CURRENT AND RESISTANCE

Conceptual Questions

30.1. You can use a compass placed beside the wire and observe the compass needle change direction when the
battery is disconnected and then reconnected. So something must be happening in the wire. You can feel the heat
emanating from the light bulb. You can use charged glass and plastic rods to find that charge does not accumulate at
the light bulb. Energy is transferred somehow from the battery to the bulb. Some kind of charge carrier must flow
through the wire.

30.2. (a) No, either flow could explain the observations we can make. A flow of positive charges in one direction
through the circuit would “look the same” as a flow of negative charges in the opposite direction in terms of the
observations we can make.

(b) Yes. Connect a conducting wire between the plates of a charged parallel plate capacitor. The capacitor will
discharge as charges move through the wire from one plate to the other. The experiment provides evidence that the
charge is carried as discrete particles. We can recharge the capacitor plates using glass and plastic rods and rubbing
charges onto or off of the plates in discrete amounts.

30.3. The density of electrons is enormous so the mean time between collisions is very, very small. A huge number
of collisions can carry energy very, very quickly, seemingly instantaneously.

30.4. No. The net electric field inside the wire is zero.

30.5. Current is the rate at which charge moves through a wire. Current density, J, is the current per square meter of

. I
cross section: J = Z

30.6. I,=1,;>1,=1, Conservation of current insures that the current into the top junction point, /,, must equal
the current out of that point [, +/,.. Similarly at the bottom junction point [, +/, =1,;. Since the wires are identical,
1 b= 1 c-

30.7. a > b =c. Bulbs b and c are in series, thus the potential difference across each of them and current flowing
through them is smaller than for bulb a.

30.8. a = b =c. All three bulbs are connected directly to the positive and negative terminals of the batteries so have
the same potential difference across them, thus the same current and brightness.

30.9. (a) I, =1,. Due to conservation of current, the current everywhere in the wire is the same. The number of
charges passing per unit time must be the same in wires 1 and 2.
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30-2 Chapter 30

. 1 I .
(b) By definition, J; =— and J, =—. Since 4, < 4,, J; > J,.
4 4
. Ji J,
(¢) Since 01=0,=0, E,=— and E, =—=. So E|>E,.
o o

(d) We have J =nev,. Since J; >J,, (v;); > ().

30.10. (a) Since J = %, when [ is doubled, J is doubled.

(b) The conduction electron density is a property of the material, so it is unchanged.
(c¢) The mean time between collisions 7 is a property of the material and is unchanged for a constant temperature.

(d) Since J =nev,; andJis doubled but z and e are constants, v, is also doubled.

30.11. R, >R, =R, >R, >R,. Calculate R :p—AL:

R, - p_Lz - LL)Z 1 R,
zr ()(2r)* 2
pL 1 p(2L)
== —R R = = 2R
P 4 42 a
R o PAL
Coment

30.12. (a) True. The chemical reactions in the electrolytes separate the positive and negative charges. This creates a
potential difference. The charges flowing in the circuit have energy due to this potential difference.

(b) False. It is true that a battery is a source of potential difference. But the potential difference is always the same
ONLY for an ideal battery. In a real battery there are energy losses in the battery itself so the terminal voltage is not
always the same.

(c) False. The current leaving the battery depends upon the resistance in the circuit.

Exercises and Problems

Section 30.1 The Electron Current
30.1. Solve: Using Equation 30.3 and Table 30.1, the electron current is

i=ndvg=(59%10% m™)7(05x107° m)*(5.0x107° m/s)=23x10'® 57!
The time for 1 mole of electrons to pass through a cross section of the wire is

o= Naximole _ 6.02x10%
i 23x10" s~

- =262x10° s=3.0d

Assess: The drift speed is small, and Avogadro’s number is large. A time of the order of 3 days is reasonable.

30.2. Solve: The wire’s cross-sectional area is 4 =7zr>=z(1.0x107 m)®> =3.1415x10° m?, and the electron

current through this wire is i =% =20x10" s7". Using Table 30.1 for the electron density of iron and Equation
4
30.3, the drift velocity is

i 2.0x10" §7!

= = =75x107> m/s =75 pum/s
nd  (85x10%® m™)(3.1415x107% m?)

Vd
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Current and Resistance 30-3

Assess: The drift speed of electrons in metals is small.

30.3. Solve: The number of electrons crossing a cross-sectional area of a wire is the electron current i.

2
(2.0x107* m/s) =2.4x10" 7!

-3
i=ndv, =(6.0x10% m‘%;{%]

The electron density » for aluminum is taken from Table 30.1. The number of electrons passing through the cross
section in one day is

N, =iAt = (2.4x10" s71)(365 days)(24 hr/day)(3600 s/hr) = 7.6 x10%° electrons

Assess: The large electron density compensates for the small drift velocity to deliver a huge number of electrons in
current.

30.4. Solve: Equation 30.2 is N, =nAvgAt. Using Table 30.1 for the electron density, we get

4 ZDt Ne
4 nvyAt

16
~p= | ANe _ - 34(1'0“?4) — =93x107 m=0.93 mm
mnvght \ m(5.8x10% m)8.0x10~ m/s)(320x107° s)

Section 30.2 Creating a Current

30.5. Model: Use the conduction model to relate the drift speed to the electric field strength.
Solve: From Equation 30.7, the electric field is

mvg _ (911x107" kg)(2.0x10™* m/s)

E= ~19 “14
et (1.60x107° C)(5.0x107* 5)

=0.023 V/m

30.6. Solve: (a) Each gold atom has one conduction electron. Using Avogadro’s number and n as the number of
moles, the number of atoms is

14 ’L
N=nNy=-2nN,=L"N, =MNA
My My My
The density of gold is p =19,300 kg/m3, the atomic mass is M, =197 g molfl, r=0.50x10"> m,L=0.10m, and
Np =6.02x 103 mol ™. Substituting these values, we get N =4.6X 10%! electrons.

(b) If all the electrons are transferred a charge of (4.6><1021)(—1.60><10_19 C)=-740 C will be delivered. To

deliver a charge of —32 nC, however, the electrons within a length / have to be delivered. Thus,

l_—32><10‘9 C

10 C (10 cm)=43x10""% cm=43x1072 m

30.7. Model: We will use the model of conduction to relate the electric field strength to the mean free time between
collisions.
Solve: From Equation 30.8, the electric field is

netd . _ (8:5x10% m™)(1.6x107" C)42x10™ 5)7(09x107* m)?

- 0.065 V/im=1.6x10%° 7!
m (9.11x107! kg)

i:
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30-4 Chapter 30

30.8. Solve: (a) The electron current is

. i (3.5x10'7 571
l—nAVd =SV == 78 -3 —4 2
nd  (6.0x10%® m)z(5.0x10™ m)

=7.43%107 m/s
The electron drift speed is 7.4 % 107® my/s. The electron density for aluminum is taken from Table 30.1.
(b) The electron drift velocity is related to the electric field in the wire by

-3 -6
N (9.11x107! kg)(7.43x107° mys)

_ —14
5 ~ =21x107"% s
m eE  (16x107" C)(2.0x10 V/m)

Assess: This is about the right order of magnitude based on the examples in the text.

Section 30.3 Current and Current Density
30.9. Visualize:

Wire

L
i dyire = 1.5 mm

Filament, dgj,mene = 0.12 mm

The current density J in a wire, as given by Equation 30.13, does not depend on the thickness of the wire.
Solve: (a) The current in the wire is

2
Lyive = JireAyire = (4.5%10° Afmz);rB(l 5%x107 m)} =0.795 A

Because current is continuous, /,;e = Ijament- 1MUS, Lflament = 0-975 A =0.80 A.
(b) The current density in the filament is
- Iﬁlament — 0.795 A

lament —

Jii

~=7.0x10’ A/m?

A
filament ﬂ[;(0.12x10_3 m)}

30.10. Solve: (a) The current density is

11 085 A
A zR?

. =1.7x10" A/m?
HB(O.ooozs m)}

(b) The electron current, or number of electrons per second, is

Ne _I_ 0'85f9 - 0'85%9 =53x10'% 57!
At e 160x10° C 160x10"° C
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Current and Resistance 30-5

30.11. Solve: From Equation 30.13, the current in the wire is
I=J4=(750x10° A/m*)(2.5%107® mx75x107® m)=0.141 mA

The charge that flows in 15 min is the current times the time.

0 =1At=(0.141 A)(900 s)=127 C=130 C

30.12. Visualize: The relationship between current, charge, and time is 1 = AQ/At.
Solve: The current is I = AQ/At =9.0x10712C/(5.0x10™*s) =1.8 uA

Assess: We expect a small current due to very small flow of charge.

30.13. Solve: Equation 30.10 is O = JAt. The amount of charge delivered is

. 0
0=(100 A)(S.O minx——0 j =3.0x10° C
min
The number of electrons that flow through the hair dryer is
3
=2 300 C _geni02

e 160x107° C

30.14. Solve: From Equation 30.10,

;.0 _Ne_ (2.0x10)(1.60x107'° C)

3 =0.0032 C/s=0.0032 A=32mA
At At 1.0x107 s

30.15. Visualize:

7.1
fobib

—0

P77

Tr+++++++++

i
}

The direction of the current 7 in a material is opposite to the direction of motion of the negative charges and is the
same as the direction of motion of positive charges.
Solve: The charge due to positive ions moving to the right per second is

q. =N, (2e)=(5.0x10")(2x1.60x107" C)=1.60x107 C
The charge due to negative ions moving to the left per second is

g_=N(—e)=(6.0x10" s)(-1.60x107'° C)=-096x107 C
Thus, the current in the solution is

-3 -3
;o4 q_:1.60><10 C 1( 0.96x10 C):2.56><1073A:2.6mA
t S
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30.16. Visualize:

Cross section
a of wire

Solve: The current-carrying cross section of the wire is
A= - mr} = 2[(0.0010 m)* — (0.0050 m)*]=2356x107° m?
The current density is

10 A

= =42x10° A/m’
2356x107° m

30.17. Solve: (a) The current density is

=L=i“=6.25><105 A/m? =63x10° A/m?
A 40x10°m

(b) Using Equation 30.13 and Table 30.1, the drift speed is

J 6.25x10° A/m?
ne  (6.0x10% m™)(1.6x107" C)

=65%107 m/s

Section 30.4 Conductivity and Resistivity

30.18. Model: Use the model of conduction to relate the mean time between collisions to conductivity.
Solve: From Equation 30.16, Table 30.1, and Table 30.2, the mean time between collisions for aluminum is

moy  (911x107! kg)(3.5x107 Q7'm™)
‘[Al = > =

=21x107"s
nye?  (6.0x10% m=)(1.60x10717 C)?

Similarly, the mean time between collisions for iron is 7;,,, =4.2X 1075 s..

mron

Assess: The mean time between collisions in metals are of the order of 1074 s.

30.19. Solve: The current density is J = oE. Using Equation 30.17 and Table 30.2, the current in the wire is

I=0EA=(35%x10" Q'm™")(0.012 V/m)(4x107° m?)=1.68 A

30.20. Model: Assume the battery is ideal.
Solve: (a) The electric field inside the wire is E = AV, /L. Attaching the wire to the battery makes AV, .=

AV =1.5 V. Thus,

E= 5V =10 V/m
015 m

(b) Using Table 30.2, the current density is

J=op=Eo_10VM __ (70100 Am?
p 15x10°Qm
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Current and Resistance 30-7

(¢) The current in a wire is related to the potential difference by 7 = AV;../R. Thus,
R= Avire 15V _ 075 Q
1 2A

The resistance is related to the wire’s geometry by

-6
r=PL_pPL _ _ |pL_ [ASXI07Qm)OISm) 11 164 1031 mm
A ot 7R 7(0.75 Q)

Thus, the wire’s diameter is d = 2r = 0.62 mm.

30.21. Solve: From Equations 30.17 and 30.18, the resistivity is

E_E EA_Exr* (0085 V/im)z(15x107 m)?

p=—=—=== =50x10°Qm
J /A 1 1 12 A
30.22. Solve: From Equations 30.17 and 30.18, the resistivity is
2 32
E_E _EA_Em’ _(00075 Vimm(050x10~° m)’> _ o 6

P53~ 1 1 39%x107 A

From Table 30.2, we see that the wire is made of nichrome.

30.23. Solve: (a) Since J = oF and J = I/A, the electric field is

R 0.020 A
od nr’c  m(025x107° m)(6.2x10" Q'm™)

E =1.64x107 V/m

(b) Since the current density is related to v; by J =1/4=nev,, the drift speed is

Y 0.020 A
Vq =

= = =110x10" m/s
wr*ne  m(025%107° m)*(5.8x10%® m™)(1.60x107" C)

Assess: The values of n and o for silver have been taken from Table 30.1 and Table 30.2. The drift velocity is
typical of metals.

30.24. Model: Because current is conserved, the currents in the two segments of the wire are the same.
Solve: The currents in the two segments of the wire are related by I; =1, =1. But 1 = A4J, so we have 4,J; = 4,J,.

The wire’s diameter is constant, so J; =J, and 01E| = 0,E,. The ratio of the electric fields is

E, o _ 1 1

E, o, o0you 2

30.25. Visualize:

N

int

T+ + [+ + + +
~

1cm X 1 em X 1 cm block
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30-8 Chapter 30

Solve: The current density through the cube is J=0F, and the actual current is /= A4J. Combining these
equations, the conductivity is

1 9.0 A

o=—=—"— 5 =180x10" Q 'm™!
AE (107 m?)(5.0x107° V/m)

If all quantities entering the calculation are in SI units then the result for o has to be in SI units. From the value for o,
we can identify the metal as being tungsten.

30.5 Resistance and Ohm’s Law

30.26. Model: Assume the battery is ideal.

Solve: (a) Because the battery provides a current of 0.50 A and the current is defined as the amount of charge that
passes through a cross section per second, the charge lifted by the escalator is 0.50 C/s.

(b) The work done by the escalator in lifting charge Q is

W=U=0AV =(1.0C)Q5V)=15]
(c) The power output of the charge escalator is the work done by the escalator per unit time:

pl _AU_QAV

=IAV =(0.50 A)(1.5 V)=0.75 W
At AL A

30.27. Solve: (a) Resistivity depends only on the type of material, not the geometry of the wire. Wires 1 and 2 are
made of the same material, so p, = p; and thus p,/p; =1.00.

(b) The resistance of a wire of length L and radius r is given by Equation 30.22:

poPL_pPL
A 7z

Because the two wires have the same resistivity,

Ry _plLynry _(n zﬁ_(lJZZ-l—oso
R pLim? \n) L \2)1 2 7

30.28. Solve: (a) Using Table 30.2 and Equation 30.22, the resistance is

RoPL_pL _ (2.4x1078 Qm)(2.0 m)

=15Q
VY 7(1.0x10™* m)?

(b) The resistance is

_pL_pL _(35x107° Qm)(0.10 m)

R
4 4° (0.0010 m)?

=35Q

30.29. Solve: We can identify the material by its resistivity. Starting with the wire’s resistance,

2 2
RoPL_pPL _ _ar’R_ (00004 m)*(L1Q)

=55%107° Qm
Azt L 10 m

From Table 30.2, we can identify the wire as being made of tungsten.
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Current and Resistance 30-9

30.30. Model: Assume the battery is an ideal battery.
Solve: Connecting the wire to the battery leads to an electric field inside the wire that is given by Equation 30.19:

Eyire =% = AV = LE e = (0.30 m)(5.0x107"% V/im)=1.5x107% V=15 mV

30.31. Model: Assume the battery is an ideal battery.
Solve: (a) The current in a wire is related to its resistance R and to the potential difference AV, between the ends

of the wire as

1 Mire Al _ 15V _ 0
R I 050A

From Equation 30.22,

-3 2
RoPL_ , _RA_(0Qm(030x107° m)® _

. 30 m
A Yy 28x107° Qm

(b) For a uniform wire of the same material, R e L. If the wire in this problem is cut in half, its resistance will
decrease to %(3 Q)=15Q. Thus, using I =A /R, we have I =1.0 A.

Vwire

30.32. Model: Assume the battery is an ideal battery.
Solve: We can find the current / from Equation 30.23 provided we know the resistance R of the gold wire. From
Equation 30.22 and Table 30.2, the resistance of the wire is

-8
Rzp_sz_L2=(2.4><10 Qm)gloozm)2305.6Q:>]=AVwire _070V L,
A4 m?  m(0050x107° m) R 3056Q

30.33. Model: The resistance of a “resistor” (the blood-filled artery in this case) is given by R =L/0A.
We are asked for the resistances of the blood itself, so we ignore the artery walls.

Visualize: We are given L=020 m and A= 7zr> = 7(d/2)* = 7(0.0050 m)? = 7.85x107 m?.
Solve:

L (0.20 m)

- — ———-=4100Q
o4 (063Q7" - m™)(785x10 m?)

Assess: 4100 Q is a reasonable value of resistance, neither extremely large nor extremely small. The value of the

conductivity of blood is also neither extremely large nor extremely small, so we are satisfied with our answer.

30.34. Solve: From Table 30.2, the resistivity of carbon is p=3.5x10" Qm. From Equation 30.22, the
resistance of lead from a mechanical pencil is

R PL_PL _ (3.5%107> © m)(0.060 m)

=55Q
A 7(035x107 m)?
Now apply Ohm’s law:
=BV 90V _i6a
R 55Q

Assess: 1.6 A is a pretty good current. The lead might warm up.
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30.35. Solve: From Table 30.2, the resistivity of aluminum is p=2.8x10"% Q m. From Equation 30.22, the length
L of a wire with a cross-sectional area 4 and having a resistance R is

_ AR _ (10x10™° m)* (1000 Q)

L 8
p 28x10°Qm

=357m

The number of turns is the length of the wire divided by the circumference of one turn. Thus,
3.57 1113 ~380
272(1.5%107° m)
30.36. Solve: The slope of the I versus AV graph, according to Ohm’s law, is the inverse of the resistance R. From

the graph in Figure EX30.36, the slope of the material is

AV _100 V
I 2A

= 50Q

30.37. Solve: We need an aluminum wire whose resistance and length are the same as that of a 0.50-mm-diameter
copper wire. That is,

RCu = pCuL =RA1 = pAlL = AAl =(ﬂJACu 37'[1”‘,51 Z(ﬂj”rczu
ACu AA] Pcu

iy
Sy = [P, = (20265 tm) =032 mm
e 17x10° Q m

We need a 0.64-mm-diameter aluminum wire.

30.38. Solve: Equation 30.17 will be used to relate electric field strength with the diameter. We have

2
I 4] O'E:>I=O7[ED

J: = e—
%ﬂDz zD? 4

L
4

Because the current is the same in the two wires,

2
E. _| Caluminum Daluminum E .
nichrome — aluminum

Ohichrome D nichrome

Using the values of o from Table 30.2,

2.0 mm

3.5x107 Q' m™! (1.0 mm
6.7x10° Q' m™!

2
E ichrome = [ j (0.0080 V/m) =0.104 V/m = 0.10 V/m

30.39. Model: We will not initially assume the material is ohmic; this is what we are trying to find out.
Visualize: If an object (resistor) is ohmic then a graph of / vs. AV will be linear and the slope will be 1/R. The cross-

sectional area A4 =(1.0x10~> m)x(0.50x10~> m)=0.50x10"% m>.
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Solve:
Ivs. AV
y=2.485x + 0.015, R2 = 0.9951
2.54
2 -
< s
g
—
3 1A
0.5
O T T T

T T
0 0.2 0.4 0.6 0.8 1
Voltage (V)

We see from the graph that the linear fit is excellent and the slope is 2.485 A/V. The intercept is also very small,
which agrees with our hypothesis that the two variables are directly proportional (and linearly related), so we proceed
to compute the conductivity. From R = pL/4A and o =1/p we get

sloe—l—o-—A
P R L

Solve for o:

o= (slope)(L) _ (2485 A/V)(45 %107 m) _

—— 22x10° Q'm™!
A 0.50x10™° m

Assess: The material is ohmic, but not a particularly great conductor since the conductivity is a couple of orders less
than the metal conductors in the table.

30.40. Solve: (a) The moving electrons are a current, even though they’re not confined inside a wire. The electron
current is

—6
Ne I_ SOXI0 A 5y ¢!

At e 160x107"° C

This means during the time interval Ar=1s, 3.1 x 10" electrons strike the screen.
(b) The current density is

—6
gl L SOXI0TA 00102 A/m?

"4 % 2(0.00020 m)
(¢) The acceleration can be found from kinematics:

_(4.0x107 m/s)?

: =1.60x10"" m/s>
2(5.0x107> m)

Vi = (4.0x107 m/s)? =2 + 2aAx = 2aAx = a

But the acceleration is a = F/m = eE/m. Consequently, the electric field must be

ma _ (911x107" kg)(1.60x10"7 m/s)
e 16x107" C

E= =91x10° V/m
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(d) When they strike the screen, each electron has a kinetic energy

K =1my =19.11x107" kg)(4.0x107 m/s)=7.288x107'% J

Power is the rate at which the screen absorbs this energy. The power of the beam is

AE N, _ -
P="" =K =(7.288x107'° )(3.1x10"* s71)=0.23 J/s =023 W
At At
Assess: Power delivered to the screen by the electron beam is reasonable because the screen over time becomes a
little warm.

30.41. Solve: (a) The current associated with the moving film is the rate at which the charge on the film moves past
a certain point. The tangential speed of the film is
rev 1 min_ 27z rad

v=or=(90 rpm)(4.0 cm) = 90——xXx
min  60s 1 rev

x1.0 cm =9.425 cm/s

In 1.0 s the film moves a distance of 9.425 cm. This means the area of the film that moves to the right in 1.0 s is
(9.425 cm)(4.0 cm) =37.7 cm?. The amount of charge that passes to the right in 1.0 s is

0=(37.7 em?)(—2.0x10™ C/em?)=-75.4x10"" C

Since I =Q/At, we have

—(75.4%x107° C)

1= =75.4nA
1s

The current is 75 nA.
(b) Having found the current in part (a), we can once again use / = Q/At to obtain Az:

0 -10x10~° C
Ar==%=l——1-1335~130s
I 754x107° A

30.42. Model: The current is the rate at which the charge of the ions moves through the ionic solution.
Solve: Because the atomic mass of gold is 197 g, the number of gold atoms is

N

M 050g
My 197 g mol

]aoleo23 mol~! =1.53x10?! atoms

We need to deposit N = 1.53x10%! gold ions, each with a charge of -1.60x107" C, in 3.0 hours on the statue. The
current is

;29 (1.53x10?1)(1.60x107"° C)
At 3.0x3600 s

=23 mA

30.43. Model: Current is the rate at which the charge moves across a certain cross section.
Solve: (a) For the circular motion of the electron around the proton, Coulomb’s force between the electron and the
proton causes the centripetal acceleration. Thus,

=6.56x10" Hz

2

1 |-ele _m_ﬂ_ﬁ(ﬂf Ll (9.0x10° N m%/C2)(1.60x107"? C)?
drey r r r T

T 472(0.053x107° m)>(9.11x107! kg)

The frequency is 6.6x10" Hz.
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(b) Charge Q = e passes any point on the orbit once every period. Thus the effective current is

=2
At

=ef =(1.6x107!% C)(6.56x10"° Hz)=1.05x10"> A

£
T

30.44. Solve: (a) A current of 1.8 pA for the potassium ions means that a charge of 1.8 pC flows through the
potassium ion channel per second. The number of potassium ions that pass through the ion channel per second is

18x107'2 C/s

m=1125><107 S71
.OX

Since the channel opens only for 1.0 ms, the total number of potassium ions that pass through the channel is
(1.125%107 s71)(1.0x107> s) =1.13x10* atoms.
(b) The current density in the ion channel is

—12
__ 18pA  _ 18x10PA g s

J= 27 -9 2
7(030nm/2)>  7(0.15x10~° m)

L
4

30.45. Solve: (a) Current is defined as / = Q/A¢, so the charge delivered in time At is
0 =1At=(150 A)(0.805)=120 C

(b) The drift speed is

J_UA_ I 150 A

—= 5 — ——=5.617x10"" m/s
ne ne mrine x(0.0025 m)*(8.5x10% m)(1.60x107"" C)

At this speed the electrons drift a distance

d=(5.617x10"* m/s)(0.80 s) = 4.49%x10™* m =0.45 mm

30.46. Solve: The total charge in the battery is
O =1At=(90 A)(3600 s)=3.2x10° C

30.47. Model: We assume that Ohm’s law applies to the situation.

_Ar
R

1

We also use Equation 30.22, which gives R in terms of p, L, and A4.

R=PL
A

Visualize: We are given that AV =90V,L=0.050m,/=230 4A, and A=7xr’=7r(d/2)* =7(1.5 mm/2)* =
1.77%107% m?.

Solve: Combine the two previous equations.

_RA_AV A_ (90 V)(1.77x10° m*) _

s 14Q-m
L I L (230107 A)(0.050 m)

Assess: This resistivity is close to the value for blood (1.6 € - m) found in references.
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30.48. Model: The resistance of a wire is related to its resistivity, length, and cross-sectional area by R = pL/A4. The

area of a wire is related to its diameter by 4 = zd %/4. The potential drop across a resistor is related to the resistance
of the resistor and the current through the resistor by AV = IR.
Solve: (a) The resistance between the hands is

R=pL/A=pLi(rd*/4)=4pL/(rd*)=4(5.0 Q-m)(1.6 m)/(7(0.10 m)*)=1.0x10*> Q
(b) The potential difference across a resistor of this size when there is a current of 100 mA is
AV =IR=(010 A)(1.02x10° Q)=100 V

Assess: This result tells us that a potential difference of 100 V can cause lethal currents when your skin is wet. This
should give you new respect for the potential difference at all of your electrical outlets.

30.49. Solve: Equation 30.13 defines the current density as J = I/A. This means

2
A= L /ﬂ= LIA%:O.OSOcm:O.SOmm
4 J wJ (500 A/em”)

Assess: Fuse wires are usually thin.

30.50. Visualize:

T N =] / Hollow cylinder

—ia
b
L ro| -
N 1
1
— \

— \
—t |

——— Surface at radius
r from the cylinder axis

Solve: (a) Consider a cylindrical surface inside the metal at a radial distance » from the center. The current is
flowing through the walls of this cylinder, which have surface area 4 =(27zr)L. Thus

[=J4=0EQnr)L

Thus the electric field strength at radius 7 is

T
2nolLr
(b) For iron, with 6=1.0x10" Q7' m™,
Einner = 2 A 7 1 1 ( ! j= 4.0)(10_4 V/m
272(0.10 m)(1.0x10” Q'm™") )1 0.010 m
Eouter = 2 A e ( 1 J= 159x107* V/m
272(0.10 m)(1.0x10” @ 'm™") )1 0.025 m
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30.51. Visualize:

(g

Hollow sphere

Solve: (a) Consider a spherical surface inside the hollow sphere at a radial distance r from the center. The current is

flowing outward through this surface, which has surface area 4= 47rr*. Thus
I =JA=cE(4nr?)

Thus the electric field strength at radius 7 is

E= ! 5
4ror
(b) For copper, with o = 1.0x10” Q' m™,
25 A 1
inner — PN | 3 =3.3><10_4 V/m
47(6.0x10° Q7" m ") (0.010 m)
outer = 257A - 1 ~=53%10" N/C
47(6.0x10° Q™" m™") (0.025 m)
30.52. Solve: (a) Since I = AQ/A¢, for infinitesimal changes
1:£21(4t—t2):4—2t
dt dt
(b)
I(A)
4 .
2 -
0 T T T t(s)
1 2 3 4
_2 -
_4 -

30.53. Solve: (a) Since I = AQ/At, for infinitesimal changes

I= ‘;—? = %(20 C)(1—e29%) = (20 C)(—e >0 5)(~1/2.0 5) = (10 A)e™/>0¢

(b) The maximum value of the current occurs at £=0s and is 10 A.
(c) The values of 7 (A) for selected values of ¢ are

t(s) 0 1 2 4 6 8
I(A) 10 6.07 3.68 1.35 0.50 0.18

10
0.07
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1(A)

10

t(s)

30.54. Solve: (a) Because / =dQ/dt,
_ (! /2.0 us) 7, [/ —1/2.0 us\ || _ /2.0 us
0=[1di=[ (2.0 A)e dt = [( 4.0 A us)e )]O =(4.0 yC)[l e ]

where we have used the condition Q=0Cat¢=0 us.
(b) The values of Q (1C) for selected values of ¢ are

t (us) 0 1 2 4 6 8 10
0 (uC) 0 1.57 2.52 3.46 3.80 3.92 3.98
0 (uC)
4
2
T T t (us)
0 5 10

30.55. Model: Because current is conserved, the current flowing in the 2.0-mm-diameter segment of the wire is the
same as in the 1.0-mm-diameter segment.

Visualize: We will denote all quantities for the 1.0-mm-diameter wire with the subscript 1, and all quantities for the
2.0-mm-diameter wire with the subscript 2.

Solve: Equation 30.13 is J = nev,. This means the current densities in the two segments are

J| =nevy, Jy =nevy,

Dividing these equations, we get vy, = (J,/J|)vy;. Because current is conserved, /; =1, =2.0 A. So,

2 2
L b A, A= vd1=(1'0mmJ (2.0x107 m/s) =5.0x10~° m/s
B LA A 4, "\, 2.0 mm

Assess: A drift velocity which is small and only (%) of the drift velocity in the 1.0-mm-diameter wire is reasonable.
30.56. Model: Because current is conserved, the current in the 3.0-mm-diameter end of the wire is the same as in
the current in the 1.0-mm-diameter end of the wire.

Visualize: We will denote all quantities for the 1.0-mm-diameter end of the wire with the subscript 1, and all

quantities for the 3.0-mm-diameter end of the wire with the subscript 3.
Solve: Equation 30.13 is J = nev,. This means the current densities at the two ends are

J] =nevy, J3 =nevgs

Dividing these equations, we obtain vy3 = (J3/J;)vy;. Because current is conserved, /; = I5. So,

2 2
L . T 1 I'Ommj (0.50x10™ m/s) =5.6x10™° m/s
1I/4 4 D 3.0 mm
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Assess: The smallness of the drift velocity is physically reasonable.
30.57. Model: Because current is conserved, the currents in the aluminum and the nichrome segments of the wire
are the same.
Solve: From Equations 30.13 and 30.17 we have J =1/4 =cE. This means
D? i
E= L - Enichrome — ( 1 nichrome J {Aaluminum j {O-aluminum ] — aluminum [O-aluminum j
2
Ao Ealuminum I aluminum Anichrome O-nichrome D nichrome O-m'chrome

where we used the conservation of current and 4 = 7/4 D*. For E ichrome = Ealuminum» the above equation simplifies

[Catumi 3.5x10" Q"'m™!
Dyictrome = %Daluminum = m(lo mm)=7.2 mm
nichrome .

30.58. Model: Electric current is conserved.
Visualize: For the top, middle, and bottom segments the subscripts “top,
Solve: (a) Since current is conserved, /iy, =Iyniq = lpo =10 A.

to

99 <

mid,” and “bot” are used.

(b) The current density is J =1/A=1/ 7R Thus,

Jiop = botszzmsxloé A/m> mid=1O—A2=1.27><107 A/m>
7(0.001 m) 7(0.0005 m)
(¢) The electric field is £ =J/0. Thus,
J 6 2 i 7 2
Fiop = Fyog =2 = 21T A 0500 vim = Zmid o L2DX0 A _ 3y,
o 3.5x10"Q'm™ o 35x10Q7'm”
(d) The drift speed is vq = J/ne. Thus
J, 3.18x10% A/m> -
(Vadiop = (Va)pot == s 5 =3.31x10" m/s
ne  (6.0x10%® m™)(1.60x107"° C)
7 2
() prig =i — 12'827X£O A/m 5 =133x10" m/s
ne  (6.0x10% m=)1.60x107 C)
(e) The electron current is i = N./At=1I/e. Because I; =1, =1; =10 A,
(&J =(£) =[£] - 104 Alg =6.25%10" 57!
At )iy AL )ig AL 1.60x107° €
Quantity Top Middle Bottom
I 10A 10 A 10 A
J 3.2x10% A/m? 1.27x10” A/m> 3.27x10° A/m?
E 0.091 V/m 0.36 V/m 0.091 V/m
vy 3.3x107% m/s 1.33%107 m/s 3.3x107% m/s
T 2.1x107%s 2.1x107% s 2.1x107%s
i 6.3x10" 57! 6.3x10" 7! 6.3x10" 7!
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30.59. Solve: From Equation 30.17 and Table 30.2, the electric field is

E—J— ! S04 =016 V/m

T 04 (1.0x107 Q'm ) z(1.0x107 m)?

30.60. Model: Assume the battery is ideal.
Visualize:

Area A

r 'III, \\

" I
Al \\\\ /I

f L f
Solve: The tube’s resistance is
-6
Rzﬁ— pL _ (1.5%x107 Qm)(0.20 m) —03290

A 707 =1") 7] (0.0015 m)* ~(0.0014 m)? ]

When connected to the battery, AV, . = AV, =3.0 V. Thus, the current is

Jo AV _ 30V o

R 0329Q

30.61. Model: Assume the resistors are ohmic.
Solve: The potential difference across the resistor on the left is &, so the current in it is / =&/R. The potential

difference across the resistor on the right is 2¢. For the current to be the same in that resistor, the resistance must be
twice as much, so that 7 = 2&/(2R). Therefore, the resistance of the resistor on the right is 2R.

Assess: The two resistors are neither in parallel nor in series.

30.62. Model: Assume the battery is ideal.
Visualize: The current supplied by the battery and passing through the wire is / =AV,,/R. A graph of current

versus time has exactly the same shape as the graph of AV, with an initial value of I,=(AV,)o/R=
(1.5 V)/(3.0 Q)=0.50 A. The horizontal axis has been changed to seconds.

1(A)

0.5

0

. 1(s)
0 7200

Solve: Current is / =dQ/dt. Thus the total charge supplied by the battery is

0= j :I dt = area under the current-versus-time graph

=1(7200 $)(0.50 A) =1.80x10° C
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30.63. Model: The charged metal plates form a parallel-plate capacitor.
Solve: (a) When the charged plates are connected, the maximum current in the wire can be obtained from
I = AV /R where AV, is the potential difference across the capacitor just before the wire is connected.

AV . for the capacitor is AV, =Q/C, where C is the capacitance for a parallel-plate capacitor. Noting that

C=¢gyA/d and R=pL/ 7r?, the maximum current is

P R N .
TR CR (godld)(pL/mr?)  gp A
(12.5%107 C)7z(0.112x107> m)?

- =42x10° A
(8.85%107"2 C2/N m?)(1.7x10™® Q m)7z(5.0x107% m)?

In the above calculations, note that the length of the wire L is the same as the separation of the two plates d. Also, the
resisitivity of copper is taken from Table 30.2.

(b) The current / will decrease in time. As charge leaves one plate and moves to the other plate, the voltage across the
capacitor and hence the current goes down.

(c) The energy dissipated in the wire is the energy present in the capacitor before it was connected with the wire.
This energy is

[S)

0 =1QQ=1QAVmaX =%(12.5><10—9 C)(1800 V) =1.1x107 J

1
Udissipated = EF 2% Cc 2

30.64. Model: The volume of the wire remains constant as it is stretched. The cross-sectional area of the wire
changes uniformly as it stretches.
Solve: The resistance of the wire before it is stretched is

roPL_pLl _pl’
A AL 14

The volume ¥ remains constant as the wire is stretched. After stretching, the resistance is

72
r=PL
V

Taking the ratio of these two equations and using the fact that p is a property of the material and therefore does not
change,
R _I* I 1

— == =S R'=4R
R 17 (L} 4

The wire’s resistance is 4R.
Assess: Stretching a wire increases the one dimension of length but decreases the two dimensions of cross-sectional
area, so the resistance increases.

30.65. Model: The wire is uniform. The electric field in the wire is the negative of the slope of the V' vs. s curve.

Solve: The electric field in the wire is

__AV_(3.0V-00V) —_10 V/m
As (0.30 m—0.0 m)

The negative sign indicates the electric field direction is along the negative s direction, and is not needed to find

current density. From Table 30.2, the conductivity of tungsten is ¢ =1.8x10’ Q 'm™!. Thus the current density in
the wire is

J=0E=(1.8x10" Q'm™")(10 V/m)=18x10% A/m?
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30.66. Model: The copper wire is uniform.
Solve: Equation 30.21 relates the current in a wire to the potential difference across it:

-8
Jo Ay Ay 2 PLL_ (1L7X107 Qm)(20 m)(8.0 A)

=0.87 V
pL A 7(1.0x107 m)?

The resistivity p of copper is taken from Table 30.2.

Assess: While voltage drops in household wires are small compared to the applied voltage, voltage drops in
transmission wires between homes and power plants could be quite large. The power company transports energy in a
way that minimizes the voltage drop, as we will learn in a later chapter.

30.67. Solve: (a) The charge delivered is

(50%10° A)(50x107° s)=2.5 C.

(b) The current in the lightning rod and the potential drop across it are related by Equation 30.21. Using p for iron
from Table 30.2,

-8 3
JoA o 4o PLL_ (97x107 Qm)(5.0 m)(50x10° A)
oL AV 100 V

=2.43x107* m?

This is the area required for a maximum voltage drop of 100 V. The corresponding diameter of the lightning rod is

—4 2
d=2r=2 /ﬁ=2,/w=1.8x10—2 m=1.8cm
T T

30.68. Model: Assume both muscle and fat are ohmic.
Visualize: The resistivity of the whole leg will be a weighted average of the resistivities of muscle and fat.
Solve:

_AV_AV AAV ~ 7(0.060 m)>(1.5 V) s mA
R PL (L)(0.82p, 00 +0.18p5;)  (0.40 m)[0.82(13 Qm)+0.18(25 Qm)]
A

Assess: This is not the same as treating the system as two resistors (one made of muscle and the other of fat) in
parallel; the muscle and fat are mixed together, not separate side by side.

30.69. Solve: The total charge delivered by the battery is

0= de = I Idt= .[ (0.75 A)e_t/(6 hours) _ (0.75 A)(=6 hours)[e—t/(é hours):|°°
0s 0s

=(0.75 A)(6x3600 5)=1.62x10* C

0

The number of electrons transported is

1.62x10* C

—19=1.01><1023
1.6x107"° C

30.70. Model: Use the calculation of the electric field of a ring of charge from Chapter 27.

© Copyright 2013 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.


kcm
Highlight


Current and Resistance 30-21

Visualize:

k1.0 mm |
Q="20¢ f——2.0 mm — Q=+20e

Both the rings contribute equally to the field strength. The radius of each ring is R=1.5 mm. The left ring is
negatively charged and the right ring is positively charged because 20 electrons have been transferred from the right
ring to the left ring.

Solve: From Chapter 27, the electric field of a ring of charge +Q at z=-1.0 mm on the axis where the axis of each

ring is k is

E 1 ZQ

+

£ =Ox10° N m/C?) (-1.0x107 m)(20x1.6x107'? C)

= 2 . p2-3/2 3/2
47y (z°+R”) [(—1.0><10‘3 m)? +(1.5x107 m)z}

=—4.92x10"% V/m

The left ring with charge —Q makes an equal contribution

E_=-4.92x10"k V/m
=FE ., =E +E =-9.84x10"k V/m
The negative sign with E,, E_, and E,, means these electric fields are in the —z direction. Using J =1/A=0E,
the current is
I=x(1.5x107 m)*(3.5x10” Q7 'm™1)(9.84x107> V/im)=2.4 A
Assess: This result is consistent with the value given in Table 26.1 for the electric field strength in a current-carrying

wire.

30.71. Visualize:

(2

The current density in the beam increases with distance from the center. We consider a thin circular shell of width dr
at a distance r from the center to calculate the current density at the edge.

Solve: (a) The beam current is 1.5 mA. This means the beam transports a charge of 1.5x107 C in 1 s. The number
of protons delivered in 1 second is
1.5x107 C

0 C =9.375x10" =9.4x10"
OoX
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(b) From J = I/A, the current in the ring of width dr at a distance » from the center is

r 27 tdr
dl = JdA =J 44 (Ej rrdr) = Jegge——
The total current / =1.5 mA is found by integrating this expression:

Jedge & 270 g R
Ligga = [dl =1.5x107 A =208 [ o2 = Zcdee

R 3

_ -3 3 _ 2
= Jegge = (1.5X1077 A) =115 A/m

272(2.5%107 m)?
30.72. Solve: (a) The charge Q experiences a change of the potential AV}, as it passes through the wire. Thus
AU = QAV, 4

(b) The energy lost by the charge is transformed into internal energy of the wire—the wire is heated.
(c¢) The power supplied by the battery is

p AU_0O

At AtAVbat :IAVbat

(d) The power supplied is
P=(12A)(1.5V)=1.8W

30.73. Model: The currents in the two segments of the wire are the same.
Visualize: The electric fields £, and E, point in the direction of the current. Establish a cylindrical Gaussian

surface with end area a that extends into both segments of the wire.

Charge 0y, = na Area a

Area A

Gaussian cylinder

Solve: (a) Because current is conserved, /; =1, =1. The cross-section areas of the two wires are the same, so the

current densities are the same: J; =J, = I/4. Thus the electric fields in the two segments have strengths

I I

E -
o, Ao o, Ao,

The electric field enters the Gaussian surface on the left (negative flux) and exits on the right. No flux passes through
the wall of cylinder, so the net flux is ®, = E,a— Eja. The Gaussian cylinder encloses charge O, =7a on the

boundary between the segments. Gauss’s law is

o, -9 g4 pe-tof L _L|_ma
&o O, O01) &

Thus the surface charge density on the boundary is
gl 1 1
n= L[_ _ _J
A\o, o
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(b) From the expression obtained in part (a)

1€, 1 1
an o[

27 o2 -
7R (7R”)\ Oiton O copper

1 1
1.0x10’ Q'm™" 6.0x10” Q7'm™!

= 0=(5A)8.85x107"2 Cz/Nmz)( j:3.7><1018 C

Assess: This charge corresponds to a deficit of a mere 23 electrons on the boundary between the metals.
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