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Current and Direct
Current Circuits

Lus far, our discussion of electrical phenomena has been confined to
charges at rest, or electrostatics. We shall now consider situations in-

: ’ 2 > 9 ectric Current
volving electric charges in motion. The term electric current, or simply Lo -
1. is used to describe the rate of flow of charge through some region of ZUZBisance 23 OB 82
wace. Most practical appllcaUOr}s of electricity involve electric currents. For 21.3 Superconductors
example, the batt.ery (?f a flashlight supplies current to the filament of the 91.4 A Model for Electrical
pulb when the switch is turned on. In these common situations, the flow of Conduction
... 1akes place in a conductor, such as a copper wire. It i i
chi P 2 PP e Itis z}lso pos‘51ble 91.5 Electrical Energy and Power
for currents to exist outside a oy
conductor. For instance, a 21.6 Sources of em!
beam of electrons in a televi- 91.7 Resistors in Series and in
sion picture tube constitutes a Parallel
current. 21.8 Kirchhoff's Rules and Simple

In this chapter we shall
first define current and cur-
rent density. A microscopic de-
scription of current will be
given, and some of the factors
that contribute to resistance to
the flow of charge in conduc-
tors will be discussed. Mecha-
nisms responsible for the elec-
trical resistances of various

Photograph of a carbon fila-
ment incandescent lamp. The
resistance of such a lamp is
typically 10 ©, but its value
changes with temperature.
Most modern lightbulbs use
tungsten filaments, the resis-
tance of which increases with
increasing temperature.
(Courtesy of Central Scientific Co.)

9

DC Circuits

RC Circuits

597
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598

Figure 21.1 Charges in motion
through an area A. The time rate
of flow of charge through the area
is defined as the current 7 The di-
rection of the current is the direc-
tion in which positive charge
would flow if free to do so.

Electric current °

The direction of the current °

Chapter 21 Current and Direct Current Circuits

materials depend on the materi'als’ composi.tion.s and on temy,
model is used to describe electrical conduction in metals; we g
of the limitations of this model. . :

This chapter is also concerne'd w1th. the analysis of some
elements of which include battenes., r(.351st(?rs, and capacitors
tions. The analysis of these circuits is simplified by the use of py
Kirchhoff’s rules, which follow frqm Lbe laws of conservation of er
vation of charge. Most of the circuits analy?ed are assumed to.
which means that the currents are constant in magnitude ang
close with a discussion of circuits containing resistors and capa
current varies with time.

21.1 - ELECTRIC CURRENT

Whenever there is a net flow of charge, a current is said to exist
more precisely, suppose the charges are moving perpendi.cu )
A, as in Figure 21.1. (This area could be the cross-sectional .
example.) The current is the rate at which charge ﬂom
If AQ is the amount of charge that passes through this area in
the average current, Z,,, is the ratio of the charge to the time

A
Iav o '—Q
At
If the rate at which charge flows varies in time, the current

define the instantaneous current I as the differential limi
pression:

aQ
==
dt
The SI unit of current is the ampere (A):
1A=1C/s

That is, 1 A of current is equivalent to 1 C of charge pass
in1s.
When charges flow through a surface as in Figure 21
negative, or both. It is conventional to give the curren
the flow of positive charge. In a common conductor su
is due to the motion of the negatively charged electrons.
of current in such a conductor, the direction of the cu
rection of flow of electrons. However, if one consi
charged protons in an accelerator, the current is in the
protons. In some cases—gases and electrolytes, for exan
result of the flow of both positive and negative charges. It
moving charge (whether it is positive or negative) as a mobi
example, the charge carriers in a metal are electrons.
It is instructive to relate current to the motions of th
illustrate this point, consider the current in a conductor of

LG Display Co., Ltd.
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L

Figure 21.2 A section of a uni-
()= \ : x form conductor of cross-sectional
. e \yg N S area A. The charge carriers move

o i with a speed vy, and the distance
iy dl‘Wdc b they mv?:l in a time At is given by
Ax = v; At. The number of mobile
charge carriers in the section of
length Ax is given by nAu, A,
where n is the number of mobile
carriers per unit volume.

form

ductor 18

The speed of the ¢
To understand its me
frec elcctrons. If the
gmilar to that of gas

poducing a current. ]

dong 11e conductor, ki

oms, ar. 1 the result

ferred - om the electron

the vib 1tional energ

wre of ‘e conductor.

dong 1= conductor (in osite E ne

think o the collisio thin OT ¢ ing an G (o)1 E

drag f-n Figure 21.3 A schematic repre-

apipe 1 sentation of the zigzag motion of a

The currentide charge carrier in a conductor. The

wea, B cause I changes in direction are due to
collisions with atoms in the con- |
ductor. Note that the net motion \
of electrons is opposite the direc-
tion of the electric field. The zig-

Wire | has (HELGE = T 5 sity 228 paths are actually parabolic

83 vecty quantity. ha 7 £ e KT

* Current density

e ol s =
LG Display Co., Ltd.
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Chapter 21 Current and Direct Current Circuits

Thinking Physics 1

Suppose a current-carrying wire has a crosssectional area thay
smaller along the wire, so that the wire has the shape of a very loy
the drift velocity of electrons vary along the wire?

Reasoning Every portion of the wire is carrying the same amount
the cross-sectional area decreases, the drift velocity must increase
stant value of the current. This increased drift velocity is a result
lines in the wire being compressed into a smaller area, thus incre
the field.

Example 21.1 Drift Speed in a Copper Wire

A copper wire of crosssectional area 3.00 X 107% m? carries
a current of 10.0 A. Find the drift speed of the electrons in
this wire. The density of copper is 8.95 g/cm?.

Solution From the periodic table of the elements in Appen-
dix C, we find that the atomic mass of copper is 63.5 g/mol.
Recall that one atomic mass of any substance contains Avo-
gadro’s number of atoms, 6.02 X 102 atoms. Knowing the
density of copper enables us to calculate the volume occupied
by 63.5 g of copper:

From Equation 21.4, we find that |

_ 6.02 X 10% electrons
2 7.09 cm?
= 8.48 X 10?2 electrons/cm?®

electrons

cm?®

= 8.48 X 10 electrons/;

= (8.48 >0

63.5 g

If we now assume that each copper atom contributes one

Ugi=

2B ot 3 Ll
Rl ke " 10.0 C/s
(8.48 X 102 m~%) (1.60 X 10
free electron to the body of the material, we have = 246 X 10~*m/s

Example 21.1 shows that typical drift speeds are very sm
speed is much smaller than the average speed between col
electrons traveling with this speed would take about 68 min to.
of this low speed, you might wonder why a light turns on
when a switch is thrown. In a conductor, the electric field
trons travels through the conductor with a speed close to
you flip a light switch, the message for the electrons to s

EXERCISE 1 1If a current of 80.0 mA exists in a metal wire, how
given cross section of the wire in 10.0 min?  Answer 3.0 X 1

21.2 - RESISTANCE AND OHM’S LAW

When a voltage (potential difference) AV is applied across
conductor, as in Figure 21.4, the current in the conductor
tional to the applied voltage; that is, 7 = AV, If the propo
write AV = IR, where the proportionality constant Ris call

LG Display Co., Ltd.
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21.2  Resistance and Ohm’s Law

214 A uniform conductor of length ¢
e sssectional area A A potential difference
.1?111 (:, }nninlnined across the cond“ﬁlb’f Qgﬂ %
. .|u‘,1rir ficld E in the conductor, and this field
an ‘Im("' 2 current [ that is pmpomonw ‘tﬁ';‘m‘e
A ial difference. ks

|nllk'”‘

conductor. In fact, we de[_inertzhls resistance as the ratio of the voltage across the
conductor to the current it carries;

[21.7]

R nce has the SIunits volts per ampere, called ohms (€2). Thus, if a potential
ditercnce of 1 'V across a conductor produces a current of 1 A, the resistance of
he conductor is 1 €. For example, if an electrical appliance connected to a 120-V
SOUIree ¢ arries a current of 6 A., 1".3 resistance is 20 ().

I+ useful to compare the concepts of electric current, voltage, and resistance
with - flow of water in a river, As water flows downhill in a river of constant width
awd - pth, the flow rate (water current) depends on the angle of flow and the
effect of rocks, the river bank, and other obstructions. Likewise, electric current
it lorm conductor depends on the applied voltage and the resistance of the
conitor caused by collisions of the electrons with atoms in the conductor.

many materials, including most metals, experiments show that the resis-
tanc  constant over a wide range of applied voltages. This statement is known
10 s law after Georg Simon Ohm (1787-1854), who was the first to conduct
a5+ atic study of electrical resistance.

1's law is not a fundamental law of ure, but an empirical relationship
thut alid only for certain materials. Materials that obey Ohm's law, and hence
e constant resistance over a wide range of voltages, are said to be ohmic.
\ue s that do not obey Ohm'’s law are nonohmic. Ohmic materials have a linear
e voltage relationship over a large range of applied voltages (Fig. 21.5a). Non-
ol naterials have a nonlinear current-voltage relationship (Fig. 21.5b). One

A

(a)

B : R
i 215 (@) The currentvol aligkial, The curve ls lincar, and i"‘e
EIes the resistance of the gurrentvoltage curve i samicon-

{]
et

8 diode, This device does

601

* Resistance

Georg Simon Ohm (1787-1854),
(Courtesy of North Wind Picture Archives)
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TABLE 21.1 Resistivities and Temperature

Coefficients of Resistivity
for Various Materials

Temperature
Resistivity* Coefficient
Material (2-m) a[(°C)~1]
Silver 1.59 x 10~8 3.8 X 103
Copper 1R78310=8 3.9 X 10-2
Gold 9244 X 1078 3.4 X103
Aluminum GO 05:° 39 X 102
Tungsten 5.6 X 10~8 45X 1073
Iron 10 X 10-8 5.0 X 10~3
Platinum 1181058 3.92 X 1073
Lead 99581 ()35 3.9 X 103
Nichrome® 1.50 X 10~© 0.4 X 10-3
Carbon 3.5 X 10=2 —0.5 X 1072
Germanium 0.46 —48 X 1073
Silicon 640 —175 X 103
Glass 1010 — 1014 =
Hard rubber ~1013 —
Sulfur 1015 S
Quartz (fused) | 75 x 1016 —
5

14

2 All values at 20°C.

" A nickel-chromium alloy commonly used in heating elements.

common semiconducting device that is nonohmic is the diod
for currents in one direction (positive AV) and large for
direction (negative AV). Most modern electronic devices, su
nonlinear current-voltage relationships; their operation deper
ways in which they violate Ohm’s law.

We can express Equation 21.7 in the form

AV=IR

where R is understood to be independent of AV. We shall
in the discussion of electrical circuits. A resistor is a simp
provides a specified resistance in an electrical circuit. The
circuit diagrams is a zigzag line (-\V\\\*).

The resistance of an ohmic conducting wire is found to
length and inversely proportional to its cross-sectional are

¢
R=p—A

where the constant of proportionality p is called! the
which has the unit ohm-meter ({2-m). To understand th

'The symbol p used for resistivity should not be confused with the same
for mass density and charge density,
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voltage of only 0.1] V.

Chapter 21 Current and Direct Current Circuits
tion, Nichrome is often used for heatj
A irons, and electric heaters,
960 22 A

Note from Table 21.1 that the resistivity of Nichrome wire
about 100 times that of copper. Therefore, a copper wire
the same radius would have a resistance per unit length of
only 0.052 Q/m. A 1.0-m length of copper wire of the same
radius would carry the same current (2.2 A) with an applied

Because of its high resistivity and its resistance to oxida-

EXERCISE 2 What is the resistance
gauge Nichrome wire? How much Curre
connected to a 120-V source? Ay,

EXERCISE 3 Calculate the current d
in the wire assuming that it carries:
Answer 6.7 X 10° A/m?; 10 N/GC

Variation of p with +

temperature

Temperature coefficient of

Figure 21.6 Resistivity versus tem-
perature for a normal metal, such

as copper. The curve is linear over
a wide range of temperatures, and
p increases with Increasing temper-
ature. As T approaches absolute
zero (insert), the resistivity ap-
proaches a finite value Po-

_

Change in Resistivity with Temperature

Resistivity depends on a number of factors, one of which is te;
metals, resistivity increases approximately linearly with incre
a limited temperature range, according to the expression

p=poll + (T~ Ty)]

where p is the resistivity at some temperature 7 (in degrees
tivity at some reference temperature Tj (usually 20°C), and
ature coefficient of resistivity. From Equation 21.11, we
expressed as

_ 1 Ap
_POAT

is the change in resistivity in the temper:

@

where Ap = p — p,
=T &

The resistivities and temperature coefficients of certain
Table 21.1. Note the enormous range in resistivities, from ve
conductors, such as copper and silver, to very high values fi
as glass and rubber. An ideal, or “perfect,” conductor wo
and an ideal insulator would have infinite resistivity.

Because resistance is proportional to resistivity accordin
temperature variation of the resistance can be written L

R= Rl + a(T - Ty)]

Precise temperature measurements are often made using
in Example 21.3.

CONCEPTUAL PROBLEM 2
e ———

Aliens with strange powers visit Earth and double every linear din
the surface of the earth. Does the electrical cord from the wall s
have more resistance than before, less resistance, or the same re
filament glow more brightly than before, less brightly, or the same
of materials remain the same.) 14

CONCEPTUAL PROBLEM 3
R,

When incandescent bulbs burn out, they usually do so Jjust after
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21.3 Superconductors

g xample 21.3 A Platinum Resistance Thermometer

AT

made
00.0°C.
dium, 165 TE¥ ;
Joint of indiums:

—

esistance lhcrmometer, whlc_h measures temperature by Selution Solving Equation 2
,,,(».Nll'i“g the change in resistance of 2 conductor, is from Table 21.1, we get

605

1.13 for AT and obtaining @

from platinum and has a resistance of 50.0 () at
When immersed in a vessel containing melting in- AT = i’
| its resistance increases to 76.8 ). What is the melting &

= [3.92 X 102 (°C)"'1(50.0 )
Because T;, = 20.0°C, we find that 7' = 157°C.

For several metals, resisti.vity is nearly proportional to absolute temperature, as
hown in Figure 21.6. In reahty, .h(.)wever, there is always a nonlinear region at very
Jow {emperatures, and the. resls_tlvlty 1.1sua.lly approaches some finite value near ab-
olute zero (s€€ the .rnagr.uﬁed mset in Fig. 21.6). This residual resistivity near ab-
lute zero is due primarily to collisions of electrons with impurities and to imper-
ections in- the metal. In contrast, the high-temperature resistivity (the linear
region) 18 dominated by collisions of electrons with the metal atoms. We shall de-

Scrit

EX
40

The
e

Tes

al ¢

ll‘\\

by ¢

Whi

- (his process in more detail in Section 21 .4.

miconductors, such as silicon and germanium, have intermediate resistivity
Their resistivity generally decreases with increasing temperature, corre-
ng to a negative temperature coefficient of resistivity (Fig. 21.7). This is due
ncrease in the density of charge carriers at the higher temperatures. Because
wrge carriers in a semiconductor are often associated with impurity atoms,
stivity is very sensitive to the type and concentration of such impurities. A
stor is a semiconducting thermometer that makes use of the large changes
sistivity with temperature.

oE 4 If a silver wire has a resistance of 10 () at 20°C, what resistance does it have at
glectany change in length or cross-sectional area due to the change in temperature.
10.8 Q

* SUPERCONDUCTORS

v aclass of metals and compounds the resistances of which go to zero below

ntical temperatures, T,. These materials are known as superconductors. The
‘‘c~temperature graph for a superconductor follows that of a normal metal
cratures greater than 7, (Fig. 21.8). When the temperature is equal to or
‘1 I, the resistivity drops suddenly to zero. This phenomenon was discovered
Dutch physicist Heike Kamerlingh Onnes in 1911 as he worked with mercury,

‘s asuperconductor below 4.2 K. Recent measurements have shown that the

(Sitivities of superconductors below T, are less than 4 X 10°* Q-m, which is

droyy;

'd 1017 times smaller (HTRIE resistivity of copper and considered to be zero

n py .
’]‘ult lice,

loday thousands of superconductors are known. Such common metals as alu-

U, tin, Jead, zinc, and indium are superconductors. Table 21.2 lists the critical
| latures of several superconductors. The value of 7, is sensitive to chemical
1Position, pressure, and crystalline structure. Itis interesting to note that copper,

-

' d gold, which are excellent conductors, do not exhibit superconductivity.

Figure 21.7 Resistivity versus tem-
perature for a pure semiconductor,
such as silicon or germanium.

R(£2)
0.15

0.125
Hg

0.10

0.075

0.025

7

]
| ]
]
1
1
]
1
|}
I
0.05 -
|}
|
1
[}
¢ |
|
4

0.00 =’
40 41 42 43 44

T(K)

Figure 21.8 Resistance versus
temperature for mercury. The
graph follows that of a normal
metal above the critical tempera-
ture, T.. The resistance drops to
zero at the critical temperature,
which is 4.2 K for mercury,

LG Display Co., Ltd.
Exhibit 1018
Page 023



o3 Chapter 21 Current and Direct Current Circuits

s 212 One of the truly remarkable featur'es of supercopductors is

Critical Temperatures for a current is set up in them, it persists without any a'ppl.zed voltage (|

Various Superconductors fact, steady currents have been observed to persist in supercond
i several years with no apparent decay! . -

Material T, (K) An important recent development in phy's1cs that has create
YBa,;Cu;0, 92 in the scientific community has been Fhe discovery of bigh-
Bi-Sr-Ca-Cu-O 105 oxide-based superconductors. The exgter'nent began with a
TI-Ba-Ca-Cu-O 125 Georg Bednorz and K. Alex Mller, scientists at.the IBM Zurich
HgBayCa,yCuyOy 134 tory in Switzerland, in which they report(?d evidence for sup
Nb,yGe 23.2 temperature near 30 K in an oxide of barium, lanthanum, an
s 21.05 and Miiller were awarded the Nobel Prize in 1987 for their rema
2k Ui Shortly thereafter, a new family of compounds was open for inv
Pb 7.18 search activity in the field of superconductivity proceeded vigorous
glg g;g groups at the University of Alabama at Huntsville and the U

announced the discovery of superconductivity at about 92 Kin as
barium, and copper (YBayCusO;). Late in 1987, teams of scien
the United States reported superconductivity at 105 Kin an oxi
tium, calcium, and copper. More recently, scientists have report
ity at temperatures as high as 125 K in an oxide containing th:
one cannot rule out the possibility of room-temperature superc
search for novel superconducting materials continues. It is
both for scientific reasons and because practical applications b
able and widespread as the critical temperature is raised.

An important and useful application is superconducting
magnetic field strengths are about ten times greater than those
electromagnets. Such superconducting magnets are being cons
of storing energy. The idea of using superconducting power lin
power efficiently is also receiving some consideration. Modern
electronic devices consisting of two thin-film superconducto
insulator have been constructed. They include magnetomete
measuring device) and various microwave devices.

Al 1519
Zn 0.88

21.4 - A MODEL FOR ELECTRICAL CONDUCT

The classical model of electrical conduction in metals leads to
that resistivity can be related to the motion of electrons in m

Consider a conductor as a regular array of atoms conta
(sometimes called conduction electrons). Such electrons are fi
the conductor (as we learned in our discussion of drift speed in
are approximately equal in number to the atoms. In the abse:
the free electrons move in random directions with average §|
Ehiotopapot s et 105 m/s. The situation is similar to the motion of gas molecules
magnet levitated aboye a disk of In fact, some scientists refer to conduction electrons in a m
the superconductor YBa,CuzO;, . ¢
which il K e erconduc . The conduction electrons are not totally free, be.ceuse th
tor Hias/zerorelo e resietance at interior of the conductor and undergo frequent collisions
temperatures below 92 K and ex- The collisions are the predominant mechanism for the resis!
pels any applied magnetic field. mal temperatures. Note that there is no current through a con
(Courtesy of IBM Research Laboratory) of an electric field, because the average velocity of the fr
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214 A Model for Electrical Conduction

E e
(a) (b)

Fgure 21.9 (@A SChemﬁmC diagram of.;he: random motion of a charge carrier in a conductor
in the absence of an electric field. The drift velocity is zero. (b) The motion of a charge carrier
in a conductor in the presenc'e of an elecj:ric field. Note that the random motion is modified by
e field, and the charge carrier has a drift velocity.

other words, just as many electrons move in one direction as in the opposite direc-
ion, on the average, and so there is no net flow of charge.

Ihe situation is modified when an electric field is applied to the metal. In
addivon to random thermal motion, the free electrons drift slowly in a direction
oppe e that of the electric field, with an average drift speed of v,, which is much
Jess (vpically 10~* m/s; see Example 21.1) than the average speed between colli-
don typically 10° m/s). Figure 21.9 provides a crude depiction of the motion of
free - cctrons in a conductor. In the absence of an electric field, there is no net
gy cment after many collisions (Fig. 21.9a). An electric field E modifies the
ran¢ 1 motion and causes the electrons to drift in a direction opposite that of E
(Fiz '1.9b). The slight curvature in the paths in Figure 21.9b results from the
ac ation of the electrons between collisions, caused by the applied field. One
mec nical system somewhat analogous to this situation is a ball rolling down a
dig inclined plane through an array of closely spaced, fixed pegs (Fig. 21.10).
The Il represents a conduction electron, the pegs represent defects in the crystal
latic. and the component of the gravitational force along the incline represents
the ¢ ctric force, eE.

" our model, we shall assume that the excess energy acquired by the electrons
1 clectric field is lost to the conductor in the collision process. The energy
g 1p to the atoms in the collisions increases the vibrational energy of the atoms,
@iy the conductor to warm up. The ‘model also assumes that an electron’s
ot after a collision is independent of its motion before the collision-"_

\We are now in a position to obtail ‘an expression for the drift velocuy._When
“1bile, charged particle of mass m and charge ¢ is subjected to an electric field

}

is independent of what happened earlier.
The probability of rolling a particular number
. throw. On the average, it would take six

"Be 3
,l“ ‘!¢ the collision process is random, each
; '[‘“ " analogous to the random process ofthrowil}g
1 One s . S gar iy
¢ throw is independent of the result ofﬂlz,*
s L2

['”" S . 7, Sk 3
10 come up with that number, starting at any a

607

Figure 21.10 A mechanical sys-
tem somewhat analogous to the
motion of charge carriers in the
presence of an electric field. The
collisions of the ball with the pegs
represent the resistance to the
ball’'s motion down the incline.
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Current density

Conductivity

Resistivity

Chapter 21 Gurrent and Direct Current Cireuits

E, it experiences a force of ¢E. Because F = ma, we conclude
of the particle is

This acceleration, which occurs for only a short time betw
the electrons to acquire a small drift velocity. If ¢is the tim
(at t = 0), and v, is the initial velocity, then the velocity of
time ¢ is

V=VO+at=vO+%t

We now take the average value of v over all possible
values of v,,. If the initial velocities are assumed to be rando;
we see that the average value of v, is zero. The term (gE/
by the field at the end of one trip between atoms. If the el
velocity, the average value of the second term of Equation
7 is the average time between collisions. Because the average o
velocity, we have

A alE et ie— 1)
m

Substituting this result into Equation 21.6, we find that th
rent density is

obtain the following relationships for the conductivity and

ng*t
0:
m
N 1 _om
p 0'—nq2

density of the charge carriers, their charge and mass, andﬁ

The relation = of can be derived as follows: The potential differe
is AV = Ef, and, from the definition of resistance, AV = [R. Using the
tions 21.5 and 21.10, we find that the magnitude of the currer
Et/RA = ok
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21.4

A Model for Electrical Conduction

ollisions; which is related to the average distance between collisions ¢ (the mean
free path) and the average thermal speed v through the expression®

-3
Il
Qe

gxample 21.4  Electron Collisions in Copper

(1) Using the data and results from Example 21.1 and
(he classical model of electron conduction, estimate the ay-
crage time between collisions for electrons in copper at
90°C. .

Jion From Equation 21.19 we see that

m
ng'p

cre p=1.7 X 1078 Q-m for copper and the carrier den-

n = 8.48 X 10% electrons/m® for the wire described in
imple 21.1. Substitution of these values into the previous
ression gives sk il

[21.20]

(9.11 X 10~ kg)
{5 (8.48 X 102 m~2) (1.6 X 10712 C)*(1.7 X 1078 Q-m)
= 925X 10745

(b) Assuming the average speed for free electrons in cop-
per to be 1.6 X 10° m/s and using the result from part (a),
calculate the mean free path for electrons in copper.

Solution
€ =79r= (1.6 X 106 m/s) (2.5 X 107*s) = 4.0 X 10 m

which is equivalent to 40 nm (compared with atomic spacings
of about 0.2 nm). Thus, although the time between collisions
is very short, the electrons travel about 200 atomic distances
before colliding with an atom.

clc dons for v using the ic

the © ¢ values. Furthermore,
aw - ariation of the resistivity.

e 15 model (Chap. 16, Eq. 1
mer with the linear dependenc
(Fig. 71.5a). Itis possible to account for
mee nical model, which w

cording to quantum m

ary

tharcter of the electrons mak
Onductor, and a collision
‘hréf would be no collisions,
"0uld be zero. Electron waves
"Cular (not periodic) — for exai
’((tyli'l:‘l‘l”lt“n;peratures, the reslff:m
i 1S between the (?lect,rons
g1 Mated by scattering cat
"¢ conductor, which are co
iilrl)(IAl‘:'h\ermal motion of the
{“array at rest), thereby re:

b i

Recal] 1},.. v
e that the average speed is the average
fature of the system of pmdes (Cl

quations 21.19 and 21.20, the temper-
to vary as v, which, according to an
rtional to /7. This is in disagree-
/ with temperature for pure metals

r them to move freely through the
kely. For an idealized conductor
be infinite, and the resistivity
e atomic arrangement is ir-
f structural defects or impurities.
inated by scattering caused by
'h temperatures, the resistivity
1 the electrons and the atoms
result of thermal agitation.
e irregular (compared with an
s mean free path.

s th particles have as a consequence of the
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7
AV R§

4

]
”l

Figure 21.11 A circuit consisting
of a battery of emf € and resis-
tance R. Positive charge flows in
the clockwise direction, from the
negative to the positive terminal of
the battery. Points z and d are
grounded.

This versatile circuit enables the

experimenter to examine the
properties of circuit elements such
as capacitors and resistors and
their effects on circuit behavior.
(Courtesy of Central Scientific Company)

Current and Direct Current Circuits

Chapter 21

CONCEPTUAL PROBLEM 4

Why don't the free electrons in a metal fuu to the bottom of the megg] due
clla;‘ges in a conductor are supposed to reside on the surface—why donys

all go to the surface?

21.5 - ELECTRICAL ENERGY AND POWER
If a battery is used to establish an electric current in a conductor,
continuous transformation of chemical energy stored in the batte;
ergy of the charge carriers. This kinetic energ}‘/ is quickly lost as a res
between the charge carriers and the lattice ioms, resulting in an
temperature of the conductor. Thus, the chemical energy stored j
continuously transformed into thermal energy. |
In order to understand the process of energy transfer in a simple
sider a battery the terminals of which are connected to a resisto
Figure 21.11. (Remember that the positive terminal of the batter
higher potential.) Now imagine following a positive quantity of cl
the circuit from point a through the battery and resistor and back
a reference point that is grounded (the ground symbol is "l:—)
is taken to be zero. As the charge moves from ato b through the bat
difference of which is AV, its electrical potential energy increases
AQ AV, and the chemical potential energy in the battery decreases
amount. (Recall from Chap. 20 that AU = ¢ AV.) However, as thi
from ¢ to d through the resistor, it loses this electrical poten
collisions with atoms in the resistor, thereby producing thermal en
if we neglect the resistance of the interconnecting wires, no loss in
for paths bc and da. When the charge returns to point a, it must |
potential energy (zero) as it had at the start.%
The rate at which the charge AQ loses potential energy in
resistor is

AU‘ AQAV— IAV
At N

where /is the current in the circuit. Of course, the charge re
when it passes through the battery. Because the rate at which
energy equals the power P dissipated in the resistor, we have

P= 1AV

In this case, the power is supplied to a resistor by a battery.
21.21 can be used to determine the power transferred from a bai
carrying a current / and having a potential difference AV betwee

Using Equation 21.21 and the fact that AV = IR for a resistor
the power dissipated by the resistor in the alternative forms

SNote that when the current reaches its steady-state value, there is 70 change
energy associated with the current.
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21.5 Ekcm'calEnagy and Power

[21.22]

The SI unit of power is the watt, introduced in Chapter 6. The power dissipated in
conductor of resistance R is also often referreq t.
a

] 0 as an 2R loss.
Aswe learned in Chapter 6, Section 6.5, the uni

tt-hour, is the energy consumed
= 1]/s, we have

L kWh = (10° W) (3600 s) =3.6 X 10°]

in 1 hat the constant rate of 1 kW. Because 1 W

Thinking Physies3 " 8

\When is more power !aeing delivered to a lightbulb—just after it is turned on and the
glow of the filament is increasing or after it has been on for a few seconds and the
Jlow is steady?

oning Once the switch is closed, the line vol:
i+ he voltage is applied across the cold filament
o e filamentis low. Thus, the currentis high, and a relatively large amount of power
livered to the bulb. As the filament warms up, its resistance rises, and the current
As a result, the power delivered to the bulb falls. The large current spike at
“eginning of operation is the reason that lightbulbs often fail just as they are

d on as noted in Conceptual Problem 3.

tage is applied across the lightbulb.
when first turned on, the resistance

3 2w o RS - J
LWALN}‘ R

SN T | e

nking Physics 4

ightbulbs A and B are connected across the same potential difference, as in Figure
> The resistance of A is twice that of B. Which lightbulb dissipates more power?
h carries the greater current? A

ning Because the voltage across eachhghtbulb is the same, and the- power dis-
by a conductor is P = (AV)?/R, the conductor with the lower resistance will
ate more power. In this case, the power dissipated by B is twice that of A and

des twice as much illumination. Furthermore, because P = I AV, we see that the

4

_© ‘ent carried by B is twice that of A.

LATEN L B
ample 21.5  Electrical Rating of a Lightbulb
 <hibulb is rated at 120 V/75 W, which means its operating
‘oltage is 120 V and it has a power rating g ¢ bs QJ e bulb

“ powered by a 120-V direct-current P‘;’“’Q‘é’i
“ientin the bulb and its resistance.

“lution  Because the power rating of th

e operating voltage is 120 V, we can u
the curreng: ' &

at 120 V and 100 W»

P 500

= — —

EXERCISE 5 What would the resistance

611

« Power dissipated by a resistor

Battery

Figure 21.12

(Thinking
Physics 4)

Using AV = IR, the resistance is calculated to be
AV
Ri=

I o0ema 1920

120 V

be in a lamp rated
Answer

144 Q
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gl Chapter 21 CGurrent and Direct Current Circuits

Example 21.6 The Cost of Operating a Lightbulb

How much does it cost to burn a 100-W lightbulb for 24 hif ~ expensive to operate but also because,

electricity costs eight cents per kilowatt hour? the coal and o.ll resources that ultim,
trical energy, increased awareness of

S.oluhon Because the energy consumed equals power .>< necessary. On every electric appliance
time, the amount of energy you must pay for, expressed in the information you need to calcul

kWh, is ments of the appliance. The power cg
Energy = (0.10 kW) (24 h) = 2.4 kWh often stated directly, as on a lightb
. amount of current used by the device
If energy is purchased at 8¢ per kWh, the cost is it operates are given. This informatio
Cost = (2.4 kWh) ($0.080/kWh) = $0.19 are sufficient to calculate the opera
device.

That is, it costs 19¢ to operate the lightbulb for one day. This
is a small amount, but when larger and more complex devices
are being used, the costs go up rapidly.

Demands on our energy supplies have made it necessary ~ EXERCISE 6 If electricity costs 8¢ pe
to be aware of the energy requirements of our electric de-  does it cost to operate an electric
vices. This is true not only because they are becoming more  20.0 A and 220V, for 5.00 h?  An

tance of the battery, calculate the power dissipated in the resistor.

21.6 - SOURCES OF emf

‘ Resistor The source that maintains the constant voltage in Figure
a'))) . “emf.”” Sources of emf are any devices (such as batteries and
crease the potential energy of charges circulating in circuits

source of emf as a charge pump that forces electrons to move
the electrostatic field inside the source. The emf, €, of a sou
done per unit charge, and hence the SI unit of emf is the v
Consider the circuit shown in Figure 21.13, consisting

to a resistor. We shall assume that the connecting wires have
neglect the internal resistance of the battery, the potential d
battery (the terminal voltage) equals the emf of the battery.
real battery always has some internal resistance, 7, the tern

= gram in Figure 21.14a. The battery within the dashed recta

a source of emf, &, in series with the internal resistance 7.
charge moving from a to bin Figure 21.14a. As the charge |
to the positive terminal within the battery, the potential of t
€. However, as it moves through the resistance 7, its pot
amount Ir, where [ is the current in the circuit. Thus, the
battery, AV=V, — V,_, is®

Figure 21.13 A circuit consisting
of a resistor connected to the ter-
minals of a battery.

"The term was originally an abbreviation for electromotive force, but it is not
discouraged. g

8The terminal voltage in this case is less than the emf by the amount Ir.
voltage may exceed the emf by the amount /. This happens when the dir€
that of the emf, as when a battery is charged with another source of emf.
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and in Parallel

[21.24]
Note from this expression

b the tzrminal VOM
rei’reseﬂmﬁon of thee
pspecting Figure 21.14;,
i rential difference acr
P ce; that is, AV = IR.

[21.25]
solving for the current
This shows that the cnrreﬁ r C ds on both the resistance
exiernal to the battery ai d giRu much greater than 7, we

can neglect rin our analys

: 1ignore this internal resistance.
It we multiply Eq

we get

Th -quation tells us that

0 power that is di nce, I°R, power that is dissi-

ps in the internal resis Rgﬁost'df the power delivered

b battery is dissipated e.

(C  “PTUAL PROBLEM ‘ R b ks o7
B :

Ift nergy transferred
ou  the battery to an el
(O EPTUAL PROBLEM 6 :
If have your headlights they RERR Lt cariis
sta 7

(O CEPTUAL PROBLEN

tical devices are
diperes. Batteries, ho

BXERCISE 8~ A battery with: danin tance of (
\ : i . what is the

it o (1w

value of R?

2175

613

|

[ R

(b)

Figure 21.14 (a) Circuit diagram
of an emf € of internal resistance r
connected to an external resistor
R. (b) Graphical representation
showing how the potential changes
as the series circuit in part (a) is
traversed clockwise.
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Equivalent resistance of *
several resistors in series

Chapter 21 Curvent and Direct Current Circuits

Battery

(a)

Figure 21.15 Series connection of two resistors, R, and R,. The ¢

resistor.

because any charge that flows through R; must also flow throu
potential difference between a and & in Figure 21.15b equals IR,
difference between band ¢ equals IR,, the potential difference bet

AV=IR, + IR, = I(R, + Ry)

Therefore, we can replace the two resistors in series with a
sistance, R.,, the value of which is the sum of the individual

Rg =R + R

The resistance R, is equivalent to the series combination R, +
the circuit current is unchanged when Req replaces R, + Ry
sistance of three or more resistors connected in series is sim

ch=R1+R2+R5+---

Therefore, the equivalent resistance of a series connection of
greater than any individual resistance and is the algebraic
ual resistances. ‘
Note that if the filament of one lightbulb in Figure 21.1:
“burn out,” the circuit would no longer be complete (an o
would exist) and the second bulb would also go out. Some C
(especially older ones) are connected in this way, and the te
ing which bulb is burned out is familiar to many people.
In many circuits, fuses are used in series with other circuit
purposes. The conductor in the fuse is designed to melt and.
some maximum current, the value of which depends on the:
If a fuse were not used, excessive currents could damage cir
wires, and perhaps cause a fire. In modern home construction,
used in place of fuses. When the current in a circuit exceed
15 A), the circuit breaker acts as a switch and opens the circt
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- ents are generally not th
jundtion) in igure gl
(thUgh Rg- Ile 1s gT

[21.28]
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Equivalent resistance of
several resistors in parallel

Figure 21.17 (Thinking
Physics 5)

Figure 21.18 (Thinking
Physics 6)

T

Chapter 21 Gurrent and Direct Current Circuits

An extension of this analysis to three or more resistors

following general expression:

1 1 1
= — + —+ — =
R, Ry Wi

s

1
R eq

From this expression it can be seen that the equivalent res
resistors connected in parallel is always less'than th? sma
group and the inverse of the equivalent resistance is the
inverses of the individual resistances. [

Household circuits are always wired so that the lightbulbs |
whatever) are connected in parallel, as in Figure 21.16a. In thi
operates independently of the others, so that if one is switche
remain on. Equally important, each device operates on the s

Finally, it is interesting to note that parallel resistors com
that series capacitors combine, and vice versa.

Thinking Physics 5

Predict the relative brightnesses of the four identical bulbs in [
pens if bulb A “burns out,” so that it cannot conduct current?
What if D “burns out”?

Reasoning Bulbs A and B are connected in series across the emfo
bulb C is connected by itself across this emf. Thus, the emf is
and B. As a result, bulb C will be brighter than bulbs A and B
as bright as each other. Bulb D has an equipotential (the
across it. Thus, there is no potential difference across D and
bulb A “burns out,” B goes out but C stays lighted. If G “bur
on the other bulbs. If D “burns out,” the event is undetec

glowing anyway.

Thinking Physics 6

Figure 21.18 illustrates how a three-way lightbulb is construct
of light intensity. The socket of the lamp is equipped with a |
lecting different light intensities. The bulb contains two
ments connected in parallel? Explain how the two filaments
different light intensities. 3

Reasoning If the filaments were connected in series and. O]
out, no current could pass through the bulb, and the bulb wi
regardless of the switch position. However, when the filam
allel and one of them (say the 75-W filament) burns out,
one of the switch positions as current passes through the
three light intensities are made possible by selecting on
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[esistance, using a Singlam F
offers one value o'[ rem)
resistance is obmjnefj‘w, e
(Josed and switch 2 is ope
witch 1is open and switch !
when both switches ar cI
lumination of 176 W !

CONCEPTUAL PROBLEM 8
R y
E L
Connecting batteries in seri
pecting them in parallel?

of gl
CONCEPTUAL PROBLEM 9
5 ] :

You hove a large supply of ligh s b
pect 1o the battery and ightness. Y ~then add one lightbulb at a time,
cach new bulb bcing adde 1 (] 1 S yoﬂadd the lightbulbs, what
happns to the bl’ighme” ?Iéf{'\ j Curre 1

(i rred from the bat 2
ha
th

- terminal voltage of the
ed one by one in parallel with

the same curre
same. The ri

series combil

less than the |
) A com p .
| simple circ
circuit and
procedures
after thes:
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Chapter 21 Gurrent and Direct Current Circuits

Exﬂlnple 21.7 Find the Equivalent Resistance g

Four resistors are connected as shown in Figure 21.19a. so the equivalent resistance beme{-',l'l,_
(a) Find the equivalent resistance between a and ¢ 91.26). The 6.0 and 3.0 resisto,
from Equanon 21.28 we find that th
from bto cis 2.0 (). Hence, the eq
to cis 14 Q.

(b) What is the current in each
ference of 42 V is maintained between

Solution The current [ in the 8.0-
the same because they are in series,
and the results from part (a), we get

12Q 20 Rq 140

2 \ / passes through the 6.0-{) resistor (

the 3.0 resistor (). Because the ¢
14 Q these resistors, AV, , is the same (they a

that 61; = 31, or I, = 2. Usmg h
(©) Il+12—30A,wefmdthatli
could have guessed this from th
Figure 21.19 (Example 21.17) The resistances of the four re- rent through the 3.0-) resistor has
sistors shown in (a) can be reduced in steps to an equivalent through the 6.0-Q resistor in view of
14-0) resistor. and the fact that the same voltag
As a final check, note that AV,
Solution The circuit can be reduced in steps as shown in AV, = 121 = 36 V; therefore, AV,
Figure 21.19. The 8.0-) and 4.0} resistors are in series,and it must.

Example 21.8 Three Resistors in Parallel

Three resistors are connected in parallel, as in Figure 21.20.  Solution The resistors are in p T
A potential difference of 18 V is maintained between points  ference across each is 18 V. App
aand b. (a) Find the current in each resistor. gives
I I = AYS
a i
I AV
i)\ &[]l &] "R
i $ é AV
18V] s b T
3Q/60(90Q Ry
(b) Calculate the power d
the total power dissipated by t
b

Solution Applying P = I*R to €
Figure 21.20 (Example 21.8) Three resistors connected in

(6.

parallel. The voltage across each resistor is 18 V., 3.00: P = L3R, =
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21.8 Kirchhoff’s Rules and Simple DC Circuits R
6,040 P, = IRy = (3.0 A)2(6.0 )= 54w Solution
9.04: Py = IRy = (20 A)2(9.0 Q) = 36w s L ]
s = — 4 — e

This shows that the smallest resistor dissipates the most power Ry 30 60 28
hecause it carries the most current. (Note that you can also 18
use P= (Ay)ﬂ/R to find the power dissipated by each resis- Ry = =0, = RREE
1or.) Summing the three quantities gives a total power of .
200 W.

(c) Calculate the eq.uivalem resistance of the three resis- EXERCISE 9 Use R, to calculate the total power dissipated
tors. We can use Equation 21.98 to find R in the circuit. ~ Answer 200 W

21.8 + KIRCHHOFE’S RULES AND SIMPLE DC CIRCUITS

A indicated in the preceding section, we can analyze simple circuits using
AV = IR and the rules for series and p:

. : arallel combinations of resistors. However,
{here are many ways in which resistors can be connected so that the circuits formed
ot be reduced to a single equivalent resistor, The procedure for analyzing

suc complex circuits is greatly simplified by the use of two simple rules called
Kir hhoff's rules:

12
; L, T
The sum of the currents entering any junction must equal the sum of the —
currents leaving that junction. (This rule is often referred to as the junction
rule.) h

The sum of the potential differences across each element around any closed
circuit loop must be zero. (This rule is usually called the loop rule.)

1e junction rule is a statement of conservation of charge. Whatever current

(a)
e
¢n- s agiven point in a circuit must leave that point, because charge cannot build Flowin _ :

u disappear at a point. If we apply this rule to the junction in Figure 21.21a, —— Flow out
We t g
B x—»
fi. = 21.21b represents a mechanical analog to this situation in which water flows (b)
" 1sh a branched pipe with no leaks. The flow rate into the pipe equals the total Figure 21.21 (a) A schematic dia-

fl- vate out of the two branches. : gram illustrating Kirchhoffs junc-
“he second rule is equivalent to the law of conservation of energy. A charge  tion rule. Conservation of charge
h* inoves around any closed loop in a circuit (the charge starts and ends at the requires that whatever current en-
e point) must gain as much energy as it loses if a potential is de.ﬁned for each ters a junction must leave that
Pomtin the circuit. Its energy may decrem'inmé;fom of:a potenog droP, —.IR i J]un_cuon' Therelgestin Lhis. e
‘0% aresistor or as a result of having the charge move in the reverse direction fivs ‘{z [: L. (b) A mechanical ana-
Urough an emf. In the latter case, electric potential energy is converted to chemical :ugt (:nus[e eJ u::lu;n ;u]e: [hgtlow
"7y as the battery is charged. In a similar way, electrical energy may be converted s Scowin,
" cchanical energy for operating a motor. \
Asan aid in appglyying th}t)’, loop ful,e;: ] gwing;‘poxnm should be noted. T}Tey
¢ summarized in Figure 21.22, where it is assumed that movement is from point
umward point b: ¥

the current, the change in po-
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20 Chapter 21 Current and Direct Current Circuits

r « If a resistor is traversed in the directi(')n opposite the curre
(a) '“W" potential across the resistor is + IR (FlgUl’C.QI.??b). ‘
® AV=V,-V,= -IR b + If a source of emf is traversed in the‘dlr.ectlon of. the emf (g
g the terminals), the change in potential is + & (Fig, 21.29
ol e If a source of emf is traversed in the direction Opposif
(b) ———AMA— o + to — on the terminals), the change in potential is -&
© AV=V,-V,- vR There are limitations on the use of the junction rule and
may use the junction rule as often as needed so long as each s
e equation, you include in it a current that h2’15 not beefn usg?d in
() o == rule equation. In general, the puml?er of Flme:s the _]u.nctmn
a b one fewer than the number of junction points in the circuit. The
EVEVitas e used as often as needed so long as a new circuit element (a re
a new current appears in each new equation. In general, the numk
% dent equations you need must equal the number of unknowns
g a particular circuit problem.
(d) ;&‘ l*z The following examples illustrate the use of Kirchhoff’s
AV=V,=V,= —€ cuits. In all cases, it is assumed that the circuits have reached
Figure 21.22 Rules for determin- tions—that is, the currents in the various branch-es are cons
ing the potential changes across a included as an element in one of the branches, it acts as an

resistor and a battery, assuming the ~ current in the branch containing the capacitor is zero un
battery has no internal resistance.

1. First, draw the circuit diagram and assign labels to all t
and symbols to all the unknown quantities. You mus
the currents in each part of the circuit. Do not be
the direction of a current incorrectly; the result wil
but its magnitude will be correct. Although the assignm
tions is arbitrary, you must adhere rigorously to the dir
when you apply Kirchhoff s rules.

2. Apply the junction rule (Kirchhoff’s first rule) to a
tions in the circuit; doing so provides independent eq
currents. (This step is easy!) :

3. Now apply the loop rule (Kirchhoff’s second rul
the circuit as are needed to solve for the unknow
rule, you must correctly identify the change in p
element in traversing the closed loop (either clc

Gustav Robert Kirchhoff (1824— wise). Watch out for signs! 7
1887).  (Courtesy/of North Wind Picture 4. Solve the equations simultaneously for the unknc
Archives) in your algebraic steps, and check your numeric:

Example 21.9 Applying Kirchhoff’s Rules

Find the currents ;, I,, and Z; in the circuit shown in Figure 1) R+tL=1I
21723

Reasoning We choose the directions of the currents as in There are three loops in the circu
Figure 21.23. Applying Kirchhoff’s first rule to junction ¢ (the outer loop). Therefore, we ne
gives to determine the unknown curren
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R 10— 65 — 2(h + ) =0

B

@ 10=8+25

b v _ﬁiﬁdﬁgmh term in (3) by 2 and rearranging the equation
L ; ! glrly% ;’wj\‘

2 "'{3) Mo _3p f ol

S T

e

Siibu'ictjng (5) from (4) eliminates /5, giving

syl FiE

( 92 = 114
il T emiyrss

ooy eline 1 ]1=2A

1 g
¢

Figure 21.23  (Exampl ~ Using this value of J, in (5) gives a value for Iy:

loops.

would give no new inforr

rile to loops abeda and b

(Jockwise direction, we
(2)  Loop abeda: 10

4

3)  Loop befch: — (4
te that in loop befeb, obt wh
sing the 6-0) resisto; of the "Th
posite the direction of |
es —14 = 2[5 + 41,

oL = 3L — 12 =3(2) — 12= -6
X ) I,=—-3A

~ Finally =1 + I, = —1 A. Hence, the currents have the
values

=R L = =3Al = T1A

is  The fact that /, and I5 are both negative indicates only that
da '%j’c‘?h‘oéé the wrong direction for these currents. However,
~ the numerical values are correct.

.
Sy -

£
m’.@ﬁﬂ 10 Find the potential difference between points
~ bandc  Answer V,— V.=2V

gL

stion  Expressions
endent equation:
oblem as follows: ¢

3

R e Aty
. l[l'{;_} ‘):"'.'| N1
pe ! 4 |

LR

‘ample 21.10

' Under steady-stat £
the multiloop cir gy d1 = '_+\" &
Jsgning First note JST:E 5Q 113
“ircuit, and hence th i T 3
cady-state conditio R c »——M
g the currents | ) e L 1
Kirchhoff's first rul 111 ; 50S 11
< |4
1) 5+ . I )
Kischp 2 7= b g
chhoff’s second 8V
) Loop defud: 4.0 o
(3) Loop ofghe: au___||+_iu;ih
. 3V 6UF
Oluti I C QEILSULD- :
m[m:(;\imF;m; ( = 1Ig gure ‘ tExam[fle 21.10) A multiloop circuit. Note that
(3) e OP €quation can be applied to any closed loop
4) 800V ( ne containing the capacitor.
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Chapter 21 Current and Direct Current Circuits

Subtracting (4) from (2), we eliminate 7, and find Solution We can apply Kirchhoff g ecai
(or any other loop that containg the Ny

4.00 potential difference AV, across the ¢4
L= ———A = —0364A
11.0 —800V + AV, - 300y =

Because 7, is ne
fr
I

gative, we conclude that the direction of I is
om c¢ to fthrough the 3.00-) resistor Using this value of u
s y ; B se Q = CAV, the char

in (3) and (1) gives the following values for I and I5: gl Be ot

Q = (6.00 uF)(11.0 V) =

L =RIR3SIA Iy;= 1.02A ; j
: 2 Why is the left side of the capacitor pogs
Unde1: ste'ady-state conditions, the capacitor represents an ‘
open circuit, and so there is no current in the branch ghab. EXERCISE 11 Find the voltage across

(b) What is the charge on the capacitor? versing any other loop.  Answer

21.9 - RC CIRCUITS

So far we have discussed circuits with constant currents, o
arcuits. We shall now consider circuits containing capacitors,
may vary in time.

Charging a Capacitor

Consider the series circuit shown in Figure 21.25. Let us asst
is initially uncharged. There is no current when switch §'i
the switch is closed at ¢ = 0, charges begin to flow, setting up
and the capacitor begins to charge (Fig. 21.25¢). Note tha
charges do not jump across the plates of the capacitor, be
the plates represents an open circuit. Instead, electrons m
,‘ to the bottom plate only by moving through the resistor,
" the capacitor is fully charged. The value of the maximum ¢

Resistor

<))

t<0
lC
& = (5
w1tch RS
__0/ 3
Battery S vill
() (b)

representing this system before the switch is closed, ¢ < 0. (c) Cir
| closed, t > 0.
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21.9 RC Circuits

of of the Dattery: Once the maximum charge s reached, the current in the circuit

i 7€10- . : .
E o put this discussion on a quantitative basis,

. A let us apply Kirchhoff’ d
the circuit after the switch is closed. Cho, Pply Kirchhoff's secon

ale t0 O osing clockwise as our direction
the circuit, we get

Rroulld
o Ll
C IR = 0 [21.30]

shere ¢/ Cis the POtentia.J difference across the capacitor and /R is the potential
Jifference across the resistor. Note that q and [ are instantaneous values of the
charge and current, respectively, as the capacitor is charged.

We can use Equation 21.30 to find the initial current in the circuit and the
maximum charge on the capacitor. At ¢ = 0, when the switch s closed, the charge

on the capacitor is zero, and from Equation 21.30 we find that the initial current
in the circuit Iy is 2 maximum and equal to

€
= 7 (currentatt=0) [21.31] -

At s time, the potential diﬁé"freﬁ’beﬁsuenﬁrely across the resistor. Later, when
the - pacitor is charged to its maximum value Q, charges cease to flow, the current

in( ircuitis zero, and the potential difference is entirely across the capacitor.
Subuting I'= 0 into Equation 21.80 yields the following expression for Q:

Maximum current

o= @8 ; “(xil‘l;aximum.eharge) [21.32] = Maximum charge on the
1 capacitor
To ¢ crmine analytical expressions
curr 1, we must solve Equation 21.:
gar In order to do this, let us sut
‘expression for ¢ may be found in the g way. Rearrange the equation
by} <ing terms involving g on th ! involving ¢ on the right side.
The ntegrate both sides:
From the definitionlof thalrt lo '  write this expression as
= [21.33] * Charge versus time for a
: ' ) capacitor being ch
Where ¢is the base of i ,f’ﬂ is the maximum charge on through i ng arged

€ cg :
4pacitor, :

623
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I
ﬁz
|
Current versus time *°
t< 0
%
S
C g R
To
(a)
t>0

(b)

Figure 21.27 (a) A charged ca-
pacitor connected to a resistor and
a switch, which is open at ¢ < 0.
(b) After the switch is closed, a
nonsteady current is set up in the
direction shown and the charge on
the capacitor decreases exponen-
tially with time.

Chapter 21 Current and Direct Current Circuils

(a)

Figure 21.26 (a) Plot of capacitor charge versus time for the circuit
After one time constant, 7, the charge is 63.2% of the maximum value,
proaches its maximum value as ¢ approaches infinity. (b) Plot of current.
circuit shown in Figure 21.25. The current has its maximum value, 7,
cays to zero exponentially as t approaches infinity. After one time cons|
creases to 36.8% of its initial value.

An expression for the charging current may be found by
tion 21.33 with respect to time. Using [ = dg/dt, we obtain

€
1(0)y == tendls

where € /R is the initial current in the circuit.

Plots of charge and current versus time are shown i
the charge is zero at t = 0 and approaches the maximum
21.26a). Furthermore, the current has its maximum value ¢
decays exponentially to zero as ¢ — = (Fig. 21.26b). The quz
in the exponential of Equations 21.33 and 21.34, is calle
the circuit. It represents the time it takes the current to
initial value; that is, in the time 7, I= ¢! I, = 0.37]
¢ 21, = 0.1351,, and so forth. Likewise, in a time 7 the ¢
to CE[1 — ¢'] = 0.63CE.

The following dimensional analysis shows that 7 has

= ey - [ 2] - [2]8

q

The energy decrease of the battery during the cha
CE?. After the capacitor is fully charged, the energy s
which is just half the energy decrease of the battery. It is
problem to show that the remaining half of the energy sup
into thermal energy dissipated in the resistor (Problem-5

Discharging a Capacitor .

Now consider the circuit in Figure 21.27, consisting of a
charge of (), a resistor, and a switch. When the switch is 0
is a potential difference of Q/ Cacross the capacitor and
across the resistor, because / = 0. If the switch is closed at £ =
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discharge d:lrough lih’q .
w0 {he circuit 1s I and_th‘ . | e
in s second rule, we §§.€ V :
h((‘)ll'li the potential diff
i : "

Do 1

‘ i [21.35]
S A 7
However, the current i |

on the capacitor. Tha

Integrating this expr

whe - the initial cu
cap itor and the cu
conant . =S R@

S.ek e 31

“iny automobile
\ring alight rai
and (liSCha_rging

| A . : ) I im charge on the capacitor,
l “uncharged ¢ ATICA TCSISLOT 2 ; and the charge and current as a function of

625

* Charge versus time for a
discharging capacitor

* Current versus time for a
discharging capacitor

the maximum curren
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Chapter 21 Current and Direct Current Circuils

Solution The time constant of the circuit is 7= RC = q(t) = 60.0[1 —
(8.00 X 103 ©) (5.00 x 10-% F) = 400s. The maximum
charge  on the capacitor is Q= GC& = (5.00 X I(7) = 15.0¢~v4
1.0_6 F)(12.0 V) = 60.0 #C. The maximum current in the
C“‘Fuit is I, =€g/R= (12.0 V) /(8.00 X 10° Q) = 15.0 nA. EXERCISE 12 Calculate the Cha:g ‘
Using these values and Equations 21.33 and 21.34, we find the current in the circuit after one e
S Answer 379 uC, 5.52 uA

Example 21.12 Discharging a Capacitor in an RC Circuit

Cor'ls-ider a capacitor C being discharged through a resistor ~ Solution Using Eguations 20.29 an
Ra; 1n Figure 21.27. (a) After how many time constantsisthe  the energy stored in the capacitor
charge on the capacitor one fourth of its initial value?

Solution The charge on the capacitor varies with time ac- U=oc2c9 %
f:ording to Equation 21.36, ¢(#) = Qe "€, To find the time
it takes the charge ¢ to drop to one fourth of its initial value,
We substitute ¢(#) = Q/4 into this expression and solve for ¢:

%Q = Qg-t/RC

i = p#/RC

where U is the initial energy sto
part (a), we now set U = U,/4 an

Taking logarithms of both sides, we find

t Again, taking logarithms of both s
—ln4=-——

RC t=1RCln4 =
t=RCIn4 = 1.39 RC
(b) The energy stored in the capacitor decreases with time EXERCISE 13 After how many tir

as it discharges. After how many time constants is this stored in the RC circuit one half of its
energy one fourth of its initial value? Answer 0.693 RC

EXERCISE 14 An uncharged capacitor and a resistor are co
of emf. If & = 9.0V, C= 20 uF, and R = 100 Q, find (a) th
(b) the maximum charge on the capacitor, and (c) the ma
Answer (a) 20ms (b) 180 uC (c) 90 mA

SUMMARY

where dQ is the charge that passes through a cross-section of
The SI unit of current is the ampere (A); 1 A = 1 Q/s.

The current in a conductor is related to the motion of |
relationship

I= nquA
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o Summay

pere nis the density of ch
E oss-sectional area of the conducto
3 The current density J'in a cor

[21.5]
tance R of a (N
ng ::ci)'r o halciey of the potential difference across
he cO '
[21.7]

The SI units of resistanc

]v’\ s
If the resistance is ind

and conductors that have

ed as ohms ({)). That is, 1Q =

B¢ %’thencdndudtbrpbeys Ohm'’s law,
ide range of voltages are said to be
ohmic. -

If a conductor has a u

[21.9]
where pis called the sistivity is defined as
the -onductivity, o. That ) 2

The resistivity of a con roximately linear fashion;

that
[21.11]
whe - ais the temperatt oeffi ) P resistivity at some reference

tern. ~rature Tg.

1 a classical model
mo - ules of a gas. In the
zere When an electric fie
vel ity v, which is op,

he electrons are treated as
e velocity of the electrons is

e) with a drift

) SR
gl [21.16]
[
i e SR ms of ¢ metal. The resistivity of
the - aterial according
[21.19]

Whe e nis the number
"2 potential diffes
€1eray is supplied to

Because the potential diffe | e =
Sipated in g Tesistor i

 The electrical en
Tesistor,
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628 Chapter 21 Current and Direct Current Cirouits

oltage across its terminals when the ¢
_circuit voltage of the battery. -
f a set of resistors connected in

The emf of a battery is the v

the emf is equivalent to the open
The equivalent resistance 0
ch:R, + Ry + Ryt ===

The equivalent resistance of a set of resistors connected in parg )

1 1 1
_——
R, Ry, R

Req
Complex circuits involving more than one loop are conveniently
simple rules called Kirchhoff's rules:

1. The sum of the currents entering any junction must equal

leaving that junction.
9. The sum of the potential differences across the elements a

loop must be zero.

The first rule is a statement of conservation of charge; the second

a statement of conservation of energy.
When a resistor is traversed in the direction of the current, th

across the resistor is — IR. If a resistor is traversed in the directio

AV = +IR.
If a source of emf is traversed in the direction of the emf

change in potential is + €. Ifitis traversed opposite the emf (positi
in potential is — &.

If a capacitor is charged with a battery of emf € through a r
the capacitor and the current in the circuit vary in time accordin

a() = QI1 — ek
1([) = % e*l/RC

where Q = CE is the maximum charge on the capacitor. The pro
constant of the circuit.

If a charged capacitor is discharged through a resistance R,
decrease exponentially in time according to the expressions b

q(t) = Qe~l/RC
{05} Sy .

where I, = Q/RC is the initial current in the circuit and Q is th

pacitor.
CONCEPTUAL QUESTIONS
1. In an analogy between automobile traffic flowand electrical [4.]Use the atomic theory of mat

current, what would correspond to the charge Q? What tance of a material should i
would correspond to the current /? creases.

IZ]What factors affect the resistance of a conductor? 5. Explain how a current can pel

[3.] Two wires A and B of circular cross section are made of the out any applied voltage.
same metal and have equal lengths, but the resistance of What would happen to the dri
wire A is three times greater than that of wire B. What is the a wire and to the current in tf
ratio of their cross-sectional areas? How do their radii com- move freely without resistance
pare? [7.]1f charges flow very slowly thro
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require several hours for a light to come on when you throw

a 5\\‘1[1"1»: A -

fyou were to design an electric heater ys

< the heating elemem,. what paramete

you vary to meet a specific power oup

(ar batteries are often rated in amper

imnate the amount of current, power,

:m be drawn from the battery?

How would you connect resistors so that the €quivalent re-

gsiance is larger than the individual resistances? Give an

example involving two or three Tesistors,

1. How would you connect resistors so that the equivalent re-
sistance is smaller than the individual resistances? Give an
example involving two or three resistors.

12 Why is it possible for a bird to sit on a

T without being electrocuted?

ing Nichrome wire
1S of the wire could
ut, such as 1000 w»
e-hours, Does this des-

€nergy, or charge that

(=}

high-voltage wire

13, A “short circuit” is a circuit containing a path of very low
resistance in parallel with some other Part of the circuit.
Discuss the effect of a short circuit on the portion of the

uit it parallels. Use a lamp with a frayed line cord as an
nple.

14 \ «cries circuit consists of three identical lamps connected

battery, as in Figure Q21.14. When the switch S is closed,

happens (a) to the intensities of lamps A and B:
to the intensity of lamp C; (¢) to the current in the cir-
and (d) to the voltage drop across the three lamps?
Joes the power dissipated in the circuit increase, de-
s¢, or remain the same?

Figure Q21.14

ighibulbs both operate from 11(
POVer rating of 95 W and  the other o
@ higher resistance? Which bulb

ent?

16 If &1 ¢ . .
- “Cinical power is transmitted o

“Shlance of the wires becomes signif
Hode of ransmission would result in less

'“‘""‘”l and low voltage or low ¢
IScuss,

629
Conceptual Questions

17. Two sets of Christmas tree lights are available. For set ‘f\'
when one bulb is removed, the remaining bulbs remain il-
luminated. For set B, when one bulb is rcmoAve(l. the r.c-
maining bulbs do not operate. Explain the difference in
wiring for the two sets, _ . - oo iy RS

18. Are the two headlights on a car wired in seriesorin p
How can you tell? _

19. A ski resort consists of a few chair lifts and several’ intercon-
nected downhill runs on the side of a mnun(aln,.wnh a
lodge at the bottom. The lifts are analogous to batteries and
the runs are analogous to resistors. Sketch how two runs can
be in series, Sketch how three runs can be in parallel. Sketch
a junction of one lift and two runs. One of'lhe skiers is
carrying an altimeter. State Kirchhoff's junction rule and
Kirchhoff’s loop rule for ski resorts. .

20. In Figure Q21.20, describe what happens to the lightbulb
after the switch is closed. Assume the capacitor has a large
capacitance and is initially uncharged, and assume that the
light illuminates when connected directly across the battery
terminals.

d o— ]
Switch v
Battery

Figure Q21.20

21. Figure Q21.21 shows a series connection of three lamps, all
rated at 120V, with pPower ratings of 60 W, 75 W, and

Flgm‘e Q21.21 (Henry Leap and fim Lehman)
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630 Chapter 21 Current and Direct Current Circuils

Wh 4 Q¢ . ‘ at a second i
. it iffer? . 99 |A student claims th
200 W. Why do the intensities of the lamps differ? Which brigm o e peeaaie

lamp has the greatest resistance? How would their intensi- he current. How would you respond
ties differ if they were connected in parallel? = . ¥

PROBLEMS

10. (a) Make an order-of-magnitude es

Secti 17 i
ection 21.1 Electric Current between the ends of a rubber band. |

1. In a particular cathode ray tube, the measured beam cur- magnitude estimate of the resistance
rent is 30.0 uA. How many electrons strike the tube screen and “tails” sides of a penny. In eal
every 40.0 s? ties you take as data and the value:

2. A teapot with a surface area of 700 cm? is to be silver plated. for them. (c) Don’t try this at home, |
Itis attached to the negative electrode of an electrolytic cell current of what order of magnituc
containing silver nitrate (Ag"NOgy"). If the cell is powered across a 120-V power supply?

by a 12.0-V battery and has a resistance of 1.80 ), how long 11. While traveling through Death Va
does it take to build up a 0.133-mm layer of silver on the temperature is 58.0°C, Bill Hiker
teapot? (Density of silver = 10.5 X 10° kg/m?.) applied to a copper wire produce

Suppose that the current through a conductor decreases then travels to Antarctica and app
exponentially with time according to 1(t) = Iye” ", where the same wire, Whaglcunc Rt
I, is the initial current (at ¢ = 0), and 7is a constant having temperature is —88.0°C? Assume
dimensions of time. Consider a fixed observation point shape and size.
within the conductor. (a) How much charge passes this 19. An aluminum rod has 2 Tesi (e
point between ¢= 0 and ¢= 72 (b) How much charge culate the resistance of ther et NS
passes this point between ¢ = 0 and ¢ = 107? (c¢) How much the changes in both the resistivit.y@
charge passes this point between ¢ = 0 and ¢ = ? il !

4. A Van de Graaff generator produces a beam of 2.00-MeV 13. A certain lightbulb has a tungsten
deuterons, which are heavy hydrogen nuclei containing a of 19.0 0 when cold anaBidd Q
proton and a neutron. (a) If the beam current is 10.0 pA, Equation 21.13 can be nsedloes
how far apart are the deuterons? (b) Is their electrostatic range involvediheze i il
repulsion a factor of beam stability? Explain. ) ment when hot. AscumiaaE s

5. An aluminum wire has cross-secnonal area ‘.1.00 X 10-6 m? 14. A carbon wite and a N chmmms
and carries a current of 5.00 A. Find the drift speed of the If the combination has e o
electrons in the wire. The density of aluminum is is the resistance of eatnmEnIg,
2.70 g/cm®. (Assume one electron is supplied by each the combination doasn i
atom.) 3

Section 21.4 A Model for Electr

[15.1f the drift velocity of free e
7.84 X 10~* m/s, calculate the .
ductor. :

16. If the current carried by a cond
pens to the (a) charge carrier d¢
(c) electron drift velocity? (d)

Section 21.2 Resistance and Ohm’s Law

6. A lightbulb has a resistance of 240 {) when operating at a
voltage of 120 V. What is the current through the lightbulb?

A 0.900-V potential difference is maintained across a
1.50-m length of tungsten wire that has a cross-sectional
area of 0.600 mm?. What is the current in the wire?

8. Suppose that you wish to fabricate a uniform wire out of

1.00 g of copper. If the wire is to have a resistance of R = sions?
0.500 Q, and all of the copper is to be used, what will be
(a) the length and (b) the diameter of this wire? Section 21.5 Electrical Energy ar

9. A 12.0-€) metal wire is cut into three equal pieces that are
then connected side by side to form a new wire the length 17. A toaster is rated at 600 W w
of which is equal to one third the original length. What is source. What current does the
the resistance of this new wire? Tesistances
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9.
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v

9

o
oo

Sect 1 21.6  Sources of qﬁ%{'

Secion 91,7 RESitaeEE

7 A e J
*Elevision repair

X, (a) Find the qu.li

_Butteries are rated in terms of

In a hydroelectric installation, a rbine delivers 1500 hpto
2 generator, whichin turn converts 80.0% of the mechanjcal
energy into electrical energy. Under these conditions, what
current will the generator deliver at a terminal Botential
difference of 2000 V2 ‘

What is the T equired resistance of an immersion heater thiat
wil ncresse the temperature of 150 kg of water from
10.0°C to 50.0°C in 10.0.min while operating at 110 V>
What is the required res1sta’.rx?cé<ofgnm> O henter that
yill increase the temperature pf z
10 T, in a time interval Az while ope
suppose thata voltage surge pi
gy what percentage will the er
100-W lightbulb increase assuming its 1
change?
3 coil of Nichrome wire is 25
ameter of 0.400 mm and is
of 0.500 A, what are (a)

suure is increased to 340°C and th
remains constant, what is th

2 battery that can produce a curre
ried at 6.00 A-h. (a) Wha

ot X

ize of the battery is
b ery? ;
ttery has an emf of 15.0 V
v is 11.6 V when it
ternal load resis!
‘What is the internal
1.50-V batteries
direction—are
shlight. One b:
-5 4, the other an i
witch is closed, a.
‘What is the lamp’
bover dissipated is di

;n.:lfunctioniﬂg SCE

Ydlue, All she has in

" Figure P21.98. (

Problems L
7.00 Q
4.00Q 9.00
10.0 Q
< b
Figure P21.28

applied between points a and b, calculate the current in

each resistor.

Consider the circuit shown in Figure P21.29. Finfl (a! the
current in the 20.0-) resistor and (b) the potential differ-

ence between points @ and b.

10.0Q 1950V
—AW—1
3 10.0 Q b
Wy
STDCTRDAL 20.0 Q
Figure P21.29

30. A lightbulb marked “75 W [at] 120 V” is screwed into a

socket at one end of a long extension cord in which each
of the two conductors has resistance 0.800 (). The other end
of the extension cord is plugged into a 120-V outlet. Draw

a circuit diagram and find the actual power of the bulb in
this circuit.

31. Three 100-{) resistors are connected, as shown in Figure

P21.31. The maximum power that can safely be dissipated
in any one resistor is 25.0 W. (a) What is the maximum volt-
age that can be applied to the terminals ¢ and 5? (b) For
the voltage determined in part (a), what is the power dissi-
pation in each resistor? What is the total power dissipation?

100 ©
. 1000

AAA | ) b

100 Q
Figure P21.31

32. Four copper wires of equal length are connected in ser-
ies. Their crosssectional areas are 1.00 cm2, 2,00 cm?
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o Current and Direct Current Circuits

Chapter 21

?.00 cm?, and 5.00 cm?. If a voltage of 120V is applied
O the arrangement, determine the voltage across the

2.00-cm? wire.

Section 21.8 Kirchhoff ’s Rules
and Simple DC Circuits

(Note: The _ClllTents are not necessarily in the directions shown
for some circuits.)

Determine the current in each branch of the circuit in Fig-

ure P21.33.
3.00 Q
MWy
5.00 Q
1.00
L <
8.00 Q :{ 1.00Q
>
B 1201V
+
.,. 4.00V
Figure P21.33

34. In Figure P21.33, show how to add just enough ammeters
to measure every different current that is flowing. Show how
to add just enough voltmeters to measure the potential dif-
ference across each resistor and across each battery.

35. The circuit considered in problem 33 and drawn in Figure
P21.33 is connected for two minutes. (a) Find the energy
converted by each battery. (b) Find the energy converted
by each resistor. (c) Find the total energy converted by the
circuit.

36. The ammeter in Figure 21.36 reads 2.00 A. Find [, I,
and €.

15.0V

1 7.00 Q .
; 5.00 Q :

2.00 Q E

Figure P21.36

37. Using Kirchhoff’s rules, (a) finq
in Figure P21.37. (b) Find the po 2
points ¢and f. Which point is at the

Figure P21.37

Section 21.9 RC Circuits

38 A 2.00 X 10~° uF capacitor wit
5.10 uC is discharged throug
(a) Calculate the current throu
the resistor is connected acro
pacitor. (b) What charge ren
after 8.00 us? (c) What is the
sistor?
[39]Consider a series RC circuit (Fig.
1.00 MQ, C= 5.00 uF, and € =
constant of the circuit and (b)
capacitor after the switch is clo:
att = 0, find the current in the r
40. In the circuit of Figure P2
open for a long time. It is then su
the time constant (a) before the
(b) after the switch is closed. (¢)
t = 0 s, determine the current

¥

time.
50.0 kQ
AVAVAV
== 1010V

[41 ] The circuit in Figure P21.4
time. (a) What is the voltage
battery is disconnected, how
to discharge to one tenth
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10.0V

Additional Problems

g One lightbulb is marked *25'W 120 V* and another
" 4100 W 120 V" to mean that each converts that respective
power when plugged into a constant 120-V potential differ-
cnce. (a) Find the resistance of each. (b) In what time will

1.0

0 C pass through the dim bulb? How is this charge dif-

ferent on its exit versus its entry? (c) In what time will

1.0
ent
i

nal

43.

B.A

of

)

.1An
ang

Cory

"Nt does each draw? (b
K “entin this situation? Exp
Amore general definition of

rt«l\[i“‘w is

< from it at a rate of

( | pass through the dim bulb? How is this energy differ-
on its exit versus its entry? (d) Find the cost of running
dim bulb continuously for 30.0 days if the electric com-
v sells its product at $0.0700 per kWh. What physical
ntity does the electric company sell? What is its price for
- ST unit of this quantity?
igh-voltage transmission line of diameter 2.00 cm and
;th 200 km carries a steady current of 1000 A. If the con-
or is a wire made of copper with a free charge density
00 X 10% electrons/m?, how long does it take one elec-

to travel the full length of the cable?

sh-voltage transmission line carries 1000 A starting at
£V for a distance of 100 miles. If the resistance in the
0,500 /mi, what is the power loss due to resistive

pper cable is to be designed to carry a current of 53
\ with a power loss of only 2.00 W/m. What is the re-
I radius of the copper cable?
1.50-V AA batteries in series are used t
radio. If the batteries can move a cl
‘¢ being depleted, how long will they last
resistance of 200 Q? ~
ttery has emf 9.20 V and intern:
Vhat resistance across

!-U-uF capacitor is charg

lan electric grill at 100
nected to a common 12(

525

sume that a 100-W incandescent bulb is on at all ¢

633
Problems

where pis the resistivity at temperature 7. (a) Assuming that
a is constant, show that

p = ppes™ ™

where p, is the resistivity at temperature Ty- (b) }:JSl?eg.
the series expansion (¢* = 1 + x; x < 1), show tha't the S
sistivity is given approximately by the expression p
poll + (T = Ty)] for a(T = Tp) < 1. ek
An experiment is conducted to measure the.elccmcal res;‘s-
tivity of Nichrome in the form of wires with different lengths
and cross-sectional areas. For one set of measurgmems, a
student uses #30-gauge wire, which has a cro§s-sectlonal area
of 7.3 X 10® m?. The voltage across the wire and the cur-
rent in the wire are measured with a voltmeter and amme-
ter, respectively. For each of the measurements given in the
table below taken on wires of three different lengths, (.:al—
culate the resistance of the wires and the corresponding
values of the resistivity. What is the average value 'of d'1e
resistivity, and how does it compare with the value given in
Table 21.1?

£(m) AV(V) I(A) R() p(Q-m)
0.54 5.92 0.500
1.028 582 0.276
1543 594 0.187

A battery is used to charge a capacitor through a resistor, as
in Figure 21.25. Show that in the process of charging the
capacitor, half of the energy supplied by the battery is dis-
sipated as heat in the resistor and half is stored in the ca-
pacitor.

- A straight cylindrical wire lying along the x axis has length

¢ and diameter d. It is made of a material described by
Ohm’s law with resistivity p. Assume that potential V is
maintained at x = 0, and V=0 at x = ¢. In terms of €, d,
Vo, p, and physical constants, derive expressions for:
(a) the electric field in the wire; (b) the resistance of the
wire; () the electric current in the wire: and (d) the cur-

rent density in the wire. Express vectors in vector notation.
(e) Prove that E = pJ.

‘“istance R. The capacitor Spreadsheet Problems
£00Vin a time 3.00's
clectric heatoniRuEn S1. Spreadsheet 21.1 calculates the avera

, g¢ annual lighting cost
per bulb for fluorescent and incandescent bulbs and the
average yearly savings realized with fluorescent bulbs. It also
graphs the average annual lighting cost per bulb versus the
cost of electrical energy. (a) Suppose that a fluorescent bulh
costs $5, lasts for 5000 h, consumes 40 W of power, but pro-
vides the light intensity of a 100-w incandescent bulb. As-

imes and

that energy costs 8.3 cents per kWh. How much does a con-
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634 Chapter 21

sumer save each year by switching to fluorescent bulbs?
(b) Check with your local electric company for their current
rates, and find the cost of bulbs in your area. Would it pay
you to switch to fluorescent bulbs? (c) Vary the parameters
for bulbs of different wattages and reexamine the annual
savings.

S2. The current-voltage characteristic curve for a semiconduc-
tor diode as a function of temperature 7'is given by

I= ]o(em\VlmT - 1)

where e is the charge on the electron, kg is Boltzmann's
constant, AV is the applied voltage, and T is the absolute
temperature. Set up a spreadsheet to calculate / and
R= AV/I for AV=0.40V to AV = 0.60V in increments
of 0.05V. Assume I, = 1.0 nA. Plot R versus AV for
T = 280 K, 300 K, and 320 K.

S3. The application of Kirchhoff’s rules to a dc circuit leads to
a set of # linear equations in n unknowns. It is very tedious
to solve these algebraically if » > 3. The purpose of this
problem is to solve for the currents in a moderately complex
circuit using matrix operations on a spreadsheet. You can
solve equations very easily this way, and you can also readily
explore the consequences of changing the values of the cir-
cuit parameters. (a) Consider the circuit in Figure S21.3.
Assume the four unknown currents are in the directions

shown.

* Apply Kirchhoff’s rules to get four independent equa-
tions for the four unknown currents [, i =1, 2, 3,

and 4.
* Write these equations in matrix form Al = B, that is,

4
> AL =B, i=1,2,34
j=1

ANSWERS TO CONCEPTUAL PROBLEMS

Current and Direct Current Circuils

The solution is I = A™'B, where ,
trix of A. o

e Set R =24, R, =4Q, Ry =|
3V,E,=9V,and E; = 12V,

* Enter the matrix A into your spr. A
cell. Use the matrix inversion op
sheet to calculate A~ .

* Find the currents by using the mat
eration of the spreadsheet to cal

(b) Change the sign of €4, and repe
part (a). This is equivalent to chang
(c) Set €&, = €, = 0and repeat the ¢
For these values, the circuit can k
series-parallel rules. Compare your ri
ods. (d) Investigate any other cases o
see how the currents change if you

P

1. A voltage is not something that “surges” through a com-

pleted circuit. A voltage is a potential difference that is ap-
plied across a device or a circuit. What goes through the
circuit is cument. Thus, it would be more correct to say,
“1 ampere of electricity surges through the victim’s body.”
Although this current would have disastrous results on the
human body, a value of 1 (ampere) doesn’t sound as excit-
ing for a newspaper article as 10 000 (volts). Another possi-
bility is to write, “10 000 volts of electricity were applied
across the victim’s body,” which still doesn’t sound quite as
exciting!

. The length of the line cord will double in this event. This
would tend to increase the resistance of the line cord. But
the doubling of the radius of the line cord results in the
cross-sectional area increasing by a factor of 4. This would

1
reduce the resistance more than t
creases it. The net result is a decre
effect will occur for the lightblli'
sistance will result in more curre
ament, causing it to glow more b

. The bulb filaments are cold wh

on, hence they have a lower res
rent than when they are hot. The
heat the filament and destroy it.

. The gravitational force pulling |

of a piece of metal is much s
pulsion pushing the electrons a
uted throughout the metal. The
on the surface of a metal is tru¢
charge. The number of free ele
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the same as the numbgr of
metal has zero net charge.
;. The total amount of
‘ Jess than E. Recall that a b
ideal, resistanceless bati
ance. When charging,
includes the energy n
plus the energy that goes
battery due to “‘joule
Jatter energy is not availa
terv. During discharge,
aqfiin transforms in
[;:nce, further redu
;. The starter in the

635

ng batteries in parallel does not increase the emf.
ent device connected to batteries in parallel can
Tent from both batteries. Thus, connecting the bat-
parallel does increase the possible current output,
refore, the possible power output.
add more lightbulbs in series, the overall resistance of
cuit is increasing. Thus, the current through the bulbs
rease. This decrease in current will result in a de-
n power transferred from the battery. As a result, the
tery lifetime will increase. The whole string will be dim-
than the original lightbulb. As the current drops, the
al voltage across the battery will become closer and
the battery emf.

from the battery. This . As you add more lightbulbs in paraliel, the overall resis-

result, the terminal
hexdlights dim ace
lectrical device }
atac
ence,

tcled with DO 1 I L4 ‘ : w the battery lifetime will decrease. As the current rises,

[ An

la

“the circuit is decreasing. The current through each
remains nearly the same (until the battery starts to get
Each new bulb will be nearly as bright as the original
- The current leaving the battery will increase with
hed (02 BOMER addition of each bulb. This increase in current will result
ease in power transferred from the battery. As a

nal voltage across the battery will drop further be-

can be applied S

a different res;
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