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resistance . An aluminum cup with mass 0.130 kg contains
0.200 kg of water. The heating element is placed in the water and
the electrical energy dissipated in the resistance of the heating ele-
ment all goes into the cup and water. The element itself has very
small mass. How much time does it take for the temperature of the
cup and water to rise from to ? (The change of the
resistance of the Nichrome due to its temperature change can be
neglected.)
25.62 .. A resistor with resistance R is connected to a battery that
has emf 12.0 V and internal resistance . For what two
values of R will the power dissipated in the resistor be 80.0 W?
25.63 .. CP BIO Struck by Lightning. Lightning strikes can
involve currents as high as 25,000 A that last for about If a
person is struck by a bolt of lightning with these properties, the
current will pass through his body. We shall assume that his mass
is 75 kg, that he is wet (after all, he is in a rainstorm) and therefore
has a resistance of and that his body is all water (which is
reasonable for a rough, but plausible, approximation). (a) By how
many degrees Celsius would this lightning bolt increase the tem-
perature of 75 kg of water? (b) Given that the internal body tem-
perature is about 37°C, would the person’s temperature actually
increase that much? Why not? What would happen first?
25.64 .. In the Bohr model of the hydrogen atom, the electron
makes around the nucleus. What is the average
current at a point on the orbit of the electron?
25.65 . CALC A material of resistivity is
formed into a solid, truncated cone of height h
and radii and at either end (Fig. P25.65).
(a) Calculate the resistance of the cone between
the two flat end faces. (Hint: Imagine slicing the
cone into very many thin disks, and calculate the
resistance of one such disk.) (b) Show that your
result agrees with Eq. (25.10) when 
25.66 . CALC The region between two concen-
tric conducting spheres with radii a and b is
filled with a conducting material with resistivity

(a) Show that the resistance between the spheres is given by 

(b) Derive an expression for the current density as a function of
radius, in terms of the potential difference between the spheres.
(c) Show that the result in part (a) reduces to Eq. (25.10) when the
separation between the spheres is small.
25.67 ... The temperature coefficient of resistance in Eq.
(25.12) equals the temperature coefficient of resistivity in Eq.
(25.6) only if the coefficient of thermal expansion is small. A
cylindrical column of mercury is in a vertical glass tube. At 20°C,
the length of the mercury column is 12.0 cm. The diameter of the
mercury column is 1.6 mm and doesn’t change with temperature
because glass has a small coefficient of thermal expansion. The coef-
ficient of volume expansion of the mercury is given in Table 17.2,
its resistivity at 20°C is given in Table 25.1, and its temperature
coefficient of resistivity is given in Table 25.2. (a) At 20°C, what is
the resistance between the ends of the mercury column? (b) The
mercury column is heated to 60°C. What is the change in its resis-
tivity? (c) What is the change in its length? Explain why the coeffi-
cient of volume expansion, rather than the coefficient of linear
expansion, determines the change in length. (d) What is the change
in its resistance? (Hint: Since the percentage changes in and L
are small, you may find it helpful to derive from Eq. (25.10) an
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1.2 Æ equation for in terms of and (e) What is the tempera-
ture coefficient of resistance for the mercury column, as defined
in Eq. (25.12)? How does this value compare with the temperature
coefficient of resistivity? Is the effect of the change in length
important?
25.68 . (a) What is the poten-
tial difference in the circuit
of Fig. P25.68? (b) What is the
terminal voltage of the 4.00-V
battery? (c) A battery with emf
10.30 V and internal resistance

is inserted in the cir-
cuit at d, with its negative
terminal connected to the neg-
ative terminal of the 8.00-V battery. What is the difference of poten-
tial between the terminals of the 4.00-V battery now?
25.69 . The potential difference across the terminals of a battery
is 8.40 V when there is a current of 1.50 A in the battery from the
negative to the positive terminal. When the current is 3.50 A in the
reverse direction, the potential difference becomes 10.20 V. (a) What
is the internal resistance of the battery? (b) What is the emf of the
battery?
25.70 .. BIO A person with body resistance between his hands of

accidentally grasps the terminals of a 14-kV power supply.
(a) If the internal resistance of the power supply is what
is the current through the person’s body? (b) What is the power
dissipated in his body? (c) If the power supply is to be made safe by
increasing its internal resistance, what should the internal resistance
be for the maximum current in the above situation to be 1.00 mA
or less?
25.71 . BIO The average bulk resistivity of the human body
(apart from surface resistance of the skin) is about The
conducting path between the hands can be represented approxi-
mately as a cylinder 1.6 m long and 0.10 m in diameter. The skin
resistance can be made negligible by soaking the hands in salt
water. (a) What is the resistance between the hands if the skin
resistance is negligible? (b) What potential difference between the
hands is needed for a lethal shock current of 100 mA? (Note that
your result shows that small potential differences produce danger-
ous currents when the skin is damp.) (c) With the current in part
(b), what power is dissipated in the body?
25.72 . A typical cost for electric power is per kilowatt-
hour. (a) Some people leave their porch light on all the time. What is
the yearly cost to keep a 75-W bulb burning day and night? (b) Sup-
pose your refrigerator uses 400 W of power when it’s running, and
it runs 8 hours a day. What is the yearly cost of operating your
refrigerator?
25.73 .. A 12.6-V car battery with negligible internal resistance
is connected to a series combination of a 3.2- resistor that obeys
Ohm’s law and a thermistor that does not obey Ohm’s law but
instead has a current–voltage relationship with

and What is the current through the 3.2-
resistor?
25.74 .. A cylindrical copper cable 1.50 km long is connected
across a 220.0-V potential difference. (a) What should be its diam-
eter so that it produces heat at a rate of 75.0 W? (b) What is the
electric field inside the cable under these conditions?
25.75 .. A Nonideal Ammeter. Unlike the idealized amme-
ter described in Section 25.4, any real ammeter has a nonzero
resistance. (a) An ammeter with resistance is connected in
series with a resistor R and a battery of emf and internal resist-
ance r. The current measured by the ammeter is Find the currentIA.
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volume (in liters) of gasoline has a total heat of combustion equal
to the energy obtained in part (a)? (See Section 17.6; the density of
gasoline is ) (c) If a generator with an average electri-
cal power output of 0.45 kW is connected to the battery, how much
time will be required for it to charge the battery fully?
25.48 . In the circuit analyzed in Example 25.8 the 4.0- resistor
is replaced by a 8.0- resistor, as in Example 25.9. (a) Calculate the
rate of conversion of chemical energy to electrical energy in the bat-
tery. How does your answer compare to the result calculated in
Example 25.8? (b) Calculate the rate of electrical energy dissipation
in the internal resistance of the battery. How does your answer com-
pare to the result calculated in Example 25.8? (c) Use the results of
parts (a) and (b) to calculate the net power output of the battery.
How does your result compare to the electrical power dissipated in
the 8.0- resistor as calculated for this circuit in Example 25.9?
25.49 .. A 25.0- bulb is connected across the terminals of a
12.0-V battery having of internal resistance. What percent-
age of the power of the battery is dissipated across the internal
resistance and hence is not available to the bulb?
25.50 . An idealized voltmeter is connected across the terminals
of a 15.0-V battery, and a 75.0- appliance is also connected
across its terminals. If the voltmeter reads 11.3 V: (a) how much
power is being dissipated by the appliance, and (b) what is the
internal resistance of the battery?
25.51 . In the circuit in Fig. E25.51,
find (a) the rate of conversion of internal
(chemical) energy to electrical energy
within the battery; (b) the rate of dissipa-
tion of electrical energy in the battery;
(c) the rate of dissipation of electrical
energy in the external resistor.
25.52 .. A typical small flashlight
contains two batteries, each having an emf of 1.5 V, connected in
series with a bulb having resistance (a) If the internal resist-
ance of the batteries is negligible, what power is delivered to the
bulb? (b) If the batteries last for 5.0 h, what is the total energy deliv-
ered to the bulb? (c) The resistance of real batteries increases as
they run down. If the initial internal resistance is negligible, what
is the combined internal resistance of both batteries when the power
to the bulb has decreased to half its initial value? (Assume that the
resistance of the bulb is constant. Actually, it will change some-
what when the current through the filament changes, because this
changes the temperature of the filament and hence the resistivity of
the filament wire.)
25.53 . A “540-W” electric heater is designed to operate from 
120-V lines. (a) What is its resistance? (b) What current does it draw?
(c) If the line voltage drops to 110 V, what power does the heater
take? (Assume that the resistance is constant. Actually, it will change
because of the change in temperature.) (d) The heater coils are
metallic, so that the resistance of the heater decreases with decreas-
ing temperature. If the change of resistance with temperature is
taken into account, will the electrical power consumed by the heater
be larger or smaller than what you calculated in part (c)? Explain.

Section 25.6 Theory of Metallic Conduction
25.54 .. Pure silicon contains approximately free
electrons per cubic meter. (a) Referring to Table 25.1, calculate the
mean free time for silicon at room temperature. (b) Your answer
in part (a) is much greater than the mean free time for copper given
in Example 25.11. Why, then, does pure silicon have such a high
resistivity compared to copper?
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PROBLEMS
25.55 . An electrical conductor designed to carry large currents
has a circular cross section 2.50 mm in diameter and is 14.0 m
long. The resistance between its ends is (a) What is the
resistivity of the material? (b) If the electric-field magnitude in the
conductor is what is the total current? (c) If the mate-
rial has free electrons per cubic meter, find the average
drift speed under the conditions of part (b).
25.56 .. A plastic tube 25.0 m long and 3.00 cm in diameter is
dipped into a silver solution, depositing a layer of silver 0.100 mm
thick uniformly over the outer surface of the tube. If this coated tube
is then connected across a 12.0-V battery, what will be the current?
25.57 .. On your first day at work as an electrical technician, you
are asked to determine the resistance per meter of a long piece of
wire. The company you work for is poorly equipped. You find a
battery, a voltmeter, and an ammeter, but no meter for directly
measuring resistance (an ohmmeter). You put the leads from the
voltmeter across the terminals of the battery, and the meter reads
12.6 V. You cut off a 20.0-m length of wire and connect it to the
battery, with an ammeter in series with it to measure the current in
the wire. The ammeter reads 7.00 A. You then cut off a 40.0-m
length of wire and connect it to the battery, again with the ammeter
in series to measure the current. The ammeter reads 4.20 A. Even
though the equipment you have available to you is limited, your
boss assures you of its high quality: The ammeter has very small
resistance, and the voltmeter has very large resistance. What is the
resistance of 1 meter of wire?
25.58 . A 2.0-mm length of wire is made by welding the end of a
120-cm-long silver wire to the end of an 80-cm-long copper wire.
Each piece of wire is 0.60 mm in diameter. The wire is at room
temperature, so the resistivities are as given in Table 25.1. A poten-
tial difference of 5.0 V is maintained between the ends of the 
2.0-m composite wire. (a) What is the current in the copper section?
(b) What is the current in the silver section? (c) What is the magni-
tude of in the copper? (d) What is the magnitude of in the sil-
ver? (e) What is the potential difference between the ends of the
silver section of wire?
25.59 . A 3.00-m length of copper wire at 20°C has a 1.20-m-
long section with diameter 1.60 mm and a 1.80-m-long section
with diameter 0.80 mm. There is a current of 2.5 mA in the 1.60-
mm-diameter section. (a) What is the current in the 0.80-mm-
diameter section? (b) What is the magnitude of in the
1.60-mm-diameter section? (c) What is the magnitude of in the
0.80-mm-diameter section? (d) What is the potential difference
between the ends of the 3.00-m length of wire?
25.60 . Critical Current Density in Superconductors. One
problem with some of the newer high-temperature superconduc-
tors is getting a large enough current density for practical use with-
out causing the resistance to reappear. The maximum current
density for which the material will remain a superconductor is
called the critical current density of the material. In 1987, IBM
research labs had produced thin films with critical current densities
of (a) How much current could an 18-gauge wire
(see Example 25.1 in Section 25.1) of this material carry and still
remain superconducting? (b) Researchers are trying to develop
superconductors with critical current densities of 
What diameter cylindrical wire of such a material would be needed to
carry 1000 A without losing its superconductivity?
25.61 .. CP A Nichrome heating element that has resistance
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25.7 . CALC The current in a wire varies with time according to the
relationship (a) How many coulombs
of charge pass a cross section of the wire in the time interval
between and (b) What constant current would
transport the same charge in the same time interval?
25.8 . Current passes through a solution of sodium chloride. In

ions arrive at the negative electrode and
ions arrive at the positive electrode. (a) What is

the current passing between the electrodes? (b) What is the direc-
tion of the current?
25.9 . BIO Transmission of Nerve Impulses. Nerve cells
transmit electric signals through their long tubular axons. These
signals propagate due to a sudden rush of ions, each with
charge into the axon. Measurements have revealed that typi-
cally about ions enter each meter of the axon dur-
ing a time of 10 ms. What is the current during this inflow of charge
in a meter of axon?

Section 25.2 Resistivity and Section 25.3 Resistance
25.10 . (a) At room temperature what is the strength of the elec-
tric field in a 12-gauge copper wire (diameter 2.05 mm) that is
needed to cause a 2.75-A current to flow? (b) What field would be
needed if the wire were made of silver instead?
25.11 .. A 1.50-m cylindrical rod of diameter 0.500 cm is con-
nected to a power supply that maintains a constant potential differ-
ence of 15.0 V across its ends, while an ammeter measures the
current through it. You observe that at room temperature 20.0°C
the ammeter reads 18.5 A, while at 92.0°C it reads 17.2 A. You can
ignore any thermal expansion of the rod. Find (a) the resistivity at

and (b) the temperature coefficient of resistivity at for
the material of the rod.
25.12 . A copper wire has a square cross section 2.3 mm on a
side. The wire is 4.0 m long and carries a current of 3.6 A. The
density of free electrons is Find the magnitudes of
(a) the current density in the wire and (b) the electric field in the
wire. (c) How much time is required for an electron to travel the
length of the wire?
25.13 . A 14-gauge copper wire of diameter 1.628 mm carries a
current of 12.5 mA. (a) What is the potential difference across a
2.00-m length of the wire? (b) What would the potential difference
in part (a) be if the wire were silver instead of copper, but all else
were the same?
25.14 .. A wire 6.50 m long with diameter of 2.05 mm has a resist-
ance of 0.0290 What material is the wire most likely made of?
25.15 .. A cylindrical tungsten filament 15.0 cm long with a
diameter of 1.00 mm is to be used in a machine for which the tem-
perature will range from room temperature 20°C up to 120°C. It
will carry a current of 12.5 A at all temperatures (consult Tables
25.1 and 25.2). (a) What will be the maximum electric field in this
filament, and (b) what will be its resistance with that field? 
(c) What will be the maximum potential drop over the full length
of the filament?
25.16 .. A ductile metal wire has resistance R. What will be the
resistance of this wire in terms of R if it is stretched to three times
its original length, assuming that the density and resistivity of the
material do not change when the wire is stretched? (Hint: The
amount of metal does not change, so stretching out the wire will
affect its cross-sectional area.)
25.17 . In household wiring, copper wire 2.05 mm in diameter is
often used. Find the resistance of a 24.0-m length of this wire.
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25.18 .. What diameter must a copper wire have if its resistance
is to be the same as that of an equal length of aluminum wire with
diameter 3.26 mm?
25.19 . You need to produce a set of cylindrical copper wires
3.50 m long that will have a resistance of each. What will
be the mass of each of these wires?
25.20 . A tightly coiled spring having 75 coils, each 3.50 cm in
diameter, is made of insulated metal wire 3.25 mm in diameter. An
ohmmeter connected across its opposite ends reads What
is the resistivity of the metal?
25.21 . An aluminum cube has sides of length 1.80 m. What is
the resistance between two opposite faces of the cube?
25.22 . You apply a potential difference of 4.50 V between the
ends of a wire that is 2.50 m in length and 0.654 mm in radius. The
resulting current through the wire is 17.6 A. What is the resistivity
of the wire?
25.23 . A current-carrying gold wire has diameter 0.84 mm. The
electric field in the wire is What are (a) the current car-
ried by the wire; (b) the potential difference between two points in
the wire 6.4 m apart; (c) the resistance of a 6.4-m length of this
wire?
25.24 . A hollow aluminum cylinder is 2.50 m long and has an
inner radius of 3.20 cm and an outer radius of 4.60 cm. Treat each
surface (inner, outer, and the two end faces) as an equipotential
surface. At room temperature, what will an ohmmeter read if it is
connected between (a) the opposite faces and (b) the inner and
outer surfaces?
25.25 . (a) What is the resistance of a Nichrome wire at 0.0°C if
its resistance is at 11.5°C? (b) What is the resistance of a
carbon rod at 25.8°C if its resistance is at 0.0°C?
25.26 . A carbon resistor is to be used as a thermometer. On a
winter day when the temperature is 4.0°C, the resistance of the car-
bon resistor is What is the temperature on a spring day
when the resistance is (Take the reference temperature

to be 4.0°C.)
25.27 . A strand of wire has resistance Find the net
resistance of 120 such strands if they are (a) placed side by side to
form a cable of the same length as a single strand, and (b) con-
nected end to end to form a wire 120 times as long as a single
strand.

Section 25.4 Electromotive Force and Circuits
25.28 . Consider the circuit
shown in Fig. E25.28. The termi-
nal voltage of the 24.0-V battery
is 21.2 V. What are (a) the inter-
nal resistance r of the battery and
(b) the resistance R of the circuit
resistor?
25.29 . A copper transmission
cable 100 km long and 10.0 cm in diameter carries a current of 125 A.
(a) What is the potential drop across the cable? (b) How much
electrical energy is dissipated as
thermal energy every hour?
25.30 . An idealized ammeter is
connected to a battery as shown in
Fig. E25.30. Find (a) the reading of
the ammeter, (b) the current through
the 4.00- resistor, (c) the terminal
voltage of the battery.
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25.31 . An ideal voltmeter V is con-
nected to a 2.0- resistor and a battery
with emf 5.0 V and internal resistance

as shown in Fig. E25.31. (a) What
is the current in the 2.0- resistor? 
(b) What is the terminal voltage of the
battery? (c) What is the reading on the
voltmeter? Explain your answers.
25.32 . The circuit shown in
Fig. E25.32 contains two bat-
teries, each with an emf and
an internal resistance, and two
resistors. Find (a) the current
in the circuit (magnitude and
direction); (b) the terminal
voltage of the 16.0-V bat-
tery; (c) the potential differ-
ence of point a with respect to point c. (d) Using Fig. 25.20 as a
model, graph the potential rises and drops in this circuit.
25.33 . When switch S in Fig. E25.33
is open, the voltmeter V of the battery
reads 3.08 V. When the switch is closed,
the voltmeter reading drops to 2.97 V,
and the ammeter A reads 1.65 A. Find
the emf, the internal resistance of the
battery, and the circuit resistance R.
Assume that the two meters are ideal,
so they don’t affect the circuit.
25.34 . In the circuit of Fig. E25.32,
the 5.0- resistor is removed and replaced by a resistor of
unknown resistance R. When this is done, an ideal voltmeter con-
nected across the points b and c reads 1.9 V. Find (a) the current in
the circuit and (b) the resistance R. (c) Graph the potential rises
and drops in this circuit (see Fig. 25.20).
25.35 . In the circuit shown in Fig. E25.32, the 16.0-V battery is
removed and reinserted with the opposite polarity, so that its nega-
tive terminal is now next to point a. Find (a) the current in the cir-
cuit (magnitude and direction); (b) the terminal voltage of the
16.0-V battery; (c) the potential difference of point a with
respect to point c. (d) Graph the potential rises and drops in this
circuit (see Fig. 25.20).
25.36 . The following measurements were made on a Thyrite
resistor:

0.50 1.00 2.00 4.00

2.55 3.11 3.77 4.58

(a) Graph as a function of I. (b) Does Thyrite obey Ohm’s law?
How can you tell? (c) Graph the resistance as a function
of I.
25.37 . The following measurements of current and potential dif-
ference were made on a resistor constructed of Nichrome wire: 

0.50 1.00 2.00 4.00

1.94 3.88 7.76 15.52

(a) Graph as a function of I. (b) Does Nichrome obey Ohm’s
law? How can you tell? (c) What is the resistance of the resistor in
ohms?
25.38 .. The circuit shown in Fig. E25.38 contains two batteries,
each with an emf and an internal resistance, and two resistors. Find
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(a) the current in the circuit (magnitude and direction) and (b) the
terminal voltage Vab of the 16.0-V battery.

Section 25.5 Energy and Power in Electric Circuits
25.39 . Light Bulbs. The power rating of a light bulb (such as a
100-W bulb) is the power it dissipates when connected across a
120-V potential difference. What is the resistance of (a) a 100-W
bulb and (b) a 60-W bulb? (c) How much current does each bulb
draw in normal use?
25.40 . If a “75-W” bulb (see Problem 25.39) is connected across
a 220-V potential difference (as is used in Europe), how much
power does it dissipate?
25.41 . European Light Bulb. In Europe the standard voltage
in homes is 220 V instead of the 120 V used in the United States.
Therefore a “100-W” European bulb would be intended for use
with a 220-V potential difference (see Problem 25.40). (a) If you
bring a “100-W” European bulb home to the United States, what
should be its U.S. power rating? (b) How much current will the
100-W European bulb draw in normal use in the United States?
25.42 . A battery-powered global positioning system (GPS)
receiver operating on 9.0 V draws a current of 0.13 A. How much
electrical energy does it consume during 
25.43 . Consider a resistor with length L, uniform cross-sectional
area A, and uniform resistivity that is carrying a current with uni-
form current density J. Use Eq. (25.18) to find the electrical power
dissipated per unit volume, p. Express your result in terms of (a) E
and J; (b) J and ; (c) E and
25.44 . BIO Electric Eels. Electric eels generate electric pulses
along their skin that can be used to stun an enemy when they come
into contact with it. Tests have shown that these pulses can be up to
500 V and produce currents of 80 mA (or even larger). A typical
pulse lasts for 10 ms. What power and how much energy are deliv-
ered to the unfortunate enemy with a single pulse, assuming a steady
current?
25.45 . BIO Treatment of Heart Failure. A heart defibrillator
is used to enable the heart to start beating if it has stopped. This is
done by passing a large current of 12 A through the body at 25 V
for a very short time, usually about 3.0 ms. (a) What power does
the defibrillator deliver to the body, and (b) how much energy is
transferred?
25.46 . Consider the circuit of Fig. E25.32. (a) What is the total
rate at which electrical energy is dissipated in the 5.0- and 
9.0- resistors? (b) What is the power output of the 16.0-V bat-
tery? (c) At what rate is electrical energy being converted to other
forms in the 8.0-V battery? (d) Show that the power output of the
16.0-V battery equals the overall rate of dissipation of electrical
energy in the rest of the circuit.
25.47 .. The capacity of a storage battery, such as those used in
automobile electrical systems, is rated in ampere-hours A

battery can supply a current of 50 A for 1.0 h, or 25 A for
2.0 h, and so on. (a) What total energy can be supplied by a 12-V,

battery if its internal resistance is negligible? (b) What60-A # h
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resistance . An aluminum cup with mass 0.130 kg contains
0.200 kg of water. The heating element is placed in the water and
the electrical energy dissipated in the resistance of the heating ele-
ment all goes into the cup and water. The element itself has very
small mass. How much time does it take for the temperature of the
cup and water to rise from to ? (The change of the
resistance of the Nichrome due to its temperature change can be
neglected.)
25.62 .. A resistor with resistance R is connected to a battery that
has emf 12.0 V and internal resistance . For what two
values of R will the power dissipated in the resistor be 80.0 W?
25.63 .. CP BIO Struck by Lightning. Lightning strikes can
involve currents as high as 25,000 A that last for about If a
person is struck by a bolt of lightning with these properties, the
current will pass through his body. We shall assume that his mass
is 75 kg, that he is wet (after all, he is in a rainstorm) and therefore
has a resistance of and that his body is all water (which is
reasonable for a rough, but plausible, approximation). (a) By how
many degrees Celsius would this lightning bolt increase the tem-
perature of 75 kg of water? (b) Given that the internal body tem-
perature is about 37°C, would the person’s temperature actually
increase that much? Why not? What would happen first?
25.64 .. In the Bohr model of the hydrogen atom, the electron
makes around the nucleus. What is the average
current at a point on the orbit of the electron?
25.65 . CALC A material of resistivity is
formed into a solid, truncated cone of height h
and radii and at either end (Fig. P25.65).
(a) Calculate the resistance of the cone between
the two flat end faces. (Hint: Imagine slicing the
cone into very many thin disks, and calculate the
resistance of one such disk.) (b) Show that your
result agrees with Eq. (25.10) when 
25.66 . CALC The region between two concen-
tric conducting spheres with radii a and b is
filled with a conducting material with resistivity

(a) Show that the resistance between the spheres is given by 

(b) Derive an expression for the current density as a function of
radius, in terms of the potential difference between the spheres.
(c) Show that the result in part (a) reduces to Eq. (25.10) when the
separation between the spheres is small.
25.67 ... The temperature coefficient of resistance in Eq.
(25.12) equals the temperature coefficient of resistivity in Eq.
(25.6) only if the coefficient of thermal expansion is small. A
cylindrical column of mercury is in a vertical glass tube. At 20°C,
the length of the mercury column is 12.0 cm. The diameter of the
mercury column is 1.6 mm and doesn’t change with temperature
because glass has a small coefficient of thermal expansion. The coef-
ficient of volume expansion of the mercury is given in Table 17.2,
its resistivity at 20°C is given in Table 25.1, and its temperature
coefficient of resistivity is given in Table 25.2. (a) At 20°C, what is
the resistance between the ends of the mercury column? (b) The
mercury column is heated to 60°C. What is the change in its resis-
tivity? (c) What is the change in its length? Explain why the coeffi-
cient of volume expansion, rather than the coefficient of linear
expansion, determines the change in length. (d) What is the change
in its resistance? (Hint: Since the percentage changes in and L
are small, you may find it helpful to derive from Eq. (25.10) an

r

a
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L = b - a

Vab
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r

4p
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- 1

b
b
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r1 = r2.

r2r1

r

6.0 * 1015 rev>s

1.0 kÆ,

40 ms .

r = 0.40 Æ

34.5oC21.2oC

1.2 Æ equation for in terms of and (e) What is the tempera-
ture coefficient of resistance for the mercury column, as defined
in Eq. (25.12)? How does this value compare with the temperature
coefficient of resistivity? Is the effect of the change in length
important?
25.68 . (a) What is the poten-
tial difference in the circuit
of Fig. P25.68? (b) What is the
terminal voltage of the 4.00-V
battery? (c) A battery with emf
10.30 V and internal resistance

is inserted in the cir-
cuit at d, with its negative
terminal connected to the neg-
ative terminal of the 8.00-V battery. What is the difference of poten-
tial between the terminals of the 4.00-V battery now?
25.69 . The potential difference across the terminals of a battery
is 8.40 V when there is a current of 1.50 A in the battery from the
negative to the positive terminal. When the current is 3.50 A in the
reverse direction, the potential difference becomes 10.20 V. (a) What
is the internal resistance of the battery? (b) What is the emf of the
battery?
25.70 .. BIO A person with body resistance between his hands of

accidentally grasps the terminals of a 14-kV power supply.
(a) If the internal resistance of the power supply is what
is the current through the person’s body? (b) What is the power
dissipated in his body? (c) If the power supply is to be made safe by
increasing its internal resistance, what should the internal resistance
be for the maximum current in the above situation to be 1.00 mA
or less?
25.71 . BIO The average bulk resistivity of the human body
(apart from surface resistance of the skin) is about The
conducting path between the hands can be represented approxi-
mately as a cylinder 1.6 m long and 0.10 m in diameter. The skin
resistance can be made negligible by soaking the hands in salt
water. (a) What is the resistance between the hands if the skin
resistance is negligible? (b) What potential difference between the
hands is needed for a lethal shock current of 100 mA? (Note that
your result shows that small potential differences produce danger-
ous currents when the skin is damp.) (c) With the current in part
(b), what power is dissipated in the body?
25.72 . A typical cost for electric power is per kilowatt-
hour. (a) Some people leave their porch light on all the time. What is
the yearly cost to keep a 75-W bulb burning day and night? (b) Sup-
pose your refrigerator uses 400 W of power when it’s running, and
it runs 8 hours a day. What is the yearly cost of operating your
refrigerator?
25.73 .. A 12.6-V car battery with negligible internal resistance
is connected to a series combination of a 3.2- resistor that obeys
Ohm’s law and a thermistor that does not obey Ohm’s law but
instead has a current–voltage relationship with

and What is the current through the 3.2-
resistor?
25.74 .. A cylindrical copper cable 1.50 km long is connected
across a 220.0-V potential difference. (a) What should be its diam-
eter so that it produces heat at a rate of 75.0 W? (b) What is the
electric field inside the cable under these conditions?
25.75 .. A Nonideal Ammeter. Unlike the idealized amme-
ter described in Section 25.4, any real ammeter has a nonzero
resistance. (a) An ammeter with resistance is connected in
series with a resistor R and a battery of emf and internal resist-
ance r. The current measured by the ammeter is Find the currentIA.
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through the circuit if the ammeter is removed so that the battery
and the resistor form a complete circuit. Express your answer in
terms of r, and R. The more “ideal” the ammeter, the
smaller the difference between this current and the current 
(b) If and find the maxi-
mum value of the ammeter resistance so that is within 1.0%
of the current in the circuit when the ammeter is absent. (c) Explain
why your answer in part (b) represents a maximum value.
25.76 . CALC A 1.50-m cylinder of radius 1.10 cm is made of a
complicated mixture of materials. Its resistivity depends on the
distance x from the left end and obeys the formula 

where a and b are constants. At the left end, the resistiv-
ity is while at the right end it is 

(a) What is the resistance of this rod? (b) What is the
electric field at its midpoint if it carries a 1.75-A current? (c) If we cut
the rod into two 75.0-cm halves, what is the resistance of each half?
25.77 .. According to the U.S. National Electrical Code, copper
wire used for interior wiring of houses, hotels, office buildings,
and industrial plants is permitted to carry no more than a specified
maximum amount of current. The table below shows the maxi-
mum current for several common sizes of wire with varnished
cambric insulation. The “wire gauge” is a standard used to
describe the diameter of wires. Note that the larger the diameter of
the wire, the smaller the wire gauge. 

Wire gauge Diameter (cm)
14 0.163 18
12 0.205 25
10 0.259 30

8 0.326 40
6 0.412 60
5 0.462 65
4 0.519 85

(a) What considerations determine the maximum current-carrying
capacity of household wiring? (b) A total of 4200 W of power is to
be supplied through the wires of a house to the household electri-
cal appliances. If the potential difference across the group of appli-
ances is 120 V, determine the gauge of the thinnest permissible
wire that can be used. (c) Suppose the wire used in this house is of
the gauge found in part (b) and has total length 42.0 m. At what
rate is energy dissipated in the wires? (d) The house is built in a
community where the consumer cost of electric energy is $0.11 per
kilowatt-hour. If the house were built with wire of the next larger
diameter than that found in part (b), what would be the savings in
electricity costs in one year? Assume that the appliances are kept
on for an average of 12 hours a day.
25.78 .. Compact Fluorescent Bulbs. Compact fluorescent
bulbs are much more efficient at producing light than are ordinary
incandescent bulbs. They initially cost much more, but they last far
longer and use much less electricity. According to one study of
these bulbs, a compact bulb that produces as much light as a 100-W
incandescent bulb uses only 23 W of power. The compact bulb
lasts 10,000 hours, on the average, and costs $11.00, whereas the
incandescent bulb costs only $0.75, but lasts just 750 hours. The
study assumed that electricity costs $0.080 per kilowatt-hour and that
the bulbs are on for 4.0 h per day. (a) What is the total cost (includ-
ing the price of the bulbs) to run each bulb for 3.0 years? (b) How
much do you save over 3.0 years if you use a compact fluorescent
bulb instead of an incandescent bulb? (c) What is the resistance of
a “100-W” fluorescent bulb? (Remember, it actually uses only 23 W
of power and operates across 120 V.)

Imax 1A2
Imax

10-8 Æ # m.
8.50 *2.25 * 10-8 Æ # m,

a + bx2,
r1x2 =

IARA

r = 0.45 Æ,E = 7.50 V,R = 3.80 Æ,
IA.

RA,IA,

25.79 . In the circuit of Fig.
P25.79, find (a) the current
through the 8.0- resistor and
(b) the total rate of dissipation
of electrical energy in the 8.0-
resistor and in the internal
resistance of the batteries. (c) In
one of the batteries, chemical
energy is being converted into
electrical energy. In which one is this happening, and at what rate?
(d) In one of the batteries, electrical energy is being converted into
chemical energy. In which one is this happening, and at what rate?
(e) Show that the overall rate of production of electrical energy
equals the overall rate of consumption of electrical energy in the
circuit.
25.80 . A lightning bolt strikes one end of a steel lightning rod,
producing a 15,000-A current burst that lasts for The rod
is 2.0 m long and 1.8 cm in diameter, and its other end is con-
nected to the ground by 35 m of 8.0-mm-diameter copper wire.
(a) Find the potential difference between the top of the steel rod
and the lower end of the copper wire during the current burst. 
(b) Find the total energy deposited in the rod and wire by the cur-
rent burst.
25.81 . A 12.0-V battery has an internal resistance of and
a capacity of (see Exercise 25.47). The battery is
charged by passing a 10-A current through it for 5.0 h. (a) What is
the terminal voltage during charging? (b) What total electrical
energy is supplied to the battery during charging? (c) What electri-
cal energy is dissipated in the internal resistance during charging?
(d) The battery is now completely discharged through a resistor,
again with a constant current of 10 A. What is the external circuit
resistance? (e) What total electrical energy is supplied to the exter-
nal resistor? (f) What total electrical energy is dissipated in the
internal resistance? (g) Why are the answers to parts (b) and (e) not
the same?
25.82 . Repeat Problem 25.81 with charge and discharge currents
of 30 A. The charging and discharging times will now be 1.7 h
rather than 5.0 h. What differences in performance do you see?
25.83 .. CP Consider the cir-
cuit shown in Fig. P25.83. The
emf source has negligible inter-
nal resistance. The resistors
have resistances 
and . The capacitor
has capacitance .
When the capacitor is fully
charged, the magnitude of the charge on its plates is .
Calculate the emf .
25.84 .. CP Consider the circuit shown in Fig. P25.84. The battery
has emf 60.0 V and negligible internal resistance. ,

, and . After the capacitors have attained
their final charges, the charge on is . (a) What is
the final charge on ? (b) What is the resistance ?R1C2
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C2 = 6.00 mFC1 = 3.00 mF
2.00 ÆR2 =

E
36.0 mCQ =
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these resistors are varied until the current in the galvanometer G is
zero; the bridge is then said to be balanced. (a) Show that under
this condition the unknown resistance is given by 
(This method permits very high precision in comparing resistors.)
(b) If the galvanometer G shows zero deflection when

and what is the
unknown resistance X?
26.82 . A capacitor that is initially uncharged is con-
nected in series with a resistor and an emf source with

and negligible internal resistance. (a) Just after the
connection is made, what are (i) the rate at which electrical energy
is being dissipated in the resistor; (ii) the rate at which the electri-
cal energy stored in the capacitor is increasing; (iii) the electrical
power output of the source? How do the answers to parts (i), (ii),
and (iii) compare? (b) Answer the same questions as in part (a) at a
long time after the connection is made. (c) Answer the same ques-
tions as in part (a) at the instant when the charge on the capacitor is
one-half its final value.
26.83 . A resistor and a resistor are connected in
series across a 90.0-V line. (a) What is the voltage across each
resistor? (b) A voltmeter connected across the resistor reads
23.8 V. Find the voltmeter resistance. (c) Find the reading of the
same voltmeter if it is connected across the resistor. (d) The
readings on this voltmeter are lower than the “true” voltages (that is,
without the voltmeter present). Would it be possible to design a volt-
meter that gave readings higher than the “true” voltages? Explain.
26.84 . A resistor with is connected to the plates of a
charged capacitor with capacitance Just before the
connection is made, the charge on the capacitor is (a)
What is the energy initially stored in the capacitor? (b) What is the
electrical power dissipated in the resistor just after the connection
is made? (c) What is the electrical power dissipated in the resistor
at the instant when the energy stored in the capacitor has decreased
to half the value calculated in part (a)?
26.85 . A capacitor that is initially uncharged is connected in
series with a resistor and an emf source with and neg-
ligible internal resistance. Just after the circuit is completed, the
current through the resistor is The time constant for
the circuit is What are the resistance of the resistor and the
capacitance of the capacitor?
26.86 ... An R-C circuit has a time constant RC. (a) If the circuit is
discharging, how long will it take for its stored energy to be reduced
to of its initial value? (b) If it is charging, how long will it take
for the stored energy to reach of its maximum value?
26.87 . Strictly speaking, Eq. (26.16) implies that an infinite
amount of time is required to discharge a capacitor completely. Yet
for practical purposes, a capacitor may be considered to be fully
discharged after a finite length of time. To be specific, consider a
capacitor with capacitance C connected to a resistor R to be fully
discharged if its charge q differs from zero by no more than the
charge of one electron. (a) Calculate the time required to reach this
state if and How
many time constants is this? (b) For a given is the time
required to reach this state always the same number of time con-
stants, independent of the values of C and R? Why or why not?
26.88 . CALC The current in a charging capacitor is given by Eq.
(26.13). (a) The instantaneous power supplied by the battery is 
Integrate this to find the total energy supplied by the battery. (b)
The instantaneous power dissipated in the resistor is Integrate
this to find the total energy dissipated in the resistor. (c) Find the
final energy stored in the capacitor, and show that this equals the
total energy supplied by the battery less the energy dissipated in

i2R.

Ei.

Q0,
Q0 = 7.00 mC.R = 670 kÆ,C = 0.920 mF,

1>e1>e
5.2 s.
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P = 33.48 Æ,N = 15.00 Æ,M = 850.0 Æ,
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the resistor, as obtained in parts (a) and (b). (d) What fraction of
the energy supplied by the battery is stored in the capacitor? How
does this fraction depend on R?
26.89 ... CALC (a) Using Eq. (26.17) for the current in a discharg-
ing capacitor, derive an expression for the instantaneous power

dissipated in the resistor. (b) Integrate the expression for P
to find the total energy dissipated in the resistor, and show that this
is equal to the total energy initially stored in the capacitor.

CHALLENGE PROBLEMS
26.90 ... A Capacitor Burglar Alarm.
The capacitance of a capacitor can be
affected by dielectric material that,
although not inside the capacitor, is near
enough to the capacitor to be polarized by
the fringing electric field that exists near a
charged capacitor. This effect is usually of
the order of picofarads (pF), but it can be used with appropriate
electronic circuitry to detect a change in the dielectric material sur-
rounding the capacitor. Such a dielectric material might be the
human body, and the effect described above might be used in the
design of a burglar alarm. Consider the simplified circuit shown in
Fig. P26.90. The voltage source has emf and the
capacitor has capacitance The electronic circuitry
for detecting the current, represented as an ammeter in the dia-
gram, has negligible resistance and is capable of detecting a cur-
rent that persists at a level of at least for at least 
after the capacitance has changed abruptly from C to The bur-
glar alarm is designed to be activated if the capacitance changes by
10%. (a) Determine the charge on the capacitor when it is
fully charged. (b) If the capacitor is fully charged before the
intruder is detected, assuming that the time taken for the capaci-
tance to change by 10% is short enough to be ignored, derive an
equation that expresses the current through the resistor R as a func-
tion of the time t since the capacitance has changed. (c) Determine
the range of values of the resistance R that will meet the design
specifications of the burglar alarm. What happens if R is too small?
Too large? (Hint: You will not be able to solve this part analytically
but must use numerical methods. Express R as a logarithmic func-
tion of R plus known quantities. Use a trial value of R and calculate
from the expression a new value. Continue to do this until the input
and output values of R agree to within three significant figures.)
26.91 ... An Infinite Network.
As shown in Fig. P26.91, a net-
work of resistors of resistances

and extends to infinity
toward the right. Prove that the
total resistance of the infinite
network is equal to 

(Hint: Since the network is infinite, the resistance of the network to
the right of points c and d is also equal to )
26.92 ... Suppose a resistor R lies along
each edge of a cube (12 resistors in all)
with connections at the corners. Find the
equivalent resistance between two diago-
nally opposite corners of the cube (points a
and b in Fig. P26.92).
26.93 ... BIO Attenuator Chains and
Axons. The infinite network of resistors shown in Fig. P26.91 is

RT.
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26.25 . In the circuit shown
in Fig. E26.25 find (a) the current in resistor
R; (b) the resistance R; (c) the unknown emf

(d) If the circuit is broken at point x, what
is the current in resistor R?
26.26 . Find the emfs and in the cir-
cuit of Fig. E26.26, and find the potential
difference of point b relative to point a.

26.27 . In the circuit shown in Fig. E26.27, find (a) the current in
the resistor; (b) the unknown emfs and (c) the resist-
ance R. Note that three currents are given.

E2;E13.00-Æ

E2E1

E.

26.12 .. In Fig. E26.11 the battery has emf 25.0 V and negligible
internal resistance. . The current through is 1.50 A
and the current through .
What are the resistances and ?
26.13 . Compute the equivalent resistance
of the network in Fig. E26.13, and find the
current in each resistor. The battery has
negligible internal resistance.
26.14 . Compute the equivalent resistance
of the network in Fig. E26.14, and find the
current in each resistor. The battery has
negligible internal resistance.
26.15 . In the circuit of Fig. E26.15, 
each resistor represents a light bulb. Let

and
(a) Find the current in each bulb.

(b) Find the power dissipated in each bulb.
Which bulb or bulbs glow the brightest?
(c) Bulb is now removed from the cir-
cuit, leaving a break in the wire at its posi-
tion. Now what is the current in each of the
remaining bulbs and (d) With
bulb removed, what is the power dissi-
pated in each of the remaining bulbs? 
(e) Which light bulb(s) glow brighter as a
result of removing Which bulb(s) glow
less brightly? Discuss why there are differ-
ent effects on different bulbs.
26.16 . Consider the circuit shown in
Fig. E26.16. The current through the

resistor is 4.00 A, in the direction
shown. What are the currents through the

and resistors?
26.17 . In the circuit shown in Fig.
E26.17, the voltage across the 
resistor is 12.0 V. What are the emf of the
battery and the current through the 
resistor?
26.18 . A Three-Way Light Bulb. A
three-way light bulb has three brightness
settings (low, medium, and high) but only two filaments. (a) A par-
ticular three-way light bulb connected across a 120-V line can dis-
sipate 60 W, 120 W, or 180 W. Describe how the two filaments are
arranged in the bulb, and calculate the resistance of each filament.
(b) Suppose the filament with the higher resistance burns out. How
much power will the bulb dissipate on each of the three brightness
settings? What will be the brightness (low, medium, or high) on
each setting? (c) Repeat part (b) for the situation in which the fila-
ment with the lower resistance burns out.
26.19 .. Working Late! You are working late in your electronics
shop and find that you need various resistors for a project. But alas, all
you have is a big box of resistors. Show how you can make
each of the following equivalent resistances by a combination of your

resistors: (a) (b) (c) (d) 
26.20 . In the circuit shown in Fig.
E26.20, the rate at which is dissi-
pating electrical energy is 20.0 W.
(a) Find and (b) What is the
emf of the battery? (c) Find the cur-
rent through both and the 
resistor. (d) Calculate the total elec-
trical power consumption in all the
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resistors and the electrical power delivered by the battery. Show
that your results are consistent with conservation of energy.
26.21 . Light Bulbs in Series and in Parallel. Two light bulbs
have resistances of and If the two light bulbs are
connected in series across a 120-V line, find (a) the current through
each bulb; (b) the power dissipated in each bulb; (c) the total
power dissipated in both bulbs. The two light bulbs are now con-
nected in parallel across the 120-V line. Find (d) the current
through each bulb; (e) the power dissipated in each bulb; (f) the
total power dissipated in both bulbs. (g) In each situation, which of
the two bulbs glows the brightest? (h) In which situation is there a
greater total light output from both bulbs combined?
26.22 . Light Bulbs in Series. A 60-W, 120-V light bulb and a
200-W, 120-V light bulb are connected in series across a 240-V
line. Assume that the resistance of each bulb does not vary with
current. (Note: This description of a light bulb gives the power it
dissipates when connected to the stated potential difference; that
is, a 25-W, 120-V light bulb dissipates 25 W when connected to a
120-V line.) (a) Find the current through the bulbs. (b) Find the
power dissipated in each bulb. (c) One bulb burns out very quickly.
Which one? Why?
26.23 .. CP In the circuit in Fig.
E26.23, a resistor is inside
100 g of pure water that is surrounded
by insulating styrofoam. If the water
is initially at how long will it
take for its temperature to rise to

Section 26.2 Kirchhoff’s Rules
26.24 .. The batteries shown in
the circuit in Fig. E26.24 have
negligibly small internal resist-
ances. Find the current through
(a) the resistor; (b) the

resistor; (c) the 10.0-V
battery.
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(b) the voltage drop across the resistor; (c) the charge on the capac-
itor; (d) the current through the resistor? (e) A long time after the
circuit is completed (after many time constants) what are the val-
ues of the quantities in parts (a)–(d)?
26.41 . A capacitor is charged to a potential of 12.0 V and is then
connected to a voltmeter having an internal resistance of 
After a time of 4.00 s the voltmeter reads 3.0 V. What are (a) the
capacitance and (b) the time constant of the circuit?
26.42 . A capacitor is connected through a 
resistor to a constant potential difference of 60.0 V. (a) Compute
the charge on the capacitor at the following times after the connec-
tions are made: 0, 5.0 s, 10.0 s, 20.0 s, and 100.0 s. (b) Compute
the charging currents at the same instants. (c) Graph the results of
parts (a) and (b) for t between 0 and 20 s.
26.43 .. CP In the circuit shown in
Fig. E26.43 both capacitors are ini-
tially charged to 45.0 V. (a) How
long after closing the switch S will
the potential across each capacitor
be reduced to 10.0 V, and (b) what
will be the current at that time?
26.44 . A resistor and a capacitor
are connected in series to an emf source. The time constant for the
circuit is 0.870 s. (a) A second capacitor, identical to the first, is
added in series. What is the time constant for this new circuit? (b)
In the original circuit a second capacitor, identical to the first, is
connected in parallel with the first capacitor. What is the time con-
stant for this new circuit?
26.45 . An emf source with a resistor with 

and a capacitor with are connected in series.
As the capacitor charges, when the current in the resistor is 0.900 A,
what is the magnitude of the charge on each plate of the capacitor?
26.46 . A capacitor is charging through a resis-
tor using a 10.0-V battery. What will be the current when the
capacitor has acquired of its maximum charge? Will it be of the
maximum current?
26.47 .. CP In the circuit shown in
Fig. E26.47 each capacitor initially
has a charge of magnitude 3.50 nC
on its plates. After the switch S is
closed, what will be the current in
the circuit at the instant that the
capacitors have lost 80.0% of their
initial stored energy?
26.48 . A capacitor is
charged to a potential of 50.0 V and then discharged through a

resistor. How long does it take the capacitor to lose (a) half
of its charge and (b) half of its stored energy?
26.49 . In the circuit in Fig. E26.49 the capacitors are all initially
uncharged, the battery has no internal resistance, and the ammeter is
idealized. Find the reading of the ammeter (a) just after the switch S
is closed and (b) after the switch has been closed for a very long time.

175-Æ

12.0-mF

1
4

1
4

12.0-Æ1.50-mF

C = 4.00 mF80.0 Æ,
R =E = 120 V,

0.895-MÆ12.4-mF

3.40 MÆ.

26.50 . In the circuit shown 
in Fig. E26.50, 

and the emf has negli-
gible resistance. Initially the capac-
itor is uncharged and the switch S is
in position 1. The switch is then
moved to position 2, so that the
capacitor begins to charge. (a) What
will be the charge on the capacitor a
long time after the switch is moved
to position 2? (b) After the switch has been in position 2 for 3.00 ms,
the charge on the capacitor is measured to be What is the
value of the resistance R? (c) How long after the switch is moved
to position 2 will the charge on the capacitor be equal to 99.0% of
the final value found in part (a)?
26.51 . A capacitor with is connected as
shown in Fig. E26.50 with a resistor with and an emf
source with and negligible internal resistance. Initially
the capacitor is uncharged and the switch S is in position 1. The
switch is then moved to position 2, so that the capacitor begins to
charge. After the switch has been in position 2 for 10.0 ms, the switch
is moved back to position 1 so that the capacitor begins to discharge.
(a) Compute the charge on the capacitor just before the switch is
thrown from position 2 back to position 1. (b) Compute the voltage
drops across the resistor and across the capacitor at the instant
described in part (a). (c) Compute the voltage drops across the resis-
tor and across the capacitor just after the switch is thrown from posi-
tion 2 back to position 1. (d) Compute the charge on the capacitor
10.0 ms after the switch is thrown from position 2 back to position 1.

Section 26.5 Power Distribution Systems
26.52 . The heating element of an electric dryer is rated at 4.1 kW
when connected to a 240-V line. (a) What is the current in the heat-
ing element? Is 12-gauge wire large enough to supply this current?
(b) What is the resistance of the dryer’s heating element at its oper-
ating temperature? (c) At 11 cents per kWh, how much does it cost
per hour to operate the dryer?
26.53 . A 1500-W electric heater is plugged into the outlet of a
120-V circuit that has a 20-A circuit breaker. You plug an electric
hair dryer into the same outlet. The hair dryer has power settings of
600 W, 900 W, 1200 W, and 1500 W. You start with the hair dryer
on the 600-W setting and increase the power setting until the circuit
breaker trips. What power setting caused the breaker to trip?
26.54 . CP The heating element of an electric stove consists of a
heater wire embedded within an electrically insulating material,
which in turn is inside a metal casing. The heater wire has a resist-
ance of at room temperature and a temperature
coefficient of resistivity The heating ele-
ment operates from a 120-V line. (a) When the heating element is
first turned on, what current does it draw and what electrical power
does it dissipate? (b) When the heating element has reached an
operating temperature of what current does it draw
and what electrical power does it dissipate?

PROBLEMS
26.55 .. In Fig. P26.55, the
battery has negligible internal re-
sistance and . 

and .
What must the resistance be
for the resistor network to dis-
sipate electrical energy at a rate
of 295 W?

R3

R4 = 3.00 ÆR2 = 4.00 Æ
R1 =E = 48.0 V

(536°F),280°C

a = 2.8 * 10-31Co2-1.
123.0°C220 Æ

E = 18.0 V
R = 980 Æ

C = 1.50 * 10-5 F

110 mC.

E = 28.0 V,
C = 5.90 mF,
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EXECUTE:   (a) 
8

2
3 2

(1 72 10  m)(2 00 m) 1 65 10  .
(0 814 10  m)

LR
A

ρ
π

−
−

−
. × Ω ⋅ .= = = . × Ω

. ×
 

3 2 4(12 5 10  A)(1 65 10  ) 2 06 10  V.V − − −= . × . × Ω = . ×  

(b) .I LV
A
ρ=  constant,V IL

Aρ
= =  so s c

s c
.V V

ρ ρ
=  

8
4 4s

s c 8
c

1 47 10  m(2 06 10  V) 1 76 10  V.
1 72 10  m

V V ρ
ρ

−
− −

−
⎛ ⎞⎛ ⎞ . × Ω ⋅= = . × = . ×⎜ ⎟⎜ ⎟ ⎜ ⎟. × Ω ⋅⎝ ⎠ ⎝ ⎠

 

EVALUATE:   The potential difference across a 2-m length of wire is less than 0.2 mV, so normally we do 
not need to worry about these potential drops in laboratory circuits. 

 25.14. IDENTIFY:   The resistivity of the wire should identify what the material is. 
SET UP:   /R L Aρ=  and the radius of the wire is half its diameter. 
EXECUTE:   Solve for ρ  and substitute the numerical values. 

2
2 8([0 00205 m]/2) (0 0290 )/ ( /2) / 1.47 10 m

6 50 m
AR L D R L πρ π −. .  Ω= = = = × Ω ⋅

.
 

EVALUATE:   This result is the same as the resistivity of silver, which implies that the material is silver. 
 25.15. (a) IDENTIFY:   Start with the definition of resistivity and use its dependence on temperature to find the 

electric field. 

SET UP:   20 0 2[1 ( )] IE J T T
r

ρ ρ α
π

= = + −  

EXECUTE:   8 2(5.25 10 m)[1 (0.0045/C )(120 C – 20 C)](12.5 A)/[ (0.000500 m) ] 1.21 V/m.E π−= × Ω ⋅ + ° ° ° =  

(Note that the resistivity at 120°C turns out to be 87.61 10  m.−× Ω ⋅ ) 
EVALUATE:   This result is fairly large because tungsten has a larger resistivity than copper. 
(b) IDENTIFY:   Relate resistance and resistivity. 
SET UP:   2/ /R L A L rρ ρ π= =  

EXECUTE:   8 2(7.61 10 m)(0.150 m)/[ (0.000500 m) ] 0.0145 R π−= × Ω ⋅ = Ω  
EVALUATE:   Most metals have very low resistance. 
(c) IDENTIFY:   The potential difference is proportional to the length of wire. 
SET UP:   V EL=  
EXECUTE:   (1.21 V/m)(0.150 m) 0.182 VV = =  
EVALUATE:   We could also calculate (12 5 A)(0 0145 ) 0 181 V,V IR= = . .  Ω = .  in agreement with part (c). 

 25.16. IDENTIFY:   The geometry of the wire is changed, so its resistance will also change. 

SET UP:   .LR
A

ρ=  new 3 .L L=  The volume of the wire remains the same when it is stretched. 

EXECUTE:   Volume LA=  so new new .LA L A=  new
new

.
3

L AA A
L

=  =  

new
new

new

(3 ) 9 9 .
/3

L L LR R
A A A

ρ ρ ρ= = = =  

EVALUATE:   When the length increases the resistance increases and when the area decreases the resistance 
increases. 

 25.17. IDENTIFY:   .LR
A

ρ=  

SET UP:   For copper, 81 72 10 m.ρ −= . ×  Ω ⋅  2.A rπ=  

EXECUTE:   
8

3 2
(1 72 10 m)(24 0 m) 0 125

(1 025 10  m)
R

π

−

−
. ×  Ω ⋅ .= = .  Ω

. ×
 

EVALUATE:   The resistance is proportional to the length of the piece of wire. 
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(d) The graph is sketched in Figure 25.32. 
EVALUATE:   (0 47 A)(9 0 ) 4 2 V.cbV = . .  Ω = .  The potential at point b is 15.2 V below the potential at point 
a and the potential at point c is 11.0 V below the potential at point a, so the potential of point c is 
15 2 V 11 0 V 4 2 V. − . = .  above the potential of point b. 

 

 

Figure 25.32 
 

 25.33. IDENTIFY:   The voltmeter reads the potential difference abV  between the terminals of the battery. 
SET UP:   open circuit 0.I =  The circuit is sketched in Figure 25.33a. 

 

 EXECUTE:   3 08 VabV ε= = .  

Figure 25.33a   
 

SET UP:   switch closed The circuit is sketched in Figure 25.33b. 
 

 EXECUTE:   2 97 VabV Irε= − = .  
2 97 Vr
I

ε − .=  

3 08 V 2 97 V 0 067
1 65 A

r . − .= = .  Ω
.

 

Figure 25.33b   
 

And 2 97 V so 1 80 .
1 65 A

ab
ab

VV IR R
I

.= = = = .  Ω

.
 

EVALUATE:   When current flows through the battery there is a voltage drop across its internal resistance 
and its terminal voltage V is less than its emf. 

 25.34. IDENTIFY:   The sum of the potential changes around the loop is zero. 
SET UP:   The voltmeter reads the IR voltage across the 9.0-Ω resistor.  The current in the circuit is 
counterclockwise because the 16-V battery determines the direction of the current flow. 
EXECUTE:   (a) 1 9 VbcV = .  gives / 1 9 V/9 0 0 21 A.bc bcI V R= = . . Ω = .  

(b) 16 0 V 8 0 V (1 6 9 0 1 4 )(0 21 A)R. − . = .  Ω + .  Ω + .  Ω + .  and 5 48 V 26 1 .
0 21 A

R .= = . Ω
.

 

(c) The graph is sketched in Figure 25.34. 
EVALUATE:   In Exercise 25.32 the current is 0.47 A. When the 5.0-Ω resistor is replaced by the 26.1-Ω 
resistor the current decreases to 0.21 A. 
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(a) The rate of conversion of chemical energy to electrical energy in the emf of the battery is 
(12 0 V)(2 00 A) 24 0 W.P Iε= = . . = .  

(b) The rate of dissipation of electrical energy in the internal resistance of the battery is 
2 2(2 00 A) (1 0 ) 4 0 W.P I r= = . .  Ω = .  

(c) The rate of dissipation of electrical energy in the external resistor 
2 2 is (2 00 A) (5 0 ) 20 0 W.R P I R= = . .  Ω = .  

EVALUATE:   The rate of production of electrical energy in the circuit is 24.0 W. The total rate of 
consumption of electrical energy in the circuit is 4.00 W 20.0 W 24.0 W.+ =  Equal rate of production and 
consumption of electrical energy are required by energy conservation. 

 25.52. IDENTIFY:   The power delivered to the bulb is 2 .I R  Energy .Pt=  
SET UP:   The circuit is sketched in Figure 25.52. totalr  is the combined internal resistance of both batteries. 
EXECUTE:   (a) total 0.r =  The sum of the potential changes around the circuit is zero, so 

1 5 V 1 5 V (17 ) 0.I. + . −  Ω =  0 1765 A.I = .  2 2(0 1765 A) (17 ) 0 530 W.P I R= = .  Ω = .  This is also 
(3 0 V)(0 1765 A).. .  
(b) Energy (0 530 W)(5 0 h)(3600 s/h) 9540 J= . . =  

(c) 0 530 W 0 265 W.
2

P .= = .  2P I R=  so 0 265 W 0 125 A.
17

PI
R

.= = = .
 Ω

 

The sum of the potential changes around the circuit is zero, so total1 5 V 1 5 V 0.IR Ir. + . − − =  

total
3 0 V (0 125 A)(17 ) 7 0 .

0 125 A
r . − .  Ω= = .  Ω

.
 

EVALUATE:   When the power to the bulb has decreased to half its initial value, the total internal resistance 
of the two batteries is nearly half the resistance of the bulb. Compared to a single battery, using two 
identical batteries in series doubles the emf but also doubles the total internal resistance. 

 

 

Figure 25.52 
 

 

 25.53. IDENTIFY:   
2

2 .VP I R VI
R

= = =  .V IR=  

SET UP:   The heater consumes 540 W when 120 V.V =  Energy .Pt=  

EXECUTE:   (a) 
2VP
R

=  so 
2 2(120 V) 26 7

540 W
VR
P

= = = .  Ω  

(b) P VI=  so 540 W 4 50 A
120 V

PI
V

= = = .  

(c) Assuming that R remains 26 7 ,.  Ω
2 2(110 V) 453 W.

26 7
VP
R

= = =
.  Ω

 P is smaller by a factor of 2(110/120) .  

EVALUATE:   (d) With the lower line voltage the current will decrease and the operating temperature will 
decrease. R will be less than 26 7.  Ω  and the power consumed will be greater than the value calculated in 
part (c). 
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 25.67. IDENTIFY:   Apply .LR
A

ρ=  

SET UP:   For mercury at 20 C,°  79 5 10 m,ρ −= . ×  Ω ⋅  10 00088 (C )α −= . °  and 5 118 10 (C ) .β − −= × °  

EXECUTE:   (a) 
7

2
(9 5 10 m)(0 12 m) 0 057 .

( /4)(0 0016 m)
LR
A

ρ
π

−. × Ω ⋅ .= = = . Ω
.

 

(b) 0( ) (1 )T Tρ ρ α= + ∆  gives 
7 1 7(60  C) (9 5 10 m)(1 (0 00088 (C ) )(40 C ) 9 83 10 m,ρ − − −° = . × Ω ⋅ + . ° ° = . × Ω ⋅  so 83 34 10 m.ρ −∆ = . × Ω ⋅  

(c) 0V V Tβ∆ = ∆  gives 0( ).A L A L Tβ∆ = ∆  Therefore 
5 1 4

0 (18 10 (C ) )(0 12 m)(40 C ) 8 64 10 m 0 86 mm.L L Tβ − − −∆ = ∆ = ×  ° . ° = . × = .  The cross-sectional area of 
the mercury remains constant because the diameter of the glass tube doesn’t change. All of the change in 
volume of the mercury must be accommodated by a change in length of the mercury column. 

(d) LR
A

ρ=  gives  .L LR
A A

ρ ρ∆ ∆∆ = +  

8 8 3
3

2 2
(3 34 10 m)(0 12 m) (95 10 m)(0 86 10  m) 2 40 10 .

( /4)(0 0016 m) ( /4)(0 0016 m)
R

π π

− − −
−. × Ω ⋅ . × Ω ⋅ . ×∆ = + = . × Ω

. .
 

EVALUATE:   (e) From Eq. (25.12), 
3 3 1

0

1 1 (0 057 2 40 10 )1 1 1 1 10 (C ) .0 05740 C
R

T R
α

− − −⎛ ⎞ ⎛ ⎞. Ω + . × Ω= − = − = . × °⎜ ⎟ ⎜ ⎟. Ω∆ ° ⎝ ⎠⎝ ⎠
 

This value is 25% greater than the temperature coefficient of resistivity and the length increase is 
important. 

 25.68. IDENTIFY:   Consider the potential changes around the circuit. For a complete loop the sum of the potential 
changes is zero. 
SET UP:   There is a potential drop of IR when you pass through a resistor in the direction of the current. 

EXECUTE:   (a) 8 0 V 4 0 V 0 167 A.
24 0

I . − .= = .
. Ω

 8 00 V (0 50 8 00 ) ,d aV I V+ . − . Ω + . Ω =  so 

8 00 V (0 167 A)(8 50 ) 6 58 V.adV = . − . . Ω = .  
(b) The terminal voltage is .bc b cV V V= −  4 00 V (0 50 )c bV I V+ . + . Ω =  and 

4 00 V (0 167 A)(0 50 ) 4 08 V.bcV = + . + . . Ω = + .  
(c) Adding another battery at point d in the opposite sense to the 8.0-V battery produces a counterclockwise 

current with magnitude 10 3 V 8 0 V 4 0 V 0 257 A.
24 5

I . − . + .= = .
. Ω

 Then 4 00 V (0 50 )c bV I V+ . − .  Ω =  and 

4.00 V (0.257 A) (0.50 ) 3.87 V.bcV = − Ω =  
EVALUATE:   When current enters the battery at its negative terminal, as in part (c), the terminal voltage is 
less than its emf.  When current enters the battery at the positive terminal, as in part (b), the terminal 
voltage is greater than its emf. 

 25.69. IDENTIFY:   In each case write the terminal voltage in terms of ,ε I and r. Since I is known, this gives two 
equations in the two unknowns ε and r. 
SET UP:   The battery with the 1.50-A current is sketched in Figure 25.69a. 

 

 8 4 VabV = .  

abV Irε= −  
(1 50 A) 8 4 Vrε − . = .  

Figure 25.69a   
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(b) At 8 h/day,  the refrigerator runs for 1/3 of a year. Using the same procedure as above gives 

7

6
1 3 156 10  s $0 120(400 J/s) $140.27
3 1 yr 3 60 10  J

⎛ ⎞. × .⎛ ⎞ ⎛ ⎞ =⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ . ×⎝ ⎠ ⎝ ⎠⎝ ⎠
 

EVALUATE:   Electric lights can be a substantial part of the cost of electricity in the home if they are left on 
for a long time! 

 25.73. IDENTIFY:   Set the sum of the potential rises and drops around the circuit equal to zero and solve for I. 
SET UP:   The circuit is sketched in Figure 25.73. 

 

 EXECUTE:   0IR Vε − − =  
2 0IR I Iα βε − − − =  

2 ( ) 0I R Iβ α ε+ + − =  

Figure 25.73   
 

The quadratic formula gives 2(1/2 ) ( ) ( ) 4I R Rβ α α βε⎡ ⎤= − + ± + +⎢ ⎥⎣ ⎦
 

I must be positive, so take the +  sign 
2(1/2 ) ( ) ( ) 4I R Rβ α α βε⎡ ⎤= − + + + +⎢ ⎥⎣ ⎦

 

2 692 A 4 116 A 1 42 AI = − . + . = .  
EVALUATE:   For this I the voltage across the thermistor is 8.0 V.  The voltage across the resistor must then 
be 12 6 V 8 0 V 4 6 V,. − . = .  and this agrees with Ohm’s law for the resistor. 

 25.74. (a) IDENTIFY:   The rate of heating (power) in the cable depends on the potential difference across the 
cable and the resistance of the cable. 
SET UP:   The power is 2 /P V R=  and the resistance is / .R L Aρ=  The diameter D of the cable is twice its 

radius. 
2 2 2 2 2

.
( / )

V V AV r VP
R L A L L

π
ρ ρ ρ

= = = =  The electric field in the cable is equal to the potential 

difference across its ends divided by the length of the cable: / .E V L=  
EXECUTE:   Solving for r and using the resistivity of copper gives 

8
5

2 2
(50 0 W)(1 72 10 m)(1500 m) 9.21 10 m.

(220 0 V)
P Lr
V
ρ

π π

−
−. . ×  Ω ⋅= = = ×

.
 2 0.184 mmD r= =  

(b) SET UP:   /E V L=  
EXECUTE:   (220 V)/(1500 m) 0.147 V/mE = =  
EVALUATE:   This would be an extremely thin (and hence fragile) cable. 

 25.75. IDENTIFY:   The ammeter acts as a resistance in the circuit loop. Set the sum of the potential rises and 
drops around the circuit equal to zero. 
(a) SET UP:   The circuit with the ammeter is sketched in Figure 25.75a. 

 

 
EXECUTE:   A

A
I

r R R
ε=

+ +
 

( )A AI r R Rε = + +  

Figure 25.75a   
 



 Current, Resistance, and Electromotive Force   25-25 

© Copyright 2012 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. 

EVALUATE:   (g) Part of the energy originally supplied was stored in the battery and part was lost in the 
internal resistance. So the stored energy was less than what was supplied during charging. Then when 
discharging, even more energy is lost in the internal resistance, and only what is left is dissipated by the 
external resistor. 

 25.82. IDENTIFY and SET UP:   The terminal voltage is ,abV Ir IRε= − =  where R is the resistance connected to 

the battery. During the charging the terminal voltage is .abV Irε= +  P VI=  and energy is .E Pt=  2I r  is 
the rate at which energy is dissipated in the internal resistance of the battery. 
EXECUTE:   (a) 12 0 V (30 A)(0 24 ) 19 2 V.abV Irε= + = . + . Ω = .  

(b) 6(30 A) (19 2 V) (1 7) (3600 s) 3 53 10 J.E Pt IVt= = = . . = . ×  

(c) 2 2 6
diss diss (30 A) (0 24 ) (1 7) (3600 s) 1 32 10 J.E P t I Rt= = = . Ω . = . ×  

(d) Discharged at 30 A: I
r R

ε=
+

 gives 12 0 V (30 A)(0 24 ) 0 16 .
30 A

IrR
I

ε − . − . Ω= = = . Ω  

(e) 2 2 5(30 A) (0 16 ) (1 7) (3600 s) 8 81 10 J.E Pt I Rt= = = . Ω . = . ×  
(f) Since the current through the internal resistance is the same as before, there is the same energy 
dissipated as in (c): 6

diss 1 32 10 J.E = . ×  
EVALUATE:   (g) Again, part of the energy originally supplied was stored in the battery and part was lost in 
the internal resistance. So the stored energy was less than what was supplied during charging. Then when 
discharging, even more energy is lost in the internal resistance, and what is left is dissipated over the 
external resistor. This time, at a higher current, much more energy is lost in the internal resistance.  Slow 
charging and discharging is more energy efficient. 

 25.83. IDENTIFY:   No current flows through the capacitor when it is fully charged. 

SET UP:   With the capacitor fully charged, 
1 2

.I
R R

ε=
+

 RV IR=  and / .CV Q C=  

EXECUTE:   36 0 C 4 00 V.
9 00 FC

QV
C

µ
µ

.  = = = .
.  

 1 4 00 VR CV V= = .  and 1

1

4 00 V 0 667 A.
6 00

RVI
R

.= = = .

.  Ω
 

22 (0 667 A)(4 00 ) 2 668 V.RV IR= = . .  Ω = .  1 2 4 00 V 2 668 V 6 67 V.R RV Vε = + = . + . = .  

EVALUATE:   When a capacitor is fully charged, it acts like an open circuit and prevents any current from 
flowing though it. 

 25.84. IDENTIFY:   No current flows to the capacitors when they are fully charged. 
SET UP:   RV RI=  and / .CV Q C=  

EXECUTE:   (a) 1
1

1

18 0 C 6 00 V.
3 00 FC

QV
C

µ
µ

.  = = = .
.  

 2 1 6 00 V.C CV V= = .  

2 2 2 (6 00 F)(6 00 V) 36 0 C.CQ C V µ µ= = .  . = .  

(b) No current flows to the capacitors when they are fully charged, so 1 2.IR IRε = +  

2 1 6 00 V.R CV V= = .  2

2

6 00 V 3 00 A.
2 00

RVI
R

.= = = .

.  Ω
 

2 60 0 V 6 00 V 18 0 .
3 00 A

IRR
I

ε − . − .= = = .  Ω
.

 

EVALUATE:   When a capacitor is fully charged, it acts like an open circuit and prevents any current from 
flowing though it. 

 25.85. IDENTIFY and SET UP:   Follow the steps specified in the problem. 

EXECUTE:   (a) F ma q E∑ = =  gives .
q a
m E

=  

(b) If the electric field is constant, bcV EL=  and .
bc

q aL
m V

=  
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(b) Apply the loop rule to loop (3): 210 0 V (20 0 ) 5 00 V 0I+ . − . Ω − . =  and 2 0 250 A.I = .  

(c) 1 2 0 333 A 0 250 A 0 583 AI I+ = . + . = .  

EVALUATE:   For loop (2) we get 

2 15 00 V (20 0 ) (30 0 ) 5 00 V (0 250 A)(20 0 ) (0 333 A)(30 0 )I I+ . + . Ω − . Ω = . + . . Ω − . . Ω =
5 00 V 5 00 V 10 0 V 0,. + . − . =  so that with the currents we have calculated the loop rule is satisfied for this 
third loop. 

 26.25. IDENTIFY:   Apply Kirchhoff’s point rule at point a to find the current through R. Apply Kirchhoff’s loop 
rule to loops (1) and (2) shown in Figure 26.25a to calculate R and .ε  Travel around each loop in the 
direction shown. 
(a) SET UP:    

 

 

Figure 26.25a 
 

EXECUTE:   Apply Kirchhoff’s point rule to point a: 0 so 4 00 A 6 00 A 0I I∑ = + . − . =  
2.00 AI =  (in the direction shown in the diagram). 

(b) Apply Kirchhoff’s loop rule to loop (1): (6 00 A)(3 00 ) (2 00 A) 28 0 V 0R− . .  Ω − . + . =  

18 0 V (2 00 ) 28 0 V 0R− . − .  Ω + . =  

28 0 V 18 0 V
5 00

2 00 A
R . − .= = .  Ω

.
 

(c) Apply Kirchhoff’s loop rule to loop (2): (6 00 A)(3 00 ) (4 00 A)(6 00 ) 0ε− . .  Ω − . .  Ω + =  

18 0 V 24 0 V 42 0 Vε = . + . = .  
EVALUATE:   Can check that the loop rule is satisfied for loop (3), as a check of our work: 
28 0 V (4 00 A)(6 00 ) (2 00 A) 0Rε. − + . .  Ω − . =  

28 0 V 42 0 V 24 0 V (2 00 A)(5 00 ) 0. − . + . − . .  Ω =  

52 0 V 42 0 V 10 0 V. = . + .  
52 0 V 52 0 V, . = .  so the loop rule is satisfied for this loop. 
(d) IDENTIFY:   If the circuit is broken at point x there can be no current in the 6 00-. Ω  resistor. There is 
now only a single current path and we can apply the loop rule to this path. 
SET UP:   The circuit is sketched in Figure 26.25b. 

 

 

Figure 26.25b 
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(b) Apply the loop rule to loop (3): 210 0 V (20 0 ) 5 00 V 0I+ . − . Ω − . =  and 2 0 250 A.I = .  

(c) 1 2 0 333 A 0 250 A 0 583 AI I+ = . + . = .  

EVALUATE:   For loop (2) we get 

2 15 00 V (20 0 ) (30 0 ) 5 00 V (0 250 A)(20 0 ) (0 333 A)(30 0 )I I+ . + . Ω − . Ω = . + . . Ω − . . Ω =
5 00 V 5 00 V 10 0 V 0,. + . − . =  so that with the currents we have calculated the loop rule is satisfied for this 
third loop. 

 26.25. IDENTIFY:   Apply Kirchhoff’s point rule at point a to find the current through R. Apply Kirchhoff’s loop 
rule to loops (1) and (2) shown in Figure 26.25a to calculate R and .ε  Travel around each loop in the 
direction shown. 
(a) SET UP:    

 

 

Figure 26.25a 
 

EXECUTE:   Apply Kirchhoff’s point rule to point a: 0 so 4 00 A 6 00 A 0I I∑ = + . − . =  
2.00 AI =  (in the direction shown in the diagram). 

(b) Apply Kirchhoff’s loop rule to loop (1): (6 00 A)(3 00 ) (2 00 A) 28 0 V 0R− . .  Ω − . + . =  

18 0 V (2 00 ) 28 0 V 0R− . − .  Ω + . =  

28 0 V 18 0 V
5 00

2 00 A
R . − .= = .  Ω

.
 

(c) Apply Kirchhoff’s loop rule to loop (2): (6 00 A)(3 00 ) (4 00 A)(6 00 ) 0ε− . .  Ω − . .  Ω + =  

18 0 V 24 0 V 42 0 Vε = . + . = .  
EVALUATE:   Can check that the loop rule is satisfied for loop (3), as a check of our work: 
28 0 V (4 00 A)(6 00 ) (2 00 A) 0Rε. − + . .  Ω − . =  

28 0 V 42 0 V 24 0 V (2 00 A)(5 00 ) 0. − . + . − . .  Ω =  

52 0 V 42 0 V 10 0 V. = . + .  
52 0 V 52 0 V, . = .  so the loop rule is satisfied for this loop. 
(d) IDENTIFY:   If the circuit is broken at point x there can be no current in the 6 00-. Ω  resistor. There is 
now only a single current path and we can apply the loop rule to this path. 
SET UP:   The circuit is sketched in Figure 26.25b. 
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EXECUTE:   28 0 V (3 00 ) (5 00 ) 0I I+ . − .  Ω − .  Ω =  
28 0 V 3 50 A
8 00 

I .= = .
. Ω

 

EVALUATE:   Breaking the circuit at x removes the 42.0-V emf from the circuit and the current through the 
3 00-. Ω  resistor is reduced. 

 26.26. IDENTIFY:   Apply the loop rule and junction rule. 
SET UP:   The circuit diagram is given in Figure 26.26. The junction rule has been used to find the 
magnitude and direction of the current in the middle branch of the circuit. There are no remaining unknown 
currents. 
EXECUTE:   The loop rule applied to loop (1) gives: 

120 0V (1 00 A)(1 00 ) (1 00 A)(4 00 ) (1 00 A)(1 00 ) (1 00 A)(6 00 ) 0ε+ . − . .  Ω + . .  Ω + . .  Ω − − . .  Ω =  

1 20 0 V 1 00 V 4 00 V 1 00 V 6 00 V 18 0 V.ε = . − . + . + . − . = .  The loop rule applied to loop (2) gives: 

220 0 V (1 00 A)(1 00 ) (2 00 A)(1 00 ) (2 00 A)(2 00 ) (1 00 A)(6 00 ) 0ε+ . − . .  Ω − . .  Ω − − . .  Ω − . .  Ω =

2 20 0 V 1 00 V 2 00 V 4 00 V 6 00 V 7 0 V.ε = . − . − . − . − . = .  Going from b to a along the lower branch, 
(2 00 A)(2 00 ) 7 0 V (2 00 A)(1 00 ) 13 0 V;b a b aV V V V+ . .  Ω + . + . .  Ω = ⋅ − = − .  point b is at 13.0 V lower 

potential than point a. 
EVALUATE:   We can also calculate b aV V−  by going from b to a along the upper branch of the circuit. 

(1 00 A)(6 00 ) 20 0 V (1 00 A)(1 00 )b aV V− . .  Ω + . − . .  Ω =  and 13 0 V.b aV V− = − .  This agrees with b aV V−  
calculated along a different path between b and a. 

 

 

Figure 26.26 
 

 26.27. IDENTIFY:   Apply the junction rule at points a, b, c and d to calculate the unknown currents. Then apply 
the loop rule to three loops to calculate 1 2,  and .Rε ε  
(a) SET UP:   The circuit is sketched in Figure 26.27. 
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EXECUTE:   28 0 V (3 00 ) (5 00 ) 0I I+ . − .  Ω − .  Ω =  
28 0 V 3 50 A
8 00 

I .= = .
. Ω

 

EVALUATE:   Breaking the circuit at x removes the 42.0-V emf from the circuit and the current through the 
3 00-. Ω  resistor is reduced. 

 26.26. IDENTIFY:   Apply the loop rule and junction rule. 
SET UP:   The circuit diagram is given in Figure 26.26. The junction rule has been used to find the 
magnitude and direction of the current in the middle branch of the circuit. There are no remaining unknown 
currents. 
EXECUTE:   The loop rule applied to loop (1) gives: 

120 0V (1 00 A)(1 00 ) (1 00 A)(4 00 ) (1 00 A)(1 00 ) (1 00 A)(6 00 ) 0ε+ . − . .  Ω + . .  Ω + . .  Ω − − . .  Ω =  

1 20 0 V 1 00 V 4 00 V 1 00 V 6 00 V 18 0 V.ε = . − . + . + . − . = .  The loop rule applied to loop (2) gives: 

220 0 V (1 00 A)(1 00 ) (2 00 A)(1 00 ) (2 00 A)(2 00 ) (1 00 A)(6 00 ) 0ε+ . − . .  Ω − . .  Ω − − . .  Ω − . .  Ω =

2 20 0 V 1 00 V 2 00 V 4 00 V 6 00 V 7 0 V.ε = . − . − . − . − . = .  Going from b to a along the lower branch, 
(2 00 A)(2 00 ) 7 0 V (2 00 A)(1 00 ) 13 0 V;b a b aV V V V+ . .  Ω + . + . .  Ω = ⋅ − = − .  point b is at 13.0 V lower 

potential than point a. 
EVALUATE:   We can also calculate b aV V−  by going from b to a along the upper branch of the circuit. 

(1 00 A)(6 00 ) 20 0 V (1 00 A)(1 00 )b aV V− . .  Ω + . − . .  Ω =  and 13 0 V.b aV V− = − .  This agrees with b aV V−  
calculated along a different path between b and a. 

 

 

Figure 26.26 
 

 26.27. IDENTIFY:   Apply the junction rule at points a, b, c and d to calculate the unknown currents. Then apply 
the loop rule to three loops to calculate 1 2,  and .Rε ε  
(a) SET UP:   The circuit is sketched in Figure 26.27. 
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7

60

4 00 s 8.49 10 F
12 0 Vln( / ) (3 40 10 )ln
3 00 V

tC
R V V

−.= = = ×
.⎛ ⎞. ×  Ω ⎜ ⎟⎝ ⎠.

 

(b) 6 7(3.40 10  )(8.49 10  F) 2.89 sRCτ −= = × Ω × =  
EVALUATE:   In most laboratory circuits, time constants are much shorter than this one. 

 26.42. IDENTIFY:   For a charging capacitor /( ) (1 )tq t C e τε −= −  and /( ) .ti t e
R

τε −=  

SET UP:   The time constant is 6 6(0 895 10 ) (12 4 10 F) 11.1s.RC −= . × Ω . × =  

EXECUTE:   (a) At /0 s:  (1 ) 0.t RCt q C eε −= = − =  

At / 6 (5 0 s)/(11 1 s) 45 s:  (1 ) (12 4 10  F)(60 0 V)(1 ) 2 70 10  C.t RCt q C e eε − − − . . −= = − = . × . − = . ×  

At / 6 (10 0 s)/(11 1 s) 410 s:  (1 ) (12 4 10  F)(60 0 V)(1 ) 4 42 10  C.t RCt q C e eε − − − . . −= = − = . × . − = . ×  

At / 6 (20 0 s)/(11 1 s) 420 s :  (1 ) (12 4 10  F)(60 0 V)(1 ) 6 21 10  C.t RCt q C e eε − − − . . −= = − = . × . − = . ×  

At / 6 (100 s)/(11 1 s) 4100 s :  (1 ) (12 4 10  F)(60 0 V)(1 ) 7 44 10  C.t RCt q C e eε − − − . −= = − = . × . − = . ×  

(b) The current at time t is given by: / .t RCi e
R
ε −=  

At 0/11 1 5
5

60 0 V0 s :  6 70 10  A.
8 95 10

t i e− . −.= = = . ×
. ×  Ω

 

At 5 11 1 5
5

60 0 V5 s :  4 27 10  A.
8 95 10

/t i e− . −.= = = . ×
. ×  Ω

 

At 10/11 1 5
5

60 0 V10 s :  2 72 10  A.
8 95 10

t i e− . −.= = = . ×
. ×  Ω

 

At 20/11 1 5
5

60 0 V20 s :  1 11 10  A.
8 95 10

t i e− . −.= = = . ×
. ×  Ω

 

At 100/11 1 9
5

60 0 V100 s :  8 20 10 A.
8 95 10

t i e− . −.= = = . ×
. ×  Ω

 

(c) The graphs of ( )q t  and ( )i t  are given in Figure 26.42a and b. 
EVALUATE:   The charge on the capacitor increases in time as the current decreases. 

 

  
Figure 26.42 

 

 26.43. IDENTIFY:   The capacitors, which are in parallel, will discharge exponentially through the resistors. 
SET UP:   Since V is proportional to Q, V must obey the same exponential equation as Q,  

– /
0 .t RCV V e=  The current is – /

0( / ) .t RCI V R e=  
EXECUTE:   (a) Solve for time when the potential across each capacitor is 10.0 V: 

0 ln( / ) –(80.0 )(35.0 F) ln(10/45) 4210 s 4.21 mst RC V V µ µ= − = Ω = =  
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EXECUTE:   (a) /0 t RCQi e
RC

−= −  gives 
2

2 2 /0
2

t RCQP i R e
RC

−= =  

(b) 
2 2 2

2 /0 0 0
02 20
.

2 2
t RCQ Q RC QE e dt U

CRC RC
∞ −= = = =∫  

EVALUATE:   Increasing the energy stored in the capacitor increases current through the resistor as the 
capacitor discharges. 

 26.90. IDENTIFY and SET UP:   When C changes after the capacitor is charged, the voltage across the capacitor 
changes. Current flows through the resistor until the voltage across the capacitor again equals the emf. 
EXECUTE:   (a) Fully charged: 12 8(10 0 10 F)(1000 V) 1 00 10 C.Q CV − −= = . × = . ×  

(b) The initial current just after the capacitor is charged is 0 .CV qI
R R RC

ε ε′−= = −
′

 This gives 

/( ) ,t RCqi t e
R RC
ε − ′⎛ ⎞= −⎜ ⎟′⎝ ⎠

 where 1 1 .C C′ = .  

(c) We need a resistance such that the current will be greater than 1 Aµ  for longer than 200 s.µ  Current 

equal to this value requires that at 200 s,t µ=   
8

6
11

1 1 0 10  C1 0 10  A 1000 V
1 1(1 0 10  F)

i
R

−
−

−
⎛ ⎞. ×= . × = −⎜ ⎟⎜ ⎟. . ×⎝ ⎠

 

4 12(2 0 10  s)/ (11 10  F).Re
− −− . × ×  This says 

76 (1 8 10 )/11 0 10 A (90 9) Re
R

− − . × Ω. × = .  and 

718 3 ln 1 8 10 0.R R R. − − . × =  Solving for R  numerically we find 6 77 15 10 7 01 10 .R. × Ω ≤ ≤ . × Ω  
EVALUATE:   If the resistance is too small, then the capacitor discharges too quickly, and if the resistance is 
too large, the current is not large enough. 

26.91.  IDENTIFY:   Consider one segment of the network attached to the rest of the network. 
SET UP:   We can re-draw the circuit as shown in Figure 26.91. 

EXECUTE:   
1

2
1 1

2 2

1 12 2 .T
T

T T

R RR R R
R R R R

−
⎛ ⎞

= + + = +⎜ ⎟ +⎝ ⎠
 2

1 1 22 2 0.T TR R R R R− − =  

2
1 1 1 22 .TR R R R R= ± +  0,TR >  so 2

1 1 1 22 .TR R R R R= + +  
EVALUATE:   Even though there are an infinite number of resistors, the equivalent resistance of the 
network is finite. 

 

 

Figure 26.91 
 

 26.92. IDENTIFY:   Assume a voltage V applied between points a and b and consider the currents that flow along 
each path between a and b. 
SET UP:   The currents are shown in Figure 26.92. 
EXECUTE:   Let current I enter at a and exit at b. At a  there are three equivalent branches, so current is 

/3I  in each. At the next junction point there are two equivalent branches so each gets current /6.I  Then at 
b  there are three equivalent branches with current /3I  in each. The voltage drop from toa b  then is 

5
6 .

3 6 3
I I IV R R R IR⎛ ⎞ ⎛ ⎞ ⎛ ⎞= + + =⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 This must be the same as 5
eq eq 6, so .V IR R R= =  


