the
Faraday’s investigations. If the flux through N loops of wire chuij
amount A®, during a time At, the average induced emf during 1t

Ad,
S

This fundamental result is known as Faraday’s law of induction, i}
of the basic laws of electromagnetism.

The minus sign in Eq. 21-2 is placed there to remind us i W
rection the induced emf acts. Experiments show that

an induced emf always gives rise to a current whose magneti¢
poses the original change in flux.

This is known as Lenz’s law. Let us apply it to the case of relative
between a magnet and a coil, Fig. 21-2. The changing flux induces
which produces a current in the coil. And this induced current pio#
own magnetic field. In Fig. 21-2a the distance between the coll

magnet decreases. So the magnetic field, and therefore the flux,

the coil increases. The magnetic field of the magnet points uji¥
oppose this upward increase, the field produced by the induced
points downward. Thus, Lenz’s law tells us that the current
shown (use the right-hand rule). In Fig. 21-2b, the flux decreasey (§
the magnet is moved away), so the induced current produces i\
magnetic field that is “trying” to maintain the status quo. Thus (¢
is as shown.

624 CHAPTER21  Electromagnetic Induction and Faraday’s Law; AC Circuits




XX XX XX X X X X
XXX XX XXX X X
xxxx.xlasxxxx

Flux
through
coil is
decreased

XXX XXXXXXX
(inward) XX XXX XX XXX
XX X XX X X X XX XX XXX XXX

X X XX X X X X X
o A

RE 21-5 A current can be induced by changing the area of the coil. In both this case and that of Fig. 21-6,
X through the coil is reduced. Here the brief induced current acts in the direction shown so as to try to maintain
Iginal flux (& = BA) by producing its own magnetic field into the page. That is, as the area A decreases, the

| nets to increase B in the original (inward) direction.

(1

1 to the

endicl 9! us consider what would happen if Lenz’s law were not true, but
for & i Just the reverse. The induced current in this imaginary situation
varallel | produce a flux in the same direction as the original change. This
0° and {01 change in flux would produce an even larger current followed by a

jeater change in flux, and so on. The current would continue to grow
hitely, producing power (=I°R) even after the original stimulus
il T'his would violate the conservation of energy. Such “perpetual mo-
tlevices do not exist. Thus, Lenz’s law as stated above (and not its
Miie) is consistent with the law of conservation of energy.

il face|
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here th il is important to note that an emf is induced whenever there is a
throuyl je in flux. Since magnetic flux ®; = BA cos 6§, we see that an emf
unit of § )0 induced in three ways: (1) by a changing magnetic field B; (2) by
[-m? jing the area of the loop in the field; or (3) by changing the loop’s
the resil lution @ with respect to the field. Figures 21-1 and 21-2 illustrated
hangen ¥ |, Examples of cases 2 and 3 are illustrated in Figs. 21-5 and 21-6,
g this (1 ictively.
NCEPTUAL EXAMPLE 21-1 | Induction stove. Some modern stove
ficrs are based on induction. That is, an ac current passes around a ™ PHYSICS APPLIED
il that is the “burner” (a burner that never gets hot). Why will it heat a  /nducrion stove
on, and ¥ {nl pan but not a glass container?
)
s in whig ISPONSE The ac current sets up a changing magnetic field that pass-
. {lrough the pan bottom. This changing field induces a current through
pan bottom, and since the pan offers resistance, electric energy is
netic fiold Isformed to heat, heating the pot and its contents. A glass container
: irs very high resistance so very little current is induced and very little
bipy transferred. Recall Eq. 18-6¢, P = V?/R.
elative m
2duces i X X Xxx B X X X X XqIX X X X X
at produd X X x x (inward) x x x x xfx x x x X
e coil vl X X X X X X X X X X X X
» flux. (il X X X X X X X X X X X X FIGUBE 21-6 Ac.urrent‘
i - X X X X Flux X X X X X X X X can be induced by rotating a coil
1ts upwit X X j/ X X decreasing X X X X X X X X in a magnetic field.
iduced cull X X X X X X X X X X X X
rent mov X X X X X X X X X X X X
reases (he( X X X X X X X X X X X
ces an 1) X X X X X X X X X X X X
hus the cul
Zero flux
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away fru

magnetic
from right |

FIGURE 21-7 Example 21-2. ol {18

CONCEPTUAL EXAMPLE 21-2 | Practice with Lenz's law.
direction is the current induced in the coil for each situation in

RESPONSE (a) Magnetic field lines point out from the N {8
magnet, so as the magnet moves down toward the coil, the i¢
into the page and is getting stronger. The current will be indug¢
counterclockwise direction to produce a field B out of the puji
its own flux counteracts the externally imposed change.

(b) The field is in the plane of the page, so the flux through {
zero throughout the process; hence there is no change in mugii§
with time, and there will be no induced emf or current in the coll
(c) Initially, the magnetic flux pointing out of the page passui
the coil. If you remove the coil, the induced current will be in a
to make up the deficiency: the current flow will be counterclog
produce an outward (toward the reader) magnetic field.

(d) The flux is into the page and the coil area shrinks so the fluk
crease; hence the induced current will be clockwise to try to pi(i
own flux into the page to make up for the flux decrease.

(e) Initially there is no flux through the coil (why?). When you
rotate the coil, the flux begins passing through the coil increusifij
left. To counteract this, the coil will have current induced in i ¢
clockwise direction so as to produce its own flux to the right.

Pulling a coil from a magnetic field. A squui¢
side 5.0 cm contains 100 loops and is positioned perpendicular {§
form 0.60-T magnetic field, as shown in Fig. 21-8. It is quickly

formly pulled from the field (moving perpendicular to B) 1o
where B drops abruptly to zero. It takes 0.10 s for the whole coil {
the field-free region. Find (a) the change in flux through the coll;
emf and current induced, and (c) how much energy is dissipat¢il
coil if its resistance is 100 Q. (d) What was the average force rel

SOLUTION (a) First we find how the magnetic flux, ®; = BA,(l
during the time interval At = 0.10s. The area of the coil is A = (0.05(}
2.5 X 1073 m? The flux is initially ®; = BA = (0.60T)(2.5 X 10 *
1.5 X 1073 Wb. After 0.10s, the flux is zero. Hence the change in |

A®,=0-15%x103Wb = —1.5 X 107> Wb.
(b) The rate of change of flux is constant during the 0.10s, so the §
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| (I2q. 21-2) during this period is

(0 — 1.5 X 1073 Wb)
€=-Q1 =15V.
(100) (0.105)
rrent is

1gthe(i?il _€ _ 15V _
| diamele I= R 100Q 15mA.
side towll\
1shing (he s issi i
from%ho i he total energy dissipated is
:ﬁiftﬁtil‘ll’l‘ E = Pt = I’Rt = (1.5 X 1072 A)*(100 Q)(0.10s) = 2.3 X 1073,
tht to le

of the pi fom the conservation of energy principle, the result in (c) is equal to

‘Wwork W needed to pull the coil out of the field. Since W = Fd, the

w. In e force is
vin Fig, & W 23x107°J

d 50%x107%m

't d = 5.0cm because there is no flux change (hence no force) until
dge of the coil leaves the field.

F= = 0.046 N,
: N pole
e field |
nduced i
: page sl
igh the ¢ 8)| EMF Induced in a Moving Conductor
magnelle
1e coil,

licr way to induce an emf is shown in Fig. 21-9, and this situation
y llluminate the nature of the induced emf. Assume that a uniform

asses ]
in a direl olic field B is perpendicular to the area bounded by the U-shaped
srclock wike lictor and the movable rod resting on it. If the rod is made to move at

od v, it travels a distance Ax = v At in a time At. Therefore, the area
¢ loop increases by an amount AA = [Ax = v At in a time At. By
jlny’s law, there is an induced emf ¢ whose magnitude is given by

A®, BAA BhAt
At At At

e flux will
to produgs

n you st} ¢ = = Blv. (21-3)
reasing ()
in a cowl

ht.

I'his equation is valid as long as B, /, and v are mutually perpendicular.
licy are not, we use only the components of each that are mutually per-
Jicular.) An emf induced in this way is sometimes called motional emf.
We can also obtain Eq. 21-3 without using Faraday’s law. We saw in
jer 20 that a charged particle moving perpendicular to a magnetic
| 13 with speed v experiences a force F = qvB. When the rod of
21-9 moves to the right with speed v, the electrons in the rod move
this same speed. Therefore, each feels a force F = quB, which acts
ird in the figure. If the rod were not in contact with the U-shaped
Juctor, electrons would collect at the upper end of the rod, leaving
lower end positive. There must thus be an induced emf. If the rod
y slide on the U-shaped conductor, the electrons will flow into it.
pie will then be a clockwise (conventional) current flowing in the
). To calculate the emf, we determine the work W needed to move a
fpe g from one end of the rod to the other against this potential dif-
pece: W = force X distance = (quB)(!/). The emf equals the work
¢ per unit charge,so € = W/q = quBl/q = Blv, just as above."
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= (0.050 i
X 107> mf)
nge in flug

nrgument, which is basically the same as for the Hall effect, explains this one way of in-

so the cnif , lains this
ig an emf. It does not explain the general case of electromagnetic induction, however.
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FIGURE 21-8 Example 21-3. .
The square coil in a magnetic field

B = 0.60T is pulled abruptly to the
right to a region where B = 0.

Motional emf

FIGURE 21-9 A conducting rod
is moved to the right on a U-shaped
conductor in a uniform magnetic
field B that points out of the paper.
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FIGURE 21-10 Example 21-4.

Electric field is produced by
a changing magnetic flux

w PHYSICS APPLIED

Blood flow measurement

FIGURE 21-11 Measurement of
blood velocity from the induced emf.
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Does a moving airplane develop a dangerous ofil
plane travels 1000 km/h in a region where the Earth’s field is §
and is nearly vertical (Fig. 21-10). What is the potential diffcreil
between the wing tips that are 70 m apart?

SOLUTION Since v = 1000km/h = 280m/s,and v L B, w(
€ = Bl = (5.0 X 107° T)(70 m)(280 m/s) = 1.0V

Not much to worry about.

Changing Magnetic Flux Produccs
Electric Field

As we just discussed, the electrons in the moving conductor of
feel a force. This implies that there is an electric field in the @
Since electric field is defined as the force per unit charge, E = I'f
fective field E in the rod must be (since F = quB)

g F_@B_
q q
In the situation where a changing magnetic field (rather thijl
ing conductor) induces an emf (as, for example, in Fig. 21-2), the

an induced current. And again this implies that there is an elcclt
the wire. Thus we come to the important conclusion that

vB.

a changing magnetic flux produces an electric field.

This applies not only to wires and other conductors, but is a gene |
that applies to any region in space: an electric field will be produdil
point in space where there is a changing magnetic field.

m Electromagnetic blood-flow measurement. 'I'l}
blood flow can be measured using the apparatus shown in I
since blood contains charged ions. Suppose that the blood ¥

2.0 mm in diameter, the magnetic field is 0.080 T, and the mcuill
is 0.10 mV. What is the flow velocity of the blood?

SOLUTION We solve for v in Eq. 21-3, and we find that

_%__ (10x107*V)
Bl (0.080 T)(2.0 X 10> m)

(In actual practice, an alternating current is used to produce an §
ing magnetic field. The induced emf is then alternating.)

v = 0.63 m/s.




Y Electric Generators

hly the most important practical result of Faraday’s great discovery was
clopment of the electric generator or dynamo. A generator trans-
mechanical energy into electric energy. This is just the opposite of
mmotor does. Indeed, a generator is basically the inverse of a motor." A
Jlud diagram of an ac generator is shown in Fig. 21-12. A generator
4 of many coils of wire (only one is shown) wound on an armature
N rotate in a magnetic field. The axle is turned by some mechanical
§ (fulling water, car motor belt), and an emf is induced in the rotating
i clectric current is thus the outpur of a generator. In Fig. 21-12 the
liand rule tells us that, with the armature rotating counterclockwise, the
ntional) current in the wire labeled a on the armature is outward;
ore it is outward at brush a. (Each brush presses against a continuous
fip.) After one-half revolution, wire a will be where wire b is now in the
i, and the current then at brush a will be inward. Thus the current
lued is alternating, Let us look at this in more detail.
)i Fig. 21-13, the loop is being made to rotate clockwise in a uniform
ulic field B. The velocity of the two lengths ab and cd at this instant
Wiown. Although the sections of wire bc and da are moving, the force
ectrons in these sections is toward the side of the wire, not along its
Ii. The emf generated is thus due only to the force on charges in the
ns ab and cd. From the right-hand rule, we see that the direction of
\uced current in ab is from a toward b. And in the lower section, it is
¢ 1o d; so the flow is continuous in the loop. The magnitude of the
gienerated in ab is given by Eq. 21-3, except that we must take the
ponent of the velocity perpendicular to B:

€ = Bl,,

Il [ is the length of ab. From the diagram we can see that v, = vsin 6,
v () is the angle the face of the loop makes with the vertical. The emf
¢ed in cd has the same magnitude and is in the same direction. There-
ihey add, and the total emf is

€ = 2NBlvsin 0,

j¢ we have multiplied by N, the number of loops in the coil (if there is
than one). If the coil is rotating with constant angular velocity w,
ihe angle 6 = wt. We also have from the angular equations (Chap-
#) that v = wr = w(h/2), where h is the length of bc or ad. Thus
INBlw(h/2)sin wt, or

¢ = NBAwsin wt, (21-5)
‘¢ A = Ih is the area of the loop. This equation holds for any shape coil,
Just for a rectangle as derived. Thus, the output emf of the generator is

Jioidally alternating (Fig. 21-14 and Section 18-8). Since w is expressed
thans per second, we can write w = 2af, where fis the frequency.

can, for example, actually run a car generator backward as a motor by connecting its
\Il terminals to a battery.

W pPHYSICS APPLIED

AC generator

a Axle rotated
(\mechanically

™

FIGURE 21-12 An ac generator.

FIGURE 21-13 Theemfis
induced in the segments ab and cd,
whose velocity components perpen-
dicular to the field B are v sin 6.

AN
VARV,

FIGURE 21-14 An ac generator
produces an alternating current. The
output emf € = €, sin wt, where

¢, = NABw (Eq. 21-5).

SECTION 21-5  Electric Generators 629




Over 99 percent of the electricity used in the United States |
w PHYSICS APPLIED from generators (Fig. 21-15). The frequency f is 60 Hz for geiif
the United States and Canada, although 50 Hz is used in many o
electric power generating plants, the armature is mounted on i [
connected to a turbine, which is the modern equivalent of i Wil
Water falling over a dam can turn the turbine at a hydroelectric (¥
of the power generated at present in the United States, howevel,
steam plants, where the burning of fossil fuels (coal, oil, naturif
water to produce high-pressure steam that turns the turbines. |i§
nuclear power plants, the nuclear energy released is used to prod
to turn turbines. Thus, a heat engine (Chapter 15) connected to it
is the principal means of generating electric power.
The frequency of 60Hz is maintained very precisely by pows
nies, and in doing problems, we will assume it is at least as precing
numbers given.

FIGURE 21-15 Water-driven m An ac generator. The armature of a 60-Hz |
generators at the base of Boulder tor rotates in a 0.15-T magnetic field. If the area of )
Dam, Nevada. 2.0 X 1072 m? how many loops must the coil contain if the pe
is to be €, = 170 V?

‘ SOLUTION From Eq. 21-5, we see that the maximum ¢l
I NBAw. Since w = 27f = (6.28)(60s™") = 37757, we have

%, 170V

BAw (015T)(20 x 102m?)(377s7Y)

Power plants

150

N =

W PHYSICS APPLIED A dc generator is much like an ac generator, except the slij)
replaced by split-ring commutators, Fig. 21-16a, just as in a dc mi
output of such a generator is as shown and can be smoothed ouf I
ing a capacitor in parallel with the output (Section 19-7). More §
is the use of many armature windings, as in Fig. 21-16b, which piil
w PHYSICS APPLIED  Smoother output.
In the past, automobiles used dc generators. More common fi(h
ever, are ac generators or alternators, which avoid the probleni
and electrical arcing (sparks) across the split-ring commutators ol ¢
erators. Alternators differ from the generators discussed above il §
' lowing way. In an alternator, current from the battery produces  (I§
field in an electromagnet, called the rotor, which is made to rofi
belt from the engine. Surrounding the rotating rotor are a set of l

DC generator

! Alternators

FIGURE 21-16 (a)Adc
generator with one set of
commutators, and (b) a dc
generator with many sets of
commutators and windings.

(a) t (®)
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(in which current
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(a (b)

YRE 21-17 (a) Schematic (simplified) diagram of an alternator. The input electromagnet current to the

| In connected through continuous slip rings. Sometimes the rotor electromagnet is replaced by a permanent

ul. (b) Actual shape of an alternator. The rotor is made to turn by a belt from the engine. The current in the wire
f the rotor produces a magnetic field inside it on its axis that points horizontally from left to right, thus making
and south poles of the plates attached at either end. These end plates are made with triangular fingers that are

-

mf is €

150 tunig {iver the coil—hence there are alternating N and S poles quite close to one another, with magnetic field lines
gun them as shown by the blue lines. As the rotor turns, these field lines pass through the fixed stator coils
Wn on the right for clarity, but in operation the rotor rotates within the stator), inducing a current in them, which

lip rinpy B vutput.

: motor, I

out by |l i called the stator, Fig. 21-17. The magnetic field of the rotor passes

re comii Jgh the stator coils and, since the rotor is rotating, the field through

1 produ¢ lixed stator coils is changing. Hence an alternating current is induced  Output emf of alternator
\o stator coils, which is the output. This ac output is changed to dc for

T NOW, "( lging the battery by the use of semiconductor diodes, which allow cur-

2ms of W {low in one direction only (see Section 29-8).

:s of dc |

:;’;}:::‘ B Counter EMF and Torque; Eddy Currents

rotate by ) .
>f station \otor turns and produces mechanical energy when a current is made to

W in it. From our description in Section 20-10 of a simple dc motor, you
h expect that the armature would accelerate indefinitely due to the
Juc on it. However, as the armature of the motor turns, the magnetic
{ through the coil changes and an emf is generated. This induced emf
o oppose the motion (Lenz’s law) and is called the back emf or Back emf
iter emf. The greater the speed of the motor, the greater the counter
f, A motor normally turns and does work on something, but if there
b no load, the motor’s speed would increase until the counter emf
tled the input voltage. In the normal situation, when there is a me-
inical load, the speed of the motor is limited also by the load. The
Inter emf will then be less than the external voltage. The greater the
¢hanical load, the slower the motor rotates and the lower is the counter
[ (¢ x w,Eq.21-5).
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Counter emf
Windings induced in
of motor armature winding
2l
50Q Sinduced = 108 V
| i}

| §=120V

FIGURE 21-18 Circuitofa
motor showing induced counter emf.

| Effect of back emf on current

W PHYSICS APPLIED

Burning out a motor

Counter torque
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m Counter emf in a motor. The armature

dc motor have a resistance of 5.0 (). The motor is conncct(l
line, and when the motor reaches full speed against its noy
counter emf is 108 V. Calculate (a) the current into the molj
just starting up, and (b) the current when it reaches full speg

SOLUTION (a) Initially, the motor is not turning (or turning §
so there is no induced counter emf. Hence, from Ohm’s law, {Ii

VvV 120V
I_E_—S.OQ =24 A.

(b) At full speed, the counter emf is a source of emf that op|it
terior source. We represent this counter emf as a battery i {
lent circuit shown in Fig. 21-18. In this case, Ohm’s law (i
rule) gives

120V - 108V = I(5.0Q).
Therefore
I=12V/500 =24 A.

This Example illustrates the fact that the current is very h
motor first starts up. This is why the lights in your house may il
motor of the refrigerator (or other large motor) starts up. Tho i
current causes the voltage at the outlets to drop (the house wiring
ance, so there is some voltage drop across it when large currents |\l

CONCEPTUAL EXAMPLE 21-8 | Motor overload. When uslil
pliance such as a blender, electric drill, or sewing machinc, il
ance is overloaded or jammed so that the motor slows ap)i¢
stops while the power is still connected, the device can burn o
ruined. Explain why this happens.

RESPONSE The motors are designed to run at a certain specd (i)
applied voltage and the designer must take the expected countul
account. If the rotation speed is reduced, the counter emf will nof 1§
as expected (¢ « w, Eq. 21-5), and the current will increase, i

come large enough that the windings of the motor heat up to the (il
ining the motor.

In a generator, the situation is the reverse of that for a mol(
saw, the mechanical turning of the armature induces an emf in {l
which is the output. If the generator is not connected to an cxi¢|
cuit, the emf exists at the terminals but no current flows. In thix
takes little effort to turn the armature. But if the generator is coni
a device that draws current, then a current flows in the coils ol (]}
ture. Because this current-carrying coil is in a magnetic field, thui¢
a torque exerted on it (as in a motor), and this torque opposes th¢
(use the right-hand rule for the force on a wire, in Fig. 21-12),
called a counter torque. The greater the electrical load—that is, {
current that is drawn—the greater will be the counter torque. Il¢
external applied torque will have to be greater to keep the generatoy




B (inward) FIGURE 21-19 Production of
(a) eddy currents in a rotating wheel.

) course makes sense from the conservation-of-energy principle. More
nical-energy input is needed to produce more electrical-energy output.
filuced currents are not always confined to well-defined paths such as
fvs. Consider, for example, the rotating metal wheel in Fig. 21-19a. A
otic field is applied to a limited area as shown and points into the
| The section of wheel in the magnetic field has an emf induced in it
fine the conductor is moving (carrying electrons with it). The flow of
untional) current is upward in the region of the magnetic field
21-19b), and the current follows a downward return path outside that
. Why? According to Lenz’s law, the induced currents oppose the
e that causes them. Consider the part of the wheel labeled c in
o 19b, where the magnetic field is zero but is just about to enter a re-
whcre B points into the page. To oppose this change, the induced cur-
is counterclockwise to produce a field pointing out of the page
{-hand rule). Similarly region d is about to move to €, where B is zero;
0 the current is clockwise to produce an inward field opposed to this
jic. These currents are referred to as eddy currents and can be presentin  Eddy currents
tonductor that is moving across a magnetic field or through which the
fictic flux is changing. In Fig. 21-19, the magnetic field exerts a force F
Ihe induced currents that opposes (use the right-hand rule) the rotational
jon. Eddy currents can be used in this way as a smooth braking device
Wiy, a rapid-transit car. In order to stop the car, an electromagnet canbe = PHYSICS APPLIED
¢d on that applies its field either to the wheels or to the moving steel rail 5, ,10c 4nd
w. Eddy currents can also be used to dampen (reduce) the oscillation of  gamping
yating system. A common example is in a galvanometer, where induced
ly currents keep the needle from overshooting or oscillating violently.
ly currents, however, can be a problem. For example, eddy currents in-
ud in the armature of a motor or generator produce heat (P = I€) and
I energy. To reduce the eddy currents, the armatures are laminated; that
\cy are made of very thin sheets of iron that are well insulated from one
ther. (See Fig. 21-21 in the next Section.) Thus the total path length of
eddy currents is confined to each slab, which increases the total resis-
lbe; hence the current is less and there is less wasted energy.

EvA Transformers; Transmission of Power

{runsformer is a device for increasing or decreasing an ac voltage. Trans- "™ PHYSICS APPLIED
ihicrs are found everywhere: in TV sets to give the high voltage needed  7yansformers
lhe picture tube, in converters for plugging in a portable “Walkman,”
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on utility poles (Fig. 21-20) to reduce the high voltage from |
company to that usable in houses (110 V or 220 V), and in mai
plications. A transformer consists of two coils of wire known ai §
ry and secondary coils. The two coils can be interwoven (with
wire); or they can be linked by a soft iron core which is laminate §
eddy-current losses (Section 21-6), as shown in Fig. 21-21. Tranufd
designed so that (nearly) all the magnetic flux produced by th¢
the primary also passes through the secondary coil, and we sl
true in what follows. We also assume that energy losses in the 1§
the coils and hysteresis in the iron can be ignored—a good appi
for real transformers, which are often better than 99 percent c!fic

When an ac voltage is applied to the primary, the changing
field it produces will induce an ac voltage of the same freque
secondary. However, the voltage will be different according to tlj
FIGURE 21-20 Repairing a of loops in each coil. From Faraday’s law, the voltage or emf indiif

transformer on a utility pole. secondary is
AdD,
= s »
At

where N is the number of turns in the secondary coil, and A4
| \ rate at which the magnetic flux changes. The input primary voll
‘ also related to the rate at which the flux changes

Ad,
At

where Nj is the number of turns in the primary coil.! We dividu |
equations, assuming little or no flux is lost, to find '
Vs _Ns
Ve N
This transformer equation tells how the secondary (output) Vi
related to the primary (input) voltage; V5 and V; in Eq. 21-6 Chil
rms values for both, or peak values for both.

If Ny is greater than Np, we have a step-up transformer. The i
voltage is greater than the primary voltage. For example, if the sccuiil
twice as many turns as the primary, then the secondary voltage will i
that of the primary. If Ng is less than Np, we have a step-down transf§

Although ac voltage can be increased (or decreased) witll
former, we don’t get something for nothing. Energy conservatioi
that the power output can be no greater than the power input. A §
signed transformer can be greater than 99 percent efficient, so lil}
gy is lost to heat. The power input thus essentially equals (¢
output. Since power P = VI (Eq. 18-5), we have

| Ve

Ve = Np

Transformer equation

Laminated
iron core

FIGURE 21-21 Step-up

transformer (Np = 4, Ng = 12). Volp = Vi,
1 or
Ti ion 11 IS NP
ransformer equation ==
f q LN

"This follows because the changing flux produces a counter emf, N, A®p/At in (i
that exactly balances the applied voltage V; if the resistance of the primary can i
(Kirchhoff’s rules).
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Portable radio transformer. A transformer for home
i portable radio reduces 120-V ac to 9.0-V ac. (Such a device also
i diodes to change the 9.0-V ac to dc. See Chapter 29.) The sec-
1y contains 30 turns and the radio draws 400 mA. Calculate: (a) the
¢r of turns in the primary; (b) the current in the primary; and
0 power transformed.

TION (a) This is a step-down transformer, and from Eq. 21-6 we

Vo (30)(120V)

Np = SVS = 90W) = 400 turns.
‘om Eq. 21-7:
Ny 30
L= ISFP = (0.40 A)(m) = 0.030 A.

lic power transformed is
P =LV, = (90 V)(0.40 A) = 3.6 W,

i is, assuming 100 percent efficiency, the same as the power in the
iy, P = (120 V)(0.030 A) = 3.6 W.

I+ important to recognize that a transformer operates only on ac. A
fyent in the primary does not produce a changing flux and therefore
ox no emf in the secondary. However, if a dc voltage is applied to the
{y through a switch, at the instant the switch is opened or closed
will be an induced current in the secondary. For example, if the dc is
il on and off as shown in Fig. 21-22a, the voltage induced in the sec-
Iy is as shown in Fig. 21-22b. Notice that the secondary voltage drops
'v when the dc voltage is steady.

Yunsformers play an important role in the transmission of electricity.
| plants are often situated some distance from metropolitan areas.
tielectric plants are located at a dam site and nuclear plants need
cooling water. Fossil-fuel plants too are often situated far from a city
fie of lack of availability of land or to avoid contributing to air pollu-
In any case, electricity must often be transmitted over long distances
21-23). There is always some power loss in the transmission lines,
{his loss can be minimized if the power is transmitted at high voltage,
iransformers, as the following Example shows.

Switch
Switch opened
% closed( i
(a) Time
Vs
y Time
(b)

FIGURE 21-22 A dc voltage
turned on and off as shown in

(a) produces voltage pulses in the
secondary (b). Voltage scales in (a)
and (b) are not necessarily the same.

W PHYSICS APPLIED

Transformers help
power transmission

FIGURE 21-23 The transmission

High voltage of electric power from power plants to
1e i 5 % transmission line homes makes use of transformers at
' ol _ ' various stages.
Power 4 Y Steo-d
plant : trfn%-fo(;r‘;gr Step-down
¥ - transformer
Step-up ; (substation)
IRERERARERERTUARNN] traHSfom"er
IRRHAIRERNRNE / n nﬂﬂ
— U £
the pil e ZaN \ Of e s
12,000V 240,000V 2400V 240V
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NN AERIN Transmission lines. An average of 12()
tric power is sent to a small town from a power plant 10k
transmission lines have a total resistance of 0.40 (). Calculul

loss if the power is transmitted at (a) 240 V and (b) 24,000 V.

SOLUTION For each case we determine the current [ in (i
then find the power loss from P = I’R. (a) If 120 kW is scnf |
total current will be

P _12X10°W
I=v=24ax100v =204

The power loss in the lines, Py, is then
P, = I’R = (500 A)*(0.40 Q) = 100 kW.

Thus, over 80 percent of all the power would be wasted
power lines!
(b) When V = 24,000V,

| [P _12X10°W

Vv 2ax10tv 004

| l The power loss is then
| P, =I’R = (50 A)*(040Q) = 10 W,

| which is less than g5 of 1 percent.

‘ It should be clear that the greater the voltage, the less the curivi
| the less power is wasted in the transmission lines. It is for this |
power is usually transmitted at very high voltages, as high as 70(}

Power is generated at somewhat lower voltages than (hiy
voltage in homes and factories is also much lower. The great i
of ac, and a major reason it is in nearly universal use, is that {|§
can easily be stepped up and down by a transformer. The ou(piif
of an electric generating plant is stepped up prior to transmisuli
arrival in a city, it is stepped down in stages at electric substall
to distribution. The voltage in lines along city streets is typicull
and is stepped down to 240V or 120V for home use by truis
(Fig. 21-20).

Direct current transmission has gained in popularity rece
though changing voltage with dc is more difficult and expensive,
some advantages over ac. A few of these are as follows. Alternifi
rent produces alternating magnetic fields which induce current {ij
wires and so reduce transmitted power; this is absent in dc. It is
transmit dc at a higher average voltage than ac since for dc, the (i
equals the peak; and breakdown of insulation or of air is detcriil
the peak voltage.
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kW @

m aw(
te the ;
the ling
- at 24() ,
_ Loudspeakers
_-__..._ = [HHH 2
Tape recorder
(cassette deck)
RE 21-24 Microphone and cassette deck connected to
s heat | lor (or receiver) and to loudspeakers.
Wil Applications of Induction: Sound Systems,
Computer Memory, and the Seismograph
U 21-24 shows several components of a sound system. Two of these
onents, the microphone and the tape recorder, make use of the prin-
0l clectromagnetic induction. [The output of each goes to an amplifi-
Wt amplifies (increases) the signal and sends it to a loudspeaker to be
l; alternately, the microphone signal could go directly to the tape
tler for recording.]
liere are various types of microphones, and many operate on the " PHYSICS APPLIED
crent andl iple of induct.ion. In one form, a mic.rophone is just the inverse of 2 Microphones
is reastl peaker (Section 20-10). A small coil connected t9 a .membrane is
700 kV. 1 uhded c}ose toa smal} permanent magnet, as showr} in Fig. 21-25. The
this. i) Moves in the mag_netlc field whe:n 5011.nd waves strlkc? th(? mgmbrane.
sat a,d vill fl‘cquency of thg mducefl emf will be just that qf .the impinging sound
at the vl %, und this emf is the “signal” that can be amplified and sent to loud-
utpul V(i kcrs, or sent to a tape .record.er to be recorded on tape. In a “ribbon”
nission. phone, a thin me.tal r1bb9n is su§pended between the poles of a per-
stationd j#nt magnet. The. r1bbop v1brates. in response to spund waves, and the
sically 2 Induced in t.he ribbon is proportlogal to its velocity. o
transfof Ipe recording and tape playback is done by tape heads inside atape = PHYSICS APPLIED
e ler (or cassette deck). Recording tape for use in audio and video Tape recording
recentl rccprders conta}ins a thin 1:.1yer of.magn.etic oxide on a thin plastic
nsive, il . During recording, the audio or video signal voltage is sent to the

(ling head, which acts as a tiny electromagnet (Fig. 21-26) that mag- FIGURE 21-25 Diagram of
s the tiny section of tape passing over the narrow gap in the head at  microphone that works by induction.
instant. In playback, the changing magnetism of the moving tape at
pap causes corresponding changes in the magnetic field within the
ron head, which in turn induces an emf in the coil (Faraday’s law).
i induced emf is the output signal that can be amplified and sent to a
speaker (or, in the case of a video signal, to the picture tube). In
0 and video recorders, the signals are usually analog—they vary con-
pusly in amplitude over time. The variation in degree of magnetiza-
) of the tape at any point reflects the variation in amplitude of the
| or video signal.

[ternating
rent in nes
t is possili
the rmiy §
leterming

Membrane Small coil of wire

To tape recorder or amplifier
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Computers and
digital information

Electric signal
input (or output)

Recording
or playback/
head

aq.J Coil

Moving magnetic tape
or disk

FIGURE 21-26 Recording
and/or playback head for tape or disk.
In recording (or “writing”), the electric
input signal to the head, which acts
as an electromagnet, magnetizes the
passing tape or disk. In playback (or
i “reading”), the changing magnetic

i field of the passing tape or disk

i' induces a changing magnetic field in
the head, which in turn induces in the
coil an emf that is the output signal.

FIGURE 21-27 (a)A
seismograph or geophone.

(b) A seismograph reading
(Northridge, California
earthquake, January 17, 1994).

Mutual inductance

* PABENE Inductance
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Digital information, such as used on computer disks (0|
hard disks) or on magnetic computer tape and some types ol
recorders, is read and written using heads that are basically (|
just described (Fig. 21-26). The essential difference is in |
which are not analog, but are digital, and in particular bini{
that only two values are possible for each predetermined #f)
tape or disk. The two possible values are usually referred to #
The signal voltage does not vary continuously but rather tuk
two values, say + 5 volts and 0 volts, corresponding to the |
information is carried as a series of “bits,” each of which cul
one of two values, 1 or 0.

In another field, geophysics, an important device bascd |
magnetic induction is one type of seismograph or geophoi.
graph is placed in direct contact with the Earth and converts (h¢
the Earth—whether due to an earthquake or to an explosion (i
mineral prospecting or for detecting a bomb test)—into an cl¢
nal. A seismograph contains a magnet and a coil of wire, onc (1
fixed rigidly to the case, which moves as the Earth does where |l
ed. The other element is inertial and is suspended from the
spring. In the type shown in Fig. 21-27, the coil moves with the |
the relative motion of the magnet and coil produces an induccl
coil, which is the output of the device. In many geophones, the ¢
tial and the magnet moves with the Earth.

Suspension
springs
va

Mutual inductance. If two coils of wire are placed near ong
as in Fig, 21-28, a changing current in one will induce an emf in (}
According to Faraday’s law, the emf ¢, induced in coil 2 is proputt
the rate of change of flux passing through it. Since the flux is pro)
to the current flowing in coil 1, ¢, must be proportional to th¢
change of the current in coil 1, Al;/At. Thus we can write

AL
At
where the constant of proportionality, M, is called the mutual In{
(The minus sign is because of Lenz’s law.) Mutual inductance his
V:s/A = ()-s, which is called the henry (H), after Joseph Henry: 1 I
The value of M depends on whether iron is present or not, and on (|

€= —M

b




y di he coil configuration: that is, on the size of the coils, on the number of
igit I on their separation. If we look at the inverse situation—a changing
¢ sl in coil 2 inducing an emf in coil 1—the proportionality constant, M,
¢ il il to have the same value, '

, Mg Al

: € =-M 21-8b
::«.I ( 1 At ( )
s Off transformer is an example of mutual inductance in which the cou-
T (), W maximized so that nearly all flux lines pass through both coils.
havg yur, mutual inductance has other uses as well. For example, some

Jikers, which are used to maintain blood flow in heart patients (Sec-
n ¢lé ) 8), are powered externally. Power in an external coil is transmitted
A e Ilual inductance to a second coil in the pacemaker at the heart. This
motl I ndvantage over battery-powered pacemakers in that surgery is not
uch il 1o replace a battery when it wears out.

ctrigl
f whil
it in
cung
Eartli
emf i
oil Iy

fiductance. The concept of inductance applies also to an isolat-
jjtle coil. When a changing current passes through a coil or solenoid,
hging magnetic flux is produced inside the coil, and this in turn in-
in emf. This induced emf opposes the change in flux (Lenz’s law); it
uh like the back emf generated in a motor. For example, if the cur-
hrough the coil is increasing, the increasing magnetic flux induces an
lint opposes the original current and tends to retard its increase. If
llirent is decreasing in the coil, the decreasing flux induces an emf in
e direction as the current, tending to maintain the original current.
licr case, the induced emf € is proportional to the rate of change in
Jil (and is in the direction opposed to the change):

Al
€ L Ar (21-9)
fonstant of proportionality L is called the self-inductance, or simply
iductance of the coil. It, too, is measured in henrys. The magnitude of
jicnds on the geometry (size and shape) and on whether an iron core
gient or not. N
An ac circuit always contains some inductance, but often it is quite
| unless the circuit contains a coil of many turns. A coil that has sig-
Ant self-inductance L is called an inductor or a choke coil. It is shown
feuit diagrams by the symbol

—- [inductor symbol]
1€ ang ji serve a useful purpose in certain circuits. Often, inductance is to be
L the @ Jed in a circuit. Precision resistors are normally wire-wound and thus
ortiol il have inductance as well as resistance. The inductance can be mini-
‘oporil il by winding the insulated wire back on itself so that the current
the ral § in the two directions cancels and little magnetic flux is produced,

I called a “noninductive winding.”

I an inductor has negligible resistance, it is the inductance, or the back
(¥] Ihat controls the current. If a source of alternating voltage is applied
jo coil, this applied voltage will just be balanced by the induced emf of
induct wil as given by Eq. 21-9. Thus we can see from Eq. 21-9 that, for a
1as unif h ¢, if the inductance L is large, the change in the current—and there-
H= | {he current itself—will be small. The greater the inductance, the less
1 the g turrent. An inductance thus acts something like a resistance to impede

Coil 1 oil 2
]
/
3
I
&,
(induced)

FIGURE 21-28 A changing
current in one coil will induce a
current in the second coil.

Self-inductance
(induced emf for an inductor)

Inductors

*SECTION 21-9

Inductance




DC can burn out
a transformer

Calculating self-inductance
of a coil
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the flow of alternating current. We use the term impedance [0}
of an inductor. We shall discuss impedance more fully in Scctig
21-15, and we shall see that it depends not only on L, but als)
quency. Here we mention one example of its importance. The 1§
the primary in a transformer is usually quite small, perhaps lcu
resistance alone limited the current, tremendous currents would
a high voltage was applied. Indeed, a dc voltage applied to u
can burn it out. It is the impedance of the coil to an alternating
its “back” emf) that limits the current to a reasonable value.

m Solenoid inductance. (a) Determine i |

the self-inductance L of a solenoid (a long coil—see Fig. 2()
taining N turns of wire in its length / and whose cross-sectionif
(b) Calculate the value of L if N = 100,/ =5.0cm, A = 0.\
the solenoid is air-filled. (c) Calculate L if the solenoid has i
with g = 4000 .

SOLUTION (a) According to Eq. 20-8, the magnetic fiuli
solenoid is B = pgnl, where n = N/I. From Egs. 21-2 and
have ¢ = — N(A®y/At) = — L(AI/Af). Thus, L = N(Ad, /&
®p = BA = pNIA/I, then any change in I causes a chai
A®y = p,NA AI/l. Thus

AD, u,N*A

L=N"r =
(b) Since p, = 47 X 107" T-m/A,
_ (4w x 1077 T-m/A)(100)*(3.0 X 107° m?)
(5.0 X 1072 m)

(c) Here we replace p, by p = 4000u,, so L will be 4000 tin)
L = 0.030H = 30 mH.

* PIBRN] Energy Stored in a Magnetic Field

In Section 17-9 we saw that the energy stored in a capacitor i
leva By using a similar argument, we can show that the energy {
in an inductance L, carrying a current I, is

L 7

U = energy = LI~

Just as the energy stored in a capacitor can be considered to residd
electric field between its plates, so the energy in an inductor ca
sidered to be stored in its magnetic field.

To write the energy in terms of the magnetic field, let us usc (/i
of Example 21-11 that the inductance of a solenoid is L = poN‘Al
the magnetic field B in a solenoid is related to the current I (sec 1y
by B = w,NI/1.Thus, I = Bl/u,N, and

woN2A\( Bl \?
U = energy = sLI* = %(—l—)<m
2
=1 B al
Mo
We can think of this energy as residing in the volume encloscd



g8, which is A Then the energy per unit volume, or energy density, is
B2
u = energy density = % : (21-10)
0
{ormula, which was derived for the special case of a solenoid, can be
1) to be valid for any region of space where a magnetic field exists. If
magnetic material is present, u, is replaced by . This equation is
jous to that for an electric field, ;€,E?, Section 17-9.

Y LR Circuit

Energy density
in magnetic field

Inductor will have some resistance. We represent this situation by
Iy the inductance L and the resistance R separately, as in Fig. 21-29.
usistance R could also include a separate resistor connected in series.
we ask, what happens when a dc source is connected in series to such
R circuit? At the instant the switch connecting the battery is closed,
lirrent starts to flow. It is, of course, opposed by the induced emf in
Iiductor. However, as soon as current starts to flow, there is a voltage
licross the resistance. Hence, the voltage drop across the inductance
liced and there is then less impedance to the current flow from the
ilance. The current thus rises gradually, as shown in Fig. 21-30a, and
iiches the steady value I,, = V/R when all the voltage drop is
W the resistance. The actual shape of the curve for I as a function of
I

I= (%)(1 —e /M),

fv ¢ is the exponential function (see Section 19-7) and 7= L/R is
(| the time constant of the circuit. When ¢ = 7, then we have
¢ ') = 0.63 so we see that 7 is the time required for the current to
h 0.631_,,. ,
Il the battery is suddenly removed from the circuit (dashed line in
11-29), the current drops off as shown in Fig. 21-30b. This is an expo-
0l decay curve given by I = I e™"/". The time constant 7 is the time
lhe current to drop to 37 percent of the original value, and again
Ms L/R.
I'hese graphs show that there is always some “reaction time” when an
{fomagnet, for example, is turned on or off. We also see that an LR cir-
s properties similar to an RC circuit (Section 19-7). Unlike the capac-
Luse, however, the time constant here is inversely proportional to R.

WS AEP Solenoid time constant. A solenoid has an induc-
¢e of 87.5mH and a resistance of 0.250 ). Find (a) the time constant
this circuit, and (b) how long it would take for the current to go from
{0 to half its final (maximum) value when connected to a battery of
ltnge V.

D.UTION (a) By definition, r = L/R, so

L 815x10°H
R- o200 0.350s.

T=

Switch

it
v

FIGURE 21-29 LR circuit.

FIGURE 21-30 (a) Growth
of current in an LR circuit when

connected to a battery; (b) decay
of current when the LR circuit is
shorted out (battery is out of the

circuit).
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(b) I = (V/R)(1 — ¢V") and we wish to find ¢ such thal
where V/R = I,,,. So i

L
L=l —e
e"’/’—%
e/"=2.

The inverse operation to the exponential e is the natural log,

In(e/") = — = In2,

a9 e~

SO
t = rIn2 = (0.3505)(0.693) = 0.243 5.

R * MC Circuits and Impedance

(a)

t

1
s I=Ijcos2aft VY
V=V,cos 2xft
(b)

FIGURE 21-31 Resistor
connected to an ac source. Current
is in phase with the voltage.

Resistor: current and
voltage are in phase
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We have previously discussed circuits that contain combinuli(f
tor, capacitor, and inductor, but only when they are conned|
source of emf or to no source (as in the discharge of a capacitil "
circuit). Now we discuss these circuit elements when they are ¢
a source of alternating emf.

First we examine, one at a time, how a resistor, a capacilul,
ductor behave when connected to a source of alternating eml, |
by the symbol «®-, which produces a sinusoidal voltage of i
We assume in each case that the emf gives rise to a current

I = I, cos 2mft,

where ¢ is time and I, is the peak current. We must remember (Sl
that V., = Vo/V2 and I, = I,/V2 (Eq. 18-8).

Resistor. When an ac source is connected to a resistor as in I’
the current increases and decreases with the alternating emf{ a¢l
Ohm’s law, I = V/R. Figure 21-31b shows the voltage (red cuiv
current (blue curve). Because the current is zero when the vollil
and the current reaches a peak when the voltage does, we say thi
rent and voltage are in phase. Energy is transformed into |

tion 18-8), at an average rate P = IV = 12 R = Vi/R.

Inductor. In Fig. 21-32a an inductor of inductance L, rept¢
the symbol —ww- is connected to the ac source. We ignore any |
it might have (it is usually small). The voltage applied to the ind
be equal to the “back” emf generated in the inductor by the chui
rent as given by Eq. 21-9. This is because the sum of the emfs ul
closed circuit must be zero, as Kirchhoff’s rule tells us. Thus

Al Al

V—LAt—O or V—LAt’

where V is the sinusoidally varying voltage of the source and &
the voltage induced in the inductor. According to this equatioi}




most rapidly when V has its maximum value, V = V;. And I will
Jising most rapidly when V = — V. These two instants correspond
I8  and b on the graph of voltage versus time in Fig. 21-32b. At
und ¢, V = 0. The equation above tells us that AI/At = 0 at these
4, 50 I is not changing and these points correspond to the maximum
ihimum values of the current I (the slope of I versus ¢ is zero), as
lud by points a and ¢ on the graph. By going point by point in this
, the curve of I versus ¢ as compared to that for V versus ¢ can be
licled, and they are shown by the blue and red lines, respectively, in
| 12b. Notice that the current reaches its peaks (and troughs) one
' of a cycle after the voltage does. We say that

5, In 1 in inductor, the current lags the voltage by 90°.

liher that 360° corresponds to a full cycle, so 90° is a quarter cycle.
llitively, we can say that the voltage leads the current by 90°. Since
Iginally chose I = I, cos 2mft, we see from the graph that V must vary
Vysin 27ft.

licinuse the current and voltage are out of phase by 90°, no energy is
fmed in an inductor on the average; and no energy is dissipated as
il cnergy. This can be seen as follows from Fig. 21-32b. From point ¢
jons ol hie voltage is increasing from zero to its maximum. The current, how-
scted If in the opposite direction to the voltage and is approaching zero.
itorin i verage power over this interval, VI, is negative. From d to e, however,
conned V and I are positive so VI is positive; this contribution just balances
dupative contribution of the previous quarter cycle. Similar considera-
ipply to the rest of the cycle. Thus, the average power transformed

or, and .
£ re‘pron Ohc or many cycles is zero. We can see that energy from the source
F freque into the magnetic field of the inductor, where it is stored temporari-

lien the field decreases and the energy is transferred back to the
L0, None is dissipated in this process. Compare this to a resistor where
tirrent is always in the same direction as the voltage and energy is
‘Section | jfcrred out of the source and never back into it. (The product VI is
" ' I negative.) This energy is not stored in the resistor, but is transformed
pimal energy.

At mentioned in Section 21-9, the back emf of an inductor impedes
ow of an ac current. Indeed, it is found that the magnitude of the cur-

urve) il in an inductor is directly proportional to the applied ac voltage at a
‘oltage Ii j) frequency. We can therefore write an equation for a pure inductor
St, th}?t ':‘ jusistance) that is the equivalent of Ohm’s law:

o hea .

V=IX,], (21-11a)
sprescill Jo X, is called the inductive reactance, or impedance, of the inductor.
any resiill nally, we use the term “reactance” to refer solely to the inductive
. crties. We then reserve the term “impedance” to include the total “im-
changin ing” qualities of the coil—its inductance plus any resistance it may
fs around ) (more on this in the next section). In the absence of resistance, the

vdance is the same as the reactance.

The quantities V and I in Eq. 21-11a can refer either to rms for
. or to peak values for both. Note, however, that although this equa-
) can relate the peak values, the peak current and voltage are not
ind L Al/¢ thed at the same time; so Eq. 21-11a is not valid at a particular in-
1ation, / Il ill, as is the case for Ohm’s law.

Inductor: current lags voltage

I=1,cos 2nft
V=-V, sin 2xft

()

FIGURE 21-32 Inductor
connected to an ac source. Current
lags voltage by a quarter cycle, or 90°.

Reactance and impedance
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From the fact that V = L AI/At, we see that the larger /
be the change in current Al during the time Atr. Hence I ituel
er at any instant for a given frequency, and we expect X, &
tance X, also depends on the frequency. The greater 1ho
more rapidly the magnetic flux changes in the inductor. If (h§
by this field is to remain equal to the source emf, as it must, t§
of the current must then be less. Hence the greater the i
greater is the reactance X, and we expect X; « fL.This i
with the fact that if the frequency fis zero (so the current in (b
back emf and no impedance to the flow of charge. Careful culdy
calculus), as well as experiment, shows that the constant of pro¥

2ar. Thus
X, =2=nfL.

Reactance of a coil. A coil has a resisting
and an inductance of 0.300 H. Determine the current in the coll I}
is applied to it; (b) 120V ac (rms) at 60.0 Hz is applied.

SOLUTION (a) There is no inductive impedance (X, = ON
so we apply Ohm’s law for the resistance:

,_V_ 1oV
R 100Q

(b) The inductive reactance in this case is
X, = 2mfL = (6.28)(66.0 s71)(0.300 H) = 113 (}
In comparison to this, the resistance can be ignored. Thus,
[ - Vims _ 120V
ms Ty, 1130
[It might be tempting to say that the total impedance is 113Q + |
This might imply that about 1 percent of the voltage drop is aciom
tor, or about 1 V; and that across the inductance is 119 V. Althouh!

across the resistor is correct, the other statements are not true el
alteration in phase in an inductor. This will be discussed in the neil

=120 A.

= 1.06 A.

Capacitor. When a capacitor is connected to a battery, the
plates quickly acquire equal and opposite charges; but no steid
flows in the circuit. A capacitor prevents the flow of a dc curreil
as the capacitor is not “leaky,” in which case a leakage current Wil
across the gap). However, if a capacitor is connected to an il
source of voltage, as in Fig. 21-33a, an alternating current will (10§
uously. This can happen because when the ac voltage is first (il
charge begins to flow so that one plate acquires a negative charjif
other a positive charge. But when the voltage reverses itself, (&
flow in the opposite direction. Thus, for an alternating applied v(i
ac current is present in the circuit continuously.




i1 look at this process in more detail. First, we recall that the ap-
llage must equal the voltage across the capacitor: V = Q/C,
(' is the capacitance and Q the charge on the plates. Thus the
() on the plates follows the voltage; when the voltage is zero, the
¥ zcro; when the voltage is a maximum, the charge is a maximum.
It about the current I? At point a in Fig. 21-33b, when the volt-
)15 increasing, the charge on the plates is zero. Thus charge flows
¥ loward the plates and the current is large. As the voltage ap-
04 its maximum of V;, (point b), the charge that has accumulated
' plates tends to prevent more charge from flowing, so the current
{0 zero at point b. The charge that has accumulated now starts to
Il the plates and the magnitude of current again increases (blue
, but in the opposite direction; it reaches a maximum (negatively)
hie voltage is at point c. Thus the current follows the blue curve in
| 13b. Like an inductor, the voltage and current are out of phase
. But for a capacitor, the current reaches its peaks } cycle before
llnge does, so we say that the

frent leads the voltage by 90°.

voltage lags the current by 90°.) This is the opposite of what hap-
Jor an inductor. Again we have chosen I = I, cos 2zft and we see
the graph that V = Vj sin 2t .

lichuse the current and voltage are out of phase, the average power
Aled is zero, just as for an inductor. Energy from the source is fed to
pucitor, where it is stored in the electric field between its plates. As
| decreases, the energy returns to the source. Thus, in an ac circuit,
tesistance will dissipate energy to thermal energy.

Iclationship between the applied voltage and the current in a ca-
) can be written just as for an inductance:

a =l V= IX,, (21-12a)

s$ e I X is the capacitive reactance (or impedance) of the capacitor. This
th the llon relates the rms or peak values for the voltage and current but is
caung Wlid at a particular instant because I and V are out of phase. X de-

— on both the capacitance C and the frequency f. The larger the ca-
Mhce, the more charge it can handle, so the less it will retard the flow
Alternating current. Hence, we expect X will be inversely propor-
lo C. It is also inversely proportional to the frequency f, since, when
Uyuency is higher, there is less time per cycle for the charge to build
) the plates and impede the flow. Again there is a factor of 2, and

1
Xe="v
¢ 2mfC
¢ that for dc conditions, f = 0 and X becomes infinite. This is as it
il be, since a capacitor does not pass dc current.

is interesting to note that the reactance of an inductor increases
frequency, but that of a capacitor decreases with frequency.

(21-12b)

I=1I cos 2nft
V =V sin 2nft
(b)
FIGURE 21-33 Capacitor
connected to an ac source. Current

leads voltage by a quarter cycle,
or 90°.

Capacitor: current leads voltage

Only R (not Cor L)
dissipates energy
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Capacitors as filters

Signal
Circuit 11 Circuit
L1
j— ’ j_
()
Signal

»(b)
FIGURE 21-34 Twocommon
uses for a capacitor.

I 11

FIGURE 21-35 AnlLRC
circuit.

R L C

Y
\J
\'

3

T IJNIPEXI W Capacitor reactance. What are the puil

currents in the circuit of Fig. 21-33a if C = 1.0 uF and ¥,

Calculate for (a) f = 60 Hz, and then for (b) f = 6.0 X 10° 1§

SOLUTION (a) V, = V2V = 170 V. Then
1 1

2.7 M

Xe = 5afC ~ (628)(60s (10 X 10°F)
Thus
et 1OV _ A
T x. T 27x10°Q
V., 120V
I = = 44 mA.

ms T Ty T 27 x10°Q

(b) For f = 6.0 X 10° Hz, X will be 0.27 4, I, = 630 A, and /;
The dependence on fis dramatic.

* LRC Series AC Circuit; Problem S¢

Capacitors are used for a variety of purposes, some of W
already been described. Two other applications are illustrated in I
In Fig. 21-34a, circuit A is said to be capacitively coupled ((
The purpose of the capacitor is to prevent a dc voltage fraf
from A to B but allowing an ac signal to pass relatively uniil
C is sufficiently large, the ac signal will not be significantly attenuif
as dc is filtered out. The capacitor in Fig. 21-34b also passes ac il
this case, a dc voltage can be maintained between circuits A and [}
pacitance C is large enough, the capacitor offers little impedance ((
nal leaving A. Such a signal then passes to ground instead of into /i
capacitor in Fig. 21-34b acts like a filter when a constant dc vl
quired; any sharp variation in voltage will pass to ground instci {
cuit B. Capacitors used in these two ways are very common in citg

We now examine a circuit containing all three elements in serics,
R, an inductor L, and a capacitor C (Fig. 21-35). If a given circull
only two of these elements, we can still use the results of thix
setting R = 0, L = 0, or C = « (infinity) as needed. We let V,, |
represent the voltage across each element at a given instant i {
Vo Vio» and Vi represent the maximum (peak) values of theg
The voltage across each of the elements will follow the phasc rel
discussed in the last section. That is, Vi will be in phase with I\
V, will lead the current by 90°, and V. will lag behind the curreil
Also, at any instant the total voltage V supplied by the sour¢
V = Vi + V, + V.. However, because the various voltages il
phase, the rms voltages (which is what ac voltmeters usually mcus
not simply add up to give the rms voltage of the source. And ¥}
equal Vgy + Vi + Vo Let us now examine the circuit in detail,
would like to find in particular is the impedance of the circuit i
the rms current that flows through the circuit, and the phase difl¢l
tween the source voltage and the current.

First we note that the current at any instant must be the i
points in the circuit. Thus, the currents in each element are in |)
each other, although the voltages are not. We choose our origll

(¢ = 0) so that the current  at any time ¢ is I = I,cos2mft.




sak ofk | Is convenient to analyze an LRC circuit using a phasor diagram. Ar-
(ncting like vectors) are drawn in an xy coordinate system to repre-
iich voltage. (These “vectors” are not “real.” Phasors are just a useful
lical tool.) The length of each arrow represents the magnitude of the
toltage across each element:

Vao = LR, Vyo=1X,, and V= IX,.

In phase with the current and is initially (+ = 0) drawn along the posi-
| iXis, as is the current. Since V;, leads the current by 90°, it leads Vi, by
0 Is initially drawn along the positive y axis. V,, lags the current by 90°,
% Vio by 90°% hence, Vi is drawn initially along the negative y axis. Such
iram is shown in Fig. 21-36a. If we let the vector diagram rotate coun-
Jckwise at frequency f, we get the diagram shown in Fig. 21-36b; after a
|, cach arrow has rotated through an angle 27ft. Then the projections
'l arrow on the x axis represent the voltages across each element at the
Il 1 (see Fig. 21-36c¢). For example, the projection of Vg, on the x axis is
) 2mft (as in Fig. 21-31); and the projections of V;, and V,, on the x
e — Viysin2mft and Vi sin 2aft, respectively, as in Figs. 21-32b and
}b. Maintaining the 90° angle between each arrow ensures the correct
tclations. Although these results show the validity of a phasor dia-
, What we are really interested in is how to add the voltages.

'he sum of the projections of the three vectors on the x axis is equal

7k,

wated " g F—

but m"‘ 0 projection of their sum. But the sum of the projections represents
Ind B | Iitantaneous voltage across the whole circuit, V' (equal to the source
LY, l ic). Therefore, the vector sum of these vectors will be the vector that

sents the peak source voltage, V. This is shown in Fig. 21-37, where
uen that Vi, makes an angle ¢ with I, and Vg,. As time passes, V, ro-
with the other vectors, so the instantaneous voltage V (projection of
the x axis) is (see Fig. 21-37)

V = V,cos 2nft + ).

voltage V across the whole circuit must, of course, equal the source
pe (Fig. 21-35). Thus we see that the voltage from the source is out of

ries, o | ¢' with the current by an angle ¢.
ircuit ¢( ‘rom this analysis we can now draw some useful conclusions. First, we de-
i the total impedance Z of the circuit, which is defined by the relation
Vs=1.7Z, or V,=I7. 21-13
1t in tin s s oo ( )

| llig. 21-37 we see, using the Pythagorean theorem (Vj is the hy-
lluse of a right triangle), that

th the of Vo = VVio + (Vio = Voo

= VIR + (I,X, — I,X.)?

= LVR* + (X, — X )

), [rom Eq. 21-13, and then Egs. 21-11b and 21-12b,

source
'es arc |
7 measul!

letail. Wi Z=VR+ (X, — X (@1-140)
‘uit as
. differei) = VR + 2afL - 1/27fC)%. (21-14b)

gives the total impedance of the circuit. Also from Fig. 21-37, we can
the samg
theck, note that if R = Xc = 0, then ¢ = 90°, and V, would lead the current by 90°, as
| lor an inductor alone. Similarly,if R = L = 0, ¢ = —90° and V, would lag the current
| v it must for a capacitor alone.

Yy
AVo=lo X
Iy
——
Vro=IR
Y Veo=1IoXc
(a)
y
Vio=loX, Vro=loR
Iy
2rwft
Veo=1IpXc
(®)
y

FIGURE 21-36 Phasor
diagram for a series LRC circuit.

Impedance

FIGURE 21-37 Phasor
diagram for a series LRC circuit
showing the sum vector, V.
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find the phase angle ¢:
Vio ~— Voo _ X, - Xc
Vro R

tan'¢ =
or
Veo IR R
Vv, LZ Z
Finally, we can determine the power dissipated in the circull
earlier that power is only dissipated by a resistance; none is dis
inductance or capacitance. Therefore, the average power P - [
from Eq. 21-15b, R = Z cos ¢. Therefore,

P=1*Zcos ¢

| =1_V.__ cosd.

ms "~ rms

cos o =

The factor cos ¢ is referred to as the power factor of the circuit, |

| resistor, cos ¢ = 1 and P = I,/ V,,... For a capacitor or inductor, (
or +90°, respectively, so cos ¢ = 0 and no power is dissipated.

The test of this analysis is, of course, in experiment; and ex (

in full agreement with these results.

m LRC Circuit. Suppose that R = 25.0Q, L «
and C = 12.0 yF in Fig. 21-35, and that they are connected to i §
(rms) 500-Hz source. Calculate (a) the current in the circuit, (h)

meter readings (rms) across each element, (c) the phase angl
(d) the power dissipated in the circuit.

SOLUTION (a) First, we find the individual impedances at /.
X, =2afL = 942,

Then

Z=VR + (X, - X\
= V(250 Q) + (942 Q — 265 Q)* = 722 Q.

From Eq. 21-13,
I, = V}“s = %\;— =125A.

(b) The rms voltage across each element is
(Vs = LmsR = (125 A)(25.0 Q) = 312V
(Vims = Ims X = (125 A)(942 Q) = 118V
(V)ims = LmsXc = (125 A)(26.5Q) = 33.1 V.

Notice that these do not add up to give the source voltage, 90.0 V (i
deed, the rms voltage across the inductance exceeds the source voll
can happen because the different voltages are out of phase with ¢l

648 CHAPTER21  Electromagnetic Induction and Faraday's Law; AC Circuits




{ any instant one voltage can be negative, to compensate for a large
fve voltage of another. The rms voltages, however, are always positive
Plinition. Although the rms voltages do not have to add up to the
0 voltage, the instantaneous voltages at any time do add up, of course.
Ince '

XL—XC_94.20—26.59_271
R 25.0Q e

tan ¢ =

b = 69.7°.
) I V. cos d = (125 A)(90.0 V)(25.0 /722 Q) = 39.0 W.

Resonance in AC Circuits; Oscillators

‘s current in an LRC series circuit is given by (see Egs. 21-13 and

rms leS

I ==~ = Y (21-17)
2 -
\/R + (27'rf 27rfC>

e the impedance of inductors and capacitors depends on the fre-
Uy f of the source, the current in an LRC circuit will depend on fre-
vy. From Eq. 21-17 we can see that the current will be maximum at a

1 [1
fo= 2n VI (21-18)

I the resonant frequency of the circuit. At this frequency, X = X/,
0 impedance is purely resistive and cos ¢ = 1. A graph of I, versus f
vwn in Fig. 21-38 for particular values of R, L, and C. For smaller R
Jired to X, and X, the resonance peak will be higher and sharper.

hen R is very small, we speak of an LC circuit. The energy in an LC cir-
willates, at frequency f;, between the inductor and the capacitor, with
) being dissipated in R (some resistance is unavoidable). To see this in
(ctail, consider a perfect LC circuit in which R = 0. Assume at t = 0
{he capacitor C is charged and the switch is closed (Fig. 21-39). The ca-
i1 immediately begins to discharge. As it does so, the current  through
Iductor increases. At every instant, the potential difference across the ca-
or, V.= Q/C (where Q is the charge on the capacitor at that instant),
tqual the potential difference across the inductor, which is equal to its
L(AI/At). At the instant when the charge on the capacitor reaches zero
{)), the current 7 in the inductor has reached its maximum value, but at
Instant [ is not changing (— L AI/At = Q/C = 0). At this moment, the
\ctic field B in the inductor is also a maximum. The current next begins to
use as the flowing charge starts to accumulate on the opposite plate of
tipacitor. When the current has dropped to zero, the capacitor has again

II'lTlS
For
small R
/For\
large R
0 { }
0.90 fo fo 1.10f,

FIGURE 21-38 Currentin
an LRC circuit as a function of
frequency, showing resonance

peak at f = f, = (1/2@) V1/LC.

Resonant frequency

LC circuit

FIGURE 21-39 A pure
LC circuit.

L
— T————

/ Switch

+++]+++
et

9!
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attained its maximum charge. The capacitor then begins to dischi
with the current now flowing in the opposite direction. This proe
charge flowing back and forth from one plate of the capacitor {(}
through the inductor, continues to repeat itself. This is called an L.C'
or an electromagnetic oscillation. Not only does the charge oscillulé
forth, but so does the energy, which oscillates between being it
electric field of the capacitor and in the magnetic field of the induci
Electric resonance is used in many electronic devices. Radio @
sion sets, for example, use resonant circuits for tuning in a station, A
quencies reach the circuit from the antenna, but a significant cu{l§
only for frequencies at or near the resonant frequency. Either L ol
able so that different stations can be tuned in (more on this in Ch
LC circuits are also used in oscillators, which are devices that pul (8
cillating signal of particular frequency. Since some resistance i il
sent, electrical oscillators generally need a periodic input of |
compensate for the energy converted to thermal energy in the 1¢#
Electrical resonance is analogous to mechanical resonance, W
discussed in Chapter 11 (see Fig. 11-18). The energy transfcri@
system is a maximum at resonance whether it is electrical resof
oscillation of a spring, or pushing a child on a swing (Section ||+
this is true in the electrical case can be seen from Eqgs. 21-14, 2}
21-16. At resonance, Z = R, cos ¢ = 1, and I, is a maximut,
stant V., the power is then a maximum at resonance. A grapl ¢
versus frequency looks much like that for the current (Fig. 21~}
An LRC circuit can have the elements arranged in parallcl Ii§

in series. Resonance will occur in this case, too, but the analysis ol
cuits is more involved.

* mpedance Matching

It is common to connect one electric circuit to a second circuit, I'{i§
ple,a TV antenna is connected to a TV set; an FM tuner is conne(l
amplifier; the output of an amplifier is connected to a speaker; el

for an ECG or EEG (electrocardiogram and electroencephil(y
electrical traces of heart and brain signals) are connected to an i
or a recorder. In many cases it is important that the maximun {Ii

M“"i";!“m ,p"wfi’ transferr ez transferred from one to the other, with a minimum of loss. Thiy:
when impedances match 4 pieved when the output impedance of the one device matches |

FIGURE 21-40 Outputof
the circuit on the left is input to
the circuit on the right.

|4

R
_|_ Voltage
source ;
_ \b
Circuit 1 :'Circu:iL 2
L

a

Ry’
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impedance of the second.

To show why this is true, we consider simple circuits that conl
resistance. In Fig. 21-40, the source in circuit 1 could represent
supply, the output of an amplifier, or the tiny signal from an ail
laboratory probe, or electrodes. R, represents the resistance of I8
and includes the internal resistance of the source. R, is called the
impedance (or resistance) of circuit 1. The output of circuit 1 is n@l
terminals a and b, which are connected to the input of circuit 2. (
may be very complicated. By combining the various resistors, we {
an equivalent resistance. This is represented by R,, the “input 1cs
(or input impedance) of circuit 2.




NN
he VIR,

INCH =R =<
i P=TR, (R, + R2)2
ed
B

power delivered to circuit 2 is P = I°R,, where I = V/(R, + R,).

Wl the top and bottom of the right side by R, and find

nd (&)
Vit V2 \R
et P= ?1_1? (21-19)
Cl (1 + —)
apt R,
ut jestion is, if the resistance of the source is R,, what value should R,
wil ) that the maximum power is transferred to circuit 2? To determine
po ¢ plot a graph of P versus (R2/ R,). This is shown in Fig. 21-41, where
s Wntative values are given in the table. For example, for R,/R; = 1,
whig 19 gives P = V%/4R,; for R,/R, = 3,P = 3V?/16R, = 0.19V /Rl,
edl s ) on. As can be seen from the graph, P is a maximum when R, = R,.
LG s, the maximum power is transmitted when the output impedance
) ievice equals the input impedance of the second. This is called im-
1] Ite matching.
For in ac circuit that contains capacitors and inductors, the different phas-
ol f limportant and the analysis is more complicated. However, the same re-
3). )ds: To maximize power transfer it is important to match impedances
inste 7). In addition, one must be aware that it is possible to seriously dis-
f sugl Mgnal. For example, when a second circuit is connected, it may put the

Hicuit into resonance, or take it out of resonance for a certain frequency.
Without proper consideration of the impedances involved, one can
icasurements that are completely meaningless. These considerations
Ormally examined by engineers when designing an integrated set of
itus. It has happened that researchers have connected several com-
1§ to one another without regard for impedance matching, and made
For ok W discovery” that later was found, embarrassingly, to be due to im-
cted ¢ \ce mismatch rather than the natural phenomenon they had thought.
eleciif 1)) some cases, a transformer is used to alter an impedance, so it can be
dogril hed to that of a second circuit. If Z; is the secondary impedance and
_am ¢ primary impedance, then Vg = I;Z; and Vp = I,Z, (I and V are ei-
PO peak or rms values of current and voltage). Hence,

s cl é 3 ﬁ i (NP)

i the Z, = Vp Nq

ntali iv we have used Eqs. 21-6 and 21-7 for a transformer. Thus the im-
it o | ihce can be changed with a transformer. A transformer is used for this
antel) Os¢ in some audio amplifiers, which may have several taps corre-
this (g ling to 4, 80, and 16 Q so the output can be matched to the im-
the ol \ce of any loudspeaker.

acro Home instruments, such as oscilloscopes, require only a signal voltage
L Clig ery little power. Maximum power transfer is then not important and
e Civfl instruments can have a high input impedance. This has the advantage
resisti {he instrument draws very little current and disturbs the original cir-

W little as possible. This is often desirable in laboratory experiments.
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Power, P 2N

4R,

R

Ef P

0 |0

05 | 022 VR,
1.0 | 025 V2R,
20 | 022 V2R,
50 | 0.14 V2R,
100 | 0.01 V2/R,

FIGURE 21-41
transferred is at its maximum
when R, = R,.

Impedance matching

Power
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] SUMMARY

The magnetic flux passing through a loop is equal -
to the product of the area of the loop times the
perpendicular component of the magnetic field
strength: ®; = B, A = BAcos#é.

If the magnetic flux through a coil of wire
changes in time, an emf is induced in the coil; the
magnitude of the induced emf equals the time rate
of change of the magnetic flux through the loop
times the number N of loops in the coil:

_nA%s,
At
This is Faraday’s law of induction.

The induced emf produces a current whose
magnetic field opposes the original change in flux
(Lenz’s law).

Faraday’s law also tells us that a changing
magnetic field produces an electric field; and that a
straight wire of length [ moving with speed v per-
pendicular to a magnetic field of strength B has an
emf induced between its ends equal to:

€ = Blv.

An electric generator changes mechanical en-
ergy into electrical energy. Its operation is based
on Faraday’s law: a coil of wire is made to rotate
uniformly by mechanical means in a magnetic

€ =

field, and the changing flux througly
duces a sinusoidal current, which ix |
the generator.

A motor, which operates in (h¢
generator, acts like a generator in thi
emf is induced in its rotating cull:
counter emf opposes the input voltage |
limit the current in a motor coil.

Similarly, a generator acts som¢
motor in that a counter torque aciy (
ing coil.

A transformer, which is a devict (0
magnitude of an ac voltage, consists af
and a secondary coil. The changing HuK
ac voltage in the primary induces an i
the secondary. In a 100 percent clli}
former, the ratio of output to inpil
(V/Vp) equals the ratio of the numbci §
in the secondary to the number Np in (i

VS N, S
VP N P
The ratio of secondary to primary cuti¢|
inverse ratio of turns:

I, N
I Ns

L QUESTIONS

1. What would be the advantage, in Faraday’s experi-
ments (Fig. 21-1), of using coils with many turns?

2. What is the difference between magnetic flux and
magnetic field? Discuss in detail.

3. Suppose you are holding a circular piece of wire and
suddenly thrust a magnet, south pole first, toward
the center of the circle. Is a current induced in the
wire? Is a current induced when the magnet is held
steady within the loop? Is a current induced when
you withdraw the magnet? In each case, if your an-
swer is yes, specify the direction.

4. In what direction will the current flow in Fig. 21-9 if
the rod moves to the left, which decreases the area
of the loop to the left?

5. Two loops of wire are moving in the vicinity of a very
long straight wire carrying a steady current as shown
in Fig. 21-42. Find the direction of the induced cur-
rent in each loop.
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FIGURE 21-42
Question 5.

6. In situations where a small signal must (Ve
distance, a “shielded cable” is used in which ()
wire is surrounded by an insulator and. thei)

by a cylindrical conductor. Why is a “shield" ¢




{ is the advantage of placing the two insulated
{ric wires carrying ac close together or even twisted
Wl cach other?

ome early automobiles, the starter motor dou-
| s a generator to keep the battery charged once
tur was started. Explain how this might work.

ilnin why, exactly, the lights may dim briefly when
0frigerator motor starts up. When an electric
{¢r is turned on, the lights may stay dimmed as
j 08 it is on. Explain the difference.

lain what is meant by the statement “a motor
1 1% a motor and generator at the same time.” Can
sime be said for a generator?

v Fig. 21-12 and the right-hand rules to show why
counter torque in a generator opposes the motion.

Il in eddy current brake (Fig. 21-19) work on a cop-
{ or aluminum wheel, or must it be ferromagnetic?

Jins been proposed that eddy currents be used to
p sort solid waste for recycling. The waste is first
uund into tiny pieces and iron removed with a dc
apnet. The waste then is allowed to slide down an
ilinc over permanent magnets. How will this aid in
¢ scparation of nonferrous metals (Al, Cu, Pb,
iins) from nonmetallic materials?

lo pivoted metal bar with slots in Fig. 21-43 falls
fich more quickly through a magnetic field than
yes a solid bar. Explain in detail.

Pivot
(o]

FIGURE 21-43 Question 14.

{ in aluminum sheet is held between the poles of a
ig¢e bar magnet, it requires some force to pull it out
f the magnetic field even though the sheet is not fer-
timagnetic and does not touch the pole faces. Explain.

bar magnet falling inside a vertical metal tube
piches a terminal velocity even if the tube is evacu-
ted so that there is no air resistance. Explain.

metal bar, pivoted at one end, oscillates freely in the
hicnce of a magnetic field; but in a magpetic field, its

iwillations are quickly damped out. Explain. (This mag-

Nitfc damping is used in a number of practical devices.)

18.

*20.

*21.

*22.

*23

*24

-

*28.

* 26.

*27.

*28.

*29,

An enclosed transformer has four wire leads coming
from it. How could you determine the ratio of turns on
the two coils without taking the transformer apart?
How would you know which wires paired with which?

. The use of higher-voltage lines in homes, say 600 V

or 1200 V, would reduce energy waste. Why are they
not used?

Since a magnetic microphone is basically like a
loudspeaker, could a loudspeaker (Section 20-10)
actually serve as a microphone? That is, could you
speak into a loudspeaker and obtain an output sig-
nal that could be amplified? Explain. Discuss, in
light of your response, how a microphone and loud-
speaker differ in construction.

The primary of a transformer on a telephone pole
has a resistance of 0.10€) and the input voltage is
2400V ac. Can you estimate the current that will
flow? Will it be 24,000 A? Explain.

A transformer designed for a 120-V ac input will
often “burn out” if connected to a 120-V dc source.
Explain. [Hint: The resistance of the primary coil is
usually very low.]

How would you arrange two flat circular coils so that
their mutual inductance was (a) greatest, (b) least
(without separating them by a great distance)?

If you are given a fixed length of wire, how would
you shape it to obtain the greatest self-inductance?
The least?

Does the emf of the battery in Fig. 21-29a affect the
time needed for the LR circuit to reach (a) a given
fraction of its maximum possible current, (b) a given
value of current?

Can you tell whether the current in an LRC circuit
leads or lags the applied voltage from a knowledge
of the power factor, cos ¢?

Under what conditions is the impedance in an LRC
circuit a minimum?

An LC resonance circuit is often called an oscillator
circuit. What is it that oscillates?

Compare the oscillations of an LC circuit to the vi-
bration of a mass m on a spring. What do L and C
correspond to in the mechanical system?
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. PROBLEMS

SECTIONS 21-1 TO 21-4

1. (I) A 9.2-cm-diameter loop of wire is initially orient-
ed perpendicular to a 1.5-T magnetic field. It is rotat-
ed so that its plane is parallel to the field direction in
0.20 5. What is the average induced emf in the loop?

2. (I) A 16-cm-diameter circular loop of wire is in a
1.10-T magnetic field. It is removed from the field
in 0.15 s. What is the average induced emf?

X X X X

/A f(g X X|x x

X X X X

3. (I) The rectangular loop shown in Fig. 21-44 is
pushed into the magnetic field which points inward

as shown. In what direction is the induced current?

4. (I) The north pole of the magnet in Fig. 21-45 is
being inserted into the coil. In which direction is
the induced current flowing through the resistor R?

E_~g

FIGURE 21-45
Problem 4. R

FIGURE 21-44
Problem 3.

5. (I) The magnetic flux through a coil of wire contain-
ing two loops changes from —30 Wb to +38 Wb in
0.42 s. What is the emf induced in the coil?

. (I) A 7.2-cm-diameter wire coil is initially oriented
so that its plane is perpendicular to a magnetic field
of 0.63 T pointing up. During the course of 0.15s,
the field is changed to one of 0.25 T pointing down.
What is the average induced emf in the coil?

. (IT) (a) If the resistance of the resistor in Fig. 21-46
is slowly increased, what is the direction of the cur-
rent induced in the small circular loop inside the
larger loop? (b) What would it be if the small loop
were placed outside the larger one, to the left?

© O]

~——4————— | increasing

O ‘ I constant Iincreasing |

(i
FIGURE 21-47 ProblemH

8. (II) What is the direction of the induce(l
the circular loop due to the current shi
part of Fig. 21-47?

9. (I) If the solenoid in Fig. 21-48 is lig
away from the loop shown, in what diro(f
induced current in the loop?

FIGURE 21-48
Problem 9.

10. (II) The magnetic field perpendicular tu §

loop of wire 20cm in diameter is chnif
+0.52T to —0.45T in 180 ms, where | ()
field points away from an observer anl
the observer. (a) Calculate the induced ¢l
what direction does the induced current {{{#

. (I) The moving rod in Fig. 21-9 is 12.0 cn\ §
moves with a speed of 15.0 cm/s. If the
field is 0.800 T, calculate (a) the emf devolii
(b) the electric field in the rod.

. (II) A circular loop in the plane of the puj
a 0.75 T magnetic field pointing into the
the loop’s diameter changes from 20.0 cm |
in 0.50s, (a) what is the direction of the¢
current, (b) what is the magnitude of the
induced emf, and (c) if the coil resistance |
what is the average induced current?

. (II) The moving rod in Fig.21-9is 13.2 cm |
generates an emf of 100 mV while moving i §
magnetic field. (a) What speed is it mo
(b) What is the electric field in the rod?

FIGURE 21-46
Problem 7.

WW—
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) In Fig. 21-9, the rod moves with a speed of
dm/s, is 30.0cm long, and has a resistance of
{). The magnetic field is 0.75 T, and the resis-
lite of the U-shaped conductor is 25.0Q at a
on instant. Calculate (a) the induced emf, (b) the
‘fent flowing in the circuit, and (c) the external
ju necessary to ensure that the rod is moving at
jintant velocity at that instant.

|) A single rectangular loop of wire with dimen-
i shown in Fig. 21-49 is situated so that part is
iitle a region of uniform magnetic field of 0.450 T
il part is outside the field. The total resistance of
) loop is 0.230 (. Calculate the force required to
|| the loop from the field (to the right) at a con-
it velocity of 3.40 m/s. Neglect gravity.

]
X X X X
xIx x x!
xxxxi —F
X|x x x!
X X X X!

0750 m ——~
FIGURE 21-49 Problem 15.

//I
)

Il) A 31.0-cm-diameter coil consists of 20 turns of
licular copper wire 2.6 mm in diameter. A uniform
Hlngnetic field, perpendicular to the plane of the
pll, changes at a rate of 8.65 X 1073 T/s. Deter-
Mine (a) the current in the loop, and (b) the rate at
Which thermal energy is produced.
{111) If the U-shaped condugtor in Fig. 21-9 has re-
litlvity p, whereas that of the moving rod is negli-
ible, derive a formula for the current I as a
inction of time. Assume the rod has length /, starts
Il the bottom of the U at ¢ = 0, and moves with
iiiiform speed v in the magnetic field B. The cross-
Juctional area of the rod and all parts of the U is A.
{Ill) The magnetic field perpendicular to a single
}).2-cm-diameter circular loop of copper wire de-
ind fenses uniformly from 0.750 T to zero. If the wire
i 4 2.25mm in diameter, how much charge moves
‘1: il':v 1 it a point in the coil during this operation?

TION 21-5

(1) The generator of a car idling at 1000-rpm produces
12.4 V. What will the output be at a rotation speed of
1500 rpm assuming nothing else changes?

{I) A simple generator is used to generate a peak out-
ut voltage of 24.0 V. The square armature consists of
indings that are 6.0cm on a side and rotates in a
old of 0.420 T at a rate of 60 rev/s. How many loops
i)l wire should be wound on the square armature?
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21. (I) Show that the rms output of an ac generator is
Vins = NABw/V2.

22. (II) A simple generator has a 720-loop square coil
21.0 cm on a side. How fast must it turn in a 0.650-T
field to produce a 120-V peak output?

23. (II) A 450-loop circular armature coil with a diameter
of 10.0 cm rotates at 60 rev/s in a uniform magnetic
field of strength 0.75 T. What is the rms voltage output
of the generator? What would you do to the rotation
frequency in order to double the rms voltage output?

*SECTION 21-6

* 24. (I) A motor has an armature resistance of 3.75 (). If
it draws 9.20 A when running at full speed and con-
nected to a 120-V line, how large is the counter emf?

. (I) The counter emf in a motor is 72’V when oper-
ating at 1800 rpm. What would be the counter emf
at 2500 rpm if the magnetic field is unchanged?

. (II) The counter emf in a motor is 100 V when the
motor is operating at 1000 rpm. How would you
change the motor’s magnetic field if you wanted to
reduce the counter emf to 65V when the motor
was running at 2500 rpm?

. (II) What will be the current in the motor of Exam-
ple 21-7 if the load causes it to run at half speed?

. (I) The magnetic field of a “shunt-wound” dc
motor is produced by field coils placed in parallel
to the armature coils. Suppose that the field coils
have a resistance of 66.0 () and the armature coils
5.00 Q. The back emf at full speed is 105 V when
the motor is connected to a 115-V line. (a) Draw
the equivalent circuit for the situations when the
motor is just starting and when it is running full
speed. (b) What is the total current drawn by the
motor at start up? (c) What is the total current
drawn when the motor runs at full speed?

(II) A dc generator is rated at 10kW, 200V, and
50 A when it rotates at 1000 rpm. The resistance of
the armature windings is 0.40Q). (a) Calculate the
“no-load” voltage at 1000 rpm (when there is no
circuit hooked up to the generator). (b) Calculate
the full-load voltage (i.e. at 50 A) when the genera-
tor is run at 800 rpm. Assume that the magnitude of
the magnetic field remains constant.

29.

SECTION 21-7

30. (I) A transformer is designed to change 120V into
10,000 V, and there are 5000 turns in the primary.
How many turns are in the secondary, assuming 100
percent efficiency?

31. (I) A transformer has 420 turns in the primary and
120 in the secondary. What kind of transformer is
this and, assuming 100 percent efficiency, by what
factor does it change the voltage? By what factor
does it change the current?
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32. (I) A step-up transformer increases 16 V to 120 V.
What is the current in the secondary as compared

to the primary? Assume 100 percent efficiency.

(I) Neon signs require 12kV for their operation. To
operate from a 220-V line, what must be the ratio
of secondary to primary turns of the transformer?
What would the voltage output be if the trans-
former were connected backward?

(II) A model-train transformer plugs into 120V ac,
and draws 0.75 A while supplying 15 A to the train.
(@) What voltage is present across the tracks? (b) Is
the transformer step-up or step-down?

(II) The output voltage of a 100-W transformer is
12 V and the input current is 20 A. (a) Is this a step-
up or a step-down transformer? (b) By what factor
is the voltage multiplied?

(II) High-intensity desk lamps are rated at 40W
but require only 12 V. They contain a transformer
that converts 120 V household voltage. (a) Is the
transformer step-up or step-down? (b) What is the
current in the secondary when the lamp is on?
(c) What is the current in the primary? (d) What is
the resistance of the bulb when on?

(I) A transformer has 330 primary turns and 1240
secondary turns. The input voltage is 120 V and the
output current is 15.0 A. What is the output voltage
and input current assuming 100 percent efficiency?

(I1) If 30 MW of power at 45kV (rms) arrives at a
town from a generator via 4.0-Q transmission lines,
calculate (a) the emf at the generator end of the
lines, and (b) the fraction of the power generated
that is lost in the lines.

(1) Show that the power loss in transmission lines,
Py, is given by P, = (P;)* R /V? where Py is the
power Yransmitted to the user, V is the delivered
voltage, and R, is the resistance of the power lines.

. (I1) If S0kW is to be transmitted over two 0.100-(2
lines, estimate how much power is saved if the volt-
age is stepped up from 120V to 1200 V and then
down again, rather than simply transmitting at
120 V. Assume the transformers are each 99 percent
efficient.

(IIT) Design a dc transmission line that can transmit
300 MW of electricity 200 km with only a 2 percent
loss. The wires are to be made of aluminum and the
voltage is 600 kV.

33.

34.

35,

36.

37.

38.

39.

41.

*SECTION 21-9

* 42, (1) If the current in a 120-mH coil changes steadily
from 25.0 A to 10.0 A in 350 ms, what is the direc-
tion and magnitude of the induced emf?

* 43, (I) What is the inductance L of a 0.60-m-long air-

filled coil 2.9 cm in diameter containing 10,000 loops?
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44,

45.

47.

49.

50.

51.
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. (IT) An air-filled cylindrical inductor i

. (II) The wire of a tightly wound sol¢

(I) What is the inductance of a coil Il If
emf of 8.50 V when the current in il {
—28.0mA to +31.0 mA in 42.0 ms?

(I) How many turns of wire would it
make a 100-mH inductance out ol i
air-filled coil with a diameter of 5.2 ¢

and it is 2.5 cm in diameter and 28.2 cni |
its inductance? How many turns wouli §
generate the same inductance if the ¢o
filled instead? Assume the magnelit [
of iron is about 1000 times that of {ru¢

(IT) A coil has 2.25-Q resistance and 44(l
tance. If the current is 3.00 A and iy I
rate of 3.50 A/s, what is the potenily
across the coil at this moment?

wound and used to make another tightly
lenoid of twice the diameter. By whil §
the inductance change?

(I1) (a) Show that the self-inductance /
(Figs. 20~43 and 20-57) of radius K ¢(i
loops each of radius r is

poN’r*
2R

if R >> r. Assume the field is unifoti)
torus; is this actually true? Is this resulf
with L for a solenoid? Should it be? (h)
the inductance L of a large toroid if the (|}
the coils is 1.5cm and the diameter «f |
ring is 40 cm. Assume the field inside 11§
uniform. There are a total of 1000 loops (i
(I1) (a) Ignoring any mutual inductance,
equivalent inductance of two inductors (i}
series? (b) What if they are connected Hi
(c) How does their mutual inductance (th¢
rical relationship to each other) affect the ¥

(II) A long thin solenoid of length / il
sectional area A contains N, closely pack({
wire. Wrapped tightly around it is an inlf
of N, turns, Fig. 21-50. Assume all the fi
coil 1 (the solenoid) passes through coil 25

L

)

7N
=N

)

D))

l . ]

T

FIGURE 21-50 Problem 5I.




I1) A 30-cm-long coil with 1500 loops is wound on
iron core (u = 3000 p,) along with a second coil
[ 800 loops. The loops of each coil have a radius of
() cm. If the current in the first coil drops uniform-
lrom 3.0 A to zero in 8.0 ms, determine (a) the
! induced in the second coil, and (b) the mutual
jtluctance M.

111) The potential difference across a given coil is
J.5V at an instant when the current is 860 mA
il is increasing at a rate of 3.40 A/s. At a later in-
lint, the potential difference is 16.2 V whereas the
jtrent is 700 mA and is decreasing at a rate of
K0 A/s. Determine the inductance and resistance
f the coil.

TION 21-10

I) The magnetic field inside an air-filled solenoid
) ¢m long and 2.0 cm in diameter is 0.80 T. Approx-
jiintcly how much energy is stored in this field?

{1} At a given instant the current through an in-
lictor is 50.0 mA and is increasing at the rate of
100 mA /s. What is the initial energy stored in the
\ductor if the inductance is known to be 60.0 mH,
il how long does it take for the energy to in-
funse by a factor of 10 from the initial value?

{Il) Assuming the Earth’s magnetic field averages
Whout 0.50 X 107* T near the surface of the Earth,
limate the total energy stored in this field in the
¥ 10 km above the Earth’s surface.

1TION 21-11

| {1) 1t takes 7.20 ms for the current in an LR circuit
1 rcach 80 percent of its maximum value. Deter-
fiine (@) the time constant of the circuit, and
{h) the inductance of the circuit if R = 250 Q.

{Il). Determine AI/At at ¢t = 0 (when the battery is
Lonnected) for the LR circuit of Fig. 21-29 and show
{hat if I continued to increase at this rate, it would
gich its maximum value in one time constant.

I1) After how many time constants does the current
i) Fig. 21-29 reach within (@) 10 percent, (b) 1.0 per-
iunt, and (c) 0.1 percent of its maximum value?

{I11) Two tightly wound solenoids have the same
longth and circular cross-sectional area. But sole-
loid 1 uses wire that is half as thick as solenoid 2.
{i1) What is the ratio of their inductances? (b) What
4 the ratio of their inductive time constants (as-
Juming no other resistance in the circuits)?
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TION 21-12

1) At what frequency will a 160-mH inductor have
4 reactance of 1.5 kQ?

(1) A 9.20-uF capacitor is measured to have a reac-
lince of 250 2. At what frequency is it being driven?

* 63. (I) Plot a graph of the impedance of a 1.0-uF ca-
pacitor as a function of frequency from 10 to
1000 Hz.

* 64. (I) Plot a graph of the impedance of a 1.0-mH in-
ductor as a function of frequency from 100 to
10,000 Hz.

* 65. (II) Calculate the impedance of, and rms current in,
a 160-mH radio coil connected to a 240-V (rms)
10.0-kHz ac line. Ignore resistance.

* 66. (II) An inductance coil operates at 240 V and 60 Hz.
It draws 12.8 A. What is the coil’s inductance?

* 67. (I) (a) What is the impedance of a well-insulated
0.030-uF capacitor connected to a 2.0-kV (rms)
700-Hz line? (b) What will be the peak value of the
current?

* 68. (II) A capacitor is placed in parallel across a load,
as in Fig. 21-34b, to filter out stray high-frequency
signals, but to allow ordinary 60-Hz ac to pass
through with little loss. Suppose that circuit B in
the figure is a resistance R = 300 () connected to
ground, and that C = 0.60 uF. What percent of the
incoming current will pass through C rather than R
if (a) it is 60 Hz and (b) it is 60,000 Hz?

* 69. (II) Suppose that circuit B in Fig. 21-34a is a resis-
tance R = 500 £2, connected to ground, and the ca-
pacitance C = 2.0 uF. Will this capacitor act to
eliminate 60 Hz ac but pass a high-frequency signal
of frequency 60,000 Hz? To check this, determine
the voltage drop across R for a 50-mV signal of fre-
quency (a) 60 Hz, and (b) 60,000 Hz.

*SECTION 21-13

* 70. (I) A 30-kQ) resistor is in series with a 0.50-H induc-
tor and an ac source. Calculate the impedance of
the circuit if the source frequency is (a) 60 Hz, and
(b) 3.0 X 10*Hz.

* 71. (I) A 2.5-kQ resistor and a 4.0-uF capacitor are
connected in series to an ac source. Calculate the
impedance of the circuit if the source frequency is
(a) 100 Hz, and (b) 10,000 Hz.

* 72. (I) For a 120-V rms 60-Hz voltage, a current of
70 mA passing through the body for 1.0s could be
lethal. What would be the impedance of the body
for this to occur?

* 73. (I1) A 2.5-kQ resistor in series with a 420-mH in-
ductor is driven by an ac power supply. At what fre-
quency is the impedance double that of the
impedance at 60 Hz?

* 74. (II) (a) What is the rms current in an RC circuit if
R =288k, C =080 uF, and the rms applied
voltage is 120V at 60 Hz? (b) What is the phase
angle between voltage and current? (c) What is the
power dissipated by the circuit? (d) What are the
voltmeter readings across R and C?
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* 75, (II) (a) What is the rms current in an RL circuit
when a 60-Hz 120-V rms ac voltage is applied,
where R = 1.80k, and L = 900 mH? (b) What is
the phase angle between voltage and current?
(c) How much power is dissipated? (d) What are
the rms voltage readings across R and L?

. (I) What is the total impedance, phase angle, and rms
current in an LRC circuit connected to a 10.0-kHz,
300-V (rms) source if L = 22.0mH, R = 870 k(), and
C = 5000 pF?

. (II) What is the resistance of a coil if its impedance
is 35 Q and its reactance is 30 {2?

. (I) A voltage V = 4.85sin 754t is applied to an LRC
circuit. If L = 3.0mH, R = 1.40kQ, and C = 3.0 uF,
how much power is dissipated in the circuit?

. (Il) A circuit consists of a 250- resistor in series
with a 40.0-mH inductor and a 50.0-V ac generator.
The power dissipated by the circuit is 9.50 W. What
is the frequency of the generator?

. (II) Show that for the LRC circuit of Fig. 21-35,
if we have I = I,cos ot, then

Vi = IR cos wt,

V, = IwL cos (wt + 7/2),
and

Ve = (Io/C) cos (ot — m/2),

where w = 27f.

GENERAL PROBLEMS

*SECTION 21-14
* 81. (I) A 3500-pF capacitor is connecto(l

* 82.

* 83.

coil of resistance 3.0 (). What is the
quency of this circuit?

(I) The variable capacitor in the el
radio has a capacitance of 2800 pF wh#
is tuned to a station at 580 kHz. (¢)
the capacitance for a station at 1600 k} ]
is the inductance (assumed constant)’
(I) An LRC circuit bhas L (]
R = 44 Q. (a) What value must C hav¢
resonance at 3600 Hz? (b) What will {§
mum current at resonance if the penk ¢
age is S0 V?

(IT) A 3000-pF capacitor is charged |
then quickly connected to an inducil
quency of oscillation is observed to bu
termine (a) the inductance, (b) the el
the current, and (c) the maximum cneif
the magnetic field of the inductor.

* 84,

*SECTION 21-15

* 85, (I) An audio amplifier has output cuill
40, 8Q, and 16 Q. If two 8-Q speakd)
connected in parallel, to which outpiil
should they be connected?

. (I) The output of an amplifier has an i}
30 k(). It is to be connected to an 8.0} I
er through a transformer. What shouldl hig
ratio of the transformer?

. Supposé you are looking along a line through the
centers of two circular (but separate) wire loops,
one behind the other. A battery is suddenly con-
nected to the front loop, establishing a clockwise
current. (a) Will a current be induced in the second
loop? (b) If so, when does this current start?
(c) When does it stop? (d) In what direction is this
current? (¢) Is there a force between the two
loops? (f) If so, in what direction?

88. Suppose you are looking at two current loops in the
plane of the page as shown in Fig. 21-51. When the
switch is thrown in the left-hand coil, (a) what is the
direction of the induced current in the other loop?
(b) What is the situation after a “long” time?
(c) What is the direction of the induced current in
the second loop if the second loop is quickly pulled
horizontally to the right?
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89. A square loop 24.0 cm on a side has a 104
6.50 Q. It is initially in a 0.755-T muagi
with its plane perpendicular to B, but I
from the field in 40.0 ms. Calculate the ¢l
ergy dissipated in this process.

90. Two conducting rails 30 cm apart rest on it &
They are joined at the bottom by a 0.60 (F
and at the top a copper bar of mass 0.04()
across the rails. The whole apparatus i I
in a vertical 0.55T field. What is the |
(steady) velocity of the bar as it slides 1l(}

down the rails?




search coil for measuring B (also called a flip
/) is a small coil with N turns, each of cross-
tional area A. It is connected to a so-called bal-
l¢c galvanometer, which is a device to measure the
il charge Q that passes through it in a short time.
\v flip coil is placed in the magnetic field to be
pnsured with its face perpendicular to the field. It
then quickly rotated 180°. Show that the total
arge Q that flows in the induced current during
jlu short “flip” time is proportional to the magnetic
pld B; in particular, show that B is given by

OR
B=ona
here R is the total resistance of the circuit, includ-
g that of the coil and that of the ballistic gal-
ynometer which measures the charge Q.

i1) Show that the power P = Fv needed to move
Jiw conducting rod to the right in Fig. 21-9 is equal
0 1°1%v?/R, where R is the total resistance of the
frcuit. (b) Show that this equals the power dissi-
iled in the resistance, I2R.

e primary windings of a transformer, which has
1 80% efficiency, are connected to 110V ac. The
jecondary windings are connected across a 2.4},
I8 W lightbulb. (a) Calculate the current through
{he primary windings of the transformer. (b) Calcu-
lile the ratio of the number of primary windings of
fhe transformer to the number of secondary wind-
fngs of the transformer.

A pair of power transmission lines each have a 0.80-2
resistance and carry 700 A over 9.0 km. If the rms
Input voltage is 42 kV, calculate (a) the voltage at
{he other end, (b) the power input, (c) power loss in
the lines, and (d) the power output.

{‘nlculate the peak output voltage of a simple gen-
vrator whose square armature windings are 6.60 cm
on a side if the armature contains 125 loops and ro-
{utes in a field of 0.200 T at a rate of 120 rev/s.

A small electric car overcomes a 250-N friction force
when traveling 30 km/h. The electric motor is pow-
ored by ten 12-V batteries connected in series and
iv coupled directly to the wheels whose diameters
nre 50 cm. The 300 armature coils are rectangular,
[0cm by 15cm, and rotate in a 0.60-T magnetic
ficld. (@) How much current does the motor draw
to produce the required torque? (b) What is the
back emf? (c¢) How much power is dissipated in the
coils? (d) What percent of the input power is used
to drive the car?

»nnectiv
ers arg
put tenil

d be the

ut is renidl
the electri¢
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* 98.

* 99,

*100.

*101.

*102.

*103.

. What is the inductance L of the primary of a trans-

former whose input is 220 V at 60 Hz and the current
drawn is 5.8' A? Assume no current in the secondary.

A 230-mH coil, whose resistance is 18.5 2, is con-
nected to a capacitor C and a 3360-Hz source volt-
age. If the current and voltage are to be in phase,
what value must C have?

A circuit contains two elements, but it is not known
if they are L, R, or C. The current in this circuit
when connected to a 120-V 60-Hz source is 5.6 A
and lags the voltage by 50°. What are the two ele-
ments and what are their values?

A resonant circuit using a 220-pF capacitor is to
resonate at 48.0 MHz. The air-core inductor is to be
a solenoid with closely packed coils made from
14.0 m of insulated wire 1.1 mm in diameter. How
many loops will the inductor contain?

An inductance coil draws 2.5 A dc when connected
to a 36-V battery. When connected to a 60-Hz 120-V
(rms) source, the current drawn is 3.8 A (rms). De-
termine the inductance and resistance of the coil.

The Q factor of a resonance circuit is defined as
the ratio of the voltage across the capacitor (or
inductor) to the voltage across the resistor, at res-
onance. The larger the Q factor, the sharper the
resonance curve will be and the sharper the tun-
ing. (a) Show that the Q factor is given by the
equation Q = (1/R) VL/C. (b) At a resonant fre-
quency f, = 1.0 MHz, what must be the value of L
and R to produce a Q factor of 1000? Assume that
C = 0.010 uF.

In a series LRC circuit, the inductance is 20 mH, the
capacitance is 50 nF, and the resistance is 200 Q. At
what frequencies is the power factor equal to 0.17?
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