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21 
Current and Direct 

Current Circuits 

hu far, our di cussion of electrical phenomena has been confined to rcharges at re _t, or elect~ostatic_. We shall now consider situation in­
volving electric charges m motion. The term electric current, or simply 

• 1 is used to describe the rate of flow of charge through some region of 
111rr£Tl ' 1· . f l \1.o t practical app 1cat1ons o e ectricity involve electric currents. For pace. · 

Pie the battery of a flashlight supplie current to the filament of the exam , 
lb .hen the switch i turned on. In these common situations, the flow of 

:l~ar take place in a conductor, such as a copper wire. It is also possible 
for currents to exist outside a 
conductor. For in tance, a 
beam of electrons in a televi­
sion picture tube constitutes a 
current. 

In this chapter we shall 
first define current and cur­
rent density. A microscopic de­
scription of current will be 
given, and ome of the factor 
that contribute to resistance to 
the flow of charge in conduc­
tors will be discussed. Mecha­
nisms responsible for the elec­
trical resi tances of variou 

~ Photograph of a carbon fila­
ment incandescent lamp. The 
resistance of such a lamp is 
typically 10 n, but its value 
changes with temperature. 
Most modern lightbulbs use 
tungsten filaments, the resis­
tance of which increases with 
increasing temperature. 
(Courtesy of Cenfrol Scienti~c Co./ 

OUTLINE 

21.l Electric Current 

21.2 Resi tance and Ohm' Law 

21.3 uperconductor 

21.4 A Model for Electrical 

Conduction 

21.5 Electrical En rgy and Power 

21 .6 ource of emf 

21.7 Re i tor in 

Parallel 

and in 

21.8 Kirchhoff' Rule · and imple 

D ircui ts 

2 L.9 RC ircui 

597 
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598 

Figure 2 1.1 Charges in motion 
through an area A. The time rate 
of flow of charge through the area 
i defined as the current I. The di­
rection of the current is the direc­
tion in which positive charge 
would flow if free to do o. 

Electric current • 

'The direction of the current • 

Chapter 21 Current and Direct Current Circuits 

materials depend on the materials' composition and on tempe 
· al d · · rature model is u ed to describe electnc con ucuon m metals; we hal] ·Ac 

of the limitations of this model. Point ou1 
This chapter is also concerned with the analy i of ome . 

. . irnpJe . 
elements of which include battenes, resistors, and capacitors in . CJroi 

. . . . J"fi d b varied 
tions. The analysis _of these CITCUits is simp 1 e Y the ~se of two rule cain 
Kircfiho,(J's rules which follow from the laws of conservauon of e kn 

'JJ , . • nergy a 
vation of charge. Most of the c1rcmts analyzed are assumed to b . nct c 

. . einstt which means that the currents are constant m magnitude and dir . ~J 
. . . . . ectton "· close with a discussion of circmts contammg resistors and capacito . · ne 

r, In Wh current varies with time. Ith 

21.1 • ELECTRIC CURRENT 

Whenever there is a net flow of charge, a current is said to exi t To deli 
. ne cun more precisely, suppose the charges are movmg perpendicular to a surface 

A, a in Figure 21.1. (This area could be the cross-sectional area of _of~ 
· hlch ch fl a lllre, ' example.) The current IS the rate at w arge ows through this ' 

If dQ is the amount of charge that passes through this area in a time in~ 
the average current, 'Iav, is the ratio of the charge to the time interval: n.i l 

(21.1\ 

If the rate at which charge flows varies in time, the current also varie in time lie 
define the instantaneous current I as the differential limit of the precedin a, 
pression: 

dQ 
l=­

dt 

The SI unit of current is the ampere (A): 

1 A= 1 C/ s 

[21.!) 

[21Jl 

That is, 1 A of current is equivalent to 1 C of charge passing through a surfue 
in 1 s. 

When charges flow through a surface as in Figure 21.1, they can be po.ill\t 
negative, or both. It is conventional to give the current the same diredionll 
the flow of positive charge. In a common cond uctor such as copper, the current 
is due to the motion of the negatively charged electrons. Therefore, when we sJJfl.l 
of current in such a conductor, the direction of the current is opposite ~e di­
rection of flow of electrons. However if one con ider a beam of Po ill\e 
charged protons in an accelerator the cu~ent is in the direction ofmotionof th 

' [I' protons. In some cases-gases and electrolytes for example-the curren 
' refer 1a 

resu~t of the flow of both positive and negative charges. It i common to ·er.f 
movmg charge (whether it is po itive or negative) as a mobile charge c:arri 
example, the charge carriers in a metal are electron . . b T 

It is instructive to relate cun-ent to the motions of the charged ~aru; arr 
illustrate this point, consider the current in a conductor of cro -secoon 
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21.I E/.ectnc Current 

i zi.2). The volume of an .element of the conduclor of length Ax is A Ax. If n 
(: ~~sen ts the number of mobile c~argc carriers per unit volume, then the number 
r P ·er in the volume element I nA 1x. ThereDore Lhc ch AQ . h ' 

1 of earn , arge ~ 10 t 1s cc-
J11Cfl l IS 

6Q = number of carriers X charge per carrier = (nA Ax)q 

·I ,re qi the char~e on e~ch carrier. If the carriers move with a peed of v , the 
111

' I y move m the time At i Ax - A Th d di~1,111ce t ,e - vd t. erefore, we can write AQin the 
for!ll 

If i,t' dnide both ides of this equation by At, we sec that the current in the con­
ductor is 

[21.4] 

Tl t speed ~f the ch~rge cam.er , vd, i an average peed called the drift speed. 
Tour -r tand i ts meaning, con 1der a conductor in which the charge carriers are 
(rrc ele tron . If the conductor i isolated, these electron undergo random motion 
,mnl:u , that of gas molecules. "When a potential difference is applied across the 
conclu >1 ( ay, by means of a battery), an electric field is et up in the conductor, 
,ihtch I cate an electric force on the electrons, accelerating them, and hence 
proclu g a current. In reality, the electron do not simply move in straight lines 
alon~ conductor . Instead, they undergo repeated collisions with the metal at­
om,. 1 the re ult i a complicated zigzag motion (Fig. 21.3). The energy trans-
fem·c m the electron to the metal atoms during collision causes an increa e in 
the 11 onal energy of the atom and a corresponding increase in the tempera-
mre c l conductor. However, despite the collisions, the electrons move slowly 
along onductor (in a direction opposite E) with the drift velocity, v d . One can 
think e colli ions within a conductor as being an effective internal friction (or 
drag f imilar to that experienced by the molecules of a liquid flowing through 
a pip fed with steel wool. 

Tl urrent density J in the conductor is defined to be the current per unit 
area. I use / = nqvdA, the current density is 

~here/ 
11a ie 

I 
J= - = nqvd 

A 
[21.5] 

s the SI units amperes per square meter. In general, the current densi ty 
/llantity. That is, 

[21.6] 

From tlu definitio n we see that the current density vector is in ~e direction . of 
lllotion of po ·itive charge carriers and opposite the direction of mot.lo~ of negau:e 
han,. . . t' nal to the electric field Em 

,t ,,e r.irners. Because the drift velocity 1s propor 10 . 
1 

E 
u1ec0 d d ·ty i also proportlona to . n Uctor, we conclude that the current ensi 

It::, 
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Figure 21.2 A section of a uni­
form conductor of cross-sectional 
area A. The charge carriers move 
with a speed vd, and the distance 
they travel in a ume flt is given by 
A x = vd tl t. The number of mobile 
charge carriers in the ection of 
length tlx is given by nAvd At, 
where n is the number of mobile 
carriers per unit volume. 

~ vd 

E ..,_ __ _ 

Figure 21.3 A chematic repre-
entation of the zigzag motion of a 

charge carrier in a conductor. The 
changes in direction are due to 
colli ion with atom in the con­
ductor. Note that the net motion 
of electrons i oppo ite the direc­
tion of the electric field. The zig­
Lag paths are actually parabolic 
segments. 

• Current density 
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Chapter 21 Currml and Direct Current Circuits 

Thinking Physics l 

uppose a current-carrying wire ha~ a cross- ectional area that gracluallv he 
maller along the wire, so that the wire has t~e shape of a very long cone. HnwCl)rnr 

the drift velocity of electrons vary along the wire? dr 

Reasoning Every portion of tJ1e wire is carrying the ame amount of currc 
drifi 1 . . nr. Thu_i the cross-sectional area decreases, the t ve oc1ty must increase to maintai 

· · d d 'f I · · n the c~ tant value of the current. This mcrea e n t ve oc1ty 1s a result of the cle . 
d . all h . ctnc fie'~ Jines in tJ1e wire being compresse mto a sm er area, t us increasing the strength 

the field. 

Example 21 . 1 Drift Speed in a Copper Wire 

A copper wire of cros -sectional area 3.00 X 10-6 m2 carries 
a current of 10.0 A. Find the drift speed of the electrons in 
this wire. The den ity of copper i 8.95 g/cm3. 

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 atom , 6.02 X 1023 atoms. Knowing the 
den ity of copper enables u to calculate the volume occupied 
by 63.5 g of copper: 

m 63.5 g 
V=-= = 7.09cm3 

p 8.95 g/ cm3 

If we now assume that each copper atom contributes one 
free electron to the body of the material, we have 

n= 
6.02 X 1023 electrons 

7.09 cm3 

= 8.48 X 1022 electrons/cm3 

= ( 8.48 X 1022 electron ) ( 106 cml) 
cm3 m1 

= 8.48 X 1028 electrons/ m3 

From Equation 21.4, we find that the drift speed is 

I 
vd= -

nqA 

10.0 C/ s 
(8.48 X 1Q28 m- 3)(1.60 X 10- 19 C)(3.00 X 10-•m· 

2.46 X 10- 4 m/ s 

Example 21.1 shows that typical drift peed s are very sm all. In fact, the drilt 
speed is m u ch smaller than the average speed between colli ion . For in ~ce 
electrons traveling with this speed would take about 68 min to travel 1 m! In ue~ 
of this low speed, you might wonder why a ligh t tum on alm o t in tantaneo~. 
when a switch is thrown. In a conductor, the e lectric field th a t drive the free eht': 

l ti f r ht Thus 11 e trons trave s 1rough the conductor with a speed clo e to that o 1g · · h he 
you flip a light switch, the message for ilie electron to tart mo,11:g throug t 

wire (the electric field) reaches iliem at a peed 011 ilie ord er of 10' m 

I rron f}o11 pa; EXERCISE I If a current of 80.0 mA exists in a metal wire, how maJW e ec 
given cross ection of the wire in 10.0 min? Answer 3.0 X 1020 electron 

21.2 • RESISTANCE AND OHM'S LAW 

ds of a n1et:U 
When a voltage (potential d ifferen ce) 11 Vi applied acros ilie en be prof 
conductor, as in Figure 21.4, the current in the condu ctor i foun~ to act, 11't' c 

tional to the applied voltage; t11at i , J r:x. 11 V. If ilie proportion ali ty_ 1· ~~ce of ti 
write 11 \I = IR., where the proportionality constant R i called the ie 

1 
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c 21,4 \ unifo rm cuncluctor ol length l 
figuf ,t·ctional area A. A potential difiercnce 1 cro,.,. 
,111< \' 111,untainecl .1cro~s th(' cunclunor seh up 
1 ·l • ~nc lir lcl E in the conductor, and this field 
111' (( • • 
' 

1 
., ,1 current / that rs pruporflonal to the 

)([)( \l(l 

1 
1
-111 difference. 

1w1,·n • 

21.2 ll1•111/r1n r1• and Ohm 's Law 

I~, 

----E 
conclnrtor. In fact, we de~ne th.i , resistance as the ratio of the voltage across the 

dlrctor to the current 1t carries: con 

~v 
H=-

1 [21. 7) 

Rc11,1111cc ha. the I units volts per ampere, called ohms (0.). Thus, if a potential 
diflt•r, nee of l V acros a conductor produce a current of l A, the resistance of 
the 1 1ductor is l !1. For example, if an e lectrical appliance connected to a 120-V 
10111 c t,trries a current of 6 A, its resistance is 20 n. 

useful to compare the concepts of electric current, voltage, and resistance 
1111h flow of wa ter in a river. A· water nows downhill in a river of con tant width 
and 1th, the now rate (water urrcnt) depend on the angle of now and the 
eflt·1 if rncks, the river bank, and other ob tructions. Likewise, electric current 
111 .1 form conductor depend on the applied voltage and the resistance of the 
co1 I tor cau ed by colli ions of the electrons with atoms in the conductor. 

many material , including mo t metals, experiments show that the resis­
tam constant over a wide range of applied voltages. This statement is known 
a,O 's law after Georg imon Ohm (1787-1854), who was the fir t to conduct 
a ,1 1.1tic study of electrical resisLance. 

n's law i not a fundamental law of nature, but an empirical relationship 
th,tt tlid only for certajn material . Materials that obey Ohm's law, and hence 
ha,, onstant re istance over a wide range of voltage , are 'aid lo be ohmic. 
\!.u , that do not obey Ohm's law are nonohmic. Ohmic material have a linear 
cur rnltage relation hip over a large range of applied voltages (Fig. 21 .5a). on-
ohm naterials have a nonlinear current-voltage relationship (Fig. 21.5b). One 

I 

~, 

(a) (b) 

Figur, 21 5 (a) T l 1 ,,. ,01 ., 11 ohmic 111'11e1 i,il The curw is line,11 , and the ,1,,,. · , l e CUITt! lll-\'O t.1gc CUI .c ,, , . • • . , _ ' , . , , , 
I< KIin 111~ · r I d . (b) 11onhne·ir rt11rl'111-,ollagt <Ltr\t fm ,1 s(111t<on-~1 , res1s1ance o t 1c con uc101. ' 

t111110 d 1 . , 1 
~ 1<>< t· rh1s device docs not obey Ohm s ,11\ • 

601 

• Resistance 

Geor g Simon Ohm ( 1787- 1 ':>·ll 
(Cowt1•1v 11/ Vmt/1 \ l"i111/ l 'ul11re \ 1rh1t.,.,) 
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Chapter 21 Current and Direct Current Circuits 

TABLE 21.1 Resistivities and Temperature 
Coefficients of Resistivity 
for Various Materials 

Temperature 
Resistivity a Coefficient 

Material (O·m) £r[(OC)-1J 

Silver 1.59 X 10- s 3.8 X 10- 3 

Copper 1.7 X 10- s 3.9 X 10- 3 

Gold 2.44 X 10- s 3.4 X 10- 3 

Aluminum 2.82 X 10- s 3.9 X 10- 3 

Tungsten 5.6 X 10- s 4.5 X 10- 3 

Iron 10 X 10- s 5.0 X 10- 3 

Platinum 11 X 10- s 3.92 X 10- 3 

Lead 22 X 10- s 3.9 X 10- 3 

ichromeb 1.50 X 10- 6 0.4 X 10- 3 

Carbon 3.5 X 10- 5 -0.5 X 10- 3 

Germanium 0.46 - 48 X 10- 3 

ilicon 640 -75 X 10- 3 

Glass 1010 - 1014 
Hard rubber - 1013 

ulfur 1015 
Quartz (fu ed) 75 X 1016 

• All values at 20°c. 

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

common semiconducting device that is nonohmic i the diode. Its re i tance is ·nu;; 

for current in one direction (positive AV) and large for currents in the mer,e 
direction (negative AV). Mo t modern electronic devices, uch as tran i tors. hJ\e 
nonlinear current-voltage relationships; their operation depend on the particular 
way in which they violate Ohm's law. 

We can expre s Equation 21.7 in the form 

!iV= IR [21. l 

where R is under tood to be independent of ti V. We hall u e thi expre ion later 
in th di cu ion of electrical circuits. resistor i a imple circuit eleme_nt till 
provid a pecified r i tance in an electrical circuit. The )TI1bol for a re 1 tor 

circuit diagram i a zigzag line ( '\/V\11/'- ) • 

Th re istance of an ohmic conducting wire i found to be proportional 10 
• 

length and inver ely proportional to its cross- ctional area. That i ·. 

e 
R = pA 

[21.9 

. . . . f the n1ate 
where the on tant of proportionality p i called1 the resistivity O . t,eo• 
which ha the unit ohm-meter (D.· m). To under tand thi relation hip 

bol 11
,ed earhtr IP 1The symbol p u eel for re i ·tivity ·hould no t be confused with the ,u11e nn · 

for ma s d nsit ' and harge de1r i1 •. 
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21.2 Resistance and Ohm s Law 

Ce and resistivity, note that every ohmic maten·a1 has h · · · i tafl th d d a c aracten IJC re 1s-
r~. , a parameter at epen s on the propertie of the material and on temper-
U\1C\, r as you can see from E · 21 7 re. }-f oweve , quauon . , the resistance of a conductor 
attl end on size ~ d shape _as well as on re istivity. Table 21.1 provide a Ji t of 
de~ ·vi tie for vanou matenals measured at 20°c. 
resi u f th . ti . . 

The inverse O e . resis VIty is defined2 as the conductivity, u. Hence, 
the re i tance of an ohmic conductor can also be expre sed in terms of its conduc-

u\itv as 
e 

R = ­
crA 

[21.10] 

·I ·e a(== l / p) has the unit (O.·m) - 1. 
\I 1et 

Equation 21.10 show_ that the re i tance of a cylindrical conductor i p ropor-
·onal to its length and inversely proportional to its cros - ectional area. Thi i 

~nalogou to the ~o"'. ofliq~d through a pipe. As the length of the pipe i increa ed, 
the n:sistance to hqmd flow mcrease becau e of a gain in friction between the fluid 
and the walls of the pipe. As its cro s-sectional area i increa ed , the pipe can tran -
poll more fluid in a given time interval, o its re i tance drop . 

T inking Physics 2 

\, have een that an electric field mu t exi t inside a conductor that , 'lrrie a current. 

1 thi po ible in view of the fact that in electro tatk we C<'- luded that the 
ric fie ld is zero in ide a conductor? 

?ning In the electro tatic case in which charge arc tationary, the internal elecu·ic 
I mu t be zero becau e a nonzero fie ld would produce a current (by interacting 
the free e lectron in the conductor), which would violate the condition of tatic 

librium. In th i chapter we deal with conducto r that carry current, a non clectro­
situation. T he cu rrent ari es becau e of a potential d ifference applied between 
nd of the conductor , which produce an in ternal electric field . o there is no 

,dox. 

CO PTUAL PROBLEM 1 

\ t per article often have tatements such a , "10 000 volt of electricitv urged through 

thr m' body." Wha t i wrong with thi sta tement? 

ample 21 .2 The Resistance of Nichrome Wire 

1) Calculate the re istancc p er unit length of ,\ 22-gauge 
1rhrome wire, which ha a radius of 0.32 1 mm. 

R p l.5 X 10 b O · m 
- = - = -------
( , \ 3.24 X 10 7 m 2 

603 

-1.6 0 m 

,lution The cro - cctio nal a rea of th is wire is 

A == 1rr2 = 1r(0.321 X 10 3 m) 2 = 3.24 X 10 
7 

m
2 

(h) 1f a po tential difference o f 10 \' is m aintained aero. 
a 1.0-m kngth of the ichrome wire . wha t i. the cu rrent in 
the wire? 

1 he resistivity of ichrome i 1.5 X 10 u !l · m (Table 2 1.1 ~ · 
Tl1t1\ we can use Equatio n 21.9 to find the resistance per ll1111 

lt"ngth: 

Solution Becau t' a 1.0-m length o f th i wire h ~ a resistance 
or 1.6 n, Equation 2 l . 7 giYe. 

l~g,1i11 do not confuse the symbol <T lor co 11duc1i,it, with th<' , .mw s}mbul uwcl for , u1 f.1n• charge 
t11,11, 
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Chapter 21 Current and Direct Current Circuits 

dV IOV 
I = - = -- = 2.2A 

R 4.6!1 

tion, ich rome is often u ed for heating 
1 irons, and electric heaters. e enients in tr 

Ole from Table 21 .l that the resi tivi ty of Nichrome wire 
i about 100 time that of copper. Therefore, a copper wire 
of the arne radiu would have a resistance per unit length of 
on] 0.052 !l/ m. A 1.0-m Jengtl1 of copper wire of tl1e ame 
radiu would carry the ·ame current (2.2 A) with an applied 
voltage of only 0.11 V. 

Becau e of its high re i tivity and its resi lance to oxida-

EXERCISE 2 What is tl1e resistance of a 
6 

0. 
gauge ichrome wire? How much current ~lo: length 

0 
connected to a 120-V source? .\m\i(r 

28 
1tcal'r\ ',· 

fl; 4.3 \ 
EXERCISE 3 Calculate the current density · 
in tl1e wire as urning that it carries a anct electric 

1 

Variation of p with • 
temperature 

Temperature coeffi.cient of • 
resistivity 

p 

p 

Pol / J==~--T 
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 witl1 increasing temper­
ature. As Tapproache absolute 
zero (insert), tl1e resi tivity ap­
proache a finite value p

0
• 

Answer 6.7 X 106 A/ m2; 10 / C current of~-~ 

Change in Resistivity with Temperature 

Resi tivity depends on a number of factors, one of which i temperatur F 
metal , re istivity increa es approximately linearly with increasing tempeera. or Ille, 

. . d" th . lUre Oler a limited temperature range, accor mg to e expression 

p = p0 [l + a(T- T0 )] 

(21.IIJ 
where pis the re i tivity at some temperature T (in degree Cel iu ) p is th 

0 • o ere,,, tivity at some reference temperature T0 (usually 20 C), and a is called the tem 
ature coefficient of resistivity. From Equation 21.11, we see that a can al~ 
expressed as 

1 6.p 
a=--

Po 6.T [21.12] 

where 6.p = p - p0 is the change in resistivity in the temperature interval .lT= 
T- T0 . 

The resi tivities and temperature coefficients of certain materials are Ii tedm 
Table 21.1. Note the enormous range in resistivities, from very low values for good 
conductors, such as copper and silver, to very high value for good insulators, ~Ulh 
as glass and rubber. An ideal, or "perfect," conductor would have zero re.isti1in 
and an ideal insulator would have infinite resistivity. 

Because resistance is proportional to resistivity according to Equation 21.9. th( 
temperature variation of the resistance can be written 

R = Ro[l + a(T - T0)] [21.UI 

Precise temperature measurements are often made using this property, as hoii!l 
in Example 21.3. 

CONCEPTUAL PROBLEM 2 

Aliens with strange powers visit Earth and double every linear dimen ion of even- objt'pc:
1
l 

. . floor lam the surface of the earth. Doe the electr1cal cord from ilie wall ocket to yom r htb 
have more resi tance than before, les re i tance, or the ame resistance? Doe the 1g

1
-,u

1
,u 

. e the res filament glow more brightly than before, Jes bnghtly, or the rune? ( sum 
of material remain ilie ame.) 

CONCEPTUAL PROBLEM 3 

don II 
witche When incandescent bulb burn out, iliey u ually do o ju l after tl1e, are 
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21.3 SuJJnrnnducton 

£,tOl11Ple 21 .3 A Platinum Resistance Thermometer 

I mome ter wh · I 21 _13 'or 6.T and obtaining a \ resistance t ,er . • I ~ 1 mea~ures tempe ra ture by Solution So lving Equation •' 
;nr,1suring the ~h ange idn re. 1sta ncc . of a conducto r, is from Table 21.1 , we get 

d , from plaun um a n h a a re I tan e of 50.0 .n at o on 
111 ,1 t . d . 1 . . __ R _ o 76.8 n - s . = 13r "o.ooc. When imm~r e m a e e con tam mg me lting in- t. J' ' '{J D.) 
- . its re i tance mcreases to 76.8 !l. Wha t i the me lting = al~ = [3.92 X 10- 3 (°C) 

1 J (50.0 
d1un1. . , 15 7°C 
point of indium. Becaus T

0 
= 20.0° , we find that T = · __________ _ _ __::_ ________ _ 

For several metal , resisti~t}' is nearly proportional to ab olute temperature, as 
•11 011•11 in Figure 21.6. In reali~, ~?wever, there is always a nonlinear region at very 

1011• temperatures and the_ re IS~VIty ~su~ly approaches ome finite value near ab­
olute zero ( ee the ~ag~ified m ~~ m Fig. 21.6). This residual resistivity near ab­
solute Lero is due pnmanly to colhs1ons of electron with impurities and to imper­
fection in th~ metal. In c?~tra t, the high-temperature resistivity (the linear 
-caion) is dommated by colhs1on of electron with the metal atoms. We shall de-
1cribc th is proces in more detail in Section 21.4. 

C.crniconductors, such a ilicon and germanium, have intermediate resistivity 
,-aim . Their resistivity general! decreases with increasing temperature, corre­
poi ing to a negative temperature coefficient of resistivity (Fig. 21. 7). This is due 

10 ti mcrease in the density of charge carriers at the higher temperatures. Because 
the 1rge carriers in a semiconductor are often associated with impurity atoms, 
tl1 t 1. ti,i ry is very sen iti e to the type and concentration of such impurities. A 
the 'stor i a semiconducting thermometer that makes use of the large changes 
in 1 ·si tivity ·with temperature. 

Ek E 4 If a ilver wire ha a resistance of 10 !l at 20°C, what resistance does it h ave at 
~O l glect any ch ange in length or cross- ectional area due to the change in temperatu re. 
.\, 10. n 

21 SUPERCONDUCTORS 

Tht I\ a clas of metals and compounds the resistances of which go to zero below 
cer critical temperatures, Tc- These materials are known as superconductors. The 
resi ice-temperature graph for a superconductor follows that of a normal metal 
at le iperature greater than Tc (Fig. 21.8). When the temperature is equal to or 
le" t 1,111 Tn the resistivity drops suddenly to zero. This phenomenon was di covered 
bi '.he Dutch physicist Heike Kamerlingh Onnes in 1911 as he worked with mercury, 
1
'h'.ch i a uperconductor below 4.2 K. Recent measurements have shown that the 
re I thitie of uperconductors below Tc are less than 4 X 10- 25 D. · m, which is 
around 101

; time mailer than the resistivity of copper and considered to be z ro 
10 Practice. 

. Today thou ands of superconductors are known. Such common meta] as alu­
rn,nurn, tin , lead zinc and indium are uperconductors. Table 21.2 Ii ts the critical 
ternp -rature of' ever~ superconductor . The value of Tr i ensitive to chemical 
:~rnpo iLion, pre ure, and crystalline structure. It is interesting to note that copper , 1 

l<:r, and gold , which a i-e excellent conductors, do not exhibit uperconductivi ty. 

p 

Figure 21. 7 Resistivity ver u tem­
perature for a pure semiconductor, 
such as silicon or germanium. 

R(Q) 
0.15 

0.125 
Hg 

0.10 I 
I 
I 
I 

0.075 
I 
I 
I 
I 
I 

0.05 I 
I 
I 
I 
I 

0.025 
T, 

I 
I 
I 

I 
0.00 _, 

4.0 4.1 4.2 4 .3 4.4 
T(K) 

Figure 21.8 Re i tanc er u 
temperature for mercury. Th 
graph fo llow that of a normal 
metal above the critical t mp ra­
ture, Tr- The re i tance dro p to 
zero at the critical temperature 
which i 4.2 K for m e rcury. ' 
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TABLE 21.2 
Critical Temperatures for 
Various Superconductors 

Material Tc (K) 

YBa2Cu30 7 92 
Bi-Sr-Ca-Cu-0 105 
Tl-Ba-Ca-Cu-0 125 
HgBa2Ca2Cu30 8 134 
Nb3Ge 23.2 
Nb3Sn 21.05 
Nb 9.46 
Pb 7.18 
Hg 4.15 
Sn 3.72 
Al 1.19 
Zn 0.88 

Photograph ofa mall permanent 
magnet levitated above a disk of 
the superconductor YBa2Cu30 7 , 

which is at 77 K. This superconduc­
tor has zero electric resistance at 
temperatures below 92 K and ex­
pel any applied magnetic field. 
(Court,sy of IBM Research l.Ahoratory) 

Chapter 21 Current and Direct Current Circuits 

0 Of the truly remarkable features of superconductors is th ~ ne . . e ,aq h 
a current is set up in them, it persists without any applied voltage (becau t ato 

b d · . Sef?-
fact, teady currents have been o serve to persist m superconducting I~ 0 I 
several years with no apparent decay! P t 

An important recent development in physics that has created mu h . 
· b h ct· f h . c exc,1 in the scientific community has een t e iscovery o igh-temper ellttnt 

h 
. b . ature co 

oxide-based superconductors. T e excitement egan with a 1986 pubr PPt. 
Georg Bednorz and ~ Ale~ Muller, scientists at _the IBM Zurich Researc'~a;;n hi 
tory in Switzerland m which they reported eVIdence for supercond .. brira. 

' • • UC!i\1ty 
temperature near 30 Kin an mode of banum, lanthanum, and copp Be at. 
and Muller were awarded the Nobel Prize in 1987 for their remarkabler.ct· dnon 

. . e ISCQ\ 
Shortly thereafter, a new family of compounds was open for mve tigatio en 

d . . d d . n, and re 
search activity in the field of supercon ucUVIty ~rocee e VJgorously. In earh 1 _· 
groups at the University of Alabama at HuntsVJlle and the University of H. · 

d . . b 92 K . OU.Stan announced the discovery of supercon ucUVJty at a out m an oxide of yt . 

barium, and copper (YBa2Cu30 7). Late in 1987, teams of scientists fromJap:urn. 
the United States reported superconductivity at 105 Kin an oxide of bismuth and . . , Stron-
tium, calcium, and copper. More recently, sc1enusts have reported superconduc 
ity at temperatures as high a~ ~~5 Kin an oxide containing thallium. At thi po: 
one cannot rule out the poss1b1hty of room-temperature superconductivity. and the 
search for novel superconducting materials continu es. It is an important search 
both for scientific reasons and because practical applications become more prob, 
able and widespread as the critical temperature is raised . 

An important and useful application is superconducting magnets in which the 
magnetic field strengths are about ten times greater than those of tl,e be c norm.ii 
electromagnets. Such superconducting magnets are being considered as a meJl15 
of storing energy. The idea of using superconducting p ower lines for tran mit~ 
power efficiently is also receiving some consideration. Modern superconductin~ 
electronic devices consisting of two thin-film superconductors separated b\ a thm 
insulator have been constructed. They include magnetometer (a magnetic-field 
measuring device) and various microwave devices. 

21.4 • A MODEL FOR ELECTRICAL CONDUCTION 

The classical model of electrical condu ction in metals lead to Ohm' law and ho 
1 

that resistivity can be related to the motion of electrons in metals. 
Consider a conductor as a regular array of atoms containing free electrO: 

(sometimes called conduction electrons). Such electrons are free to move thro~d 
the conductor (as we learned in our d iscussion of drift speed in Section 21:l)fidd. 
are approximately equal in number to the atoms. In the absence ofan electr1Cd o! 

. d the or er 
the free electrons move m random directions with average spee son . ,e ;el 
106 m/ s. The situation is similar to the motion of gas molecules confined JJl a ~ 
In fact, some scientists refer to conduction electrons in a metal as an e/eclTll;t~tbc 

The conduction electrons are not totally free, because they are confinef atti!il-' 
interior of the conductor and undergo frequent collisions with the arraY ~ atn · 
The collision are the predominant mechanism for the resistivity of~ rn;eabSt'occ 
mal temperature . Note that there is no current through a conductor ,n is zerO· I 
of an electric field, because the average velocity of the free electrons 
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21.4 .t1 Model for AIRclrical Conduction 

(a) 
E.,_ __ _ 

(b) 

21 9 (a) A schematic diagram of the rand · f h · · rigure • . . om mouon o a c arge earner m a conductor 
in the absence of an electnc field. The drift velocity is zero. (b) The motion of a charge carrier 
in a conductor in the p resenc_e of an elecoic fie ld. Note that the random motion is modified by 
the field. and the charge earner has a drift velocity. 

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

I '1e ituation is modified when an electric field is applied to the metal. In 
add1t m to random thermal motion, the free electrons drift slowly in a direction 
oppl ,!le that of the electric field, with an average drift speed of vd, which is much 
less pically 10- 4 m / s; ee Example 21.1) than the average speed between colli­
~or vpically 106 m / s) . Figure 21.9 provides a crude depiction of the motion of 
fret ·ctrons in a conductor. In the absence of an electric field, there is no net 
disp ement 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 
(Fig 1.9b) . The slight curvature in the paths in Figure 21.9b results from the 
ace ation of the electrons between collisions, caused by the applied field . One 
me, 1ical system somewhat analogous to this situation is a ball rolling down a 
sligl inclined plane through an array of closely spaced, fixed pegs (Fig. 21.10) . 
Tht II represen ts a conduction electron, the pegs represent defects in the crystal 
latri and the component of the gravitational force along the incline represen ts 
the nic force, eE. 

I Jur model, we shall assume that the excess energy acquired by the electrons 
in l electric field is lost to the conductor in the collision proce s. The energy 
~re 1p to the atom in the collisions increases the vibrational energy of the atoms, 
caus, g the conductor to warm up. The model also assumes that an electron's 
moti"n after a collision is independent of its motion before the collision .3 

\\e are now in a position to obtain an expression for the drift velocity. vVhen 
a mobile, charged particle of mass m and charge q i subjected to an electric field 

'Because the collision process is random, each collision event is indeJJ_e~1denl of ~,•hat hap~ened earlier. 
llu, 11 analogous to the random process of throwing a die. The probab1hcy of rolhng a parucular number 
on one throw is independent of the result of the previous d1row. On die average, it would take six 
thro11, 1 b' 1.1· 0 come up with that number, starting at any ar 1trary me. 

607 

Figure 21.10 A mechanical S) 

tern omewhat analogou to the 
motion of charge carriers in the 
presence of an elecoic fie ld . The 
colli io ns of the ball ";th the peg 
re pre en t the re i tance to the 
ball' motion down the incline. 
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Drift velocity • 

Current density • 

Conductivity • 

Resistivity • 
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Chapter 21 Cu,-renl and Direct Curreul Circuits 

E it experiences a force of qE. Because F = ma , we conclude that h 
' t ea 

of the particle is ccel"rai 

qE 
a =­

m 
[21.14 

This acceleration, which occurs for only a short time between col(· . 
d if l . If . h . is1ons trhl, 

the electrons to acquire a small r t ve oc1ty. t is t e time since the 1 • ··""It; 

(at t = O), and v O is the initial velocity, then the velocity of the clectr:t ~011 
timet~ ~. 

qE 
v = v O + a t = v O + - t 

m [21.15 
' 

We now take the average value of v over all possible times t and all 
values ofv O. If the initial velocities are assumed to be randomly distributed .P01 

. In ij)act 
we see that the average value of v O 1s zero. The term ( qE/ m) l is the velocit1 d 
by th~ field at the end of one trip between atoms. If ~e elecr:on starts 11;~ 

1
~ 

velocity, the average value of the second term of Equat10n 21.b i (qE!m);, 
11
h 

r is the average time between collisions. Because the average of v is equal to the~ 
velocity, we have 

[21.l~ 

Substituting this result into Equation 21.6, we find that the magnitude of the cur­
rent density is 

nq2E 
] = nqvd = -- r 

m 
[21.li] 

Comparing this expression with an alternative form of Equation 21.i.t j = <Jf.. n 
obtain the following relationships for the conductivity and re i ti\'itv: 

l m 
p =-=­

(T nq2T 
[2).19] 

According to thi clas ical model, conductivity and re i tivin· do not depe~db 
the electric field. Thi feature is characteri tic of a conductor obeying Ohm 'fu 
The model hows that the conductivity can be calculated from a kn011:Iedg~~,tf'! 
density of the charge carriers, their charge and ma , and the a\'erage mne 

onductor ol • 
1The relation J = aE can be deri,·ed as follows: The potential difiercnce aero'-> '1 c ethrr "1th£ 
is ll I'= EC, and , from the definition of resistance, ll l ' = IR. U ing the e rehiuons. 

1
;\ ~,, .)I 

tions 21.5 and 21.10, we find that the magnitude of the current clen,iC\ is J-
EC/ R;\ = aE. 
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21.4 J\ Model f or EIRrtncal Conductian 
609 

. which is rela ted to the average d'sta b . . colli wns, 1 nee etwccn colhs1ons e (the mean 
ath) and the average thermal speed v throtigh the . 5 free p expression 

e 
T = -=. 

V 
[21.20] 

Example 21.4 Electron Collisions in Copper 

(9.11 X 10- 31 kg) (a) Using the data and results from Example 21.1 and 
I.he classical model of electron conduction, estimate the av­
erage time between collisions for electrons in copper at 
20°c. 

7 = (8.48 X 102s m-3)(1.6 X 10- 19 C)2(1.7 X 10 8 O·m) 

= 2.5 X 10- 14 s 

s Jtion From Equation 21.19 we see that 

m 
-r= --

nq2p 

t>re p = 1. 7 X 10- s D · m for copper and the carrier den­
n = 8.48 X 1028 electrons/ m3 for the wire described in 

~mple 21.1. Substitution of these Yalues into the previous 
,re ion gives 

(b) As urning the average speed for free electrons in cop­
per to be 1.6 x 106 m/ s and using the result from part (a), 
calculate the mean free path for electrons in copper. 

Solution 

e = ur = (1.6 x 106 m/ s) (2.5 x 10- 14 s) = 4.0 x 10-s m 

which is equivalent to 40 nm (compared with atomic spacing 
of about0.2 nm). Thus, although the time between collisions 
is very short, the electrons travel about 200 atomic di tance 
before colliding with an atom. 

'1ough this classical model of conduction is consistent with Ohm's law, it is 
nor sfactory for explaining some important phenomena. For example, classical 
cal1 ions for v using the id eal-gas model are about a factor of 10 smaller than 
the '\'alues. Furthermore, according to Equations 21.19 and 21.20, the temper­
atu 'lriation of the resistivity is predicted to vary as v, which, according to an 
ide 1 model (Chap. 16, Eq. 16.15), is proportional to ../T. This is in disagree­
me1 1th the linear depend en ce of resistivity with temperature for pure metals 
ffi ·. .5a). It is po ible to account for such observations only by using a quantum 
mec 1ical model, which we shall describe briefly. 

·ording to quantum mechanics, e lectrons have wave-like propertie . If the 
aria .f atoms in a conductor i regularly spaced (that is, periodic), the wave-like 
char ter of tl,e electrons makes it po sible for them Lo move freely through the 
cond ctor, and a collision with an atom is unlikely. For an idealized conductor 
thert ould be no colli ions, the mean free path would be infinite, and the re istivity 
ll'olli(' be zero. Electron waves are scattered only if the atomic arrangement i ir­
regulJr (not periodic) -for example, as a result of structural defects or impuritie . 
At low temperatures, the resistivity of metal is dominated by cattering cau ed by 
~olhsion between the electrons and im purities. At high temperature , the re i tivity 
1 

dorninated by cattering caused by collisions between the electron and the atom 
~~he conductor, which are continuously di placed a ~ re ult of thermal agit~tion. 

thermal motion of the atoms makes the structure IITegular ( compared with an 
atornic 1 ' f tl array at re t), thereby reducing the e ectron mean ree pa 1 . 

~h . t at the a\erage peed is the a\ e rage of the speeds that parucles have as a con equence of the 
ltrnpcrat 

ure of the sntem of particles ( Chap. 16) · 

ltn, 
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b 

+ 

a 

I 

C 

R 

d 

Figure 21.11 A circuit consi ting 
of a battery of emf B and re is­
tance R. Positive charge flows in 
the clockwise direction, from the 
negative lO the positive terminal of 
the battery. Points a and dare 
grounded. 

This versatile circuit enables the 
experimenter to examine the 
properties of circuit elements such 
as capacitors and resi tors and 
their effects on circuit behavior. 
(urnrle.ry of Central Saentific Company) 

Chapter 21 Current and Direct Curren/ Circuits 

CONCEPTUAL PROBLEM 4 

Why don't the free electron in a metal fa!~ to the bottom of the metal due to 
charges in a conductor are supposed to reside on the surface-why don't th gT;n1fl. 

e free , •. 
all go to the urface? e'Ql 

21.5 • ELECTRICAL ENERGY AND POWER 

If a battery is u ed to establish an electric current in a conductor th . . , ere OCr,,~ 
continuous transformation of chemical energy stored m the batter, to ki '"'Ii 

ergy of the charge carriers. This kinetic energy is quickly lost as a result of ne~c en. 
. th I . . 1 . . con between the charge earners and e attJce 10ns, resu tmg m an incr 

th h "al ~in temperature of the conductor. Thus, e c emrc energy stored in the ba 
continuously transformed into thermal energy. Ueri 

In order to understand the process of energy transfer in a simple circu· 
h. h d ~ sider a battery the terminals of w 1c are connecte to a resistor R, as sho 

Figure 21.11. (Remember that the positive terminal of the battery i alw,I\ · :
1 

higher potential.) Now imagine following a positive quantity of charge .lQar;: 
the circuit from point a through the battery and resistor and back to a. Point 
a reference point that is grounded ( the ground symbol is -:-) , and its paten 
is taken to be zero. As the charge moves from a to b through the batten· the paten 
difference of which is /::.. V, its electrical potential energy increa es b\" the amo 
!::. Q !::. V, and the chemical potential energy in the battery decrease; bv the IJ!Ilr 
amount. (Recall from Chap. 20 that !::.U = q !::. V.) However, as the charge mOl"!l 
from c to d through the resistor, it loses this electrical potential energ.· dunr, 
collision with atoms in the resistor, thereby producing thermal energy. :-.;ate rJw 
if we neglect the resistance of the interconnecting wires, no lo in energv ocam 
for paths be and da. When the charge returns to point a, it mu t ha\"e the~ 
potential energy (zero) as it had at the start.6 

The rate at which the charge /::..Qlose potential energy in going throu hthe 
resistor is 

!::.U !::.Q 
-=-!::.V=J!::.V 
!::.t !::.t 

where I is the current in the circuit. Of course, the charge regains thi~ eill i1!1 

when it passes through the battery. Because the rate at which the charge 10 

energy equals the power P dissipated in the resistor, we have 

P = 1/::..V 
[21.211 

I h . th . H ·er Equ,10 
n t 1s case, e power 1s supplied to a re is tor by a battery. owe, · . dt>1ll 

21.21 can be used to determine the power tran ferred from a bauerv to am_ al 
. · . teroun '· 

carrying a current I and having a potential difference/::.. V between its \ pff'' 

Using Equation 21.21 and the fact that t::. V = JR for a re i tor. we can r 
the power dis ipated by the resistor in the alternative form 

I.hr t.;: 
6 • h rint<" 111 

ote that when the current reaches its steady-state value, there i no change "11 

energy associated with the current. 
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21.5 Electrical Energy and Power 611 

P=i2R=(AV)2 
R [21.22] • Power dissipated by a resiswr 

The J unit of power is the watt, introduced in Chapter 6. The power dissipated in 
ductor of resistance R i also often referred to as an 12 R loss. 

a con d · Ch t 6 · 6 · 
As we Ieame m ap er , ec_tlon .5, the umt of energy the electric company 

u e to calculate energy consumpt:1on, the kilowatt-hour, is the energy consumed 
in 1 hat the con tant rate of 1 kW. Becau e 1 w = 1 J/ , we have 

1 kWh = (10
3 

vV) (3600 s) = 3.6 X 106 J [21.23] 

Thinking Physics 3 

\\nen i more power being delivered to a lightbulb-ju t after it i turned on and the 
gin\\ of the filament i increasing or after it has been on for a few econd and the 
git 11 i tead ? 

oning Once the switch i clo ed, the line voltage i applied aero the lightbulb. 
~ he voltage i applied aero the cold filament when first turned on, the re i tance 

e filament is low. Thu , the current i high, and a relatively large amount of power 
11,ered to the bulb. As the filament warm up, its re istance ri e , and the current 
As a re ult, the power delivered to the bulb fall . The large current spike at 

lieginning of operation i the reason that lightbulb often fail ju t a they are 
d on as noted in Conceptual Problem 3. 

iking Physics 4 

11ghtbulb A and Bare connected aero the ame potential difference, a in Figure 
2 The re i tance of A i twice that of B. Which lightbulb di ipate more power? 
h carries the greater current? 

•ning Because the voltage aero each lightbulb is the ame, and the power di -
.. d by a conductor i p = (.l V)2/ R, the conductor with the lower re i tance wi.11 

r 1ate more power. In thi case, the power di ipated b B is twice that of A and 
! 1de twice as much illumination. Furthermore, becau e P = I a V, we ee that the 
t em carried by B i twice that of A. 

ample 21.5 Electrical Rating of a Lightbulb 

Figure 21.12 (Thinking 
Physic 4) 

-\ h htbulb i rated at 120 V / 75 W, which means its operating 
10ltage i 120 V and it has a power rating of 75.0 W. T~e bulb 
1
' powered b a 12().; direct-current power upply. Fmd the 

current in the bulb and its re i tance. 

ing a V = IR, the r i tance i calculated to be 

av 120 
R=I =~ = 192 !1 

h 

Solution Becau e the power rating of the bulb is 75.0 \, and 
the operating voltage is 120 , we can u e P = I a V to find 
the current: 

P 75.0 W 
J = .l V = 

120 
V - 0.625 A 

EXERCISE 5 \i\That would the re i tance be in a lamp rated 
at 120 and 100 W? \ ib\H'l 144 !l 
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612 Chapter 2 1 Current and Direct Current Circuits 

Example 21.6 The Cost of Operating a LightbuJb 

H ow much doe it cost to burn a 100-W lightbulb for 24 h if 
electricity co ts eight cents per kilowatt hour? 

expensive to o~erate but also because, with the 
the coal and 011 resources that ultimately d111ndJin 

. Upp)} 
trical energy, increased awarene s of con. u11111h 

Solution Because the energy consumed equals power X 
time, the amount of energy you must pay for, expressed in 
kWh, is 

. . servau 
necessary. On every electnc appliance is a lab 

I 
on be. 

· -C • d e~ the 1mormat1on you nee to calculate th C{Jn 
e po11 

men ts of the appliance. The power consum . err 

Energy = (0.10 kW) (24 h) = 2.4 kWh 

If energy is purchased at 8¢ per kWh, the cost is 

often stated directly, as on a lightbulb. In ~~:n in~ 

amount of current used by the device and the, 
1 

r %. 
it operates are given. This information and : tageai 

Cost= (2.4 kWh) ( 0.080/kWh) = 0.19 
. I I th quauon are sufficient to ca cu ate e operating cost of ani • · 

device. el 
That is, it co ts 19¢ to operate the lightbulb for one day. This 
i a mall amount, but when larger and more complex devices 
are being u ed, the costs go up rapidly. 

Demands on our energy upplies have made it necessary 
to be aware of the energy requirements of our electric de­
vices. This is true not only becau e they are becoming more 

EXERCISE 6 If electricity costs 8¢ per kilowatt hour 
does it cost to operate an electric oven, which ope~tt< 
20.0 A and 220 V, for 5.00 h? Answtr J.i6 

Resistor 

Figure 21.13 A circuit consisting 
of a re istor connected to the ter­
minal of a battery. 

EXERCISE 7 A 12-V battery i connected to a 60-!1 resistor. eglecting the internal 
tance of the battery, calculate the power dissipated in the resistor. \nswer 2.4 11 

21.6 • SOURCES OF emf 

The source that maintains the constant voltage in Figure 21.13 i called m 

"emf. "7 Sources of emf are any devices (such as batteries and generators) that ' 
crease the potential energy of charges circulating in circuits. One can think ofi 
source of emf as a charge pump that forces electrons to move in a direction oppo• e 
the electrostatic field inside the source. The emf, 8 , of a source de cribe the 11 ri 
done per unit charge, and hence the SI unit of emf i the volt. 

Consider the circuit shown in Figure 21.13, consisting of a battery connected 
to a resistor. We shall assume that the connecting wires have no re i cance. It 
neglect the internal resistance of the battery, the potential difference aero' tbe 
battery (the terminal voltage) equals the emf of the battery. However, becau 

1 

real battery always has some internal resistance, r, the terminal YOltage i _not.\ 
to the emf. The circuit shown in Figure 21.13 can be described bv the circuttd 
gram in Figure 21.14a. The battery within the dashed rectangle i re_presen

1
:
1 

a source of emf, 8 , in series with the internal re i tance r. ow imagme a %i 
charge moving from a to bin Figure 21.14a. As the charge passes from ~en .L~' 

to the positive terminal within the battery, the potential of the charge incre bi 
. I decreases e. However, as it move through the resistance r, its potenua 

I 
e ol 

amount Ir, where I is the current in the circuit. Thu , the terminal ro tag 
battery, 6. V = Vb - Va, is8 

!he loll~ 1 
7The term was originally an abbreviation for electromotive force, but it i no1 a force, '° 
discouraged. . th' 1 

• i1uauo11'· 
8The terminal voltage in this case is less than the emf by the amount Jr. In som< s h currei''" 

d
. . l or t t' 

voltage may exceed the emf by the amount Jr. This happens when the irecuoi 
that of the emf, as when a battery is charged with another source of emf 
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21.7 Resist<m in Sml!S and m Paroll.tl 

.. H·= 8 - Ir [21.24) 

. te frorn this expre ion that e i equivalent to the open-circuit voltage- that 
~~ the t.e~ voltage wh~ the ~nt is zero. Figure 21.Hb is a graphical 
re resentaoon of the change 10 potential as the circuit is tra,·er ed clock,\ise. By 

P ecting figure 21.14a, we ee that the terminal voltage ..i i · must also equal the 
111sp th 

ntial difference aero e external re i tance R, often called the load re.sis-
,~; that is, .. H ' = IR. Combining this \\ith Equation 21.24, we ee that 

1,,ng for the current giYe 

e =m+1r 

8 
I=--

R+r 

[21.25] 

Th· ~how that the current in thi imple circuit depends on both the resistance 
exte '.lal to the battery and the internal re i tance. If R i much greater than r, we 
car. eglect rin our analy is. In many circuits we hall ignore this internal resistance. 

we multi pl ' Equation 21.25 by the current 1, we get 

l e = 12R + I 2r 

Th quation tells us that the total power output of the ource of emf, l e , i equal 
tn power tha t is di ipated in the load re istance, J2R, plus power that is dissi-
p n the inte rnal re i tance, I 2r. Again, if r ~ R, most of the power delivered 
bi battery is dissipated in the load re istance. 

CC '"PTUAL PROBLEM 5 

It 1ergy tran ferred to a dead battery during charging is E, is the total energy tran ferred 
ou he battery to an electrical load during use in which it completely discharges also E ? 

CO EPTUAL PROBLEM 6 

II have your headlights on while you stan your car, why do they dim while the car is 
\{a ~~ 

CO EPTUAL PROBLEM 7 

Eit 1 real devices are often rated with a voltage and a current-for example, 120 volts, 
5 a, ,eres. Batteries, however, are only rated with a voltage- for example, 1.5 volts. ·why? 

EXERCI E s A battery with an emfofl2 Vand an !nLe'.11~1 resistance of~.90 fl i connecte~ 
aero\ a load re istor R. 1f the current in the circuH 1s 1.4 A, what 1s the value of R. 
\n I 7.7 {1 

21.7 • RESISTORS IN SERIES AND IN PARALLEL 

\\'hen two . o nnected together so that they have only one or more res1 tors are c . 
colllrnon p · . h 'd to be in series Figure 21.15 hows two re 1stors c oint pe r pair, t ey are sa1 · . 
<innected in e ries. Note that the cur rent is the same through the two re istor ' 

613 

--------, 
r-£ r I 

I b a -
I 

~---------J 

d 
R 

C 

(a) 

(b) 

Figure 21.14 (a) Circuit diagram 
of an emf e of internal resistance r 
connected to an external resistor 
R. (b) Graphical representation 
howing how the potential change 

as the eries circuit in pan (a) i 
traversed clocJ...-.vi e. 

• Fo~ a series connection of 
resistors, the current is the 
same in all the resistors. 
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Equivalent resistance of • 
several resistors in series 

Chapter 21 Current and Direct Current Circuits 

(a ) 

a 

~----. J':l V 
+ -

(b) 

Figure 21.15 Series connection of two resistors, R1 and J?.i . The current is the same Ill 
resistor. 

because any charge that flows through R1 must also flow through R2. Becal!St' 
potential difference between a and bin Figure 21.15b equals IR1 and the poten 
difference between band c equals !Rei., the po ten rial difference between a and 

Therefore, we can replace the two resistors in series with a single equivalentl!­
sistance, Req, the value of which is the sum of the individual re i tance : 

(21.~ 

The resistance Req is equivalent to the series combination R1 + R2 in the ense 
the circuit current i unchanged when Req replace R1 + R2 • The equivakntrr­
sistance of three or more resistors connected in serie i imply 

~q = R1 + R.i + Rs + · · · 

Therefore, the equivalent resistance of a series connection of resistors ls~: 
greater than any individual resistance and is the algebraic sum of the indif 
ual resistances. 

Note that if the filament of one lightbulb in Figure 21.15 were ~o bre di 
"burn out," the circuit would no longer be complete (an open-circuit c~\1 
would exist) and the second bulb would al o go out. Some Chri tmas-rree-d'\r. 

. d" a ·k of et!'. (especially older ones) are connected in thi ·way, and the te 10u t s 

ing which bulb is burned out is familiar to many people. . for -.ll 
In many circuits, fu e are used in erie with other circuit elemen~ c:ircu. 

purposes. The conductor in the fu e is designed to melt and open ~ he Cl 

some maximum current, the value of which depend on the nature 
O 

l 0\er 
· 1emen~, 

If a fuse were not u ed, excessive currents could damage ci~cuit ~ uit breJt.el' 
wire , and perhaps cau e a fire. In modern home con rrucuon, ore _ [ue (l'F1 

u ed in place of fu e . When the current in a circuit exceed o!11e \.l 
15 A) , the circuit breaker acts a a switch and open the circuit. 
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21.7 Resistors in Series and m Paralkl 

. . con ider two re istors connected in parallel as hown in Figure 21.16. In '\O\I • • ' 

. · the potential differences across the resistors are equal. However, the .1.1 case, th 
u• t5 are generally no t e ame. \Vhen the current / reaches point a (called a 
curren) in Figure 21.16b, it plits into two parts 1

1 
going through R

1 
and l

2 
going nct10n . . ' 

JI' h R If R1 1 greater than R 9, then 11 1s le s than /
2

. Clearly, because charge tlJroug 2 · - . 

b con erved, the current I that enters pomt a must equal the to tal current J11U5l e 
·ng point b: lean 

The potential drop aero s the resistors must be the same, and applying / = 6. VI R 
~\t'' 

6.V 
=-

Fron thi result, we see that the equivalent re istance of two resistors in parallel is 

1 1 1 
- = - + ­
R eq R1 R2 

Tiu n be rearranged to become 

1J 
a -it 12 

{a) 

[21.28] 

Ri 

R2 
b 

6V 
+ -

(b) 

d R The potential difference acros fi · s R an 2· . _ tgure 21.16 Parallel connection of two resist~r. ' 1 f the combination is given by R cq -
r h · 1 t resistance 0 ~ Tt11stor b the same, and the eqwva en 
ltft. H., + R.i_) . 

... 
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Equivalent resistance of • 
several resistors in parallel 

A B 

C D 

Figure 21.17 (Thinking 
Phy ic 5) 

IOOW 

2 

Figure 21.18 (Thinking 
Phy ic 6) 

Chapter 21 Cunmt and D111!Cl Cunmt C11ru1l5 

An exten ·ion of this analy ·is to three o1· more re-;i-.tof\ tn par,tllel 
following general expre · ion: 

From thi expre ion it can be e:n that the equivalent resistance of two or 
resistors connected in parallel IS :"ways less.than th~ smallest resistlnc:e in 
group and the inverse of the eqmvalent reststance is the algebraic Slllll !fit 
inverses of the individual resistances. of 

Hou ehold circuits are alway wir~d ? that the lightbt'.lb (or appltan 
whatever) are connected in parallel, a m Figure 21.16a. In th1 manner.each 
operate independently of the other , o that if one i \,itched off, the 
remain on. Equally important, each device operates on the anw \Oltage. 

Finally, it i interesting to note that parallel re i tor combine in tht' 
that erie capacitors combine, and vice ver a. 

Thinking Physics 5 

Predict the relative brightne e of the four identical bulb in Figure ~l. l i . \\b 
pen if bulb A "burns out, .. o that it cannot conduct current? \\11.it if C "burn 0 

·what if D "burn out"? 

Reasoning Bulb A and Bare connected in erie aero. the emf of the b.mm.1 h 
bulb C i connected by itself aero this emf. Thu , the emf is split bctM·en b 
and B. a re ull, bulb C will be brighter Lhan bulb and B. which should be l'{J 

as bright a each other. Bulb D ha an equipotential (the n.•rtical ,,irl'l conn 
aero sit. Thu , there i no potential difference aero s D and iL doe not glo11 at 

bulb A "burn out," B goe out but C tay lighted. If C "bums out. - then• L' no 
on the other bulb . If D "burn out," the event i undetectable. bct-,lll"<- D ''· 
glowing anyway. 

Thinking Physics 6 

Figure 21.1 illu trate how a three-way lightbulb i con.m1ctcd to pnl,idt· thrt't' 
of light intensity. The ocket of the lamp i equipped with a thret'-\\,l\ '1111 h 1 

leering different light inten itie . The bulb contains two fi lamf'nt, . \\"h, .ue thi 
ment connected in parallel? E..'1:plain how the two filaments are ust'd to pronclt 
different light incen itie . 

It' tO 
Reasoning If the filament were connected in serie, and one of thcni ~·t .

1 · • 0 1llulll 
out, no current could p, through the bulb, and the bulb would gnt 111 -<I I 
regard.le of the switch po.ition. Howe\'er, when the filanwn~ ,\l'C c_on•:,;:pt' 
allel and one of them ( av the 75-\\' filament) burns out, the bulb'' 111 fil nt" 1 

one of th vitch po itions a current pa e throuo-h the other (! Otl \\) . ~:J Ii 
· · · · d 'bl b I · f three ,.ihit three hght mten 1Ue are ma e po 1 e Y .e ectmg one o 
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21.7 /{, 1i 1/1111 111 ,\1·111·1 r1111/ 111 /'flralJ,,f 

.. ,11,11JCc , 11,lng a , inglt v,11111· of I :w y ftn lht• 1. 1 1 . 
1<, , ,tpp I(' ( YO l,t<Tt• fl < 7r W f"l , I 

ff
i·1, nnc v,tlue of ,i·,1,t ,111ce, tlw 100 W fih111"111 fl " . , , • ,tmt II 

o . ' ' <> C'I\ a , t·< onrl v tlu · I l l · I 
·,i\t met' i, o h1,1111 t'cl h} < ombi111111{ the· two 11 ' <' ,IIH I JC I JJr< 

' 1 ' • 
1 2 

· 1 ,HJH'nl, 111 pa1 all!'! Wh1·11 switch I i, 
rlo11·d a11d,w1tr1 ,,op<' necl , cu1rcnt p,1,,c·,only tl . I I 7 . 

. . . I . · ·I , · . 11 oug 1 t 1c 'J-W fil a m en t When 
,w,11 h l r1 op< n ,HH ,w,_t< J 2 "do,ed, c t11 n •r11 1n,,c, I h l h . · I I ' 'on YI roug 1 t <· J 00-W fil amC'nt 
When hoth \WII < ]{'', a1<· (' O\(•d , (lllJ('lll !)'l"C' tl11·1 I I L r·1 . ' ' mg 1 Jotn , amen ts and a t< t.al 
,J1urr11 na1ion o f 175 W 1, ohtairwd , > 

CONCEPTUAL PROBLEM B 

( ; 111111 r ung batteries in ~e, ies in crease·, IIH' emf WI a l . d . . 
I 

· .. II ·I? · 1' a van tage migh t the re be rn con-
n<·< II lh l ll'lll 111 p ,11 a C 

CO N< EPTUAL PROBLEM 9 

\ 1111 111• " larg~· s~ ipply of li~h th~ilh, and a battery. You st.art with one Iigh tbulb con-
n< 10 the bt1'.tt ry and ~ouce llS brightness. You then add one lightbulb at a time, 

w bulb be1~g added 111 sencs to the p1 cvious bulbs. AI> you add the lightbulb~. what 
to the bng hu~e~s of t~1e bull'.s? !o 1hc current through the bulbs? To the power 

'«I Ii 0111 the baLLc ry? 1 ~ the hfeume of the baucry? To the terminal voltage of the 
\mwer the same questions if the lightbulbs arc added one by one in parallel with 

l',ll 

h.q 
Il l 

IM 
1h 

tOBLEM-SOLVING STRATEGY • Resistors 

When lwo or more unequal resislors are conneclcd in serieJ, they carry 
1hc same currcnl, bul Lhc poLenLial difference acros them are not the 
same. Th e resiswrs add dircclly to give the equivalent resistance of the 
se1 ies combination. 
'A'hcn two or more unequal resistors are connected in parallel, the poten­
Lial diITerences across Lhem are Lhe same. Bccau e the currenl i inver ely 
proponional lo the resistance, the currenL~ through Lhem are no t the 
,amc. The equivalenl resistance of a parallel combination of re~istors i 
found through reciprocal addition, and the equivalent resi to r i always 
fi,1.1 Lhan the smallest individual resistor. 
A complicated circuit consisting of resistors can often be reduced to a 
simple c ircui t containing only one resistor. To do so, examine the initial 
circuit and replace any resistors in series or any in parallel using Lhc 
procedures o utlined in Steps 1 and 2. Draw a sketch of the new circuit 
after lhesc changes have been made. Examine the new circuit and replace 
•Ill} series or parallel combinations. Continue this process until a single 

cqui\'alcnt resistance is found . 
1. If the current through or the potential differ('ncc across a resisto r in the 

complicated circuit i,; to be found, starl with the final circuiL found in 
)tep 3 a nd gradually work rour way hack through the circui ts, u ing 

1 \'--= JR and the rules of Steps I and 2. 
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Chapter 2 1 Current and Direct Cu1u11t Circuits 

Example 21 .7 Find the Equivalent Resistance 

Four re. i,tors are connected a hown in Figure 21.19a. 
(a) Find the equi\'alent re i. tance between a and r. 

611 

a I 
(a) 

I J 

3 11 

1211 211 
~ 
a b C 

(b) 

(c) 

1411 
••- - ¥A~ - - · 
a C 

Figure 21.19 (Example 21.17) The resistances of the four re­
istors shown in (a) can be reduced in steps to an equivalent 

14-fl re istor. 

Solution The circuit can be reduced in steps as shown in 
Figure 21.19. The 8.0-0 and 4.~ re istors are in eries, and 

Ex.ample 21.8 Three Resistors in Parallel 

Three re istor are connected in parallel, as in Figure 21.20. 
A potential difference of 18 Vis maintained between points 
a and b. (a) Find the current in each resistor. 

18V 

I -~------.a 

3 Q 6Q 9Q 

~------ b 

Figure 21.20 (Example 21.8) Three resistors connected in 
parallel. The voltage aero each resistor is 18 V. 

so the equivalent resistance between n 
anct b 1 21.26). The 6.~ and 3.~ resistors are in 12n 

from Equation 21.28 we find that the e . P.tralle1 
. ,... qu1,aJcn 

from b to c 1s 2.0 u. Hence, the equivalent re . 1 resi 
to C is 14 fl. I lance fi 

(b) What is the current in each resistor f 
ference of 42 Vis maintained between a an~ ~()Oten 

Solution The current I in the 8.0-D, and 4.o.n r . 
the ame because they are in eries. Using E t'1 

and the results from part (a), we get quanon 

~ Va, 42 V 
I= - =-- = 3.0 A 

Rcq 14 D, 

When this current enters the junction at b, it. plits. Pan 
passes through the 6.~ re is tor (/1) and part goes thro 
the 3.~ resistor (/2). Because the potential difference 
these resistors,~ Vi><, is the ame (they are in parallel, ~e 

that 6/1 = 312 , or 12 = 2/1 . Using thi re ult and the faa. 

11 + /2 = 3.0 A, we find that /1 = 1.0 A and /2 = 2.0 ,\, I 
could have gues ed this from the start b, noting that the 
rent through the 3.~ resistor has to be t\\ice the 
through the 6.~ resistor in view of their relati\'e resistm 
and the fact that the same \'Oltage i applied to each ofth 

As a final check, note that ~ V"" = 611 = 3/2 = 6.0\ 
~ Vab = 121 = 36 V; therefore, ~ Va, = .i V.6 + l \1.- = 4~ \ 
it must. 

Solution The resistor are in parallel. and the potential 
ference across each i 18 V. Applying .i V = /Rtoeach~ 
gives 

~V 18 V 
I1 = R1 = 3.0 D = 6.0 A 

~ V 18V 
I2 = R.i = 6.0 D = 3.0 A 

~V 18V 
I --- -= 2.0 A 

3 - R
3 

- 9.0 D, 

. . d br each resistor 
(b) Calculate the power d1ss1pate . 

. . d b h th rec rcs1 tors. the total power dis 1pate } t e 
· or gi\e5 

Solution Applying p = 12 R to each resist 
- no'' 

3.0-0: Pi = I/ R1 = (6.0 A)2(3.0 n) -
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21.8 Kirchhoffs Rule.s and Simpu DC Circuits 619 

Solution 6.0-!l: P2 = l l lti = (3.0 A)2 (6.0 0) = 54 W 

9.o-!l: P3 = Il f?.s = (2.0 A)2 (9.0 0) = 36 W 1 1 1 1 
- = - + - + ­
Rcq 3.0 6.0 9.0 This shows that the smallest resistor dissipates the . most power 

because it c~es the most current. ( . ~te that you can also 
use p = (ii V) I R to find the power d1ss1pated by each resis­
tor.) Summing the three quantities gives a total power of 
200 W. 

18 
llc = - n = 1.6 n. 

q 11 

(c) Calculate the equivalent resistance of the th · . ree res1s-
lors. We can use Equaoon 21.28 to find R . cq· 

EXERCISE 9 Use llcq to calculate the total power d issipated 
in the circuit. ,\ mwer 200 W 

21,8 • KIRCHHOFF'S RULES AND SIMPLE DC CIRCUITS 

As mdicated in the precedi~g section, we can analyze simple circuits using 
.l I c: IR and the rules for senes and parallel combinations of resistors. However 
the are many ways in which resistors can be connected so that the circuits formed 
ca, ot be redu~ed .to .a single equivalent resistor. The procedure for analyzing 
sue complex c1rcmts is greatly simplified by the use of two simple rules called 
Kir off's rules: 

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.) 
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.) 

he junction rule is a statement of conservation of charge, Whatever current 
en a given point in a circuit must leave that point, because charge cannot build 
u1 di appear at a point. If we apply this rule to the junction in Figure 21.21a, 
Wt t 

11 = 12 + / 3 

Fif; 21.21b represents a mechanical analog to this situation in which water flows 
thr ~h a branched pipe with no leaks. The flow rate into the pipe equals the total 
fl<, ·ate out of the two branches. 

he econd rule is equivalent to the law of conservation of energy. A charge 
th, •noves around any closed loop in a circuit (the charge starts and ends at the 
san, point) must gain as much energy as it loses if a potential is de~ned for each 
poi t in the circuit. Its energy may decrease in the form o~ a potential dro~, - .IR, 
across a resistor or as a result of having the charge move m the reverse d1rect1on 
through an emf. In the latter case, electric potential energy is converted to chemical 
energy as the battery is charged. In a similar way, electrical energy may be converted 
to lllechanical energy for operating a motor. . . 

As an aid in applying the loop rule, the folbwmg pomts should b~ noted. T~ey 
are summarized in Figure 21.22, where it is assumed that movement 1s from pomt 
a toward point b: 

' If a resistor is traversed in the direction of the current, the change in po­
tential across the resistor is - IR (Fig. 21.22a) · 

(a) 

Figure 21.21 (a) A schematic d ia­
gram illustrating Kirchhoff's junc­
tion rule. Conservation of charge 
requires that whatever current en­
ters a junction must leave that 
junction. Therefore, in this case, 
11 = 12 + ls. (b) A mechanical ana­
log of the junction rule: The flow 
out must equal the flow in. 
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I -(a) • "M • a 
6 V= Vi,- Vn = -IR b 

I -(b) • "M • a 
6V= Vb- Vn= +JR b 

£ 

(c) • -, I+ • a b 
6V= Vb- Va=+£ 

£ 

(d) • + 1,- • a b 
6V= Vb- Va=-£ 

Figure 21.22 Rules for detennin-
ing the potential changes across a 
resistor and a battery, assuming the 
battery has no internal resistance. 

Gustav Robert Kirchhoff (1824-
1887). (Courtesy of North Wind Picture 
Archives) 

Chapter 21 Current and Direct Current Circuits 

• If a re istor is traversed in the direction opposite the curren 
potential across the resistor is : IR (Fi?ure_ 21.22b) . l, the <nan 

• If a source of emf is travers~d m the _dir_ect:Jon o~ the emf (frorn 
the terminals) , the change m po~en t1al 1s _+ e (Fig. 21.22c) - l(J 

• If a source of emf is traversed m the drrection oppo it h 
. e t e e + to - on the terminals), the change m potential is - e (F· ll'lf 

. . ig. 2I.22d 
There are limitations on the use of the JUnct:Jon rule and the 1 

may use the junction rule as often as needed so long as each limeo~: rul~ \ 
equation you include in it a current that has not been used in a pre : u ll'l'1te 

' · , •lOUs. 
rule equation. In general, the number of t:Jmes the Junction rule m June 

f . . . . th . U\t be U 
one fewer than the number o Junct:Jon pomts m e circui t. The loo lei! 

· · 1 P rule c used as often as needed so long a a new circmt e ement (a resistor b an,. 
. or aue 

a new current appears in each new equat:Jon. In general, the number ofin n 

dent equations you need must equal the number of unknowns in order ~ 
a particular circuit problem. to so1v, 

The following examples illustrate the use of Kirchhoff's rules in anal . 
. 11 . . d h th . . h \'Zin~ cu1ts. In a cases, 1t 1s assume t at e circmts ave reached steadv-sta· · 

. . . th . b h , . te condL t:Jons-that 1s, the currents m e vanous ranc es are constant. If a ca . · 
included as an element in one of the branches, it acts as an open ~ ~tor 

current in the branch containing the capacitor is zero under steady-state The 
ditions. con, 

PROBLEM-SOLVING STRATEGY AND HINTS • Kirchhoff's 

1. First, draw the circuit diagram and assign labels to all the known quantities 
and ymbols to all the unknown quantities. You mu t assign dimhons to 

the currents in each part of the circuit. Do not be alarmed if you guess 
the direction of a current incorrectly; the re ult will have a negative value 
but its magnitude will be correct. Although the a signment of current direc­
tions is arbitrary, you must adhere rigorously to the directions you .wigned 
when you apply Kirchhoff's rules. 

2. Apply the junction rule (Kirchhoff's first rule) to all but one of thejunc· 
tions in the circuit; doing so provides independent equations relating the 
currents. (This step is easy!) 

3. Now apply the loop rule (Kirchhoff's econd mle) to a many loop m 

the circuit as are needed to solve for the unknowns. In order to appl} this 
rule, you must correctly identify the change in potential as you cro each 
element in traver ing the closed loop (either clockwi e or counterclocl· 
wise). Watch out for signs! 

4. Solve the equations simultaneou ly for the unknown quantitie . &_careful 
in your a lgebraic steps, and check your numerical an wers for conS1StenC1. 

Example 21.9 Applying Kirchhoff's Rules 

Find the currents / 1, / 2 , and / 3 in the circuit shown in Figure 
21.23. 

Reasoning We choose the directions of the currents as in 
Figure 21.23. Applying Kirchhoff' first rule to junction c 
gives 

· · brda btfrb, and There are three loops in the C1rcu1t, a · ...,Ula 
d I cwoloop•-i 

(the outer loop). Therefore, we nee on' . dlOOPeqil,} 
to determine the unknown currents. The thir 
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21.8 Kirchhoff's Rul,es and Simple DC Circuits 621 

14V 
e J + 

4Q 

l/2 
b -11 

C 

10 V l/3 

a - - - --'\M,----e d 
2Q 

figure 21.23 (Example 21.9) A circuit containing three 
lnop . 

11ould give no new information. Applying Kirchhoff's second 
,le Lo loop abcda and bejcb and traversing the e loops in the 
lnckwise di rection , we obtain the expressions 

~) Loop abcda: 10 V - (6 0)/1 - (2 0)1
3 

= 0 

~) Loop befcb: - (4 0)/2 - 14 V + (6 0)/1 - 10 V = O 

LC that in loop befcb, a po itive sign is obtained when tra­
,mg the 6-0 resi tor, because the direction of the path is 
io ite the direction of 11• A third loop equation for aejda 

<' - 14 = 2/3 + 412 , which i just the sum of (2) and (3). 

•tion Expre ion (1), (2) , and (3) represent three in­
icndent equations with three unknowns. We can solve the 
,blem as follows: Sub tituting (1) into (2) gives 

ample 21. 10 A MuJtiloop Circuit 

Under teady-state conditions, find the unknown currents 
he multiloop circuit shown in Figure 21.24. 

Jsoning Fir t note that the capacitor represents an open 
cuit, and hence there is no current along path ghabunder 
,tcly- late conditions. Therefore, 1fK = !Kb = h, = 11. La~el­

g the currents as hown in Figure 21.24 and applymg 
h.irchhoff' fi r t rule to junction c, we get 

(I) 11 + 12 = 13 

h.irchhoff' econd rule applied to loops dejcd and rfgbc gives 

(2) Loop dejcd: 4.00 V - (3.00 0)/2 - (5.00 0)/3 = 0 

(3) Loop rfgbc: (3.00 0)/2 - (5.00 D.)/1 + [l.00 V = 0 

S~lution From (1) we see that 11 = 1, - 12, which when sub­
lILULed into (3) gives 

(4) 8.00 V - (5.00 0)/3 + (8.00 0)12 = 0 

bn 

10 - 6/1 - 2(1, + 12) = 0 

(4) 10 = 811 + 212 

Dividing each term in (3) by 2 and rearranging the equation 
gives 

(5) -12 = -311 + 2/2 

Subtracting (5) from ( 4) e liminates / 2, giving 

22 = ll/1 

11 = 2A 

Using this value of /1 in (5) gives a value for 12: 

212 = 311 - 12 = 3 (2) - 12 = - 6 

/ 2 = - 3 A 

Finally, / 3 = I1 + I2 = - 1 A. H ence, the curren ts have the 
values 

The fact that 12 and / 3 are bo th negative indicates o nly that 
we chose the wrong direction for these curren ts. However, 
the numerical values are correct. 

EXERCISE 10 Find the potential difference between points 
band c. Answer V6 - V, = 2 V 

4 V 
d 

+ e 

lg t 5 Q 

3 Q 
C -

11 t 
I2 

S Q 

b 
+ g 
8 V 

l = 0 

a H - h 

3V 

Figure 21.24 (Example 21.10) A multiloop circuit. ote th 
Kirchhoff's loop equation can be applied to any clo ed loo at 
including one containing the capacitor. p, 
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Chapter 21 Current and Direct Current Circuits 

Subtracting ( 4) from (2), we eliminate J
3 

and find 

4.00 
I2 =--A= -0.364A 

Solution We can apply Kirchhoff's se 
( or any other loop that contains the cond l'Ule to 1.,,_ 

. · capacit ) ""P potential difference t::i. V, across the capa . or too 
11.0 

citor: •1nd. 

Because I2 is negative, we conclude that the direction of 1
2 

is 
fr~m c to J through the 3.00-0 resistor. Using this value of 
12 m (3) and (1) gives the following values for 1

1 
and 1

3
: 

- 8.00 V + t::i. V, - 3.00 y == O 

AV, ==11.ov 
Because Q = C l::i. V,, the charge on the ca . 

pacuor is 

11 = 1.38 A 13 = 1.02 A 
Q = (6.00 µ,F) (11.0 V) == 66.0 µ.C 

Under steady-state conditions, the capacitor represents an 
open circuit, and so there is no current in the branch ghab. 

(b) What is the charge on the capacitor? 

Why is the left side of the capacitor positive! 
y charged: 

EXERCISE 11 Find the voltage across the ca a . 
versing any other loop. An swc1 11.0 V p C!tor b1, 

21.9 • RC CIRCUITS 

So far we have discussed circuits with constant currents, or so-called sltad 
circuits. We shall now consider circuits containing capacitors, in which the cu;·' 

. . en may vary m time. 

Charging a Capacitor 

Consider the series circuit shown in Figure 21.25. Let us assume that the capao 
is initially uncharged. There is no current when switch S is open (Fig. 21.25b). 
the switch is closed at t = 0, charges begin to flow, setting up a current in thecirm 
and the capacitor begins to charge (Fig. 21.25c). Note that during the chargin 
charges do not jump across the plates of the capacitor, because the gap hen, 
the plates represents an open circuit. Instead, electrons m ove from the top p 
to the bottom plate only by moving through the resistor, switch, and batterrn 
the capacitor is fully charged. The value of the maximum charge depends on 

Resistor 

Capacitor 
t< 0 t>O 

- 1 

'L / . 
s 

(aj (b) 
arcuil d 

A . · · ' th · b and switch. (b) ..,. Figure 21.25 (a) capacitor m senes WJ a resistor, attery, . after the 
representing this system before the switch is closed, t < 0. (c) Circuit diagram 
closed, t > 0. 
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21.9 RC Circuits 

ernf of the battery. Once the maximum charge i reach d , the current in the circuit 
· zero. . . 1 

To put ~ i ~iscusswn on ~ qu~titative ba i , let u apply Kirchhoff ' econd 
ru]e to the circ~t after the witch 1 do ed. Choo ing clockwise as our direction 

d the circwt, we get aroun 

q 
c---IR = O 

C [21.30] 

where q/ C is the potenti~ difference across the capacitor and JR is the po tential 
difference across the re Istor. Note that q and I are instantaneous values of the 
charge and current, re~pectively, as the capacitor is charged. 

We can use Equation 21.30 to find the initial current in the circuit and the 
maximum ch_arge_ on the capacitor. At t = 0, when the switch is closed, the charge 
on the capaotor 1s zero, and from Equation 21.30 we find that the initial current 
in the circuit I0 is a maximum and equal to 

c 
Io= -

R (current at t = 0) [21.31] 

At tr time, the potential difference is entirely across the resistor. Later, when 
the pacitor is charged to its maximum value Q, charges cease to flow, the curren t 
in tl ircuit is zero, and the potential difference is entirely across the capacitor. 
ub uting I= 0 into Equation 21.30 yields the following expression for Q: 

Q = Cc (maximum charge) [21.32] 

To ermine analytical expressions for the time dependence of the charge and 
cur . we must solve Equation 21.30, a single equation containing two variables, 
qar In order to do this, let us substitute I = dq/ dt and rearrange the equation : 

dq c q 
-=- - -
dt R RC 

expression for q may be found in the following ~ay. R~arrange the _equa~on 
mg terms involving q on the left side and those mvolvmg ton the nght side. 
ntegrate both sides: 

__ d...:..q_ = - _1_ dt 
(q - Cc ) RC 

( q __ d..::..q_ - _ _ 1 ( t dt 

JO ( q - Cc ) R C Jo 

(
q- Ce) _ __ t 

ln - Ce - RC 

~ . th' . om the defi nition of the natural logarithm , we cari wnte is expres ion as 

q( t) = CB (1 - e- 1/ RC] = Q[l - e- 1/ RC] [21.33] 

"'here e i th b f th 1 1 ari· thm and Q = CB is the maximum charge on th e ase o e natura og 
e capacitor. 

• Maximum current 

• Maximum charge on the 
capacitor 

• Charge versus time for a 
capacitor being charged 
tlirou{Ih a resistor 
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624 

Current versus time • 

t<O 

C 

_r 
R 

-Q 

(a) 

1>0 

s 

C 

(b) 

Figure 21.27 (a) A charged ca­
pacitor connected to a re istor and 
a S\\itch, which is open al t < 0. 
(b) After the switch i closed, a 
nonsteady current is cc up in the 
direction shown and the charge on 
the capacitor decreases exponen­
tially with time. 

Chapter 21 Cum•11L and [)mrt (;u"ent Cirmi/1 

q 

0.63Cf. 

(a) 

I 

0.37/0 

(b) 

I. _ f. 
' I{ 

Figure 21 26 (a) Plot of capacitor charge vcrsu time for the circuit shol'.n in F ' . . 1gurr _ 
After one time constanL, T, the charge 1s 63.2% of the maxunum value, Ce The ch ~ -
proaches its maximum value a~ I approache in~nity. (.b) Plot of current versus tim~-r, 
circuit hown in Figure 21.25. The current has its maximum value, lo = C:1 R. at 1 " 0 
cays to zero exponentially as I approaches infinity. After one time constant, ,. tht curren 
crease to 36.8% of its initial v-d.lue. 

. An expr~s ion for the :hargin~ current may be foun? b} differentiating&, 
uon 21.33 with respect lo ume. Usmg I= dq/ dt, we obtain 

s 
J(t) = - e-t/ RC 

R [2Ut 

where 8 / R is the initial current in the circuit. 
Plots of charge and current versus time are shown in Figure 21.26. :-,;01e 

the charge is zero at t = 0 and approaches the maximum value of C8 as,-. x F 
21.26a). Furthermore, the current has its maximum value of [0 = 8 Rat 1 = · 

decays exponentially to zero as t - 00 (Fig. 21.26b). The quanlit) RC.. which appe; 
in the exponential of Equations 21.33 and 21.34, i called the ti.me constant.,, 
the circuit. It represents the time it lake the current to decrease to l 
initial value; that i , in the time T, I= e- 1 10 = 0.3710 . In a time of 2, l­
e-210 = 0.135/0 , and so forth. Likewise, in a time T the charge increase, from z 
to CS [l - e-11 = 0.63GB. 

The following dimensional analysis hows that T has units of time: 

[7] =[RC]= [flV X RJ = [_g_J = T 
I fl V Q/ t 

The energy decrease of the battery during the charging pron· i, lle . 
Ce 2. After the capacitor is fully charged, the energy tored in it is 1QS == (£ 

which is just half the energy decrease of the battery. It i left to an end--Of-dwpl 
problem to show that the remaining half of the energy supplied b, tht' b,Httn • 
into thermal energy di sipated in the resistor (Problem 52). 

Discharging a Capacitor 

'd I · · · F' 21 97 · · f aciwr l\ith an 
111 

ow con 1 er t 1e circu1t m 1gure ·- , cons1 t:mg o a cap ,,- 1 u 
(F' 9[ '~. 

charge of Q, a resistor, and a switch. When the witch i open ig. -.. j-difltr 
is a potential difference of QI C acros the capacitor and Lero potenu,i ·wrb<- ' 
across the re istor, because / = 0. If the witch i clo ed at/ == 0, tht' cap,ict 
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21.9 RC C11c111t 

discharge through the re i tor. t omc tit , 1 •· . 
to · · · / d ti I ne c lit mg the discharge the current ircu1t I an 1e c 1a.rge on ti . . , 
in the c 1e capacitor 1· q (Fig 21 ?7b) F [{j I 

(f 's econd ntle, we C that the potcnli I rn· . ' . -~ : rom re 1-
hO · 1 d"f£ a c I e1cncc acros the res1 tor JR must 
equal the potenua t erence aero s the capacitor, qi C: ' , , 

TR = !!_ 
C [21.35] 

J-1011r,·er, the. current~ the circuit must equal the rate of decrease of char e 
n the capae1tor. That 1 , J = - dql dt and so E · 

2 
g 

o • quat1on 1.35 become 

dq q 
-R-=-

dt C 

dq l 
- = - - dt 
q RC 

lntc~ratincr thi expre ion, u ing the fact that q = Q at t = 0, gives 

f q dq = - _} f I d/ 
JQ q RC ) o 

In(!) RC 

q(t) = Qe- t/ RC [21.36] 

D1 cntiating Equation 21.36 with re pect to time gives the current as a function 
of L: 

dq 
J(t) = - - = j e - t/ RC 

dt O [21.37) 

the initial current i / 0 = QI RC. Thu we see that both the charge on the 
tor and the current decay exponentially at a rate characterized by the time 
nt T = RC. 

inking Physics 7 

\ l\' automobiles are equipped with windshield wiper that can be u eel intermittently 
c. 111g a light rainfall. How does the operation of this feature depend on the charging 
.1 di. charging of a capacitor? 

soning The wipers are part of an RC circuit the Lime constant of which can be 
1• icd by electing different values of R through a multipo itioned switch. The brief 
11"1e that the wipers remain on and the Lime they are off are det ermined by the value 
~ !he time con tant of the circuit. 

Exan,ple 21. 11 Charging a Capacitor in an RC Circuit 

• Oiarge versus time for a 
dischargi,ng capacitor 

• Current versltS time for a 
discharging capacitor 

625 

.\.!1 uncharged capacitor and a re i tor are connected in ·erie 
to a banery as in Figure 21.25. If e = 12.0 V, C = 5.00 µ.F, 
and R :c 8.00 x lQ'> D., find the time con tant or the circuit, 

the maximum charge on the capacitor the n1ax· . . . • 1111um current 
111 the c1rcun, and the charge and current a . r · 

• c ,1 uncuon of 
ume. 

It, 
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• 626 
Chapter 21 Current and Direct Current Circuits 

Solution T he time constant of lhe circuit is T = RC= 
(8.00 X 105 fl) (5.00 X 10- 1; F) = 4.00 s. The maximum 
charge on the capacitor is Q = Ce = (5.00 X 
10 

6 
F) (12.0 V) = 60.0 µ,C. The maximum current in the 

cir~uic i I0 = 8 / R= (12.0V) /(8.00 x 105 .fl) = 15.0µA. 
U mg the e values and Equations 21 .33 and 21.34, we find 
that 

q(t) = 60.0(1 - e·'· ') ( 
µ. ' 

l(t) = 15.0e 111 µ.A 

EXERCISE 12 Calculate the charge 
0 . th . . af n the c the current m e circmt ter one time 4Pac1,, constan h ..,r 

\11,1H I 37.9 µ,C, 5.52 µA t 4ltl4 

Example 21. 12 Discharging a Capacitor in an RC Circuit 

Con ider a capacitor C being discharged through a resistor 
Ras in Figure 21.27. (a) Aft.er how many time constants is the 
charge on the capacitor one fourth of its initial value? 

Solution The charge on the capacitor varies with time ac­
cording to Equation 21.36, q(t) = Qe- 11nc. To find the time 
it takes the charge q to drop to one fourth of its initial value, 
we substitute q(t) = Q/ 4 into this expression and solve fort: 

iQ = Qe-t/RC 

i = e- t/ RC 

Taking logarithm of both sides, we find 

t 
-ln4= - ­

RC 

t = RC In 4 = 1.39 RC 

(b) The energy stored in the capacitor decreases with time 
as it discharges. After how many time constants is this stored 
energy one fourth of its initial value? 

Solution Using Equations 20.29 and 21 3
6 · We the energy stored in the capacitor at any u· ' can CXpr 
me tas 

q2 Q2 
U = 2 C = 2 C e-21/ RC = Uoe-211 Rr. 

where U0 is the initial energy stored in the c . 
apacnor ,_ part (a), we now set U = Uo/ 4 and solve fort: ·"' 

iUo = Uoe-2,1nc 

i = e-21/RC 

Again, taking logarithms of both sides and sohing r 
•Or tg;-i,. 

t = !RC In 4 = 0.693 RC 

EXERCISE 13 After how many time constants is thecurrtt? 
in the RC circuit one half of its initial value? 
Animer 0.693 RC 

EXERCISE 14 An uncharged capacitor and a resistor are connected in series to a 1ai.m 

of emf. If 8 = 9.0 V, C = 20 µ,F, and R = 100 fl, find (a) the time constant of the arCl!J. 
(b) the maximum charge on the capacitor, and (c) the maximum current in the ruruJ. 
Answe1 (a) 2.0 ms (b) 180 µ,C (c) 90 mA 

SUMMARY 

The electric current / in a conductor is defined as 

dQ 
l=­

dt 

121.l 

d in the Ullle · where dQ is the charge that passes through a cross-section of the con uctor 
The SI unit of current is the ampere (A); 1 A= 1 C/ s. . throu~h· 

The current in a conductor is related to the motion of the charge earners -
relationship 
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Summary 

· the density of charge carriers q is th · h . 
where 11 ·~ I ea of the conduct . ' . e1r c arge, v ,1 is the drift speed, and il is the secuona ar or. cross-. d . J . 

The current ens1ty m a conductor is defined as th . 
e current per unll area: 

I 
J • - = nqv A d [21.5] 

The resistance R ofa conductor is defined as the ratio of the potential dilference across 
the conductor to the current: 

11V 
R l!!! -

1 [21.7] 

The SI units of resistance are volts per ampere, defined as ohms (n). That is, 1 n = 
I \ ' \. 

If Lhe resistance is independent of ~e applied voltage, the conductor obeys Ohm's law, 
and conductors that have a constant resistance over a wide range of voltages are said to be 
ohm1r 

If a conductor has a uniform cross-sectional area of A and a length of e, its resistance is 

e 
R= p­

A [21.9] 

wh p i called the resistivity of the conductor. The inverse of the resistivity is defined as 
thL mductivity, u. That is, u = 1/ p. 

th,, 
he resistivity of a conductor varies with temperature in an approximaLely linear fashion; 

P = PoD + a(T- T0)] [21.11] 

wh a is the temperature coefficient of resistivity and p0 is the resistivity at some reference 
te1 ,·ature T0 • 

a classical model of electronic conduction in a metal, the electrons are treated as 
ml 1le of a gas. In the absence of an electric field, the average velocity of the electrons is 
ze \lien an electric field is applied, the electrons move (on the average) with a drift 
vel ty v d• which is opposite the electric field: 

qE 
V d = --;;; 7" [21.16] 

~h , is the average time between collisions with the atoms of the metal. The resi tivity of 
tht ,terial according to this model is 

m 
p = nq27" 

wh, 11 is the number of free electrons per unit volume. 

[21.19] 

1 a potential difference 11 Vis maintained across a re istor, the power, or rate at which 
ener •v 1s supplied to the resistor, is 

P= !AV (21.21] 

Beca,1se the potential difference across a resistor is 6 V = IR, we can expre s the power di -
sipated in a resistor in the form 

(11 V) 2 

P= P.R= -R- [21.22) 

The electrical energy supplied to a resi tor appears in the form of thermal energy in the 
re1istor. 

627 
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628 Chap ter 21 C11rrr11/ and Dzrprl Currrnl Cimuls 

The emf of a bauery is the vol'.age_across its tenninals when the current is,tr 

LI f 
· · I L to Llie opcn-c1rcu1t voltage of Lile battery. o 1 

,e em 1s equ1va en . . 
The equivalent resistance of a seL of resistors connected m series is 

Rcq = R1 + ~ + R3 + · · · 

f 
. d. 121 

The equivalent resistance of a set o resistors connecte m paral!PL is ghrn b,,, • 

I l 1 I 
-=-+-+-+··· 
Rcq R1 ~ ~ [2Jt 

Complex circuits involving more Lllan one loop are convenienlly anah7 cd . 

simple rules caJled Kirchhoff's rules: ll.l!n, 

1. The sum of Lile currents entering any junction must equaJ the sum of the c 

leaving L11at junction. un; 
2. The sum of Lile potentiaJ differences across the elements around any clo~ 

loop must be zero. 

The first rule is a statement of conservation of charge; the second rule i\ equna]!"" 
a statement of conservation of energy. 

When a resistor is u·aversed in ~e d'.rcction of ~e curre~t, th_e change in potenu.J.i 
across the resistor is - IR. If a resistor 1s traversed m the direcuon oppo~itc the currr,-

Ll V = +IR 
If a source of emf is traversed in Lile direction of the emf (negati,e to po~ill\r . 

change in potential i + 8. If it is traversed opposite the emf (po itive to negative). thrch 

in potential is - 8. 
If a capacitor is charged with a battery of emf 8 through a resistance R. the chal!;l 

the capacitor and the current in Lile circuit vary in time according to the expre ion 

q(l) = Q[l - e-t!RCJ 

8 
J(t) = _ e- t/ RC 

R 

(21.331 

[21JI 

where Q = CB is the maximum charge on the capacitor. The product RC is calkd the timt 
constant of Lile circuit. 

If a charged capacitor is discharged through a resistance R. Lhe charge and cww 
decrea e exponentially in time according to the expression 

q(l) = Qe t/RC 

I(t) = Io e-,;Rc 

[21.36 

[~l.3i 

where 10 = QI RC is the initial current in the circuit and Q is the initial charge on tb 
pacitor. 

CONCEPTUAL QUESTIONS - --------------------------------------
1. In an analogy between automobile traffic flow and electrical 

current, what would correspond to the charge Q? What 
would correspond to the current J? 

[!]What factors affect the resistance of a conductor? 

([]Two wires A and B of circular cross section are made of the 
ame metal and have equal lengths, but the resistance of 

wire A is three time greater than Lllat of wire B. v\That is t.he 
ratio of Llleir cross-sectional areas? How do their radii com­
pare? 

IAlu h . . lain \\hi the 12:.J se t e atomic theory of matter to exp' ...... 
. . tt·mperat"'· 

tance of a material should increase as its 

crease . d t 

5 E 1 
. h . . ·11prrcon uc . xp am ow a current can per 1st 1n a~ 

out any applied voltage. . . f the e1t·ctr1 
' 

@JvVhat would happen to the drift '"eloci~ 0 

1• trDll' 

a wire and to the current in the "irt' ii tht' e tC; 
h the ,11re 

move free lv without resistance throug hi di)(' 
r;,-, , h 11t't,ll, II 
~ If charges now very slowlv throug a 1 
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require several hours for a light to come O 1 
I

, n w ien )'Ou throw 
a S\,,cc 1. 

8 Jf \'OU were to de ign an electric heater using . 1 . 
<· h · l t h IC 1romew1re as che eanng e emen , w at parameter . f h . 

'fi s O t e Wire could ,ou \'ary to meet a pect c power outpul, 1 . f . sue 1 as 1000 W? 
9 Car bactene are o ten rated in arnpere-h . · 
· f ours. Doe~ tl11 des-
1anate the amount o current power en 
,,·· fr ' ' ergy, or charge th t on be drawn om the battery? a 

10 How would you connect re istors so that th . 
· · I th th · e equivalent re-
,,,cance I arger an e individual resistanc ' c· 

I · l · thr e · 1ve an e,,unp e mYo ving two or ee resistor . 

11 How "·ould you connect resistors so tliat ti . 
· all ti, . ie equivalent re-,,~iance 1 sm er an the individual r · . 
· , 1 · . e I ta.nee ? Give an 

r,ample mvo vmg two or three resistor . 
if \\bi i it po ible for a bird to sit on a hi h-vol . 
- \\l hout being elecrrocuted? g tage wire 

13 . .\ ·short circuit~ i a circuit containing a th f 
. arall I . pa o very low n ,1,cancthe m_J.:, ef with ome other part of the circuit. 

I' ,rn e c.u.ect o a short circuit on th . . . e portion of the 
c me tt parallels. Use a lamp with a fra)•ed 1. 

l 
me cord as an 

, ·np e. 

H \ ·ries circuit consists of three identical Jam . . ps connected 
battery, as m Figure Q2l. l 4 When the S\ ' t I S. 1 . V1 C 1 IS C osed 

happen (a) to the intensitie of lamps A a d s'. 
to I.he inten ity of lamp C; ( c) to the current in ::e cir~ 
and (d) to the voltage drop across the three 1 ~ 

) th d' . . amps. 
oe e power 1ss1pated m the circuit increase de-

,c or remain the same? ' 

A B C 

Figure Q21.14 

]j_ T, l h b ,g t ulbs both operate from 110 V, but one has a 
~o rating of 25 W and the other of 100 W. Which bulb 
as I e higher resistance? Which bulb carries the greater 

run nt; 
16. If tit . 

ctncal power is rran mitted over long distances, Lhe 
rt,"tance of the wires become significant. Why? v\Thich 
lllride of tr · · 1 h ' h ansm1ss1on would result in less energy oss- 1g 
current d 
D. an low voltage or low current and high voltage? 

II( Us .. 

h 

Conrrptual Q1mtzo11S 629 

17. Two c~ of Chri tmcl.) tree lights are available. For set 
when one bulb is removed, the remaining bulbs remain il­
luminated. For c t B, when one bulb is removed, the re­
maining bulb d o not operate. Explain the difference in 
wiring for the two cts. 

18. Are the two headl igh ts on a car wired in eries or in parallel? 
How can you tell? 

19. A ski rel.Ort consists of a few chair lifts and several intercon­
nected downhill runs on the side of a mountain, with a 
lodge at the bottom. The lifts arc analogous to batteries and 
the runs are analogous to resistors. Sketch how two runs can 
be in series. Sketch how th ree runs can be in parallel. Sketch 
a junction of one lift and two runs. One of the 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 con nected directly aero the battery 
terminals. 

--I+' -Battery Figure Q21.20 

21. Figure Q21.21 shows a series con nection of three lam ll 
rated at 120 V, with power ratings of 60 W, 75 w: ;;d 

Figure Q21.21 (Henry Leap and Jim Lehman) 
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630 Chapter 21 d Direct Current Circuits Current an 

200 W. vVhy do the intensitie of the lamps differ? Which 
lamp has the greatest re istance? How would their intensi­
tie differ if they were connected in parallel? 

PROBLEMS 

Section 21.l Electric Current 

l. In a particular cathode ray tube, the measured beam cur­
rent is 30.0 µA. How many electron strike the tube screen 
every 40.0 s? 

2. A teapot with a urface area of700 cm2 is to be silver plated. 
It is attached to the negative electrode of an electrolytic cell 
containing silver nitrate (Ag+ 0 3 -) . If the cell is powered 
by a 12.0-V battery and has a resistance of 1.80 fl, how long 
doe it take to build up a 0.133-mm layer of silver on the 
teapot? (Density of silver = 10.5 X 103 kg/ m 3.) 

[I)Suppose that the current through a conductor decreases 
exponentially with time according to l (t) = I0e- '1", where 
I0 is the initial current (at t = 0), and 7' is a constant having 
dimension of time. Consider a fixed observation point 
within the conductor. (a) How much charge passes this 
point between t = 0 and t = r? (b) How much charge 
passes this point between t = 0 and t = 10r? (c) How much 
charge passes tllis point between t = 0 and t = 00? 

4. A Van de Graaff generator produces a beam of 2.00-MeV 
deuterons, which are heavy hydrogen nuclei containing a 
proton and a neutron. (a) If the beam current is 10.0 µA, 
how far apart are the deuterons? (b) ls their electrostatic 
repulsion a factor of beam stability? Explain. 

5. An aluminum wire has cross-sectional area 4.00 X 10- 5 m2 

and carries a current of 5.00 A. Find the drift speed of the 
electron in the wire. The density of aluminum is 
2.70 g /cm3. (Assume one electron is supplied by each 

atom.) 

Section 21.2 Resistance and Ohm's Law 

6. A Jightbulb has a resistance of 240 fl 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 mm2• What is the current in the wire? 

8. Suppose that you wi h to fabricate a uniform wire out of 
1.00 g of copper. If the wire is to have a resistance of R = 
0.500 fl, and all of the copper is to be u ed, what will be 
(a) the length and (b) the diameter of th is wire? 

9. A 12.0-fl metal wire is cut into three equal pieces that are 
then connected side by ide to form a new wire the length 
of which is equal to one third the original length . What is 
the resistance of this new wire? 

[@]A student claims that a second ligh tbulb in 
bright than the first, because the first bulb !ene, 

Id Qses u 
the current. How wou you respond to th' P 

IS Statern en. 

lO. (a) Make an order-of-magnitude estimate of the r 
between the ends of a rubber band. (b) Make an~ 

d . fth . Orde;; magnitu e estimate o e resistance between the, 
and "tails" sides of a penny. In each case state ..... h h~ 

" atq 
ties you take as data and the values you measure or 
for them. (c) Don't try this at home, but each wou: 
current of what order of magnitude if it were conn <.:'l 

across a 120-V power supply? 
11. While traveling through Death Valley on a da\ when 

temperature is 58.0°C, Bill H iker finds that a Certain,~ 
applied to a copper wire produces a current of 1.00 .\. 
then travels to Antarctica and applies the same \'OI~ 
the same wire. What current does he register there if 
temperature is - 88.0°C? Assume no change in the ~tre 

shape and size. 
I 2. An aluminum rod has a resistance of 1.234 n at 20.0'C.U 

culate the resistance of the rod at 120°C by accounnn 
the changes in both the resi tivity and the dimensionsotlllt 
rod. 

13. A certain ligh tbulb has a tungsten filament with a res1•tm 
of 19.0 fl when cold and 140 fl when hot. Assume I!'.:: 

Equation 21.13 can be used over the large temperan:re 
range involved here, and find the temperature of the_fib. 
ment when hot. Assume an initial temperature of20.0'C 

14. A carbon wire and a ichrome wire are connected~\tn 
If the combination has a resistance of 10.0 l<l1 at O C. ~ 
. . h . ooc that the re i tan« 1s the resistance of eac w1re at o . 
the combination does not change with temperature· 

Section 21.4 A Model for Electrical Conduction 
. copper 111n: 

[ill lf the drift velocity of free electron .10 aeld in the c 
7.84 X 10- 4 m/ s, calculate the electnc fi 

ductor. . d bled, whacb 
16. If the current carried by a conductor is ou rrent de , 

. d sin-' (b) cu pens to the ( a) charge earner en ·1 · . t,et1ieen, 
(c) electron drift velocity? (d ) average ume 

sions? 

d power 
Section 21.5 Electrical Energy an 3 1. 

ected to . 
17. A toaster is rated at 600 W when conn and 11h31 

d the waster ccll'0• 
source. What current oe 
resi tance? 
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hvdroelectric in tallation, a turbine deliver 1500 hp to 
l In a h . h · t · 80 001. · rator w 1c m urn comerts · o of the mechanical agene ' . al U 

into elecmc energy. nder the e condition what enefg' . . . ' 
nt will the generator deliver at a terminal potential 

curre 2000 \ ', 
difference of . . . . 

__, 11 ti the reqwred re I tance of an 1mmer ion heater that 19 \I a 
:.;;, •11 increase the temperature of 1.50 kg of water from 

;·~.o•c to 50.0°C.in 10.0_ min while o~erating at 110 V? 
\\ 'hat i the reqmred re I tance of an immersion heater that 

io. ·u ·increase the temperature of a mass m of water from T 
111 , I 
to r. in a time interval t!:.t while operating at a voltage AV? 

~ uppo e that a voltage s~rge produce 140 V for a moment. 
::.- 81 what percentage will the power output of a 120-V, 

JOO-\\' Lightbulb increase assuming its re istance doe not 
change? 

99 A coil of Nichrome wire i 25.0 m long. The wire has a di­
-- arr eter of 0.400 mm and is at 20.0°c . If it carries a current 

0 o.500 A, what are (a) the electric field inten ity in the 
11 • and (b) the power di ipated in it? (c) If the temper­
.it Ire i increased to 340°C and the voltage across the wire 
r, ,1ain constant, wha t is the power di ipated? 

23_ B erie are rated in terms of ampere hour (A· h), where 
2 nery that can produce a current of 2.00 A for 3.00 h is 
r d at 6.00 A· h. (a) ·what i the total energy, in kilowatt 

rs, tored in a 12.0-V battery rated at 55.0 A- h? (b) At 
600 per kilowatt h our, what is the value of the electricity 
!uced by this battery? 

ec 21.6 Sources of emf 

24. \'hat is the current in a 5.60-D resistor connected to a 
1- n· that has a 0.200-D internal resistance if the terminal 

~e of the battery is 10.0 V? (b) What is the emf of the 
rv? 

2i tery has an emf of 15.0 V. The terminal voltage of the 
is 11.6 V when it is delivering 20.0 W of power to 

remal load resistor R. (a) What is the value of R? 
'hat is the inte rnal resistance of the battery? 

%. T 1.50-V batteries-with their positive terminal in the 
direction- are inserted in series into the barrel of 

d , h)ight One ba ttery has an internal resistance of 
. -n. the o ther an internal resistance of 0.153 .!1. When 

th ·itch is closed a current of600 mA occurs in the lamp. 
\'hat is the la~p's resistance? (b) Wh~t fraction of the 

po r·r di sipated is dis ipated in the battenes? 

Section 21.7 Resistors in Series and in Parallel 

t r. · to repair a 1 
\ tele1i ion repairperson needs a 100-u resistor . 
malfunctioning set. She is temporarily out of resist~rs of:~ 
ialue All he has in her toolbox are a 500-D resistor 
t\· '!- 0-n h d s·red re istance be ob-,ri .J u resistor . How can t e e 1 

tained from the resistors on hand? . d b 
a) Find the equivalent re istance between pomts a anV . 

in Figure P2I.28. (b) If a potential difference of 34.0 is 

ProblRms 
631 

1.oon 

10.on 

a b 

Figure P21.28 

al I the current in applied between points a and b, c cu ate 

each resistor. . . . 
21 29 

Find (a) the I 29.jConsider th e circuit shown 10 Figure p · · 'al differ-
curren t in the 20.0-D resistor and (b) the potentl 
ence between points a and b. 

a b 

20.0 n 

Figure P21.29 

30. A ligh tbulb 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 D . 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-.!1 resistor are connected, as shown in Figure 
P21.3I. The maximum power that can afely be dissipated 
in any one resistor is 25.0 W. (a) What i the maximum volt­
age that can be applied to the terminals a and b? (b) For 
the voltage determined in part (a), what is the power di si­
pation in each resistor? What is the total power di ipation? 

a 100 n 
100 n 

100 n 

Figure P2I.31 

b 

32. Four copper wires of equal length are connected in er­
ies. The ir cro -sectional areas are 1.00 cm2 , 2.00 cm2, 
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3.00 cm
2

, and 5.00 cm:?. lf a Yoltage of 120 Vi applied 
to the arrangement. determine 1.he Yoltage aero the 
2.00-cm2 wire. 

Section 21.8 Kirchhoff 's Rules 
and Simple DC Circuits 

(Note: The CWTents are not necessaril in the direction hown 
for ome circuits.) 

I 33.]Determine the CUtTent in each branch of the circuit in Fig­
ure P21.33. 

3.oo n 

1.00 Q 

.oon 
+ 

12.0 \' 

Figure P21.33 

34. In Figure P21.33, how how to add just enough ammeters 
to measure every different current that i flowing. how how 
to add ju t enough voltmeters to mea ure the potential dif-
ference aero each re i tor and aero ach battel)'. 

35. The circuit con idered in problem 33 and drawn in Figure 
P2l.33 i connected for two minute . (a) Find the energy 
convened by each battel)'. (b) Find the energy convened 
by each re i tor. (c) Find the total energy converted by the 

circuit. 
%. The ammeter in Figure 21.36 read 2.00 A. Find 11, I2 , 

and e. 

15.0V 

Figure P2I.36 

:,i ing Kirchho(f' rnle , (a) find th 
in Figure P2I.37. (b) Find the poteec~irrent1ne~ 

. d j "'h. h nual d1ft pomts can . v, 1c point i at th h. eren 
e •gher P<ite 

b C 4.00 kn 

~ € :I .._._ 
70.0 V 60.0 \ ' -

0.Q\ 

2.00 k.Q 
a~y.,ry--~~~f;:-~~~-.Jr 

R1 

Figure P21.37 

Section 21.9 RC Circuits 

'.~8. A 2.00 X 10- 3 µ,F capacitor \\ith an initial c 
5.10 µ,C discharged through a UO-IJl 
( a) Calculate the current through the resi,tor g 00 
the resi tor i connected aero the tem1inals of r 
pacitor. (b) vVhat charge remain on thl" l 

after .00 µ,s? (c) What i the maximum cnrrem m 
si tor? 

!39.jConsider a eries RC circuit (Fig. 21.'.!5\ for 11h 

1.00 Mil, C = 5.00 µ,F, and c = 30.0 \'. Find \a 

constant of the circuit and (b) the maximum chanr 
capacitor after the switch i do ed. (c) lfthesi,itch, 
at t = 0, find the current in 1..he resi tor 10.0 later 

40. In the circuit of Figure P2I.40, the ..,,itch 
open for a long time. It i then uddenh do. d Ott 

the time con tant (a) before the S\litch i, do 
(b) after the switch i do ed. (c) If the ,11itch i-t 
t = 0 s, determine the current through it as .1 tiin, 
time. 

50.0 kQ 
---V/'v--~-----i 

1 10.0V 

100 W 

Figure P2I.40 

r..-, l , •n conntClt"(( 
~ The circuit in Figure P2I.41 ha )t t . p.iC1tl'r 

time. (a) What is the ,·oltage ,1cro,, the l\ike thl' 

b . d" d I lono· clot'> ti • • attery 1s t connecte , 1011 " Jtacrt" 
· ·ri 11 ro '" to di charge to on tenth of 1ts 1n

1 
' 
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[0.0 V 

Figure P21.41 

Additional Problems 

9 One lightbulb i marked "25 W 120 V" and another 4
• · IOO \\' 120 V" to mean that each converts that re pective 

0,,er when plugged into a con tant 120-V potential differ­
~ncc. (a) Find the re i Lance of each. (b) In what time will 
1 00 C pas through t11e dim bulb? How i this charge dif­
krent on its exit versus its en try? (c) In what time will 
1 oo J pa s through the d im bulb? How is this energy dilfer­
t· 1 on its exit ver u its en t:1)1? (d ) Find me co t of running 
ti dim bulb continuou ly for 30.0 day if the electric com­
p 111 sell its product at , 0.0700 per kvVh. What physical 

,1tity doe the electric company ell? What is its price for 
SI unit of this quantity? 

43. ,gh-voltage transmi ion line of diame ter 2.00 cm and 
~th 200 km carrie a steady cun-en t of 1000 A. If me con­
,or i a wire made of copper wim a free charge density 
00 X 1028 electron / m3

, how long does it take one elec­
to travel the full length of the cable? 

H. uh-Yoltage tran mission line carries 1000 A starting at 
k\' for a distance of 100 miles. If the resistance in the 

· 0.500 D/ mi, what is the power loss due to resistive 
) 

fl5. :\ ,~per cable is to be de igned to carry a c~rrent of 
\ wi th a power loss of only 2.00 W/ m. What 1s the re­
l radius of the copper cable? 

~- f 1.50-V AA batterie in eries are used to power a tran-
radio. If the batteries can move a charge of 240 C 

b e being depleted , how long will they last if the radio 
h re i tance of 200 0 ? 

- :\ ttery has emf 9.20 V and internal resistance 1.20 0. 
( \'hat resistance across the battery will dissipate heat en­
er from it at a rate ofl2.8 W? (b) 21.2 W? 
:\ .0-µ,F capacitor is charged by a 10.0-V battery through 
a ·,1stance R. The capacitor reaches a pote~tial ~ifference 

;;:-, of l.00 \' in a tin1e 3.00 s after charging begms. Fmd R. 
~:\n electric heater is rated at 1500 W, a toaster at 750 W, 

and an electric grill at 1000 W. The three appliances are 
connected to a common 120-V circuit. (a) How much cur­
rent does each draw? (b) Is a circuit fused at 25.0 A suffi-
cient in thi situation? Explain. . 

O A rnore general definition of m e temperature coefficient of 
re,1~tivi tv is 

1 dp 
Ci = --

p dT 

Problt'lllS 
633 

e T. (a) Assum ing that . . . . , t tcmperatur . where p 1s the rcs1suv1ty a 
er is con~tant, ~how that 

_ p ('rr( l lo) p - 0 

. · · t temperature To. (b) sing 
where p0 is the res1suvity a h that the re-

. . ( ,.x - J + x· X 4i ] ) ' S OW the scnes expansion ~ - ' h re .·
10

n p = 
· ly by t e exp · s1st1v1ty is given approximate 

[ l + (T- T.)] fora(T - To) 4i 1. . . 
Po a o ure the electncal re is-~ An experiment is conducted to meas . 

1 
ths 

~ f · ·th different eng livity of Nichrome in the form o wires WI 

F et of measurements, a and cross-sectional areas. or one s . al ea 
. h ' h h a cross-section ar student uses #30-gauge wire, w ic as d h 

h ·re an t e cur-of 7.3 x 10- 8 m2• The voltage across t e WI 

d ·th oltmeter and amme-rent in the wire are measure WI av . . the 
h f th asurements given m ter respectively. For eac o e me th al 

tab.le below taken on wire of three different Ieng s, ~ -
· d the correspondmg culate the resistance of the wire an f th 

values of the re istivity. What is the average value .0 . e 
. ·th the value 01ven m resistivity, and how docs 1t compare WI t,· 

Table 21.l? 

e(m) ~V(V) I(A ) R(.0) p(.O ·m ) 

0.54 5.22 0.500 
1.028 5.82 0.276 
1.543 5.94 0.187 

52. A battery is used to charge a capacitor through a re i tor, a 
in Figure 21.25. Show mat in the proce s of charging the 
capacitor, half of the energy supplied by t11e battery i di -
sipated as heat in me resistor and half i tored in the ca­
pacitor. 

53. A straight cylindrical wire lying along the .-i: axis h as length 
e and diameter d. It is made of a material de cribed by 
Ohm's law with resistivity p. Assume mat potential V

0 
i 

maintained at x = 0, and V = 0 at x = e. In term of e, d, 
V0 , p, and physical con tants, derive expre ion for: 
(a) the electric fie ld in the wire; (b) the resistance of the 
wire; (c) the electric current in the wire; and (d) the cur­
rent density in the wire. Expres vector in vector notation. 
(e) Prove that E = pJ. 

Spreadsheet Problems 

Sl. Spreadsheet 21.1 calculate the average annual lighting co t 
per bulb for fluore cent and incande cent bulb and the 
average yearly aving realized with fluorescent bulb . It a l 

0 
graphs the average ann ual lighting co t per bulb ver us the 
cost of electrical energy. (a) uppo e that a fluore cent bulb 
costs 5, lasts for 5000 h, con ume 40 W of power , but pro­
vides the ligh t in ten ity of a 100-W incande cent bulb. _ 
ume that a 100-W incande cent bulb is on a t all tim and 

that energy co ts 8.3 cents per kWh. How much doe a con-
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sumer ·aye each year by wilching to Ouorc ·cent bulb ? 
(b) heck wilh vour local elecu·ic company for their current 
rate , and find the cost of bulbs in your area. Would it pay 
you to swilch to fluorescent bulb ·? (c) ary the parameter 
for bulb of differem wattage and reexamine the annual 
ming. 

2. The current-voltage characteri tic curve for a emiconduc­
tor diode as a function of temperature Ti given by 

I= Io(e'lll''koT- 1) 

where e i the charge on the electron, k8 is Boltzmann 's 
con tant, .1 Vis the applied voltage, and Ti the absolute 
temperature. et up a pread beet to calculate / and 
R = t:,. l'/ I for .1 V = 0.40 V to al'= 0.60 V in increments 
of 0.05 V. Assume /0 = 1.0 nA. Plot R ver u AV for 
T = 2 0 K, 300 K, and 320 K. 

3. The application of Kirchhoff' rule to a de circuit leads to 
a et of n linear equation in II unknown . It is very tedious 
to olve the e algebraically if n > 3. The purpo e of this 
problem i · to olve for the currents in a moderately complex 
circuit u ing mauu: operations on a spreadsheet. You can 
olve equation very easily this way, and you can al o readily 

explore the con equences of changing the value of the cir­
cuit parameter . (a) Con ider the circuit in Figure 21.3. 
Assume the four unknown currents are in the direction 
shown. 

• Apply Kirchhoff's rules to get four independent equa­
tions for the four unknown currents I,, i = 1, 2, 3, 
and 4. 

• Write the e equations in matrix form Al = B, that is, 

4 

L Al)~= B, 
r • 

i = 1, 2, 3, 4 

The solution is I = A 1B, whl't <· A , ,s lh 
trix of A. 

• cc n, = 2 n. R2 = 4 n, R1 - ri n F{ 
3 V, S 2 = 9 V, and s~ = 12 V. I fl 

• Enter the matrix A into your ~prcart~hel' 
11 U h 

. . . l.on, 
ce . se t e matnx 111vcrs1on opcPtic 

" >n of rh sheet to calculate A - 1• 

• Find the currents by using the matrix mi 1 ,, 
1 hpuca 

eration of the spread heet to calculatt• I :: A 
18 

(b) Change .t~e ign. of e3 , and repeat lhe cakuJ 
part (a). Thi I equivalent to changing the polan 
( c) et e 1 = S 2 = 0 and repeat the calculation 

1 
For these value , the circuit can be ~olved u,i~" 
series-parallel rule . Compare your re ulb u ingho; 
ods. (d) Investigate any other case ofinterc~t. Fore 
see how the currents change if you van· R1• 

R 

djt2 

'--------1 1---- - :dt I 

Figure S2I.3 

::.:A:.::..N:..:S...:.W....:E:....R_S_ T_o_ c_o_N_C_E_P_T_u_A_L_ P_R_O_B_L_E_M_S ___________________ ___ 

1. A voltage i not something that "surges" through a com­
pleted circuit. A voltage i a potential difference that is ap­
plied across a device or a circuit. What goes through the 
circuit is current. Thus, it would be more correct to ay, 
"l ampere of electricity urges through the victim's body." 
Although this currenl would have disa trous 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 
acros the victim's body," which till doe n't ound quite as 
exciting! 

2. The length of the line cord will double in this event. Thi 
would tend to increase the resistance of the line cord. But 
the doubling of the radiu of the line cord results in the 
cro s-sectional area increasing by a factor of 4. Thi would 

reduce the resistance more than the doubHng 0
~ ~ • 

crease it. The net result i a decrea e in rc,istannl. 
I t The i,11 

effect will occur for the Iightbulb fi amen · h 
si ta.nee will re ult in more current flowin~ chroug 

ament, causing it to glow more brightlY. . fir,t 
3. The bulb filaments are cold when the lamp d

1
' 

1 

11 · and rJ11 

on, hence they have a lower re ·1 ranee rrt'ntt 
· ·isecl cu rent than when they are hot. The mere, 

heat the filament and de u·o} it. 10 the 
. . · th electrom 4. The gravttat1onal force pulling e the dt'( 

of a piece of metal i much smaller than thr', 

pul ion pu bing the electron apart. Thtof ch.in:e• 
uted throughout the metal. The eoncep cal "ith 
on the urface of a metal i true for '1 

.
111e pircr, I 

I 11' Ill 3 charge. The number of free e ectro 
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the same as the number of po itive cry tal lattice ion - the 
cal has zero net charge. me . 

. The total amount of energy dehYered bv the battery will be 
'· le than £. Recall that a ba~tery can be con idered to be an 

ideal. re i tancele . battery 10 erie with the inten1al re is­
cance. \-\'hen chargmg, the energy delivered to the battery 
mclude the energy nee~ ary ~o. charge the ideal battery, 
plu the ene~. that goe ~nt~ ~ m~ the temperature of the 
batter.· due to Joule heaung 10 the mternaI re i tance. Thi 
Ianer energy is no t aYailable during the di charge of the bat­
ten. During di ch:rrge,_ part of the reduced available energy 
again transform mto internal energy in the internal re i _ 
~nee. further reducing the available energy below E. 

;. The tarter in the automobile draw a relatively large current 
from the battery. Thi large current cau e a ignificant volt­
ab drop aero the internal re i tance of the battery. As a 
re,,ilt. the terminal voltage of the battery i reduced, and the 
ht Jlights dim accordingly. 

i •• .\. lectrical device has a given re istance. Thu , when it i 
at •1ed to a power source with a known potential differ­
er a definite current will be dra,m. The de,i ce can be 
Ia ed \\ith both the voltage and the current. Batterie , how­
e ran be applied to a number of de,'ice . Each device will 
h a different re i tance, o the current from the battery 
11 ..ry with the device. As a re ult, only the voltage of the 
b ,. can be pecified. 

It:, 

Answm to Conct>ptual Problems 635 

C . . . 11 1 doe not increase the emf. onnecung battene m para e , 
A high-current deV1ce connecte to . . d ba tterie in parallel can 
draw current from both battene . u , . Th connecting the bat-
terie in parallel doe increase the po ible current output, 
and, therefore, the po ible power output. . 

. lb . · the overall re 1 tance of 9. As you add more hghtbu m enes, 
the circui t i increasing. Thu , the current through ~e bulb 
will decrease. Thi decrease in current wilJ re ult m a de­
crease in power tran ferred from the battery_- a _re ult, ~e 
battery lifetime will increase. The whole tnng will be dim­
mer than the original lightbulb. the current drop , the 
terminal voltage aero the battery ,~'ill become do er and 
clo er to the battery emf. . 

As you add more lightbulb in para/!£~ the overall re 1 

tance of the circuit is decreasing. The current through each 
bulb remain nearly the same (until the battery tarts to ge t 
hot). Each new bulb will be nearly a bright a the original 
lightbulb. The current leaving the battery \\'ill increase with 
the addition of each bulb. Thi increase in current will re ult 
in an increase in power tran ferred from the battery. As a 
re ult, the battery lifetime will decrea e. the current ri e , 
the terminal voltage aero the battery will drop further be­
low the battery emf. 
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